METHOD FOR MODI FYI NG ELECTRI CAL PROPERTI ES OF CARBON NANOTUBES
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necessary. Various approaches have been attenpted to isolate
sem conducting SWNTs fromnetallic ones for enhancing the

sem conducting charact erg §£KGROUND 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 attemnpted to-isolate

semiconducting SWNTs from metallic ones for enhancing the semiconducting characteristics



2 of devices, including dielectrophoresis, selective oxidation,
aromatic extraction, surfactant extraction, am ne extraction, surface
al i gnnent, renoval of nanotube bundl es, selective polynmer wapping,
density gradient centrifugation and sel ective chem cal
functionalization. These methods, however, are not able to produce
high quality SWNT-nets with high yield or 5 involve conplicated and
costly procedures. Recent studies based on density gradi ent
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BRI I%E DESCRI PTI ON OF THE DRAW NGS
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 oomposi‘tion 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 will be better understood with reference to the
detai |l ed description when considered in conjunction wth the
non-limting exanples and the acconpanyi ng drawi ngs, .in which: 3.
100111Fig. 1. shows a schematic illustration for the chem cal

nodi fication of SWNTs by BPO- and ACN-derived radicals. [0012]Fig. 2
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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 (ment: mppo=1 :75).. Inset of (b) is the high resolution image showing the presence of

25  surface coating. XPS spectra of the (c) pfistine 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



SWNTs (CoMbCat 65) in 2 wt % SOS/ SC (wei ght ratio= 1:4) solutions
after centrifuge at 20000 rpmfor 90 min. [0019] Fig. 9 shows (a)
SEM (b) TEMimage of the BPO nodified CoMbCat(r) 65 SWNTs (NnCNT:
nBp0=1:75). Inset of (b) is the high resolution i mage show ng the
presence of 25 surface coating. XPS spectra of the (c) pristine and
(d) BPO-nodified SWNTs around the G s 'bindi ng energy.

DETAI LED DESCRI PTI.ON OF THE PRESENT | NVENTI ON [ 0020] 1 n the fol] ow n%
descri ptusHg rafieal iminatersndy highpdeld hassd on fie ehgmicst pedidisatipn cpp ge obtained wit
30i nventeb&@_ll%igg i&X RhihtBE hul OGR ThE ARG thelplelift RIVEREIH refers to a

I nvention, “it een surprisingly found that carbon nanotubes nay

be nodi fmethbd of amedifiying  the odectridal eproperdes ah deagheinu naneiiubss oee subjbsting a
met hod 4_usi.ng. r.adi |_0itiator ' k: . '
cheni cal““bay clgncgf‘ iq:(%lgrfl’{;)qéaﬂr(il H%ﬁelb%b{%aﬁl}leepﬁ- vr;l\llrl5 C?E ré@%l&n Elaﬁog@)o?é# 3’3’.%&%“3 the
I ni t Bat etectritblgropdrticsayfearbioh aghombet improvqir chemidal amivighysical thareéterigics mag

nmet hod of difying the electrical operties of carbgn nanotubes b
subj ect ?’ﬁ@g}ém@g i PETERED egg%ﬁﬁq\apﬁi:ﬁ%{oaggﬁsupﬁ CBIH%OIB'ﬁS'rmr e radi cal y
initiatgedR). Bynsry, faiaRg-siri@ure® hi€dral, 68¢h &' MARGHbEsE fef@f t« amAGRial with

nanot ubes i nproved chem cal and physical characteristics nmay be
obt ai nedIEASIRS ik dhe Farnete rapgss AP strapErdcRateHds car bs dwsifisdgaiontds.

[ 0022] Ggngvthd YiméhsRARPr E{i Ucd! iGHensRh el {Oﬁ)z n&%&e@ﬁalnﬁﬂﬁélb@%so called

refers to a material w th dinensions in the nanoneter Tange.
NandQst meepartistesheansr digiessieral (HB):chanosidsi agnawites (lse dabed oanafipers) and

di nensi gg@égﬁexpﬁa ‘tw6 ArRenToTRTIH P o okl naldHORZRNGNLERLs A nhASHIFS,

(also c
[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 pm, such as about 1 nm to
about 5 pm or 10 nm to about 1 pm. In one embodiment the carbon nanotubes may be at
most 2 pm or between about 0.5 pm and about 2 um or between about 1 pm and about 2 um,
The conductivity of the carbon nanotubes used may bé 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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nanof | akes, nanofl owers, nanodi scs and nanofil nms. [0023] A carbon
nanot ube as used in the present invention is a cylinder of rolled up
graphitic sheets. Single-, double-. and nulti-walled carbon nanotubes
are known and can equally be used in tthe nethod of the present

i nvention, The_carbon_nanot ubes be of any 15 desiregggﬁggfh such

as in tHlipdgrgEhs RagRiUREHIfE CONSICETEhS b CIOBDBRt W %%NTSE‘I% 8 dbey1caRm
to abouty,ge HORctrdfic Bﬂipteﬁifﬁgpﬂk SR addMhORRcIRARAIFRE Jrivewsar BAANT

nanot ubes may be at nost gm or between about 0.5 gmand about 2 gm
or bet wenay kesemi-candygtinger raddlie- 2 gm The conductivity of the carbon

nanot ub ed r e rdi if i :
2 o1 ARk LR BRLEEL HraSey'dhag denite ey o
ri ng$ alrolgl inha 8@ mus hdeshafe, The nonmndes besalsccenidd om forarsdn wmhéch theynhdye
metalli r m conducti ng. ,Any. such carbon nangt ybes .may be, used in
R et hodioeBIE e SorhS TyPESYHEO TR TR (0GR AIEOe AR EuP
exi st i nndinfiftares MerdoToAsheirsutiiceas si ngl e-wal | ed car bon nanot ubes

(SWWNT), ~doubl e-wal | ed .car bon nanot ubes ( ),, multi-walled caybo
nanot ubd80%3amniy ong emhodinsnt 1kl t‘P‘-"WHP'F’eL\Qe CRFIBNNINRHHDES) 35S singls-walled

[0025] Aasbhgh&rwek! ed carbon nanotube (SWNT) is a seanl ess cylinder
fornmed fromone graphite |layer. For exanple, carbon nanotubes can be
desdfi bd00294 anagoap tanagulsis ampy Yesrepasd oseyerabhidiaent mpthads knowindy theary
a hollo yLJ | Cadne ﬁggﬂg tihe C y -di ks

W th ax}l#éjf ésﬂﬁméfry, an?gifynsoge eral %xﬁ?%??i%}gﬁ%%e;i(regﬁ g%ﬁ@‘?ﬁr{gﬁgﬂ
cal | ed dlécompogition tes CrapdeCOa 4t 7064960 (0an flaw dfepude CiChatda togal pressure that

cylindrical .sheet wth faneter of about 0.7.1t0 u

sﬁch as t%%aﬁ]? &S & (I)nu% %égb FﬁusT%gf%ﬁa%gtu%m kv lcgﬁ%&ﬁ?cﬁ()%dﬁ%&%@ﬁg%rg
( D\/\Nb r) ho{lms bAfa rﬁésopcwlaué silier ﬁ:ppcbrt,ge?ﬁl’(g' ﬁoesﬁaianei GoMofblAﬂ@ BWNTs. Usinmthis

t ube shape, The two |ayers aphiite sheets can form.a concentr.ic.
5" oyF; natatod damelia sotao LNNSHER derasiiene: Mbe oSt fledn MAdSing
MANT as ukigYhigRNplagve: tch®of| @6hd00d GHIFCHElehdifS ©f sé-baledV\IRcoasivNhe
mechani cal strength_of MANT.

_ , [ DWNT may b sern',-c_ond]L]Jcti n gr net al §pléc
100271 MH0Fale i ad1®ge BisHodamstel FRALY cd ghsifuswhen F%&m o Qe
of graphiit&edinkPh r&didr MR With 4 Ar&AnRof BOCa3 AR GemPdRuRtaAfgd HesboGRI00-
also exist in forns in which th% have hydrophilic groups such as
t

hydr oxyI118% Heipt 2 prgssurecef abeut ¥rte, SOtatm ol by, metali aatalyst formad Bekda inghofppmaid
B e
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, ie. 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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25 to 8 carbon atons or 1 to 6 carbon atons, wherein (whenever it
appears herein in any of the definitions given below) a nunerical
range, such as "1 to 10" or Ti-Co0", refers to each integer in the
given range, e.g. "Cl-Cl0 alkyl" means that an al kyl group conprises
only 1 carbon atom or 2 carbon atoms7 3 carbon atons, 4 carbon
atons, 5 carbon atons, 6 carbon atons, 7 carbon atonms, 8 carbon
atons, 9 carbon atons, up to and including 10 carbon atons. 30
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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, perbarbonates, 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 metabisuifite, 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.



20 [0036] A hal ogen-contai ni ng conpound according to the present
invention is a conpound having a diatom c hal ogen bond. Such
conpounds can generate two free radicals resulting fromthe honol ysis
of the bond. Exanple of such hal ogen-contai ni ng conpounds are, but
not limted to, fluorine or chlorine. [0037]It is also possible to
use redox systens as radical initiat 0(85 for the inventive 25 nethods.
For exanple, redox systens nmay be m xtures of hydrogen Cio_erom de,

al kyl pdPe38lde In pas embadiment rtbgicrtygmt@methe madification max edditientlls by cemied

of the sal ["Tthgffelf%‘eﬁ"d&{eoql 1?3{ és%amf? he' ?%ﬁﬂ%ﬁsﬁo?%)& &Y h%?e@{

or sodi (M e- su re ucin ures 0
per sul f athesernptiliteas' ahbne) or ﬂecmh:lum:an aefefs talahahphamthaﬂmcm*bomhavmg one or

anmoni um conki ned wit ate of an met.al , such as sodi um
ot abi S PE (BborarPapulebout R et extboiainnt clktor SRS ATF spBotAlY
an alskalshbdiRited. il antehb gPdupa iV 140 SN ORI ot Aditkd tSUcher@EF, propenyl
benzenephosphonic acid and |ike conpounds, _ and redUC|n? agent

1003811 rbuishl, érfbb\aiic}mm! rentepe hexppuh di mgthy lhex- hrsels f-ety 811“%3111@4-1 enyl
addi tionghkye R, §8E f Feﬂ(?ﬁg'" Bloh&8r B &riatfioR| refRCtoCn {[@Bﬁl@ﬁ)}ﬁ%ﬁfbﬁh

and/ or oene or nore a m xt ures thereof. The rm"al kene"
al one orhaving cosior maré ga:rborr gdrmmp@-mdallnmmm@mbpdmar bl&smnmar@ppﬁgare

hene PSS ARRGRE HAn PR SURAL R ourt T SIE, BRI RIEANS. ethymyl

groups |pnqjyuyllebutbm)tl zﬁﬂehenhite limted to, et henyl propenyl, butenyl,

1, 4- but h t hyl | t

4 ot bt T0080Y L sRERt e RonhE e ey, i e Oilg ' e i ?@Wor UBRS B

in Eorrblpee%%mom{ the elémlgn trgix@&,] ahé péz;taéan G‘oﬂﬂ)r{bgrg@tﬁrtbf)madi@?l!:( inigatoRds Aot oily e

car pon-car pon ri e-pondas n certaln e I "Ten a ne e

opt i ona|r?a,¢t%6§%qﬂm=@dhe e aeRpNangtube, bt Wﬁéga f?ﬁsbgfﬁh Hmila@r "%ﬁ? ulg?f@%

not | i mgh&d !Riyn &hHpedtlcin g:‘@-@ AR ThdOiy PdlcalsaRsl feh& WikiKRirther alkene(s)
(0]

[0039]Wthout be boun heory, in case_one ‘or nore al kene(s)
and/ér ankgnalkwe( e mey é@éh‘ﬁ’lﬂil thercaibon aarotihsn Th seaciios, 1.¢. the length efthe C-

formed o gind Ja%f B%EUn&ghed ngyﬂshb angﬁnt'(ffaﬁgﬁe(grbhwoﬁm%é(ﬂ r&eﬁt%meyremlbn

t he carbon nan SO react e one
al kene( systemdTlor alkéric(sh @fd/pr plkmhosjlmfg/ 13 @tmdldscaibgtltutHdeThB @nrn l@pderally

t h,.f.urth |k
T el H Bl SRS Pl g LAY ORL Ty g TR B2 e
chain rmxydxbgercamhsdiab dgebyepldved antunte af mafekgmaﬁ(s) amndﬂcpend&rklyrw(est)ed

pre int 1 an g'ﬁ 0 Ey ﬁ'f"%lﬁ e
ot 2Bna o SUESET TR, or AR EehsoghTh GRARIY ey Pl Sipppadot
respect afy?dIRyls He@Rrcar@] QUi-atoatidi KeterdORe:, YaRXYO raumy,ealtylm @pmoofhatme
hydrogen atons has been replaced with one or nore li'? %_2 " .
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[0040] Depending on the optionally substituert, 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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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



Nat ure 391, 6662, 59-62 (1998)). The values of p and q determ ne the
chirality, or "twst" of the nanotube. The chirality in turn affects
properties such as conductance, density, and lattice structure of the
car bon nanot ubes. Dependi ng on the arrangenment of the carbon hexagon
rings along the surface of the nanotu g as characterized by its
chiral vector, carbon nanotubes can 25" be netallic or semi conducting.
For exanple, SVWWNTs can be netallic when = 3r, where r is an

i nt eger , coadertionrbapd of é@@%uﬁwqhn@aﬂaﬁrhwﬁ@és C%b%lﬁqﬁa@tes\/mgmwé%by fio

?:ar bon &R&&‘Q&ﬁ; &ttlatﬂfpﬁlre { g ‘r){ QtheShéth ol(t%)ﬁ% Jeﬁtuﬁ?ﬁll@ws

evel . e term states reters to states at
an ener gtae bmmtnenhmcom @vekictrabicropertive momptmsﬁpa@mmemWNé"rmetalliC)

"Ferm to an gy level with a probability of 50

per cent WS%EME%%%?&&? el ectron. Therefore, a SWNT can be
met alsl i qoo-hﬂn tmaﬁﬁnv@éme,ah ohé Smb_@flﬂibntlcﬂ\llﬁ prb&nﬂmbem‘ﬁh(bhe modification
Sem con c q s refer Eﬂfo carbon n F;bgqs th var

gaps, leq5Eca drPReTESn @%{Sﬂn TapREs bodh 19 dho RO 5@“*‘10&1
bet ween ﬁr@ﬁertY@' SNGRARNGhrBRI ndrdubed OForCOREIME, 1AM RaRdreObf derBERMuding
Such carbon nanot ubes can be separated or enriched by a nethod,

accor di igVNG ang el BWINT the erwmew mqth%malt' rad tacthp sRlecsive seRproseian ehthe
i nventi qpaal.l OWBHE hﬁeteﬂgw nﬁhe . C) Q&vfce n%g%ﬁrpmcﬁ ALGREEL hBRureD

order to separate net romsem sem conducti ng).
5[ 0043] Anamhthltdngdseabm@uctmgwarectmw ment of the present invention

the m)diltlbtﬁﬁt ti S modification of the carbon nanotubes, such as SWNT, according to the

inventive method may also be size-dependent. Large diameter tubes may be relatively inert to

the reaction with a radical initiator. Therefore, in one embodiment of the invention it may be

_possible to selectively silence the electrical properties of small-diameter tubes without

15  significantly affect large sized tubes, For example, in a mixture of SWNT and MWNT it may
be possible to selectively eliminate the electrical influence of SWNT.

[0045] In order to achieve the desired modification the composition with the carbon

nanotubes 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.



of the electrical properties of carbon nanotubes |eads to the
suppression of electrical properties of specific carbon nanotubes.
For exanple, in a mxture of sem -conducting SWNT and netal lic SWNT
the inventive nmethod nay |l ead to the sel ective suppression of the

i nfluence. of the netallic SWNT. There E any devi ce nmade form such
a nodified mxture 10may exhibit high enlconductlng characteristics.
[ 0044] The nodification of the carbon nanotubes, such as SWNT,
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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 fhereof 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
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|IIustra Ve exanpl'es
diacetate, and a non-polar ionic liquid. Examples of a non-polar ionic liguid include, but are

not limited to, I-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]amide 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-



15 liquids are 1, 3-dial kylimdazoliumtetrafl uoroborates and

1, 3-di al kyl i m dazol i umhexaf | uoroborates. In sone enbodi nents the
liquid is a polar ionic |iquid. Exanples of a polar ionic liquid
include, but are not limted to, 1-ethyl-3-nethylim dazolium

tetrafl uoroborate, N butyl-4-methylpyridiniumtetrafl uoroborate,

1, 3- d|aIkyI|nldazol|un}tetrafluoroboré§e

1, 3-di al kyl i m dazol i um hexaf | uoroborate, 1-ethyl-3-methylim dazolium
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T et nyt of iRl it ST o BBecori) AR, or oyt 8 cpacton wigh e
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1- hexylq ﬁoiﬁﬁft h¥hedriil B8Rk 4dMctivation method may be used in case the respective radical
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N' - et hylte NieNkilled Bersoret r anet hyl guani di ni um 1- butyI -I rret hyl

Y butyl O SPHYRARG xR bt T IRARIRIR Sl disprses

1- but y 1-add seffiziently readeedol it thehfeseafatlicals.opfios pdit&tabmn 1t may also be possible to

1 el iy ot R OO A A TGy Tian g rmuation

l nl tl at Qf thé reetionsaived. siply Mﬁfhbﬂé‘d bi thé’l|tﬁr11ﬁ§%ﬂ%6ﬁ10&[ﬂbﬂﬂ$ohlhﬁlont if.ey be
radical initiator will formthe necessary radicals in order atgﬁ ls) r%
the T oacaITioH O] R EFRADONT TBH A ADSH FOTHIBESCR AP HERS Dot i a8 abe @

modi 71 cghih QR bRGREF Aout Tb%u@ﬁﬁd e/b'au %mwop&aﬁ@rerueadeea%o@wm tIRBAG
which is known in the art and may be suitable f

r espect i3Peninakii anglembnilimeat of the beﬁnte@(aﬂvl senicgtipa et PWWIWWWGB% about
car ry.ed t ol h

T o e 2 e tbotkola ileTel i ot BT RETROAR20 b e past sbowt 25
act i vat inin, aré¢asioabonBai0 imen asleabt abput 4§ emn tet: laagt bt 40veing gideastibout 35 min,

heat | ng SIeERORE POV RG Ay SeE £t ot o dreLar oo it A\ e BteS FaiRie,

system tﬂbevdmméﬁbnstitﬁt%lafvw &Suppet kmivof soaible fife kdnges Kiight @adiation
person. [0051] Soni cati on mag, ensure that the carbon naﬂgtub,es,were

homogendii] BF eAragserw @g agnrplly diopme; ia fhg gt (Ros exarpple fuph photo fpibation occurs
r adisgal sz'ﬁ:H%‘h(ﬂga]§ 31 &b LR 1R 0% Qishile RERSIRAiSHdPof e réHch&H sztem

el evate the tenperature to activate the radical initiators.
initiatiTde skilkdtpsrson vl enavdre off ¢he respactiv sondkitians sy high yia(zdmrm#ssa‘d toy

activate the radical initiator.



30 when radicals are produced by ultraviolet or visible |ight
irradiation of the reaction system The skilled person will be aware
of the respective conditions which my be necessary to activate the
radical initiator. 14 [0052] Redox initiation may be carried out as
generally known in the art. For exanpif i's known that nmany

oxi dation-reduction reactions produce adlcals An advant age of redox
initiation is that that, the radical production may occur at .

r easonald P52} ot Bsdey, wiitiation say bgjcawicd oubes ganerallykeekn gy B8 artsheypsampls, it
one eﬁbqéhm tha?Haﬁ% Qﬁiﬁfh&ﬁlteﬂﬁ’&loﬁ'?gacﬁéﬁsr%/ a&e%lamén_b eAR @ahla@P of redox
bet ween t onen e resultin ure may be present “in the
form of ieitigtigreis nhzttam thmwdmabprequmpn amaa'obwm atcreassoauhe tdtes Qyehe vamt wide
and the rec% |t%£§un?y contai n the nanot ube conpl ex whi ch has been

f or med 5uﬁFﬁg € pr cedlng procedure. [0054]1n one enbodi ment of the
nodi i eq0653) borinnmeainbiad imengyafteptactivasibh Wind @airgiah aiuedhe red@ionhietween the

i solation may be carried out bg, buB IS not |Iﬁ1b Y f||trat|o%
centri f SEEPPER SR & “E’é‘gt'mxﬂ'lj 9Ye b PEESFRL Pt 2 AP P e % At
Wit h genedcalitabed 4oRe BoaGhk biig@Rfatanfid tBX gﬁaipﬁmetnih@ coRtainthé hgdtube BomBléx

be carried out, but is not limted to, | east about 5 mi nutes, at
| east abigh f@@bﬁﬁﬁfﬁf@@d‘ﬂmgﬂ%ﬂﬁceﬁ%ﬂo%@fﬁi nutes, at |east about 20

m nut es (ogy) | eﬂ?&n@@%ﬁduﬁ&t@f’fﬁglﬁ&ﬂ% cér@&?ﬂarﬁﬁﬂ?;@g ma oﬁ?léﬂéil?%e idlated.

| east about 35 m nut es, | east about 40 m nut es, ? | east about
45 P nufTés iscdationemat b«abmmed B0t hy,rhmt @ notolimiged toeeﬁétrat@boenntlﬂ‘ggahonmné@r
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centrifugat Fon sSpée S not
about 2&hekgnirdogation 3thyKe arriedarug. buFis ot dimmied tcm;my ldasi abautrS enimmst atulsashg

(PTes) Al Zeienh o5 AROR, omer R e el Sea ot %5

anot her nﬁmﬁw;ra{ Jeastsdddut P mid] anlkast hBsut G3Nmidatessadedsp abduk KO maihutes) at

purposes. Settling js the proc by which partlcul es_settle to the
bot dom estaationt dp st g (30 DR MDAV Bl AT eIR TGN one

present ¢nBN@&HehOfe b&rifbADN i9BarkibdBut i 1 Bffr! TReN@niiRYzabiEn ﬂﬁ ABRH ba ikt
0 days and about 4 weeks, such as between about 1 da about 3

weeks ofs MtifEied tabaut B0 Kayabouingd Bacbou3Gike P@§ mop, cb‘Ffé“‘éh’i%ﬂ Pre#ied
h
the stapgy Q%ﬂ% %ﬁ dﬂgf/ Sfi% tn?ﬁ%% SRR Uls #or?l@ﬁmpfbt a Etrﬁ%%eﬂ%ﬂéﬁ@)’ﬁﬂl’@ﬁ

25 |l east ab east about ays east about 5 days,
at | easmentboane, @ ndyymmien-éaﬂmordbo(ﬂVQF)w@mbreme ¢re aRathexbesemonlyeiske

at 58 asi, ﬁﬂ%?&ﬁte é’lﬁy\%gl}i(%e Qe a{'orl ﬁﬁﬁﬁorﬁ?ﬂtﬁgsé& Vﬁﬁp@g tﬁ"thei gypoecess by which

af ore-nmentioned ti ne specl |cat|on nma nstitu Wer or- upper
i mt opappiodstebkeatlt tmﬁnerbangmsnf a]lﬁ{ﬁﬁﬁéﬂdnfounen sedinguit. fe whe embodissud ¢fi the

nmodi fi ed nanotubes e &@oro hI 0 an.organic s ent
The or gRIFE" aBYerlsh ity ot S R
whi ch mayeleesictiab dbiveeh about Nelay esaiiut ¥ evedlantbebecen abdut [M@ﬁblﬁ%bout 2
met hod of the present  invention. enables Ehe nDdlflcatl L
el ect ri ¥&fks. In One embodiment the standing time is at least about 1 day, at ast 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.



properties of carbon nanotubes. Depending on the radical initiator
used in the inventive process, different carbon nanotubes may be
nodi fi ed. Thus, nodification of the used radical initiator may be
used to adapt the nodification as suitable for the respective

nanot ubes. 5 [0057] The singl e-wal | eﬁi car bon nanot ube of the
invention may al so be used as field-e Pect transistor (FET).
Basically, the FET structure involves two netal electrqodes designated
as "sourl@856landhegmsthad el Hise Brcsent pipventisn nenablssl ibe | MedifipatioRept clegtrical
convent i :geyi n I d Sh. 5 ; :
pr esent lffﬁ gﬁ%i ec{)f;lgat?ﬁoen E:ltf}g)rt\‘?\degﬁ Pgéern E%F;mé]e eg{?d% ls‘é“r?%f%‘% gEE\/\I::I/?E;Iﬂlq)e]:aéll{vIa five
car bon nanoty béffaet eatbon ganadubich enayrbeanadifed. Thhs ne@ificdbon ebthp asesidradinal

the 10 radjcal initiator-nodifi ar bon.nanat ubes of..t h ent
vent | ontRiss By o yhselp Riart e RSl BORU AR RS Bt anBlBES

| easts abjo0$7)50@he afingleeaalledatudbdn AdHdtubatofl thasiventiolinap QBA, beatiset! e sfield-
about 10000, or, at st. about . 1 0. Exanpl es of on-off ratiqns
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met al Iigg%éfg gﬂ#dngaﬁ(ﬁ)%ﬂée}gt%%#arﬁlgsﬁwg% l(l%(?jher_ on/off ratios. The
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o esont ol T AT B00F AR TooRiaH ROt abo S OEfiotenl Hodds gt oce.
appl i catdhensz000.04boaxS000] oAb 1 €08 hiout 1 L000LEHAN 7000, &boarpiees, sout 14000
further applications of carbon nanotubes iInclude, but are not |imted

to, leondiabewd->ef imprprrrdrodimathesadisnls meay seacy Wi tearpudpd mgtalhic carbon

cat al ystnotuke ahd SHPPPAE &M prep&aty SR&allie @3B hafffbes, which results in higher
nanoel ectronechani cal devices, additives for batteries, radi ati on

sour ces onédhiation dihetdsiceremay. skow highenmpbility afteg reactiotwith radieals. Jbg FETs
above) , il {ACHRAGh Mckifila | T8 s #HET BBication
illust r-zf't15 #aﬁll% y@gggg% %@ﬁe%ﬁjﬁ{ %glgmg%}stso afb'l:l-lgqgeé’plr actilwégig i%Btl?'naelon_ "
absence mdcraelpgtrebiengmintable eleetmeniess (suth mh tisk jesrproted eleftrenidshnand Aexible
specj fi c&lclrxnigi sclosed 30 herein. Thus, for exanple, the terns
"conprising, *incl udi ng", "containing", etc. shall be read

expansi 8038] anT heictrbonl hatdtabet species) sudhdali $ WolTal thodifiechaccoelingstoathel present

expressi.ons enpl oyed herein, have been,used as terns,.of. descriptian
and not YR REY] foHscaa et Do tboys o SEYeRH] “PRECtiQRy pEr gRaml as
such' t ergigetraiie cOmpsRAs BxamplkE o e Rethetipplicaidys 6fithrbcdl winbrbed intlnge, but are
features shown and descri bed or portions thereof, but it is

recogni 764 Hmiad Jaar PoctitsyRRd cigh-shFRIgH @apiuRy AN CATPOSIRR SEEPYS
of e iANGAINPRIEIIRELnsotiUad nahodddfbind RRiCHNESA &S ORlihRaifhrabithergh
the present invention has been specifically disclosed by preferred
enmbodi neadiationn dowses, o Aerhicendueiar udesdces mitli g4needl | (re. a@NSISipISat seo n akFve),
the inv i . i ein herein disclosed may be resorted to
by thosgm%t$$%g§gpgg%ﬁ%“%?$$ and that such nodifications and

vari at i 0859%r e Therisverdordlldsoratielyidesuribed fheresr apg siitablyi tse practicedi mntbe

0060] The i tion has b d i bed. broadly and i.cally..
her of n. SESEOEE GF ARESE Grenertiin, WOTAIRR © BBLHERN G GRHTTY iafesey
Wit Rign  tHeRirDemhas, i for GkERPIGSHE CerdlsSRompridihgt "RallingY, “ch@ainfgenétt.Ohall be

This includes the generic description of the inventigon with a
provi soTead sxeansiyeleand yritheutilimitatienodddidonsty. e ksras andErpiessiqns smnlgwsd

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



[ 0061] O her enbodinents are within the follow ng clains and

non-limting exanples. In addition, where features or aspects of
the invention are described in terns of Marlcush groups, 15those
skilled in the art will recognize that the invention is also thereby

described in ternms of any individual ﬁlrrber or subgroup of menbers of
the Markush gr oup EXPERI MENTAL SECTI 20 100621vmterials [0063] -
wer e i ned from

Benzoyl .peroxide (BPO and dine | f or mam de bt a

Al dri ch B HRe Eheod sugh tsfa?wgsféaresw% 9fsreipdling a§>§ FRATERleRA Fibe %rér%w hown
nanot ubggq Wekeibedolt RiEtiGHSARLITERSt & PNOPHiCED BGt PRiohdRBEKicHRING are possible
pur chased from Sout h\West Nanot ecl nol ogi es (USA) and they were

di r ect | yithie thewicopoof thej inemtipn slarrnfrd éP p$, ghshouldhie bﬁ@ﬁéﬂﬂéﬂh@iml@pu&m@e
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roci 11 cATeun BPCRAR e b TBefs Rl Bl RRABEbARafl, Bl dfREf
t he Supdeateresmslifichtow rmt Vl’:glathll bhthe diateatmhewtbodi‘ed theecinrherainatisclosed may
SWNT(r) SG 65 rqon.nan ave th I ties:
Cube i RRESReA0HY GO ThifeH M R At 80 LY o g iagRAOA &2
cont ent cox8@%edny beay it the saﬁ»@%fﬂﬁs ihuiiﬁisnare (6,5) chirali ty, >90% of
tubes are 30 sem condyctin 1 b
nanot ubdd0§0b; e dmELen Epf%bef{ﬂoémribeﬁhﬁmeélﬁ.ae geeg%a?bgi ch of the
fol I ows nagoﬁeﬂ'fﬂ)egites M&g\é@e‘hc%§ﬂﬁﬁg”‘seﬁlllnﬁ withiflthedfenoNE deselotiirk QfsoVioan

ul trasonication for 30 mn | trasonication was inmplenented 5 by
i mePsi pgrt i thel mm@emﬂauqomebéext% EPQ?SIC desgpipdon ef the nyentionywitiep proyisg.or

130) | nkg%%ﬁggﬁﬁoé%%h%%& %E)@ r frbltRE élﬂ@tre%a?dlz.% oFwiRthePMrnot

sol ution ded to tai ned SVWNT
suspensithmexaised m@tcrmlesrgmceftcalﬂ)egecneﬂ he@wtad by 30 min ultrasonication.

After caf4,,0n
0. 25§ 1 A0deFe” LR el hmelSlant i3 VRERAS . ¥13s atd AST AR YRURCE i
acet one atiditio® nﬂm& fheres es usqbuetk sfth&rhmrlanmdmar@dwdﬂlmi modrineof lefdrkfusio o E
ane,_were. r ersed in a % of .co ctan
Condb et roF SEHET infhaen ey recoaips el e gnsift s Ay BB AR e srrms ot
(SC) (wahgmd_lmcmal ﬁ:emﬁexdar subdiureitherhenoaithoMarash peap.or med at 20000
rpmfor 90 min for renoval of big bundles in the suspensions. The

supernatant was then drawn out fromthe centrifuge tube, and it was
directly used 15for FET devig&keHaMENTALISECTION

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
SWNTSs with BPO in DMF and centrifugation to obtain the supernatahts. According to
the data sheet of the manufacturer, SWeN_T®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.



100651 The reaction between BP and SWNTs can be schematically seen in
Figure 1. Figure 2a presents the optical absorption spectrumof the
pristine CoMbCat(r) SWNT ensenble (Table 1) as purchased (different
nanot ube species are identified as characteristic absorbance peaks),
and spectra of the SWNTs nodified wt 7BP i n di met hyl f ormam de 20
(DVF) solution. In this connect, it is noted that the SWeNT(r)SG 65
carbon nano tubes are prepared by the CoMoCat(r) nmethod (a detail ed
expl anatixgmple ke CoMoCat (r) method can be found on

http: //wwv. si gmaal dri ch. conml materi al s-sci ence/ nanomat eri al s/ conocat - c
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present in CoMoCat(r) SWNTs. The dianeter is 25cal cul at ed based on
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[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 metailic species (5,5), (6,6) and the smallest semiconducting species



performed in a Perkin Elmer Lanbda 9 UV-Vis-Nir spectroneter. All

el ectrical neasurenents were carried out in anbient using a Kiethley
sem conduct or paraneter anal yzer, nodel 4200-SCS. Atom c force

m croscopy (AFM neasurenent was carried 30 out using an Asylum
Research MFP-3D systemto i mage the SYWTs. The scanning 19 el ectron
m croscope (SEM inmage was taken using®a Hitachi
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were fabricated by sinple drop-casting nethod and el ectricall
char act e£906e414, ﬁﬁ%ﬁ? r’rg'(@anwhlle, the selectivity with the metallic tubes may also p%ay arole.

15 Preparation 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 thicl; of Au
electrodes (as Au-SWNT contact) were patterned on top of SiO2/Si substrates using
standard lithography techniques. The gate dielectrics SiO; is 300 nm thick. The
20 geometry of the investigated devices is 50 um in channel length and 25 pm 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



shows the transfer curve (drain current Id versus gate voltage Vg) of
a typical transistor 20 device. The effective hole nmobility of this
device is around 1.7 cn2Ns and its on-off ratio is >11400. As

reveal ed by AFM i nmagi ng, the thickness of the deposited SWNT filmis
-40 nm (not shown).. Figure 3b shows the histogram of the on-off
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and 4.2 cnNs, respectlvely In summary, the radical initiator BPO or
were found to have relatively low on-off Tatios (a few hundreds). Such electrical

characterization further supported our conclusion that the metallic species were electrically



21 sem conducting thin-fil mnanotube transistors with high on-off
ratio and high nobility (up to 4.2 cn2Ns) can be readily nade with

hi gh yield by sinple and fast sol ution-based processes. This nethod
prom ses applications in high-performnce and | ow cost

macroel ectronics. 5 Exanple 2: Pr epaggt i on of carbon nanot ubes

nodi fied with ACN [0074] CNT powders 073 ng were dispersed in 30nm
organi c solutions (such as DMF) with the aid of sonication ta ,
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(SDS) and sodi um chol ate hydrate (SC) (wei %ht ratio= 1:4). It |s
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the metallic tubes was deteriorated by the chemical groups imparted onto the SWNT
surfaces, while-the semiconducting tubes, particularly (6,5) tubes whose adsorption peak is
15  prominent after modification (Figure 2a), were less affected.

[0072)  Figures 9¢ and 9d show the X-Ray photoelectron spectroscopy (XPS) spectra for
the pristine and BPO-modified 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 SWTS and its on-off and carrier
mobility go up to 10° and 4.2 cm’/V's, 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 <1 nm) and metallic SWNTs. Using this strategy,



1. A nethod for enriching specific species of carbon nanotubes
according to their electronic properties and/or their dianeter,
conprising nodifying the electrical properties of 5 carbon nanotubes
by subjecting a conposition of carbon nanotubes to one or nore
radical initiator(s), wherein the spe%'fic speci es of carbon

nanot ubes to be enriched conprises si Ble-malled sem conducti ng

car bon nanot ubes; wherein the nethod congrlses: m xi ng the ..
conposi tSEBiconducting Hyn-fika nseerplestragsistors wath igh groffgstio @gml%mowy (up
initiatog( ' kL1 SO ' : ' €

o form et ey o QeI RNETL RS Fekt Uy Siible bR ol A,
group comedesse.ndhif wethedhi propéses x aptdisatiang o iy akigl-perionmagedrand  Jow-cost
hal ogen- talni conpounds and mi xtures thereof; activating the
one or ﬁ%ggmﬁgngg' initiator(s) to formradicals; 15 reacting the
carbén nanotubes wth the radicals, wherein the radicals preferably
react with those species of carbon nanotubes different fromthe
specifi-lggggiz% of carbon nanotubes to be enriched; and

separ at ipigpdiRiontsl car Bsh AadtabedMoaifdacsithrAONt he unnodi fied carbon
nanot ubes, thereby enriching the specific species of carbon

nanot ubes. 20 . The method as clainmed in claiml, erein the

Car bon 10T UbESTaPRVIFTRD A1 0 deet BRI BN pread cpbe Cufibes PUPC

proper t 8 RO ST séhidRPn to debundle tHNENTELIDRthobdd tAA ¥hePapBreéphtidNEf the CNTs

precedi ng cl ai ns, wherein the nodified carbon 25 nanot ubes cgngélse
1

met dP| i Vil appbriniaesselpdiyity in therpbsertenioteadiona fy Sohed fopdichleinBiakr N g
e chimop B U R L P s Eb 20, Bl Mo 13y iRt PPt
suppr es diitigorshuesieg enild eenication o3émin)e Jhefradicalaterétionsisnpgréormed | ip gambient
car bon @&%ttl&ip ?r%mn 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 NMF) 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 nanctubes FETs

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

drop-casting or ink-jet printing technique.



23 5. The method of claim1l, wherein the organic peroxides are
selected fromthe group consisting of nethyl ethyl ketone peroxide,
benzoyl peroxi de, acetone peroxi de, pinane hydroperoxi de, cunene

hydr oper oxi de, tert-butyl hydroperoxi de (TBHP),

1, 1- bi s(tertanyl peroxy) cycl ohexane, 22

1, 1-bis(tert-butyl peroxy)-3,3,5-trinethyl eycl ohexane, 1,1-bis(tert- 5
but yl petfmg) cycl ohexane, 2, 2-bis(tert-butyl peroxy) but ane,

2, 4- pent anedi one peroxide, 2,5-

bi s(tert-butyl peroxy)-2, 5-di met hyl hexane,

2,5-di(ter 4P 5- o) 0

d| -t er% arr}y} I leéé% ox?g eéﬁc}lﬁg 5&% Eé @‘ %c)%é} ggt oat% (ral g%r}%%b%g #%?Iaﬁ{rgo)éd qﬁeu
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per oxi de tertarryl per oxy PI val ate, tert- butyI per pi val at e,

t ery - bear gglatqomqt1og@ rj}é],’— gy@gﬂ@ég&t to one or more radical
tert 0X

met hodfhzi)tﬁta?sgi Mfgreg\%@r/ée%%ﬁe%%?%%@ﬂ P?H%%%%gtﬁa%%%@g ecte om
the gr mnﬂecmhlsdsémngn@icthgdmbgﬂmamum; de, anmmoni um persul fate,

hydr ox%ge gesul finic acid nonosodi um salt di hydrate, potassium

per sul Va¢T&! thedFOPeESeSit e and ni xtures thereof 15 7. The net hod
of claim 1 V"herﬁﬂi)ﬂn g B&h?&s‘%ﬁbx?@?‘bﬁ'bﬂh %@B%%ﬁ%h@&ﬁw%ﬁ' @6feLfhdical
fromthe group consi stl ng o ' uori ne- and chl ori ne-contai ni ng
moltecul es. 8. inftkagonfy tih g @‘galanwomet of a mixtupe of etfianiy wollvdntssto form a

wherei n nodi fying.the electr 2 er.ties of .carbon_nanot ubgs i
carried out i vREtE. SuEE bE Tt RARF G SRRl poR B R SRRRe oF
al kyne(s) or m Xénghsis peRexiey 1h&g&i1@dﬁﬁi%to€s qlm@anC@)h&lmn% Rmpbhisds and
met hod of claim8, wherein the alkene is selected fromthe group

consi sting of etW@WﬁSﬂ}ﬁQﬂfenyl but enyl, 1, 4-butadi enyl, pentenyl,

hexenyl , 4- met-hyééa%t_aag-ﬁgg%%%?ﬁlgg}égr%hlc@%ﬁu{s?og&y W iatacigly! . and

m xt ures t her eof ereint e’alkyne is
sel®ct ed fromst heagimuphe crasbait nagotabese twighnythe pdweplgnyWherditt shey radicuds

m xt ures t her eof 4 12. The _nmet hod of any one of th edi
claims, wherein Pﬁet%r%wﬁ%cte@ G sBFFie OF SFBER Hasbe ALt b thiy
out by sonicati ”%e@f‘ﬁc% L&ikd &Qaﬂfon%@ﬁ&hﬁ‘& th BE effiidfled! snd 13. The method
of any one of thé preceding claims, wherein the radical initiators
are 5activated bgcpaﬂaapgaﬂlfehmﬂlfmg carbgrlntnanptubds dréronther ediordified carbon
Initiation and/ Oﬁan%%%'esc,%ér%'y enriching the specific species of carbon nanotubes.
20
2.  The method as claimed in claim 1, wherein the carbon nanotubes are a mixture of

nanotubes with different electronic properties and/or sizes.

3. The method of any one of the preceding claims, wherein the modified carbon

25  nanotubes comprise metallic carbon nanotubes.

4. The method of any one of the preceding claims, wherein modification of electronic
properties allowing the enrichment of the specific species of carbon nanotubes further allows
suppressing the electronic properties of metallic single-walled carbon nanotubes.

30



14. The method of any one of the preceding clains, wherein the
organic solvent is selected fromthe group consisting of hexane,

hept ane, cycl ohexane, benzene, tol uene, pyridine, dichloronethane,

chl orof orm carbon tetrachl oride, carbon disulfide, 10

t et rahydr of uran, di oxane, diethyl etH3r, diisopropylether, ethylene
gl ycol nonobutyl ether, nethyl ethyl ketone, nethyl isobutyl ketone,
acetong, cythe eiERDBL claii hy whegepi @leCorghsioPetoniddssrd Wélgstad EonetityLroup
gl ycol diacetate, dinethylfonnam de, acetonitrile, N, N-di nethyl

acet anFensistingtefomestiyh syl etansnperpxide, beuzaik RGIosider afstersmgsroxide, pinane

5 e YSRGS, M e Y OB

t he semaymafcmsr)dyelohaxa‘nieﬁd Tehis(rdrybiitylperady)-0 (8, 5-anéthi ey elidxane, an thbis(zert-

settling 16, . The met hod of ~any one of the recedlng cl ai ns,

é ei hutﬁfl?érwéfa'@%ﬁanﬁa%r\n?@%ﬁ -Ruty: rwalmtﬁlé?srp?ﬁ -ReRfaRediong7perqpide, 2,5-
met hod cl 18 5¢ 8!
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fiel d- 2butnbng rmsxlde,ormmtrpmy]s|p1ego:ade;art¢mhutryhmmb@cmat¢ar @ttdoitylpemygy
a nethod of any one ,of e of .the.nodified c rbon

nanot uBEEICEANOR nef&ﬂda}“ifm%wﬁ}ét ﬁ{]%“t%fﬁ‘% 9105% ofereide.daufoyl pgrogide, jtert-
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transparent 30el ectrodes, sensors”and nanoel ectronmechani cal devi ces,
adtl t | peexyhenzosse tev-betylperei 2iethythesy patwsatesadimisiksdharofievi ces
(e.g. transistors), ultracapacitors or interconnects.

6.  The method of claim 1, wherein the inorganic initiators are selected from the group
consisting of hydrogen peroxide, ammonium persulfate, hydroxymethanesulfinic acid
monosodium salt dihydrate, potassium persulfate, sodium persulfate and mixtures thereof.

15
7. The method of claim 1, wherein the halogen-containing molecules are selected from

the group consisting of fluorine- and chlorine-containing molecules.

8. The method of any one of the preceding claims, wherein modifying the electrical
20  properties of carbon nanotubes is carried out in the presence of one or more alkene(s) or one

or more alkyne(s) or mixtures thereof to produce C-C radicals.

9. The method of claim 8, wherein the alkene is selected from the group consisting of
ethenyl, propenyl, butenyl, 1,4-butadienyl, pentenyl, hexenyl, 4-methylhex-1-enyl, 4-ethyl-2-
25  methylhex-1-enyl, and mixtures thereof.

10.  The method of claims 8, wherein the alkyne is selected from the group consisting of

ethynyl, propynyl, butynyl and mixtures thereof.

30 11. The method of any one of claims 8-10, wherein the alkene or alkyne is substituted

with one or more electron-withdrawing groups.
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12.  The method of any one of the preceding claims, wherein mixing the composition of

carbon nanotubes is carried out by sonicating or stirring or shaking the mixture.

13.  The method of any one of the preceding claims, wherein the radical initiators are

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

14.  The method of any one of the preceding claims, wherein the organic solvent is
selected from the 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, nitromethane, acetonitrile, N-methylpyrrolidone, dimethylsulfoxide water,

methanol, ethanol, butyl alcohol and. formic acid.

15.  The method of any one of the preceding claims, wherein the separation is carried out

by filtration, centrifugation and/or settling.

16. The method of any one of the preceding claims, wherein the reaction is carried at

room temperature.

17. The method of any one of the preceding claims, wherein the separated carbon

nanotubes are washed with an organic solvent.

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

any one of claims 1 to 17.

19.  Use of the modified carbon nanotubes obtained by the method of any one of claims 1
to 17 in conductive and high-strength nanotube/polymer composites, catalysts, transparent
electrodes, sensors and nanoelectromechanical devices, additives for batteries, radiation

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



