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[0007] In a second aspect, the present invention relates to a field-effect
transi stor conprising a sem conducting single-walled carbon nanot ube
enri ched weiog/@15mt hod of the invention. Brief Descri prconBmiibiie2sdr awi ngs

[0008] In the drawings, |ike reference characters generally refer to the
same parts throughout the different views. The drawi ngs are not necessarily
to scal e, enphasis instead generally being placed upon illustrating the

principles of the invention. In the follow ng description, various
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strongly interact with SWNTs via 7 stacking interaction, have been used for selective

separation of SWNTs. Such molecules include diazonium salts, pyrene derivatives,
porphyrine derivatives, pentacene derivatives and flavin mononucleotide. However, most
separation techniques are still insufficient to remove metallic SWNTs to an extent
sufficient to meet the requirements for electronic devices.

[0005] Thus it is an object of the present invention to provide alternative methods for

enriching specific species of SWNTs.

Summary

[0006] In a first aspect, the present invention relates to a method for enriching specific
species of carbon nanotubes, comprising: contacting a composition of carbon nanotubes
with one or more quinone compounds; reacting the carbon nanotubes with the quinone
compounds; and separating the carbon nanotubes reacted with the quinone compounds
from the unreacted carbon nanotubes, wherein the one or more quinone compounds are of

Formula (I):

R, R3
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[0020] FIG 9 shows the effect of netallicity and di aneter on binding
energy wiwth OH radical, according to various enbodi nents. Detail ed

Descri pt iwo 2020@1jo0 The fol | owi ng detail ed descri ption retCenB2iooib®
acconpanyi ng drawi ngs that show, by way of illustration, specific details
and enbodi nents in which the invention may be practiced. These enbodi nents
are described in sufficient detail to enable those skilled in the art to
practice the invention. O her enbodinents nmay be utilized and structural,
and | ogi cal changes may be nade wi thout departing fromthe scope of the

i nvention. The various enbodi nents are not necessarily nutually exclusive,
as sone eRIREHNRNE,, R3 aldeR LadkhditiddsehdentipGelettedBioth i pesupeivsistingestt s t o
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parti cul ardph hBiddkhioqumbhds: thereby selectively renmoving them The nethod
is rapid and scal able, and w dely applicable for obtaining sem conducti ng
tubes for [f07hie@d edcend raspéct, thevprsssnt iMesntionsrelatadetonit fieldgffagneansistor
conmpound- separ.at ed SVWIs.exhi bit reatly inproved onfoff .ratio f

exanpl o, SREEAMTE BT RATNRL bl FHIER boboh TRRSYESH AR b bl or
made wi t hthrihedntioR. SWNTs. 100241 In a first aspect, the present invention
relates to a nmethod for enriching specific species of carbon nanotubes
conpri si ng: contacting a conposition of carbon nanotubes with one or

nore qui none conpounds; realiefBedchiptionoP Rt B ppoes with the quinone
conpounds; and separ ating € car bon nanot ubes reacted wth the
gui none conpounds fromthe unreacted carbon nanotubes, wherein the one or

nore qui nWSF f{RpH '&Pa'imﬁés? lﬁie l%%r%eacl{akz}cierg generally refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which:

[0009] FIGs. 1(a), 1(b) and 1(c) show optical absorption spectra, according to various
embodiments.

[0010] FIG. 2 shows Raman spectra, according to various embodiments.

[0011] FIGs. 3(a) and 3(b) show PLE intensity maps, according to various embodiments.
[0012] FIG. 3(c) shows a graphene sheet map, according to one embodiment.

[0013] FIG. 4 shows X-Ray photoelectron spectroscopy (XPS) spectra, according to
various embodiments.

[0014] FIG. 5(a) shows a schematic drawing of a SWNT thin-film FET, according to one
embodiment.

[0015] FIGs. 5(b) and 5(c) show optical images of TFT device, according to various

embodiments.



wherein R, R2, R3, and R4 are each independently sel ected
fromthe group consisting of H halogen, -CN, -OR -N3, -C(0)0OR -C(0)R,

- C(0) NRR wo2IR@Med30R, -NRR' , - SOR, -SO2R, -NO2, a subst ipCuiBzh10001529
unsubstituted Cl.6 al kyl group, a substituted or unsubstituted C2_6 al kenyl
group, and a substituted or unsubstituted C2_6 al kynyl group, or Rl and R2,
and/or R3 and R4 conbine to forma substituted or unsubstituted ring,
wherein R and R are each independently selected fromthe group

AR B AR ol BB

100251 Thembodinepae conpound of Formula (1) is a class of organic conpounds
that are fornally derived fromaromatic (_:or'rPounds, such as benzene,

napht hal ef¥913} FirtHp)sbawea tpystersyiey agerding togresbpdimetber of - CH= gr oups
into -C(= ] : e bonds,
resul ti ngﬁ?ﬂr}ng%ﬁ??g/ﬁﬁ‘ggﬂfggﬁoﬁﬁ%@%ﬁﬁgyﬁﬁcgﬁﬁd@?gﬁ%%n?go[dggézﬂg%. I n various
enbodi nen{®19EEKh &Fhd¥¥s pdRiinenRZeomettieRdf rAl rodical alisbptipn,Lacectdong to one
unsubsti t ut gd .Cl 6 al kyl group. In the context of various enbodi nents, by
"C1 6 al kAPOdE R nt & straight chain or branched chain hydrocarbon group
havi ng fr e028] FIG.® stvwkahe affest®f mtdllcify aldkdihmereoop bidihghmerybsith toled or
unsubstituted, Exenplary substituents include al koxy, aryl, aryl oxy,

sul f hydr yradicahpreaidige (o xariye gmbedigieBRy | | ami no, and carboxyl. Cl_6 al kyl

groups include, without limtation, nethyl, ethyl, n-propyl, isopropyl,
n-butyl, iso-butyl, sec-butyl, tert-butyl, n-pentyl, and n-hexyl, anong
ot hers. . Detailed Description

[0021] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
structural, and logical changes may be made without departing from the scope of the
invention. The various embodiments are not necessarily mutually exclusive, as some
embodiments can be combined with one or more other embodiments to form new
embodiments.

[0022] In order that the invention may be readily understood and put into practical effect,
particular embodiments will now be described by way of examples and not limitations,
and with reference to the figures.

[0023] Various embodiments provide a simple method for obtaining semiconducting
single-walled carbon nanotubes (SWNTs) enriched samples by using a quinone
compound, for example, 2-ethylanthraquinone (EAQ). In this simple enrichment method,
the separation is performed by the selective adsorption of metallic and smaller diameter
SWNTs on the quinone compounds. More specifically, the quinone compounds
decompose into radicals, which preferentially adsorb to SWNTs having smaller diameter,
particularly metallic SWNTs; thereby selectively removing them. The method is rapid
and scalable, and widely applicable for obtaining semiconducting tubes for printed

electronic devices. Devices made with quinone compound-separated SWNTs exhibit



[0027] In various enbodi nents, each of RI, R2, R3, and R4 may be a
substituted or unsubstituted C2-6 al kenyl group. In the context of various
enbodi menye,20tz01508- 6 al kenyl " is neant a straight chai rconBimaosmb®d chain
hydr ocar bon group contai ning one or nore doubl e bonds and having £s0m 2 to
6 carbon atons.. The C2_6 al kenyl group may be substituted or
unsubstituted. Exenplary substituents include al koxy, aryl, aryl oxy,

sul f hydryl, arylthio, haI ogen, hydroxyl, am no, and car boxyl CZ 6 al kenyl
groupsmclue vvlth m t at V|nyI IIy 1-pr ut enyl ,

2- but eny| 8t Md{neﬁw q’?éfam, ij&exaﬁ?péi, STy ders /0§ magiiyde, e rﬁh@p ﬁwfn
[0028] In 1 of R, R, R3, and R4 may be a
substi t ut é@hﬁ&ﬁ%ﬁxﬁ@@%@ﬁ@%ﬁ%?kyny{ group. In the context of various
enbodi ment[8024pyn ‘aGitstGaspbdtythypresest imeention aclates 30 ghethdthion eariclingspdedit chai n

hydr ocar bon OLil ont ai ni ng one.qr nore triple bonds and having from2 to
6 car bon gp%fgf‘go ArRoppanotuher SOMPTIYREGUp may be substituted or unsubstit ut ed.

Exenpl ary SUbSEbﬁtH&ﬂ{gS al BshptiiRiodl KOXMrbof! Manotdbey | Wil , orUbf h6He Yduinddey | t hi 0,
hal ogen, hydroxy, am no, and carboxyl. C2_6 al kynyls include, w thout
Ilnltatloﬁomﬁwﬁyh |, 1-propynyl, 2-propynyl, 1- butynyl 2- butynyl, and
3-butynyl. [00 I ggag and %ﬁ A£nd R4, or both RL
and R2, and RS%%%gﬁég¥%%h§#§% to ggﬁﬁ&%§?nﬁ$%ltu ot waubstltuted C5- C20
aryl ring. [003ardtingtthe catbnh ambotobesviaadtaliwitbrthoduivent somphnds drom fheer y|
refers to an ar iC ri wherein each of the atonms forming the ring is a
car bon atHﬁFm?ﬁgcT'?$?mQPgﬁﬁtlc refers to a group conprising a covalently
cl osed planar ri nghdiamithgork d¥@hd26 ghindReeompbufdsLet bOForiiisd @M conpri sing 4n+2
[Al electrons, where n is an |ntegero Aryl rings may be forned by 5, 6, 7,
8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 carbon atoms. Aryl
groups may be optionally substituted. Exanples of aryl groups include, but
are not limted to phenyl, a plrenant hrenyl , tetralinyl,
napht hal enyl, fluorenyl, indenyl ¥ flanyl . I n certain enbodinents, an
aryl group is substituted at one ¢ b of the para, neta, and/or ortho
positions. Exanples of aryl graou gl Ng substitutions include, but
are not limted to, 3 -halop yl , 4hal ophBnyl, 3 - hymr oxyphenyl ,

4- hydr oxyphenyl, 3 - am nophenyl, 4- anlnophenyl 3- et hyl phenyl ,

4- et hyl phenyl , 3-nethoxypheny|, 4- Qethoxyphenyl 4-

trifluoromet hoxyppghyh, 3-cyanophenyl, 4- cyanophenyl di met hyl phenyl ,

napht hyl , hydr oxynapht hyl , hydroxynethy henyl (trlfluoronethyl)phenyl

al koxyphenyl, 4- RoRpH A Re mexnydepewfqnylwsdmteﬁ from-the grieupgonsisting

Ly o) Sy SR LERSRH Lo, C(GNRIPEXIEEIR, g, Y phen!

di scl osed SeRyveOiRy -Nma,rm:bstﬁntedm bnsubstitated ¢, ¢ akklykgnyﬁ aa;nbbtmktkcyayl gr oups

I n various enbodi ts, of the ent i.nvention the 20 ar rou

pheny! | nEBTHORIRIEt e SHRBHLETOH) BRG F b SRS Cied Cra R S8 Py

l ndenyl ® ah@ﬂ?%ﬂ/orRQ%n&R@B&hﬁn@%ﬂﬂ'a%ﬁWumt&h&ﬂﬁﬁﬁﬁbhﬁﬂéd rig¥, ant hracenyl

[ 0031] In various enbodi ments, (1) Rl and R2, (2) R3 and R4 or (3) Rl and
R2, and R3 and RAVHSs¢ith a ring noiety of for rrul a wherein R5 and R6 are each

| gependsntly SeHEMER: LSl MReRARURy SORSUS Rup e SAGRERCIT R, -

substi t ut €dselkyymsdibsti tuted Cl-6 al kyl group, a substituted or
unsubstituted C2_6 a u substltuted C2_6

d
al kynyl group, mﬂ’é?‘@fl?fFﬁXta‘h comb ‘%’é‘?ﬁ?ﬁ‘ﬁﬁ% rﬂl‘%{?ng ected from the

group congb@oqﬁhgoﬁgoﬂe@am&‘abgﬁz@iumne [0032] I n various enbodi nents, Rl and
R2 conmbine to forma 6-nmenbered aromatic ring wherein R5 and R6 are

hydr ogen. ‘[‘@ékBTh‘F AuipaRg eampadng of Fremila (D iga glaes dorednipremereueds Biahirg
substitut ¢ F=Ylels-)A i R6 is
not hydrogen 9F0034 n yet igﬁcgt (E-,;?ndeglh |aﬁé)gézehf¥%%ghtgﬂgheo%oa§g’rnegto form
a subst it by ewn@ersionbefr anl eseromamber pf ﬁ@HﬁhgmuRs inw YD gegroupsdwiB any a C 6
al kyl . [0035] In yet another enbodi ment, R3 and R4 conbine to forma
substituted 6-nenbered aromatic ring when R6 is hydrogen and R5 is a G _6
al kyl substituted wi th hydroxyl.




[ 0036] In one enbodi nent, the qui none conpound may be a napht hoqui none or
nore specifically, 1,4-naphthoquinone. [0037] In another enbodi nent, the
qui none cwopoizn@isvay be an ant hraqui none or nore speci f ipcahByo11/001529

10- ant hr aqui none. [0038] In one enbodi nent, the qui none conpound is

2- et hyl ant hr aqui none (EAQ 0 [0039] In another enbodi ment, the qui none
conpound is 2-(hydroxynethyl)- 0 OH ant hraqui none (HMAQ [0040] A carbon
nanotube is a cylinder of rolled up graphitic sheets. Carbon nanotubes

exist in different fornms, s si ngl e-wal | ed cayrbon .nanof ubes (.SVWNT),
Goubl - valeEH o FEF R et DiovRrene Senifre fae T SEnBenc trkde ot
(MANT) , orstrggxdief i ed mul ti-wal | ed carbon nanotubes. The carbon nanot ubes may
be of any desired |length, such as in the range fromabout 0.1 nmto about

10 Am sudP0Z6d dmoaations empedimemsutack ohRioR21Bs mnadt Be BBy be 2 sybstituted ome
enmbodi ”E“RmEJlﬁti{ﬁ@Jdb@{_‘s Q?‘%@‘ﬁ?iﬂ Ef%ycohﬁxﬁgfbilﬁﬂﬁg e‘]“b@ghﬁﬁtf’a?&' h %?llé%" 4y or

bet ween about 0.5 Am an Am or between a m an out 5 Am
Dependi ng mxant Aetraéightashgenentranthed kbais hythooarhex gyop havingdram drtg 6 ¢aebaur f ace

f th tub b t b tall ' ducting. Al
such car bOIP bl U hdy Bemtg 86 SR HE O B bteth By appients

enmbodi nentigclude0@rkbky,AasilNgheowal ufflyda), bavita N thlegen, ( BYRdyl] Sminds eafd ess
cylinder fornmed fromone graphite | ayer, For exanple, carbon nanotubes can
be descri lse®ory. §1galkperewpsinaide, pigoutdimigiion, methih eyl ResepyL.oFoRIRPYINt 0 a
hol | ow cyli. I cal ] X _ a8, .l = LIensional with
axi al synﬁ%trlfﬁgk %?%Qggﬁg%g?@gykpgﬁ%&ﬁgggaégfkgfgggﬁ%ggﬁg?ion, called
chirality.[0027}i byiveriows ¢mbrioenihecachof Ba, Bef RyeoidBy may \bei seubisgatedsdreet

ith di t.er. of 0.7t 20 ch as about 1 tq_ apout 20
om | 0oa2 e el EnpatheRehellat 16 he RUERL of e BBy i Fiom
si ngl e- walaliedyle & faednt Aateighiesin drdrarekeéngha hydeddadAdh groupNbataivihg 6k oy be

grown by carbqgn nopoxjde (CO disproportjonation ﬁdeco osition into C and
CR) at  7@rederbie bondsjagd/haying fipm 4040 Gearken Homs-- PheGagplkenyh groupymavds | y

ranges fromdinied 7 MUbyRhiB8 BxEARBIAYY SibsBRITREs ficRde CARMY, 4510) ardfodly,
nol ybdenum (Mo) on a nesoporous silic¢a support.
sulthydryl, arylthio, halogen, hydroxyl, amino, and carboxyl. C, alkenyl groups include,

without limitation, vinyl, allyl, 1-propenyl, 1-butenyl, 2-butenyl, 3-butenyl, 2-methyl-1-
propenyl, and 2-methyl-2-propenyl.

[0028] In other various embodiments, each of R;, R;, R3, and R4 may be a substituted or
unsubstituted C,¢ alkynyl group. In the context of various embodiments, by "C,¢
alkynyl" is meant a straight chain or branched chain hydrocarbon group containing one or
more triple bonds and having from 2 to 6 carbon atoms. The C, alkynyl group may be
substituted or unsubstituted. Exemplary substituents include alkoxy, aryl, aryloxy,
sulthydryl, , arylthio, halogen, hydroxy, amino, and carboxyl. C,¢ alkynyls include,
without limitation, ethynyl, 1-propynyl, 2-propynyl, 1-butynyl, 2-butynyl, and 3-butynyl.
[0029] In various embodiments, R; and R, R3 and Ry, or both R and R;, and R; and R4
combine to form a substituted or unsubstituted Cs-Cyg aryl ring.

[0030] In the context of various embodiments, the term "aryl" refers to an aromatic ring
wherein each of the atoms forming the ring is a carbon atom. The term "aromatic" refers
to a group comprising a covalently closed planar ring having a delocalized [#]-electron
system comprising 4n+2 [7] electrons, where n is an integer. Aryl rings may be formed

by5,6,7,8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19 or 20 carbon atoms. Aryl groups may



100431 In various enbodi nents, the nethod is for enriching specific species
of carbon nanotubes. "Enriching" in this respect neans that the different
types of wenotubpesmowhi ch may be present in the as-synt hesirapzhinanstubes are
separated or purified such that the proportion of at |east one specific
type of nanotube is increased after the enrichnment conpared to the starting
material. In one enbodinent, this enrichnment allows isolation of a single
nanot ube species with specific electronic properties froma given nanot ube

mat eri al . ,Gener al t he hod.engbl es t he .enrichnent of..nanpt uhes
accor di ng ¥ %ﬁg‘iﬂLy%ﬁbg&?egﬁé’&a%qlﬁp%%rﬁgmﬁ’ﬁd?%?‘hed :ggﬁgf’ é‘P{ l“f’ﬁe tr‘ﬁfg'efl%ls pect ,
the term "iGadengls iphtintieényt,afchitiinyhanphthaRayl, dhotm9l ihdenyRahd URlagyTdRMI ment s

nmeans that at least two or nore different carbon nanotube species are
present i reCFtAB cgghodiangnts, An aryb geonp dysubstituted ab anc o faeretol ty narh greta, wpd/red
carbon na itlodVW)anHi& &ML ' : HEBRL r
nanotubesq%ggqﬁgnggyggﬁFﬁgsize%yggﬁﬁg%kﬂg d?ﬁﬁggggﬁﬂﬁg%gfggﬁbgg‘?ﬁ?ﬁgn
nanot ubes.lithi@l4 4fo, THehakophemyd.e nd-heloplienyhe chydsoryphend,gohhydnogyphiemylt hd- car bon
nanot ubes can he charact.eri.zed Qy t hiral vectqr of .the.carbon

nanot ubes.?"EA? §Pﬁv2‘éta8}m?p§’eﬁ3qt aﬂﬂﬁpﬁ.@ﬁ?}%n&f“e@'&’iﬁ%ﬁﬁ( o mﬁ‘}“”f’ﬁ’ F¥ls4used to
descri be thehgsphaiyly 04- Cafriflubroddfiixypledhyl, Thes-vahbgienOf P 4adydndphegfier m ne
the chirality, or "twist" of the nanotube. The chirality in turn affects
proper t i esdimgyiphenylonduc MaRRBYL densi ixfroxymaphthyls i ce dvidmxymedyiphenyle
carbon nangimil nTaiRTale ) WaTa Pk HaT-Wh-V s i €y h ri ngs
al ong thquarfg%gm%?ﬂﬁhgyhangﬁﬁbgﬁéé cﬁa?ggﬁgépggﬁﬁﬂy4??éggﬂ?}gﬁﬁgg%tor,
car bon narfepyrbadylplaenyhet-metalllphenybrand edriZeanogyaolidin:l- FpheaylaGoharal\GWTs can
be netal lic when p - = 3r. ere r is ap int r.,.and.can.be .

sern conductrgohean it B s reind Myt e oo BRI Panmeptimy 1 ¢
SWNTs r ef awith ¢heC alkbpnalkaybtatid etk iyl [Frovp- Kevarisi8Nembodimbnts tft @6 rédefy) at
its Ferm level. The term "density of stat refers to the nunber of

S"
states at BYFTEARIEY Geoety! eF4P b Bhcayh lra_ggﬂ’@l%h Rheprthyrdd antrsenyle term
“Ferm ) | e\(@tké'lin&ﬁfiﬁfo?eﬂy@, ﬁaﬂe&ﬂ?%gﬁndaﬁyf?'fo}’“e%}n epfiéi‘;%li’énlyl,t%e ﬁmﬁg{}\ﬁe&cent
for existence of an el ectron. Therefore, a S can be netallic en the
DOS val ue aathricesylFermi |l evel is not zero. In the context of various

enbodi nent ' [ t a upbes, W varying
band gaps ,[6‘3&%1?‘2}%‘9?%%%8?%“%@@ K %%& Ii{f’e(?)erﬁé Efagﬂﬁ&?(?gfr{b%%dzl{? ﬁﬁ J(;lr{n’a%gdyy

bet ween t IRy fuah aning nivadtg ofifedmislee conducti on band of a material. Such carbon
nanot ubes can be separated or enriched rRhod according to various
enbodi ents. I n one enbodi nent, 't he not ubes may be a m xture of
nanot ubes wth different el ectronic proper{ies and/or sizes. Thus, the
ectronic properties in order to
separate nmetallic SWNT from sem conducWNA1g Addi tional ly, enrichment
is made according to dianmeter. This neans, that the respective nanotubes
are enriched or separated depending on their particular dianmeter. For
exanpl e, ivwheran RysaidoRe avd técht indepentdémly selectelr fromsthendrowh nensissing efdiy i ch

SWNT havi a di t bel o t n ing di er equal
or above g’g@gﬁ?ﬂ %:Kﬁ g)r#e E’lﬁ’b)(géci?)ﬁ@#t 'Q@ﬁﬁ" g%@@%ﬁﬂ%&%%b ’Oia%ﬁ{’i'm
above and StBROW@EHautibdlitnted bimnsahstivitedOd; kY1) @dhibstituf&d érivisubatitivel and
bel ow about 0.8 rim above and. bel ow about 0.85 rim above and bel ow about

0
0.95 rim Cor allisayleerapr; e |acHbstipigd of upsulstiated Ka-s @fomyhegup, whessia R and
enbodi mentp: ,RVHE Raih AeAtl i MBRIE orh A ddneRlAPOMY Rd €, f it 0 about 1
rimis enriched. [0045] In various enbodi nents, enri chment according to
di anet er d4003hdn variave pabadienentsnRe ondi Be tombjing o fpirs-aehlesdbersd rabmmaticaimgt ubes
W th Iargqhwg;agptq{Rz&pn1ien@conducting si ngl e-wal | ed carbon nanot ubes
with smal el ar ameter f&@ %? %"n order to achieve the desired enrichment,
in the corjoea3] il gasédPembddémeans I Sirid RN cahbiaatd fimhaRebstiffsd 6-nemigpanded in
an organi c sol vent containin% t he_gui none conpound according to various
enbodi mentEom3ti; nngavhezeip ot lsgst ope.pf Ry and Ry js pe els i ncubated under
conditions that allow the quinone conpounds to formradicals that react
with at | east one specific species of the carbon nanotubes. [0047] The term
"radicals" refers to atons, nolecules, or ions with unpaired el ectrons on
an open shell configuration. Free radicals nay have positive, negative, or
zero charge. [0048] In various enbodi nents, by |eaving the quinone
conpounds to stand, they deconpose into radicals in small quantities which
preferentially react with the snmaller dianeter netallic SWNTs. In this
connection, the term"react"” includes the adsorption of the quinone
radi cal s to the nanotubes and includes coval ent as well as non-coval ent
i nteractions. Carbon nanotubes are radi cal scavengers. Conpounds, for

- o ~ . o, I O™ A~ o - o o




[ 0053] In various enbodi nents, the separating step may conprise after
centrifugating the suspension to separate the different species of carbon
nanot ubeswol2niavmiioous enbodi nents, the separating step way/aBni/bas29o
conprise: filtering the supernatant obtained after centrifugation to obtain
car bon nanot ubes enriched with respect to one specific species of carbon
nanot ubes; optionally washing the obtai ned carbon nanotubes with a sol vent;
and optionally repeating the filtering and vvashi ng steps. [0054] The
centrifug carrie used ons
exanpl e, a[hbﬂé‘[ﬁr? % con O&jlm% g’%%é]lr{lgg % i as ng}‘ 156rﬂ“;t"él?fr?
| east abouirorﬁatmﬁng\ehenM1s|h§&$)gerﬁzhﬂLR51i901‘lgﬁlltTyES at |east about 15
m nut es, ﬁliﬁﬁét abo 20 m nut es, PF} | east. about 25 m nutes, at |east
about 30 P yeignofhes mbadignt, Rs2 Rutembing o fosmeysubsitivied Aonembrsedes, at
| east abo%orﬂﬁlcrﬁr{%\ﬁlﬁérmrsh &d8in AAGULs 5@1glam9f§1%st1tﬁfed%1thllﬁﬁ Rjxypbout 55
m nutes. I n one embodi nent the centrifugation™is carried out fg 1 hour.
The cent ri[POfdtlh one sapé@dmm{ly the quinghe icemp@ind| inay bed naphthahainonel 6, B0 g,
about 20, 0 t Qr nore. [ 0055] The washi ng of the carbon
nanot ubes ° Clg?:?u g.’grniaé%g Lf Wth the sane or gani ¢ solvents that have been
di scl osed [anmmn afmthércddht dindnt,ahé GuihbuSconipoubidl thaly bk U ARthrdyRKRAE or MORL ane,
cycl ohexane, .benzene, pyridine, dichloronethane, chloroform carbon
tetrachl or’P ﬂ@éﬁﬂgdﬂaa HUNOJE, tetrahydrofuran, dioxane, diethyl ether,
di i SOpr Op)bEIFNEH :orfet BibERCRH, 160! quIRMEDMInousl NET 2- e(ﬁ?tamraq%ﬂ&ah dﬁ‘?\t(%b
met hyl isobutyl ketone, acetone, cyclohexanone, eth acetate, isob tyI
i sobutyrate, ethyl ene glycol diacetate, dinethylformanide, acetonitrile,
N, N- di et A\ exhi tromet hane, acetonitrile, Nmethyl pyrrolidone,
[ met hanol , et hanol, butyl alcohol and form c acid.
: he organl C soI vent may be di nethyl formam de (DVF). In
one enbodi nent ,othe sol vent may be DMF and di chl or omet hane, or acetone, or
et hanol . [0056] According to various enbodi nents, the enriched carbon
nanot ubes [@039%n f ahdther Ngmizndimewas hthag qnimnbecothjmdldansl 2ethgdispanietkyl)-i N a
surfactant-containing solvent. Jhe enriched carbon nanotubes may conprise
an increased proportion of sem onducting single-wall ed carbon nanotubes
conpared to the starting ey carbwn nanot ubes. The term "surfactant”
refers to a conpound t hat el surface tension of a liquid, the
interfacial tension between t | iquids, or that between a liquid and a
solid. Fory, gﬁ% ofie (1 (??ct ant ¥ may act as detergents, wetting agents,
enmul sifiers oam né agenit and di spersants. In one enbodi nent, the
sur f act ant{0048y Abearbard nanvtuhede @\dyligdedr fod relled SPSYraphitic shneetse Madhabn manotpbdshe

2ccor i ng EBt PAPEE! BRRbIEHER - et e BRERASONY I SR et of

speci fic sp®ch asnodiibes IDWNTY) afudti-whated cdbqemoi@eOMMWNET) bt ModiGed ppund in
vari ous enb d| rrents di fferent carbon nanotubes can be enriched. Thus,

modi f i cat M@Hed FH %P%‘T%&h%r%ca{t}ﬁ’é D3RQSHRES TRaYRS drany slesifeddersih, rfBﬁléaSc’&rrpound
may be usegh Itaﬂ SHeRabbite. £ Bl t6 AFER 0380, SWH AbEul pﬁmttbsb&ﬁ%g&m yer n

nanot ubes. In one enbodi ment, the quinone conpounds referre

such as 2tettopt hpihdmoung mbréilr(lﬂﬁ@)e carhbnnangthhehrroxyyredt Iitsalsl) 1 amtdn abtlgest Aone
(HMAQ ha C I n se o] accordl ng
to their é&e@ﬁ%‘ﬁ%ﬁ go(r%%ﬂe):st %éﬁg% %W%rés erg’gtgr?grpa?o . néf‘l? S‘%I va

enr i chmenDepasgliieen the: hneumhen{ 0O cdrbory herapus r'ﬁigb&dhdgemt: Surfade’ 6MNthe
selectivity tqwards_ certain, SWNTs species wth specific gﬁectronlc

propertie& <8 SARbPRRanotube, o bst mptatiy Py se A% SRY i TRRLO

| arger di %Hiﬁit@cfes%w&%étpﬁxtdﬂ&h§@§&bﬁ§n§tb%ﬁbﬁ@erﬂﬁ<§dm&ﬁ§ qui none cormound
for exanpl e an ant hraqui none, may be shown by several nethods, for exanple

optical al¥MdbAndeelepaled aaquﬂbﬁanembﬁ'b‘FWNTl)JIl% 2 seamdess cylindst firmediam anef r ar ed

(UV-vi s- NI t C maps
and Raman gﬁ%hﬂfﬂfa&gp?&g%ﬁ?g % ‘\E/ag%nolgdsﬁgen%y%gnn@é@%@ﬁ%ggg A 2%%[] 19154‘ e used
t 0o enri chcakdi graphdne) shee rGhddIGATa BYIGRE cylimireaphapd & hahibe sguaaeds ofie-SVWTS,
for exanple, larger diameter SWNT grades such as H Pco SWNTs (0.9-1.1 nm
or Arc-discharge SWNTs (1.2-1.6 nm, dianeter selection nmay be conducted
bef ore applyi ng EAQ or HVAQ separation since the radicals of EAQ or HVAQ do
not react with the | arger dianeter nanetubes or the difference between
smal | diameter sem conducting and | arger dianmeter netallic nanotubes in
these types of grades with wi de ranges of dianeters and chiralities is
small. [0060] Hi Pco SWNTs are synthesized using high pressure carbon
nmonoxi de (H PCo). For exanple, in a H Pco nethod, netal catalyst is forned
|n 5|tu V\,hen Fe(CI))S or N|(CI))4 |s |nj ected |nto a reactor al ong W|th a

ey NN PN A A PPN O~ o .

at




[ 0064] Various enbodinments illustratively described herein may suitably be

practiced in the absence of any elenent or elenents, limtation or
limtati ome,2orpai1mmpeci fically disclosed herein. Thus, fecrasanpb@as24 he
ternms "conprising”, "including", "containing", etc. shall be read

expansively and without limtation. Additionally, the terns and expressions
enpl oyed herein have been used as terns of description and not of
limtation, and there is no intention in the use of such terns and
expressi ons_ of . excl udi i,valents of the features shown an

desor s bed pHsisAr i R S SRk Blaed oo SR TG L Blea

nmodi fi cat ichiralitar & singkswill Ranstiblei can bbdefined[s DEylindritdl dhect Wb dimnéter of Thus,

it should Be @nder too% t hat al t hough vari ous enbodi ments have been

speci f i calPPOutd sloaBeu#0 nw, spehusabout! torabes 48hs and optional feat ures,

modi fi cat ifguuafn&aMadd &hbRfimehts dTehY hveatve FIEARKS TRA Stall GFdth RindlesGhiRaed may
be resorted to by those skilled in the art, and that such nodifications and
vari at i onsatgpe ngnetubase fadexamplre GiNMOCATt SWNIsopdichf mayde\growm by carbon
enbodi nent s, ' . .pent s _have been rj r.eadl,y and
gener | cal FyRede(o0) b ofRA A RERMNER 0B Bud BT ol ARt €38 P s
falling wiofpure COeatgetedl iptessirdcthatStypiealdy sangéo frompand 10fatthNBingad cahlyst

enbodi nents. This includes the neri ¢ description of_ various enbodi nents
with a pr§¥PBBSBS C‘?Ji’égéggwdi W‘WE&“PBHMSW rﬂﬁsoa?ﬁ?%ﬂhfae%‘fp%t ter fromthe
genus, regeu4d) &5 Sartfus Waolffier®, tROmelHdA i$661 SRR DLl sh&ihidafional | Y

recited herein. [0066] O her enbodiments are within the fol ow ng clains
and non- nppateheng Haxighipe'ein thisyesppgt means, thaittbe diffecent tipes obnarmtybes whichf
various e ' SCi in -t f rkush gr S+l hose skilled
' the ar o) 11 pisa S e BTG BbRLAT o sdRPlI3) RSyt BRE G

descr i bed prapottimnef aif leastonk rsgecifid ugpe ofndmmituberis Shdrgasedipfief theestbiehseaf t he

Mar kush group. peri nental Sectjon [0067] Materi al. 006 SWNTs pr.oduced
by the. O R 6 ST R BT On G AP GO BRI Ty ) ar
from Sout Avgsdle MaRRLES BRRIROWERE - spddific AfecHoRiR! proferGMIGMT 2 HWES nfidvdespeci es

di stributions weighted toward the@EG, 5) species. Dinethylformam de (DMF) is
used for meraiyGenemilypthednehod onablesythe grtighmant abAmoybanpcerding tchtheir

chem cal s - i - ' I enw $ I
Pr epar ati S%Etg?més g@%ﬁ%‘éﬁﬁgﬁ@mﬁ%ﬂ éﬁ??ﬁ%&% gﬁg: tglt%ll oﬁg&f‘%‘&&?g‘?’ Jﬁocrghﬁ)%%l ure of
SWNTs powdanotgtks'hygy psedAQ (asdusrginbadichesFmeB6 thit) ati lsash owo gpe muare dififigrent

soni cation for 10 usi.ng_a water-bath sonicator and. 20 mmusing . a tip

ol 1t aqoni cpSt nae AR SR BBl B Bl R oA e Sad Realy ove
sol ution gihglelvedlled Sdarbodi M@ombes (SWMNITAtag enrithadbineste GabudithéNthelarbod days.
Then the suspension_ is centrifuged for 1 hour at 10 Kg to renove the

metal | i c 8QTedes maybe apaymheriic Sapan napgiehes PrpuPiodnced carbop saraiehes! v, t he

honogeneo 43P 1PRE ALY RnALE tIOEAB6H ﬁgxag@ﬁ"ilinfg:k lif S Earbtd ANHMIRS can be
pol ytetrafl uor oet hane (PTFE) nenbrane (pore size of 0.2 m. The solid SWTs

are washedhaghat¢rizBR/FOY S@nehirad neectiir oof] me%nmmﬂphiréﬂhﬁémsa dwe then
o di spor Sprpinepisp (o ArtpafdS uic b AkRHnt s UeHheuet SrpiE R ioBRE 3s” 0%
Am), and Walned dfip e glicagatisetheichiralithaoroitw{sB'Ofithe namochbe] Theeshaxdlifylin augh a
PTFE nmenbrgne (0.2 Am d are dried overnight at 120 Cto afford
sen condué& % ﬁ?ﬂegﬁécﬁ“%sc%‘lﬁliuf’t&g‘?e’ Hadl, eﬂ"@ ficg; %‘p‘é?’é‘fed’%i‘{\e Zéﬂ’ﬂ?nof 1%
sodi um doqﬂfb‘{ﬁbe&l«lbép%_hﬁn% oRP¥e BbrandRin@ht Tahd!tdrbBbh p%(ggﬂﬂ?ﬁgst d16} thekurkRem N

using a tip ultrasonicator set at 80Win an ice or spectroscopic and
el ect ri cab! Pempeqtubeas charpsigriserbby Bs chiipd vegtorgarberm hanpisshes pan bnmsiglistaroscopy

[0072] U ' - - Vi sihl 8 = [ NI b ti.
spect 1 oscirtEhlng, B SXIAUE, SWARY COR meBALEM b U A R vy
UV-vi s- NI Rtegee cind ajah dtecseati@mdudtingostharmasec én ditacantdxe fof Zatiowsnerntodiredigr med on
Jobin- YVOPnet’\zll?lchéa’?\I—"I% rseﬁz?% I;:gr l)rlf cr)lljanootu te% I’Wit ggln-ger}o ldg%@\s ofds?;tgcb%S) at its

Fermi level. The term "density of states" refers to the number of states at an energy level




[0073] FIG 1(a) shows the UV-vis-NR spectra of pristine SWNTs 100 and
SWNTs after treatnment with EAQ 102. [0074] The pristine SWNTs 100 are
conposed woO 28evmpiabh major (6,5), (7,5), (7,6), (8,4), (@csdiBando(1529¢4)

sem conducti ng species, which show first van Hove transitions Su UWis-NR
absorption peaks in the 500-750 nmrange and second van Hove transitions
S22 absorption peaks in the 800-1200 nmrange. The pristine SWTs 100 show
UV-vi s- NI R absorption peaks in the 400-490 nmrange due to the netallic

Shecl 0 i R S O B RO B b

sul fate (Sq&bbsmluyt o080 pen@at fdrmlssaﬁe deiﬁdd:IEcttinh Ohhetelige palemecaSMs 100,
the SWNTs after treatnent with FAQ 102 show UV-vis-N R absorpt i on peaki ng
in the 406vsgbc PNHCPéH@@%Wﬁ]@C§él1t§cﬁeff9’eleyelb15e‘%H’é’fj’ Inithe: ponterd i of 2aE0w at

netallic ald
BB dinfns, Qé?ﬁlb&?du'cb{néslﬁml%%éﬁf’to darfonr naﬁ Bl With Oﬁ-?l'ng %@s’or oti on

metallic tubes wth respect to sem conductli ng tu [ 0076
peak fromvdemiedredent ['ragd goptiofys (o6diffprenee memharwdoet\med thehmlatsts bami amih peak

fromsem ndu n C|es 5) .5 also reduce but,it stil

dont nant Rhifgh PR migR) hh, Srih PERHRES SLbs iePlaied alhlHeE | some
ot her |ar @@I’a Iﬂetaa@aworaﬁgmcmgkma@dlamqh @%ie Shibbdiafent, ?heﬁaarbcﬁﬂnaﬁbtumd (8,4)
are not reduced. [0077]. To further_ exp Iore t he radical involvenent in the

mechani s herombiare of agnaguhes with itk Ve’eﬁe FERONICIRRPPestiGH and/or sigese d Hys ghe
speci fi calemar &lidWd 3t HirRAfRE: 4dchding to Blel¥bnic PrépetREGnt Hddr Ralephidfe SVWNTS.

metallic SWNT from semiconducting SWNT. Additionally, enrichment is made
according to diameter. This means, that the respective nanotubes are enriched or
separated depending on their particular diameter. For example, it is possible with the
method of various embodiments to enrich SWNT having a diameter below about 0.9 nm
from SWNT having a diameter equal or above 0.9 nm. In one embodiment SWNT above
and below about 0.6 nm, above and below about 0.7 nm, above and below about 0.75 nm,
above and below about 0.8 nm, above and below about 0.85 nm, above and below about
0.95 nm, or above and below about 1 nm may be enriched. In one embodiment, SWNT
having a diameter ranging from about 0.7 nm to about 1 nm is enriched.

[0045] In various embodiments, enrichment according to diameter allows to separate
semiconducting single-walled carbon nanotubes with larger diameter from
semiconducting single-walled carbon nanotubes with smaller diameter.

[0046] In order to achieve the desired enrichment, in the contacting step, the composition
of carbon nanotubes is suspended in an organic solvent containing the quinone compound
according to various embodiments. In the reacting step, the suspension is incubated under
conditions that allow the quinone compounds to form radicals that react with at least one
specific species of the carbon nanotubes.

[0047] The term “radicals” refers to atoms, molecules, or ions with unpaired electrons on
an open shell configuration. Free radicals may have positive, negative, or zero charge.
[0048] In various embodiments, by leaving the quinone compounds to stand, they
decompose into radicals in small quantities which preferentially react with the smaller

diameter metallic SWNTs. In this connection, the term “react” includes the adsorption of

10



[0078] FIG 1(b) shows the UV-vis-N R spectra of SWNTs after treatnent with
HVAQ 104 and after treatnent with EAC 106. [0079] In FIG 1(b), HMAQ 204,
simlar twoBMDY is shown to discrimnate between netalrhBmiaoas29

sem conducti ng CoMoCAT SWNT whil e EAC 106 does not discrimnate. Conparison
of the structures of the three nol ecul es EAQ HVAQ and EAC i ndi cates that
the two nol ecul es of EAQ and HMAQ with netallicity-based discrimnation
contain carbonyl |inkages which can formradicals while the EAC does not.

[ 0080] Fr Fl Gs. 1 nd .1 it is.shqwan that,the t C=0 grou ui none
Struot ur e hdePRpe RIS I8 4 Rinorites sl Rse SRl B O PoreiRall’ Ve
separ at i Orintefdetiosse (Carbdr dandtelsdlasre Stadicsl sexgaaite Ctpdund)\\Nbs Gampli gper se
well in DVFE solutiaon, after adding for exanple EAQ the aromatic structure
in EAQ carfi®dintrpawiagne i HraRhcor wid thydrorymednb-aafraqumong h HMARA N with er

bal ance ofmdigicA¥sscl Riscrinlifftioh V@ntial Birbbifyl W%s Mt BB orfl faﬁﬁ:taﬁ.r oWWTs
(6,5) by EAQ are precipitated during centrifugation, and the |arger

di amet er gwri ahedusentntheSARIFel mag tena i-Eedadiealt whichuprefereantially .ad§chs i
However, i nnot pe ohser\y; t hat,. netal | i ¢,and. sem conducting,.t ube

separ at | on§ or | grgtg? (c)fl%grrre fgg s??leéeﬁcﬁ’e%glcr-ﬁ @@SW £ i’ﬁf‘lg-‘%ﬂﬂaﬁ?@ or
Ar c- di schaeg&ofiiNTiag SWIRT bvér largkr didindtel nieadduatiid SWNISi ng EAQ i ndicating
that the three benzene ring aromatic structure of anthragui none may be
suitabl e f18949§ébé{?%?l}sﬁ@l@aﬁmmm%qnpewmg@H%aﬂlgéﬁmeaqa@ﬁa&ﬁognq\tmgnay
st ruct ur e ;cONROMRAXpIRYe BE ReaABSsion B URAE BF & WAVRAEHhAPIRY for 700V fir
[0082] Additionally,thesel ectivityofanotherqui noneconpound, 0 CIbCl U CC
t et r achl orvebiewsz eapbpdimsats( TIRBOIspsnsixpimayete ihO®8RY widde dighhérradiationg dordi t i ons

as EAQ af oni i in T l.ut k.on_t ) . not _dj sperse

wel | DoeSepRiRReRh bl IR0 R dBe OV et bR o
only a verwavskagth rangewf280iim SYBEG nhelipine entbotiintens UheUNaitradiation i@y have
supernatant is cg'ﬁ_lef gl |¥ collected and filtered. The solid SWNTs are washed
and re- di SpEavelsgethpt olution and the UV-vis-NR spectrumis neasured.

[0084] FI Goosef t cnBovsbddierdVwhbe- MchbatRACh! éur@éd SUWNTRd&' hibieht BghdlnNt W th
TCBQ 108 and after treatnent with EAQ 110. [0085] From FIG 1(c), the M1

peaks in 40uditow, fe sprengies meayshedngybatedder $ &1 20 HgyssdippB deye d.to AglayCrBQ 108
is much Chi ' Iy r i t.s. wWith
SuTs i n a0 SnaBR°l E0chaR, AR S UAR, FShy tplimel ke SARbintod Y6
super nat antcubsted §ory’ daysl | . Because of the very low yield of suspended

SWNTs, T is not suitable for. netallicity-based,s rati.on SWNTs. The
Zedox pot AR pRoiB B Sehe P gto IS 5T OF UPeBcy ¥ anpdaaen B rmich
hi gher t hatspef¥idd nihyW2inVibateth oz bBBAIE td Msdut DOBRINGRE CaborA D hy ab&UtNE

radicals to react wwth SWNTs_than does EAQ The redox potential of TCBQis

hi gh enou@hn¥Es.dPPwch ip abarielQ minues, él?%'étlg habayt dihminetes Abavcl 19881 V1) of
sem conduqki RiguRPeHoeS15 R it 1maﬁtkg,%/g@1ﬁdxsst%r9bsepmﬁﬂ &%Bﬁt‘;{%e cannot

be easily discrimnated. By contrast, Qis weak in redox so t Qis
only abl e abentakcmimteshén ehe cmbodisnent, she mespeddiorc may besin¢ubatedhfor ebaute Sal way's

el ectrons beltlt\évseen V1l and ), but not able to reach the V1 el ectrons of
sem condué’%llnng ‘tubes (there are no electrons in between V1 and O in

senm condu¢o052y i ubepntedthof nafivhd smbodifeftse iy &y xpaiic BRent!Sinag HECBQ
shoul d be ppls"gﬁrablglpto benzoqui none conmpounds i n_general] because_the redox
pot ent i al SHFCIEL PG eEMRP pIshne of bewny hepfanpy qyclohsxanegbsnzearg, PrEdingO
reactive anghidomethis dhBrOREA! Xalbeh WeRathBHdR! khbof NHsudl, GORANAIJRGn,
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. In one embodiment, the organic solvent
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[ 0086] Raman spectra [0087] Ranman spectra fromthe sanples are neasured
with a Reni shaw Rananscope in the backscattering configuration, and Stokes
spectra olotoe/maswpl es are obtained with 514.5 tun and ®83/1Bro1l/a®e1%s.

[ 0088] Resonance Raman spectroscopy is used to study SWNTs for exanple, the
nanot ube chirality, electronic type and degree of chem cal functional
groups (or defects). Different lasers bring different SWNTs, dependi ng on
types (metallic or sem conducting) and dianmeters, into resonant scattering

since the energy. of, the inter l ectroni¢c transition. depen t hese
two. par and b i@l sFmp Rl GRS, T 65 SOBbGmshE DR 0Pl SRR DY T o
0.9 nm Rahahlorb@shand) Oe adtdiie] G dti@ol RRS) excitation with 514.5 nm (2. 41 eV)
and 633 rim(1.96 eV) probes nmetallic and sem conducti ng SWNTs. The Radi al
Br eat hi ng [fAR3 In paspgusenbodimans, the sepasatngGtepipay ¢anprisg afteieptrifvgntise theonal to
t he di amtsﬁ§pe9§ioﬁ tbeseﬁﬁgﬁttlfp&ffe{egpﬁ)%]:ief bR arbonS3QU& &@ﬁ?&h&ﬂ?&hﬁ@diﬂ{en@,“ stine
SWNTs 200 and SWNTs after treatnent wth EAQ 202 ?I) usi ng 514nm | aser and
(ii) usingh&3gpanatinigasep may (fythetheoRBhdes eltltaring the) sipemaRatebtdnaindfté bands.

[0090] FIG_ 2i(a). shows .the,RRS spectra.of .prjstine SWIs 2 and
EAG separ SPRbnidat M58 SFnpR R SHeS Eftidheo MlnibsrdiipBF Spériy PRdesst | o
nanot ubes cdibsh nagdthbesfemiopalie waktihetht bdtairdgarbod inahi®iiBds with B lolv@itedrdd C

nanot ube concentratign does not change with the EAQ treatnent 202. In the
RBM spect CRUSMIYireRsgtRE the diltsangand wasbngstspg. 2ij (a)), the peaks about 283

cm 1 are ghid4) HHk enbfusRithC ARG U km_eép@ﬁi\@gh(gmgaauyt&%d P&AlRiIOAR Ry 295 cm

are attributed to sem conducting species (8,3), the peaks about 310 cm1
are attri lswamplet heswsnirdegation tmayybs patied suf, dub)is aetdlimited pos at deaababrut 333 cm 1
are attributed to, sem.c uct | ecies (/,4). |t _is se d.that after
separat i ném BWkir s 9&?951%?‘%3%%“%2‘? lPeta tea%g‘(%\tml%cné}}rln (& ?tr%%as{s)agoé)&{ %(gm(’%’,t%) Aand
sem condudéasngbof P mdifutdsOatIpasatitioutl 80 hrmies] at Mt about 3dingiatites, tah Riastabadt

ile the peak of |ar di anet er

di anet er tallic SWNTs are suppressed, Wi e

sem cond_ué" irﬁ’é‘“?ﬁ’e%tivl\ggst(a ?‘St_)fsaﬂ’él‘“’(teﬁ_; 89 leasteabiont 59 é‘&!ﬂE‘éﬂ,orv%ilﬁaﬁngfditéét e that
| arger di aBEeY. BLNHneOBABSdIRE IRECeRSifpAls fseamtied &t FAQ hAROHneF! Gs.
2i (b) and 2ii(b) show that the |ongitudinal G bands from netallic-species

at about tengiugaiion speed magdgclut innetdimitesiar ahoub h0,00gi abaut 2[00 tabentt al | i ¢

t ubes hav%OW%opBB{ecally suppressed. The D band from SWNTs i s al nost not
change affer separating SWNTs by usi ng EAQ 202, which indicate that during
separ at i ngoQasSp The svashiag ef dreecaripinysinoabesaimap bptcaniedlut witht the kane oglanieondi ng

bet ween S s and .. The,.D, ba is di.spersive apnd is, l.inked tp the
oduet ! on Speus e FVP teh ciploaoi o B BB vt it A5l BetaBs ¢ ne
presence @bptahef eclSohékafe,! RnEetkl Opididd)i Fidhfsr6m¥thhke, t RBloFIREE Nt daffonband
(G is vm'deﬁ)y used to assess the degree chem cal nodification in SWTs.

[0092] ThéetRepardy caepoartisyliidea et furarydigrane rdiethcgthar, digeptopalethept al | i c
or semnco L e ¥ ge of
abundance@gl? E&r%%g}fclo?gﬁgg%g%’leésﬁ?hg%ﬂl [eRa nétgl’i‘rf'gl1 or : 1s<{/b9§/?%}et§§@§fct8 tté}?‘!?’EAQ
separ at i ony¢lshexhuome, | sthyhbheetate, [iOgull Tedblugyrdte, Cithylgee oglyadlundiacetate,of

et Al REah ekl TR SN it bt b ShelFAR, SRR N
methylpyrrolidone, dimethylsulfoxide water, methanol, ethanol, butyl alcohol and formic
acid. In one embodiment, the organic solvent may be dimethylformamide (DMF). In one
embodiment, the solvent may be DMF and dichloromethane, or acetone, or ethanol.
[0056] According to various embodiments, the enriched carbon nanotubes after filtering
and washing may be dried and re-suspended in a surfactant-containing solvent. The
enriched carbon nanotubes may comprise an increased proportion of semiconducting

single-walled carbon nanotubes compared to the starting mixture of carbon nanotubes.

The term “surfactant” refers to a compound that lowers the surface tension of a liquid, the
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interfacial tension between two liquids, or that between a liquid and a solid. For example,
surfactants may act as detérgents, wetting agents, emulsifiers, foaming agents, and
dispersants. In one embodiment, the surfactant may be sodium dodecyl sulfate (SDS). In
one embodiment, the surfactant may be 1% sodium dodecyl sulfate (SDS).

[0057] The method according to variéus embodiments enables the enrichment or
separation of specific species of carbon nanotubes. Depending on the quinone compound
in various embodiments, different carbon nanotubes can be enriched. Thus, modification,
in particular of the aromatic moiety of the quinone compound may be used to adapt the
enrichment as suitable for the respective nanotubes. In one embodiment, the quinone
compounds referred to herein, such as 2-ethylanthraquinone (EAQ) and 2-
(hydroxymethyl)-anthraquinone (HMAQ) have been successfully employed in the
separation of SWNTs according to their electronic properties and diameters and highly
effective enrichment has been achieved.

[0058] In various embodiments, strong selectivity towards certain SWNTs species with
specific electronic properties and diameters, removal of metallic SWNTs and enrichment
of larger diameter semiconducting species treating with the quinone compound, for
example an anthraquinone, may be shown by several methods, for example optical
absorbance spectra (for example, Ultraviolet-visible-Near Infrared (UV-vis-NIR)
absorbance spectra), photoluminescence excitation (PLE) maps and Raman spectra.
[0059] In various embodiments, EAQ or HMAQ may be used to enrich semiconducting
CoMoCAT SWNTs. To separate other grades of SWNTs, for example, larger diameter
SWNT grades such as HiPco SWNTs (0.9-1.1 nm) or Arc-discharge SWNTs (1.2-1.6
nm), diameter selection may be conducted before applying EAQ or HMAQ separation
since the radicals of EAQ or HMAQ do not react with the larger diameter nanotubes or
the difference between small diameter semiconducting and larger diameter metallic
nanotubes in these types of grades with wide ranges of diameters and chiralities is small.
[0060] HiPco SWNTs are synthesized using high pressure carbon monoxide (HiPCo).
For example, 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 may
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be in the form of nanometer sized particles. HIPCo SWNTs may be produced following
the disproportionation of CO by the metal catalyst particles.

[0061] Arc-discharge SWNTs are synthesized using various types of plasmas and
electrodes that are known to produce a range of carbonaceous structures as the vaporized
carbon is condensed. The condensed state can be described as a carbonaceous web, which
radiates from a cathode, and a solid deposit on the cathode surface. Amorphous carbon,
fullerenes, single- or multi-walled carbon nanotubes are among the structures present in
these condensed areas.

[0062] The single-walled carbon nanotubes enriched by the method in accordance to
various embodiments may also be used as field-effect transistors (FETs). Basically, the
FET structure involves two metal electrodes designated as "source" and "drain"
connected by a semiconducting channel. In the FET of various embodiments, the channel
may be a semiconducting single-walled carbon nanotube enriched by the method
according tb various embodiments. The single-walled carbon nanotube of various
embodiments may also be used in an optical or an optoelectronic device, such as
transistors, memory devices and optoelectronic couplers.

[0063] In one embodiment, the FET may be a single-walled carbon nanotube network-
based thin film transistor (TFT). For example, TFTs using SWNTs after treatment with
EAQ according to the invention as the semiconducting layer have mobilities of 0.2
cm?/V-sec and on/off ratios of 104. The performances of TFTs are greatly enhanced (~2
order) by using semiconductor-enriched SWNTs instead of the unseparated SWNTs-
TFTs.

[0064] Various embodiments illustratively described herein may suitably be practiced in
the absence of any element or elements, limitation or limitations, not specifically
disclosed 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 in the use of such terms and expressions of excluding any
equivalents of the features shown and described or portions thereof, but it is recognized
that various modifications are possible within the scope of various embodiments. Thus, it

should be understood that although various embodiments have been specifically disclosed
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[ 0095] Phot ol um nescence em ssion (PLE) maps [0096] Al though netallic SWNTs

do not pr

esent

in PLE, PLE is very sensitive to characterize sem conducti ng

SWATs andwoheirymhsbi ve PLE intensities are used to detergirnB2diiveoiabundance
of different sem conducting SWNTs. So the change of sem conducting SWNTs
abundance during separating by EAQ are quantified by.using the intensity
extracted from PLE map. [0097] FIGs. 3(a) and 3(b) show the

phot ol um nescence em ssion (PLE) maps of pristine and EAQ separated SWNTs.
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[0065] Various embodiments have been described broadly and generically herein. Each

of the narrower species and subgeneric groupings falling within the generic disclosure

also form part of the various embodiments. This includes the generic description of

various embodiments with a proviso or negative limitation removing any subject matter

from the genus, regardless of whether or not the excised material is specifically recited

herein.

[0066] Other embodiments are within the following claims and non- limiting examples.

In addition, where features or aspects of various embodiments are described in terms of

Markush groups, those skilled in the art will recognize that various embodiments are also

thereby described in terms of any individual member or subgroup of members of the

Markush group.

Experimental Section

[0067] Materials
[0068] SWNTs produced by the CoMoCAT process (SWeNT®SG65 with at least 90

wt% carbon purity) are from Southwest Nanotechnologies. The as-supplied CoMoCAT

SWNTs

have species distributions weighted toward the (6,5) species.

Dimethylformamide (DMF) is used for the SWNTs dispersion. 2-ethylanthraquinone

(EAQ) and other chemicals are from Sigma-Aldrich, unless otherwise specified.

[0069] Preparation of semiconducting-SWNTs enriched solutions
[0070] A mixture of SWNTs powder (1 mg), EAQ (50 mg) and DMF (30 ml) is
homogenized by sonication for 10 min using a water-bath sonicator and 20 min using a

tip ultrasonicator at 80W in an ice bath. The SWNTs finely dispersed in EAQ/DMF

solution are left standing and incubated in ambient conditions for 7 days. Thenthe

suspension is centrifuged for 1 hour at 10 Kg to remove the metallic SWNTSs, nanotube

bundles and other impurities. Subsequently, the homogeneous supernatants are collected
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and filtered through a polytetrafluoroethane (PTFE) membrane (pofe size of 0.2 ym). The
solid SWNTs are washed with DMF (50ml) and dichloromethane (50ml). The SWNTs
are then re-dispersed in DMF (50 mL) and filtered through a PTFE membrane (0.2 ym),
re-dispersed in acetone (50 mL) and filtered through a PTFE membrane (0.2 ym), and
finally re-dispersed in ethanol (50 mL) and filtered through a PTFE membrane (0.2 ym)
and are dried overnight at 120 °C to afford semiconductor-enriched SWNTs solids.
These are re-dispersed in 20ml of 1% sodium dodecyl sulfate (SDS) DI water solution by
sonication for 10 min using a tip ultrasonicator set at 80W in an ice bath for spectroscopic
and electrical properties measurements.

[0071] Optical absorption spectroscopy

[0072] Ultraviolet (UV)-visible(vis)-near infrared (NIR) absorption spectroscopy is
conducted in transmission mode on a Varian Cary 5000 UV-vis-NIR spectrophotometer.
Fluorescence characterization is performed on Jobin-Yvon Nanolog-3 spectrofluorometer
with an InGaAs detector.

[0073] FIG. 1(a) shows the UV-vis-NIR spectra of pristine SWNTs 100 and SWNTs
after treatment with EAQ 102.

[0074] The pristine SWNTs 100 are composed of several major (6,5), (7,5), (7,6), (8,4),
(6,4) and (5,4) semiconducting species, which show first van Hove transitions S;; UV-
vis-NIR absorption peaks in the 500-750 nm range and second van Hove transitions S;;
absorption peaks in the 800-1200 nm range. The pristine SWNTs 100 show UV-vis-NIR
absorption peaks in the 400-490 nm range due to the metallic species first van Hove
electronic transitions Mjy;.

[0075] After treating SWNTs by using EAQ in DMF, and finally dispersing in 1%
sodium dodecyl sulfate (SDS) solution, under the same condition of the pristine SWNTs
100, the SWNTs after treatment with EAQ 102 show UV-vis-NIR absorption peaking in
the 400-490 nm range being selectively bleached, which indicate that metallic tubes are
optically suppressed, i.e., relative depletion of metallic tubes with respect to
semiconducting tubes.

[0076] Some absorption peak from semiconducting species (6,4) is reduced, and the

absorption peak from semiconduéting species (6,5) is also reduce but it still remains
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dominant due to its initial abundance. While the absorption peaks from some other larger
diameter semiconducting species such as (7,5), (7,6) and (8,4) are not reduced.
[0077] To further explore the radical involvement in the mechanism of the observed

selectivity of EAQ, two similar molecules, specifically 2-ethylanthracene (EAC)

~/\OO and 2-(hydroxymethyl)-anthraquinone (HMAQ)
0

O™
0]

, are used to treat the SWNTSs.
[0078] FIG. 1(b) shows the UV-vis-NIR spectra of SWNTs after treatment with HMAQ
104 and after treatment with EAC 106.
[0079] In FIG. 1(b), HMAQ 204, similar to EAQ 102, is shown to discriminate between
metallic and semiconducting CoMoCAT SWNT while EAC 106 does not discriminate.
Comparison of the structures of the three molecules EAQ, HMAQ and EAC indicates
that the two molecules of EAQ and HMAQ with metallicity-based discrimination contain
carbonyl linkages which can form radicals while the EAC does not.
[0080] From FIGs. 1(a) and 1(b), it is shown that the two C=0 group quinone structure
and three benzene ring aromatic structure provide for effective separation. The separation
mechanism is suggested that SWNTs can disperse well in DMF solution, after adding for
example EAQ the aromatic structure in EAQ can selectively interact with different chiral
tubes, then after balance of few days the selective metallic SWNTs and small diameter
SWNTs (6,5) by EAQ are precipitated during centrifugation, and the larger diameter
semiconducting SWNTs are enriched in the supernatant.
[0081] However, it cannot be observed that metallic and semiconducting tube separation
for larger diameter SWNTs, such as HiPCo SWNTs (0.9-1.1 nm) or Arc-discharge
SWNTs (1.2-1.6 nm), via the extraction using EAQ, indicating that the three benzene ring
aromatic structure of anthraquinone may be suitable for separating small metallic
SWNTs. Larger aromatic ring structure compounds may be needed to separate larger

diameter SWNTs.
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[0082] Additionally, the selectivity ~ of  another quinone compound,

O
cl Cl

Ci ol

tetrachlorobenzoquinone (TCBQ) is explored.

[0083] Under the same conditions as EAQ, after sonication in TCBQ/DMF solution the
SWNTs do not disperse well in DMF solution. Almost all SWNTs precipitated in one
hour so that only a very small amount of SWNTs remain in the supernatant. The
supernatant is carefully collected and filtered. The solid SWNTSs are washed and re-
dispersed in SDS solution and the UV-vis-NIR spectrum is measured.

[0084] FIG. 1(c) shows the UV-vis-NIR spectra of SWNTs after treatment with TCBQ
108 and after treatment with EAQ 110.

[0085] From FIG. 1(c), the M;; peaks in 400-490 nm are decreased but not totally
suppressed. As TCBQ 108 is much more reactive with SWNTs than EAQ 110, it very
easily reacts with SWNTs in a short time so that the amount of SWNTSs remaining in the
supernatant is very small. Because of the very low yield of suspended SWNTs, TCBQ
108 is not suitable for metallicity-based separation SWNTs. The redox potential (the
electron-accepting ability) of TCBQ is (0.227 V) much higher than EAQ (-0.942 V),
which means that TCBQ more readily forms radicals to react with SWNTs than does
EAQ. The redox potential of TCBQ is high enough to directly receive the electrons from
the valence band (V1) of semiconducting species so that metallic and semiconducting
nanotubes cannot be easily discriminated. By contrast, EAQ is weak in redox so that
EAQ is only able to access the electrons from metallic tubes (as there are always
electrons between V1 and C1), but not able to reach the V1 electrons of semiconducting
tubes (there are no electrons in between V1 and C1 in semiconducting tubes). The results
from exemplary experiment using TCBQ should be applicable to benzoquinone
compounds in general because the redox potential of benzoquinone being -0.255 V,
similar to TCBQ, may be too reactive and non-discriminatory between metallic and
semiconducting.

[0086] Raman spectra
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[0087] Raman spectra from the samples are measured with a Renishaw Ramanscope in
the backscattering configuration, and Stokes spectra of the samples are obtained with
514.5 nm and 633 nm lasers.

[0088] Resonance Raman spectroscopy is used to study SWNTs for example, the
nanotube chirality, electronic type and degree of chemical functional groups (or defects).
Different lasers bring different SWNTs, depending on types (metallic or semiconducting)
and diameters, into resonant scattering since the energy of the interband electronic
transition depends on these two parameters. As the pristine SWNTs have diameters
ranging from 0.7 to 0.9 nm, Raman Resonance Scattering (RRS) excitation with 514.5
nm (2.41 eV) and 633 nm (1.96 eV) probes metallic and semiconducting SWNTs. The
Radial Breathing Mode (RBM) typically in 100-400 cm is inversely proportional to the
diameter of the nanotube.

[0089] FIG. 2 shows Raman spectra of pristine SWNTs 200 and SWNTs after treatment
with EAQ 202 (i) using 514nm laser and (ii) using 633 nm laser in (a) the RBM section
(b) the Raman D and G bands.

[0090] FIG. 2i(a) shows the RRS spectra of pristine SWNTs 200 and EAQ-separated
SWNTs 202 using a 514nm laser: the smaller (7,4) metallic nanotubes distinctly decrease
while the larger diameter (8,5) metallic nanotube concentration does not change with the
EAQ treatment 202. In the RBM spectra obtained using 633nm laser (Fig. 2ii(a)), the
peaks about 283 cm™ are attributed to semiconducting species (7,5), the peaks about 295
cm’ are attributed to semiconducting species (8,3), the peaks about 310 cm” are
attributed to semiconducting species (6,5) and the peaks about 333 cm™ are attributed to
semiconducting species (6,4). It is observed that after separating SWNTSs by using EAQ
202, the semiconducting species (6,4) and semiconducting species (6,5) are decreased,
which indicate that small diameter metallic SWNTs are suppressed. While the peak of
larger diameter semiconducting species (7,5) and (7,6) are not reduced, which indicate
that larger diameter semiconducting species SWNTs react with EAQ.

[0091] FIGs. 2i(b) and 2ii(b) show that the longitudinal G bands from metallic-species at
about 1540 cm™ were reduced after separation, indicating that metallic tubes have been
optically suppressed. The D band from SWNTs is almost not change after separating
SWNTs by using EAQ 202, which indicate that during separating process there are
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range in this experinent. [0099] For the pristine sanple, Table 2 and FIG
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[0095] Photoluminescence emission (PLE) maps

[0096] Although metallic SWNTs do not present in PLE, PLE is very sensitive to
characterize semiconducting SWNTs and the relative PLE intensities are used to
determine the. abundance of different. semiconducting SWNTs. So the change of
‘semiconducting SWNTs abundance during separating by EAQ are quantified by using the
intensity extracted from PLE map.

[0097] FIGs. 3(a) and 3(b) show the photoluminescence emission (PLE) maps of pristine
and EAQ-separated SWNTs. When a specific nanotube chirality species is excited with
energy similar to its secondary E,; transition, that species emits energy corresponding to
its primary E, transition. Table 2 summaries the relative abundances of various species
taking into account the different photoluminescence (PL) quantum efficiency of the
species.

[0098] Table 2: Change of abundance of semiconducting species after EAQ separation
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[00103] X-Ray photoel ectron spectroscopy (XPS) spectra are collected for
the pristine SWNTs 400 and SWNTs separated by EAQ 402. FIG 4(b) shows that
t he peak wotengiotsooof the oxygen was increased after separaBrngohy29EAQ 402,
resulting fromintroduction of sonme little unwashed EAQ attach on SWNTs,
whi ch indicate that a small anmount of EAQ physically blends wth SWTs
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is enriched. But Eﬁi& LAl ales a\Fgr ?ﬁfﬂ"t se&flwpnchagﬁ:e?ﬁﬁg Y di spér si on
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on/off ratios higher than 104. By contrast, all the on/off ratios of the
EAQ separated SWNTs- TFTs are distributed between 103 and 105, 75% of the
TFTs has wo/20ffootsmbi os hi gher than 104 and none of the PETABiaso@s29%nN/ of f
ratio lower than 103. FromFIG 7c, it is shown that the on-state current
(lon) versus the on/off ratio for the devices of the EAQseparated SWNTs and
pristine SWNTs, which also indicate that the on/off ratio of the

EAQ separated SWNTs-TFTs is significantly irrproved (-2 order) than the

pristine § TETs T s Wt rat t L f or mances of
TFTs are gr ea yvaec;‘jll rgn%'ggg%mgusfr%é gg}va e& 4 age R’f% aLﬁassd%ng?rr%?'di ng
any par aneifa6e eVwid aBtepiiteadtl @Vt ziiﬂthlglh&sﬁl&ﬁ)@‘[ qiett@anax’é)‘ndaé\@lﬁhfaf pass eiekdyy

i ncr eases the sem conduct i o-netallic tub tio. [00115] Densit
funct i onal°f@qie¥ AN HRS13EP qﬁ»’old%‘t’ Theanaip(ds g qﬁ‘é ifipd %5[%¥1ww¥q he

conput er shHYrAt Adsgin@bifedidiss Gola% RId.QRS. are perforned using generalized
gradi ent approxi nmation Perdew Burke- Ezner hof (GGA- PBE) net hod as

i mpl ement d80103] vi ¥ty nilbtqelﬂCtrpm sprictroscapy OXP Paspketrpear¢ WISI@)ed for the pristingr i d f or
PO SRRl S0 B o0 Y3 AR "
radi cal t oftirdergtmnds txhﬁeaseni ﬁfeﬁ@épa%nge;y\iﬂaﬂag 4EAQemﬁhg:ﬁbmambcﬁmﬁ@i 6f wal | ed
Gorbon nangL U (ST 0GR ORGSO L3100 o
[00117] T%‘H_‘yﬁca?lgB bRALN GiBNSWNTES tHrbuhe ¥ Sfacials QhieARtisn ‘Maf’v&bkeﬂ aEAQUa:"'ndSV\NT
speci es. R Bi ndi ng Energy (eV) Type Dianeter (A EAQ -

[00104] From the three spectroscopic results it is shown that, through treating with

EAQ in DMF, metallic SWNTs are removed and larger diameter semiconducting species

is enriched. But EAQ, which have very short alkyl chain, has no dispersion effect of

SWNTs in toluene. The metallic SWNTs with attached EAQ radical (density: 1.1807

g/cc) is denser than the pristine nanotubes in DMF (density: 0.944 g/cc).

[00105] Field-effect transistor

[00106] To confirm the metallic versus semiconducting separation effect of EAQ, field

effect transistors (FETs) with SWNT networks as the active channels are made. Devices

obtained from semiconducting-SWNT enriched samples with lower metallic nanotube

content should exhibit higher on-off ratios than devices made with pristine SWNT

samples under the same fabrication and characterization conditions.

[00107] FIG. 5a shows the schematic drawing of SWNT thin film FETs. SWNT

networks lie on the top of Au electrodes which permit the efficient testing of various

SWNT samples. The channel length (source-drain distance) is 20 pm and the channel

width is 60 pm, as shown in the optical micrograph in FIG. 5b. The gate dielectrics is a

300 nm SiO;, layer. The FET device is fabricated by a simple dropcasting method from

semiconducting enrichment SWNTs solution after treating by 2-ethylanthraquinone. The

number of electrodes is 60 on whole piece of device in FIG. 5c.

[00108] Atomic force microscopy (AFM)
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sem conducting 6.92 -0 -1.40 (6,5) sem conducting 7.56 -0 -1.24 (7,4)
netallic 7.63 -0 -1.52
WO 2012/001500 PCT/IB2011/001529

[00109] Atomic force microscopy (AFM) is conducted using a MFP 3D microscope
(Asylum Research, Santa Barbara, CA) with a cantilever (Arrow NC, Nanoworld) in ac
mode.

[00110] A 1 x 1 um® scan of SWNTs networks in the device channel is presented in
FIG. 6. The AFM sampling for the network structures on various devices show that the
thickness of a thick and film-like layer of SWNTs is about 10 nm. And the SWNTs
network density in the channel area is around 10~20 tubes/ym?>.

[00111] Electrical measurements

[00112] All electrical measurements are carried out in ambient conditions using a
Keithley semiconductor parameter analyzer, model 4200-SCS.

[00113] To confirm the metallic versus semiconducting separationeffect of EAQ,
electrical properties of pristine and separated fractions of SWNT networks are measured.
The electrical resistivities of SWNT networks made from the metallic and
semiconducting fractions are, respectively, 191 Q/cm® and 62 216 Q/cm®, which are
significantly lower and higher than that of pristine SWNT (1020 Q/cm?), corroborating
the metallicity-based separation. _
[00114] FIG. 7(a) shows the transfer curve of a representitive TFTs device with
forward and reverse sweeps of drain current (I3) vs. gate voltage (V,). The FET exhibits
p-type behavior with on/off ratio of 10*. Mobility is estimated to be 0.2 cm*/Vs, which is
estimated using the standard formula p = (dl¢/dV,)/(eV4W/LoL), where L is the SiO,
thickness, L is the channel length, € is the dielectric constant of SiO; (4.0), and W is the
channel width. The sample size for each type of SWNT devices is 60. FIG. 7(b) shows a:
histogram of on/off ratios for devices constructed on same substrate with EAQ-separated
SWNTs and with pristine SWNTs. And FIG. 7(c) shows a histogram of on currents for
devices constructed on same substrate with EAQ-separated SWNTs and with pristine
SWNTs. The on currents for devices constructed from the EAQ-separated SWNTs and
pristine SWNTs are mostly from 0.1xA to 1xA, which indicate that SWNTs densities on
the both devices are almost equivalent. Sixty TFTs are fabricated simultaneously and the
numbers of working devices are 60 (100%) for the EAQ-separated SWNTs and the
pristine SWNTs. The pristine SWNTSs shows a broad distribution of on/off ratios from 5
to 1000, 83% of the TFTs has on/off ratios lower than 100 and none of the TFTs has
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(8,2) nmetallic 7.27 -1.77 (7,5) sem conducting 8.27 -0 -1.20 (8, 4)
sem conducting 8.29 -0
WO 2012/001500 PCT/IB2011/001529

on/off ratios higher than. 10*. By contrast, all the on/off ratios of the EAQ-separated
SWNTs-TFTs are distributed between 10 and 10%, 75% of the TFTs has on/off ratios
higher than 10* and none of the TFTs has an on/off ratio lower than 10°. From FIG. 7c, it
is showh that the on-state current (Ion) versus the on/off ratio for the devices of the EAQ-
separated SWNTs and pristine SWNTSs, which also indicate that the on/off ratio of the
EAQ-separated SWNTs-TFTs is significantly improved (~2 order) than the pristine
SWNTs-TFTs. These results demonstrate that the performances of TFTs are greatly
enhanced by using EAQ-separated SWNTSs without degrading any parameters, which
indicate that the separation by EAQ efficiently increases the semiconducting-to-metallic
tube ratio.

[00115] Density functional calculations to model the interaction of EAQ

[00116] For the computer simulations, all the calculations are performed using
generalized gradient approximation Perdew-Burke-Eznerhof (GGA-PBE) method as
implemented in Vienna ab initio simulation package (VASP). A 1x1x1 grid for k-point
sampling and an energy cutoff of 400 eV are used throughout the calculations. In this
calculation, -OH radical are used as the model radical to understand the interaction
between EAQ radical and single-walled carbon nanotubes (SWNTs). The bindings with
various small and large diameter semiconducting and metallic SWNT species (Table 3)
are evaluated.

[00117] Table 3 Binding energies (in eV) of adsorbants with various SWNT species.

Binding Energy (eV)

Type Diameter (A) EAQ -OH
(6,4) semiconducting 6.92 ~0 -1.40
6,5) semiconducting 7.56 ~0 -1.24
(7,4 metallic 7.63 ~0 -1.52
(8,2) metallic 7.27 ~0 -1.77
(7,5) semiconducting 8.27 ~0 -1.20
8,4) semiconducting 8.29 ~0 -1.27
(10,1) metallic 8.34 ~0 -1.54

[00118] Approximately 40% of a CoMoCAT sample is (6,5) and the semiconducting

and metallic species present in CoMoCAT present are approximately in the ratio of 11:1.
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-1.27 (10,1) netallic 8.34 -1.54 [00118] Approximtely 40% of a CoMoCAT
sanple is (6,5) and the sem conducting and netal lic species present in
CoMbCAT pwe=ertooasoe approximately in the ratio of 11:1. pcThB20mosd1sghonm nant
nmetallic species present is (7,4) which has a fairly small dianeter of
0.75nm close to that of the dom nant (6,5) semiconducting species present.
Bi nding energies wth various sem conducting ((6,4), (6,5), (7,5 and
(8,4)) and netallic ((8,2), (7, 4) and (10, 1)) nanotubes are cal cul ated. The
(8,2) and 0,1) s eci e e not. found tual. CoMp es but.added
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with metalfic nanot ubesrs ERown to t han
with sem @pmhsctwtngbmdiﬁgsﬂ&fglss edwaen d-IIHUEVeind Fmoaa»gafmhmg §iigld) bdndnds
nor e strongly by -0.28eV tgan (,6 5) and these two tubes i ch _have. about

the same QFWfRSRdr aedﬁerﬂh pd disia nFFajO ~1 et &1 (55% Tablg L and ESAaB chewipg

nanot ubes peRsi MRlEs of «ORIradied] %@&rﬁfon%l\@%-ﬁcwf? (8 Epr fthethowtRid €r
di aneter tubes (both sem conducting a nmetallic) have stronger interaction

with the rﬂeﬁja@me pigeias Ir@pgeerlblérfahﬂteepmwémnwésemrcond\eugews ard thei ty.

These tren Qﬁ cm@%stent with the FET neasurenent that EAQ
preferentia ‘fy suspen s sem conducti ng nanotubes and reacts w th/renoves
netal lic {@e0349] scFliChat shoeistthe eE&T&fanatalhhgeantb&anR&mn lﬂmﬂngMaer'gys«NhR dat a

i o et P baSaE R Wihng kit Jeealiey rouh o abiohie bl ol (5 () >
al so suggesdicatdshaddel E&cie@'f&&ﬁlsdhl&ﬂ@ﬁ&fof(tﬁe StfediBf dihmben)t ubes still remain in
the SWNT e[(?OsleZHP | eFrom FIGg 9, the binding of *OH radical with metallic nanotubes is shown to
be stronger (i.e. more negative) than with semiconducting tubes of similar diameter. For
example, (7,4) binds more strongly by -0.28eV than (6,5) and these two tubes which have
about the same diameter (~7.6A) are the major metallic and semiconducting nanotubes
respectively in this grade of CoMoCAT SWNTs. Further, smaller diameter tubes (both
semiconducting and metallic) have stronger interaction with the radical than larger
diameter nanotubes of the same metallicity. These trends are consistent with the FET
measurement that EAQ preferentially suspends semiconducting nanotubes and reacts
with/removes metallic tubes so that better FETs are observed. Raman and UV-vis-NIR
data of FIGs. 2i(a) and 1(a) also show the removal of (7,4) species which is a major

metallic species of relatively small diameter. However, FIG. 2i(a) also suggests that the

larger diameter (8,5) metallic tubes still remain in the SWNT ensemble. Using
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CoMbCAT SWNTs which have narrow initial chirality range to start with, it

Is shown that treatnment with EAQin DVF preferentially renoves smaller

di anet er wetaiddoesonanot ubes, resulting in enrichnent inpcangani/diiamet er

sem conducti ng species. [00121] Exanple list of photoinitiators in W

experiment [00122] For the photoinitiators used or that can be used in the

WV experinent, they are classified as follows:- [00123] Free Radical - Type

|, such as i) Irgacure 184 ii) Irgacure 369 iii) Irgacure 500 iv) Irgacure

819 v) Ir Benzoj net her Benzi | ket al s,

al pha-Di al %&(&9@%@&7 g)ﬁe\@g%lgglg\;e %a]r{' ﬂﬂ?{al%thqg n%e {0 s?arrI %xt% itis's ov.vn

al pha- ani nhatatrkatmeptheithnEAQ Ac)DMmafehannellyaxexde@es irﬁ)ﬂﬂe.?ﬂdxaxﬁétele nReddiical -
- d di umsal t (A2S) ii

'2|'}/ E? hl/ll ’ a?ﬁaﬁ&gﬁ L%H@.né?nrearalu Lm%gtein%mgelilcﬂa%]étgr s%r%llcon l(l)ct{ng species. ( ) )

[00121] Example list of photoinitiators in UV experiment

[00122]  For the photoinitiators used or that can be used in the UV experiment, they are
classified as follows:-

[00123] Free Radical - Type I, such as

1) Irgacure 184
ii) Irgacure 369
i) Irgacure 500
iv) Irgacure 819
V) Irgacure 907
vi) Darocur 1173

and other Benzoinethers, Benzilketals, alpha-Dialkoxy-aceto-phenones, alpha-hydroxy-
alkyl-phenones, alpha-amino-alkyl-phenones, Acyl-phosphine oxides.
[00124] Free Radical - Type II, such as

1) Anthraquinone-2-sulfonic acid sodium salt(A2S)
i1) 2-Ethylanthraquinone

1) 2-Aminoanthraquinone

iv) 2-(Hydroxymethyl)anthraquinone

V) Darocur BP

and other Benzophenones/amines, Thioxanthones/amines combinations.

[00125] Other electron sources: Phenothiazines and their analogues, N-
Bromosuccinimide.

[00126] While the invention has been particularly shown and described with reference
to specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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iii) 2-Am no ant hraquinone iv) 2-(Hydroxynethyl)anthraquinone v) Darocur BP
and ot her Benzophenones/ am nes, Thi oxant hones/am nes conbi nations. [00125]
O her el egoror/moences: Phenot hi azi nes and their anal ogwesB2011/001529

NBr onosucci ni m de. [00126] While the invention has been particularly shown
and described with reference to specific enbodinents, it should be
understood by those skilled in the art that various changes in form and
detail may be nade therein without departing fromthe spirit and scope of

t he inventgﬁggﬁg defined by the appended clains. The scope of the invention
is thus in d by the appended cl ains and all changes which come w thin
t he nmeani ng and range of equival ency of the clains are therefore intended
to be enbraced. CLAIMS 1. A nethod for enriching specific species of carbon
nanot ubes, conpri si ng: ~_contacting a conposition of carbon nanotubes
with one dr rmrf’emqthoaé@Feen@éhﬁpégm#'}C species ¢frrgrionaaneinbesncamprisinghes with t he

qui none Corrpou@gr?tﬁctg'%d fa com?cf_lsﬁﬁ)?la'bflt(j t Hgn(%l%egoé&itﬂa %t %p el\fl\?l{eeggi%(e)l?%w th
t he qul none conpoun rom e unreacted carbon nanhot ubes, erern e one
or nore qubmpoendspnpounds are of Fornula (1): O

reacting the carbon nanotubes with the quinone compounds; and

separating the carbon nanotubes reacted with the quinone compounds from the

unreacted carbon nanotubes,

wherein the one or more quinone compounds are of Formula (I):

O

R» R4
o D

wherein

Ri, Ry, R3, and R4 are each independently selected from the group consisting of H,
halogen, — CN, — OR, — N3, —C(O)OR, -C(O)R, -C(O)NRR’, -NRC(O)R, -NRR’, -
SOR, -SO3R, -NO,, a substituted or unsubstituted C,¢ alkyl group, a substituted or
unsubstituted C,.¢ alkenyl group, and a substituted or unsubstituted C, ¢ alkynyl group, or

R; and R;, and/or R3 and R4 combine to form a substituted or unsubstituted ring,

wherein

R and R’ are each independently selected from the group consisting of H and C;
alkyl;

provided that the compound is not 2,3-dichloro-5,6-dicyano-1,4,-benzoquinone or

tetrachlorobenzoquinone.
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wherein RI, R2, R3, and R4 are each independently selected fromthe group
consisting of H, halogen, - CN, - OR - N3, -C(0)0OR, -C(0O)R -C(O)NRR ,

- NRC( 0) R woNRR/001500SOR, - SO2R, -NO2, a substituted or umewhBiaii/odiszh C1 6
al kyl group, a substituted or unsubstituted C2..6 al kenyl group, and a
substituted or unsubstituted C2_6 al kynyl group, or RL and R2, and/or R3
and R4 conbine to forma substituted or unsubstituted ring, wherein R and
R are each independently sel ect ed fromthe group consisting of Hand Cl-6

| kyl - ded that the d .
g, 3’ di chl Fro- 5 Veév&@aiasa "11314“ PW&%’%“% 1 #Rd Raerd/or Roa Beeamiie.

to form a substituted or unsubstltuted Cs-Cy aryl ring.

3. The method as claimed in claim 1, wherein R; and R, and/or R3 and R4 form a

ring moiety of formula

Rs

N

S
Rs

wherein Rs and Rg are each independently selected from the group consisting of
H, halogen, -CN, -OR, -Nj3, -C(O)OR, -C(O)R, -C(O)NRR’, -NRC(O)R, -NRR’, -SOR, -
SO3R, -NO,, a substituted or unsubstituted C;.¢ alkyl group, a substituted or unsubstituted
C, alkenyl group, and a substituted or unsubstituted C, ¢ alkynyl group, wherein

R and R’ are each independently selected from the group consisting of H and C).6

alkyl.

4. The method as claimed in claim 3, wherein R; and R, combine to form a 6-

membered aromatic ring and wherein Rs and Rg are hydrogen.

5. The method of claim 3 or 4, wherein R; and R4 combine to form a substituted 6-

membered aromatic ring, wherein at least one of Rs and Rg is not hydrogen.

6. The method as claimed any one of the preceding claims, wherein the one or more

quinone compounds is

0o 0
0

or
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WO 2012/ 001500PCT/ 1B2011/ 001529 2. The nmethod as clainmed in claiml,
wherein RL and R2 and/or R3 and R4 conbine to forma substituted or
unsubst i twbed128®1080 aryl ring. 3. The nmet hod as cl ai medTiiB20al/a018291,
wherein RL and R2 and/or R3 and R4 forma ring noiety of fornmula RS LC(' R6
wherein R5 and R6 are each independently selected from-the group consisting
of H, hal ogen, CN -OR, -N3, -C(0)0R, -C(0)R, -C(O)NRR, -NRC(O)R, -NRR ,
-SOR, - S2R, -NO2, a substituted or unsubstituted C _6 al kyl group, a

substi t ut or S d n I grou bst.i t,ut e
unsubst | tﬁfed &%@é%lﬁéd %‘JE lmer%grtl} and) n%r&él =& %ddnwgénrls Li’a&‘ﬂn R %ent ly
sel ect ed frfaﬁdimbdfkexrgﬁlﬁglﬁdmIISderb(ﬂgnttubleﬁnd Cl-6 alkyl. 4. The nmethod as
clained in claim3, wherein RL and R2 conbine to forma 6- nenbered

aromatic ring and wherein R5 and R 6 are hydrogen. 5. The nethod of claim

3 or 4, wherei mHR3naRcH %clﬁml lﬂeans,q)néq;rfrzh@pl%e&ﬁﬁg tuled »@wréiﬁ @iteeéa%n

aromatlc ring, wherein at |east oné of s not hydrogen. 6. The
met hod as mnmb@maﬁwprod@edfcarbh&nmm ng cI al ms, wherein the one or nmor e
gui none conpounds is 0 OH or

9. The method as claimed in any one of the preceding claims, wherein the carbon

nanotubes are a mixture of nanotubes with different electronic properties and/or sizes.

10. The method as claimed in any one of the preceding claims, wherein the method is
to enrich single-walled carbon nanotubes according to (1) their electronic properties

and/or (2) their diameter.

11.  The method as claimed in claim 10, wherein enrichment according to electronic
properties allows to separate metallic single-walled carbon nanotubes from

semiconducting single-walled carbon nanotubes.

12.  The method as claimed in claim 10, wherein enrichment according to diameter
allows to separate single-walled carbon nanotubes having a diameter of below 0.9 nm

from single-walled carbon nanotubes having a diameter of equal or above 0.9 nm.

13.  The method as claimed in any one of the preceding claims, wherein the contacting
step comprises:
suspending the composition of carbon nanotubes in an organic solvent containing

a quinone compound according to claim 1.

14.  The method of any one of the preceding claims, wherein the reacting step
comprises:
incubating the suspension under conditions that allow the quinone compounds to .

form radicals that react with a specific species of the carbon nanotubes.
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WO 2012/ 001500PCT/ 1B2011/ 001529 7. The nethod as clained in any one of the
precedi ng clainms, wherein the carbon nanotubes are singled-walled carbon
nanot ubeswo 2812/00lomet hod as claimed in any one of the preaszhingoisisai ns,
wherein the carbon nanotubes are as-produced carbon nanotubes. 9. The

met hod as clainmed in any one of the preceding clains, wherein the carbon
nanot ubes are a m xture of nanotubes with different el ectronic properties
and/or sizes. 10. The nethod as claimed in any one of the preceding

cl ai ns, V\/nfsrel h t ar bon _nanotubes
accor d| ng nshte gilﬂraa e(ﬁd 1?%nllg't %Vq{e%qurtﬁé ggmgltnl or ?f?l Th@ PO 5%%“[35 .

11. The rrefbhmhoaSndhdﬁ tiedxpasued &ff tm: %ﬁhpeﬂdi\@f&i lighe bf & GVavelehgti @F Q80itd190d O

el ectronic properties allows to separate nmetallic single-walled carbon
nanot ubes ‘ft‘om semn conducti ng single-wal |l ed carbon nanotubes. 12. The

met hod as clainmed in claim210, wherein enrichnment according to dianeter
allows to separate single-walled carbon nanotubes having a dianeter of

bel ow 0. 9 ¥m f rldw @F‘ihgg esvelpimed warlbion Liavdeudie shhdighh gradistioanetmeprised  equal
or above Q 9.1 UR tlrilgc E Sndret hod as clained in any one of the preceding
cl ai s, mhereln % ac |ng step conprises: suspendi ng t he
conposition of carbon nanotubes in an organic solvent containing a quinone

corrpound cor laim 1. The t hod of any one of the preceding
cl ai s, r ei g[lhte%’é tﬁ%‘g%st ‘?l‘ﬂﬁlegt”éﬁlat%ﬁgr}” gm fie S“SPF’i‘ﬁi‘E}b§t1P?1’é’aieHé°rs§1§°penS| on
under conohotdag)gls that allow the qui none corrpounds to formradicals that

react with a specific species of the carbon nanot ubes.
W02012/ 001500PCT/ 1B2011/ 001529 15. The nethod of claim 14, wherein the

st os i o DB ACLER 1 L BRI IGl AN 1 frofiREP I ©f he

suspension to | vvave eng
days.
19.  The method as claimed in claim 15, wherein the light irradiation comprises UV
irradiation.
20. The method as claimed in claim 19, wherein the UV irradiation has a wavelength

range of 280 nm to 380 nm.

21.  The method as claimed in claim 20, wherein the UV irradiation has a wavelength

range of 365 nm.

22.  The method as claimed in any one of claims 19-21, wherein the suspension is

incubated for about 10 to about 20 minutes.

23.  The method as claimed in claim 22, wherein the suspension is incubated for about

15 minutes.
24.  The method as claimed in any one of claims 13-23, wherein the organic solvent is

selected from the group consisting of hexane, heptane, cyclohexane, benzene, pyridine,

dichloromethane, chloroform, carbon tetrachloride, carbon disulfide, tetrahydrofuran,
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16. The nmethod as clained in claim15, wherein the light irradiation
conprises anbient lighting conditions. 17. The nethod as clained in claim
16, wher ewo 20txoss8pensi on i s incubated for 5 to 10 dayecriagfiidhsaret hod
as claimed in claim17, wherein the suspension is incubated for 7 days.

19. The nmethod as clained in claim15, wherein the light irradiation
conprises W irradiation. 20. The nethod as clainmed in claim 19, wherein
the WV irradiation has a wavel ength range of 280 nmto 380 nm 21. The

met hod as glained in claim.20, wherein.the UV irradiation has e] ength
range of 385 le%ﬁl. et%‘ﬁre @Hé%ﬁﬁwlf;fgefc Py IeRS g*yﬁogwyn%l?’f’éyloﬁfth%i ﬁﬁeﬁ’é"{\?%‘y gl,
wher ei n t hetondS RRAEYIONsdbatyl N&etBAd, Edcdidiie, aBRIbheldhohs, aLBUL ackthitd)l Reb&ST  23.
The method as clained in claim?22, wherein the suspension is incubated for
about 15 rifabutvsate, ethylenqigdycepbdinsgtates dimethykfermamidgyaceteaitale, &.Nrdimethsgl 23,
wherein t ni. ¢ (G 1ec Rﬁhrc I Q4 ST ]

hexane, hgg%tgé]‘gl,%’ c@%ﬁﬁé%ﬁe%c%gﬁglg’nfgﬁ%@x I ngfsor%f C gt?lgﬁngltfﬁg%é;,g”a?ér’

chl or of or metbaohethanel, batyhilostiofiend foamisawiddi sul fi de, tetrahydrof uran,

di oxane, diethyl ether, diisopropylether, ethylene glycol nonobutyl ether,
met hyl ethyl ketone, nethyl isobutyl ketone, acetone, cycl ohexanone, ethyl
acetate, i230butThe rh&RbW by ERinGed Bt 4y GREFGhY eRimé pre&diAt 8laims, wherein the

di net hyl f ormam de, acetonitrile, N,/ N-dinethyl acetam de, nitronethane,
acet oni t r iSFRArtNEngeh FPHPTSS| aftes sentrifiigating thes suspensiadetonspparate thet diffasnt

et hanol , '%Héc)(éso"f"c&%ﬁhaﬁﬂ%efsprm c acid. 25. The nethod as clained in any
one of the clains preceding clains, wherein the separating step conprises
after centrifugating the suspension to separate the different species of

car bon nangt ubes. 26. .The nethod.as ainmed in claim 25 erein the

separ at i n%g’st egﬁ‘f’ Eﬂet%ho ras MF‘??ecgfnmfﬁ’ f’th’ieH’gIIhF ﬁ?a%‘ﬂgfﬁgtf%er%‘?g?sﬁé:d after
centrifugati on filterigPtiai supeaatanioidnet see semifigaties! 1v\bbilin' @FRAGIanbRbaNEe
speci fic speci es of carbon nanotubes; optionally washing the obtained

car bon nafBEENSESil Heppegt Oamg Epfeilicamaciehel arhonnghotabssating the filtering and
washi ng steps. gptionally washing the obtained carbon nanotubes with a solvent; and

optionally repeating the filtering and washing steps.

27.  The method as claimed in claim 26, wherein the solvent is selected from the group
consisting of toluene, hexane, heptane, cyclohexane, benzene, 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.

28. The method as claimed in claims 26 or 27, wherein the enriched carbon nanotubes

after filtering and washing are dried and re-suspended in a surfactant.
29. The ‘method as claimed in claim 28, wherein the enriched carbon nanotubes

comprise an increased proportion of semiconducting single-walled carbon nanotubes

compared to the starting mixture of carbon nanotubes.
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27. The nmethod as clainmed in claim26, wherein the solvent is selected from
the group consisting of tol uene, hexane, heptane, cycl ohexane, benzene,

pyri di ne,woi2et/@ismoet hane, chl orof orm carbon tetrachl opcdas20andasm

di sul fide, tetrahydrofuran, dioxane, diethyl ether, diisopropylether,

et hyl ene gl ycol nonobutyl ether, methyl ethyl ketone, nethyl isobutyl

ket one, acetone, cycl ohexanone, ethyl acetate, isobutyl isobutyrate,

et hyl ene gl ycol diacetate, dinmethylforrnam de, acetonitrile, N, N-dinethyl
acetam de, nitronethane, acetonitrile, N nethylpyrrolidone,

di met hyl sul f oxi de water, nethanol, ethanol, butyl alcohol and form c acid.
28. The neyghod B mbdbded dliimel anndaidb 28ror220, wieéiti te tshfagiiti € hRdiuvgar bon
nanot ubes after filtering and washing are dried and re-suspended in a -
sur f act antdodegyd sulfate(SRYhod as claimed in claim28, wherein the enriched
carbon nanot ubes conprise an increased proportion of sem conducting

singl e-wal | ed carbon nanot ubes conpared to the starting m xture of carbon
nanot ubes.31. WO 2 0fidd-e{fe30 0RGIst&B20hprifiog 52 SemB@®ndidting neinpledvaledctabored i n
claim28 or 29 mheiq%n.the S rfactfnt S sodiuq%ﬂodeqyl 6u|fate (SDS) .

31. A fielPPPREProRUnLE BEROd A Firtnelyn K ans T iRd si ngl e- wal | ed
carbon nanotube enriched using a nethod as clained in any one of clains 1
to 30. 32. The field-effect transistor as clainmed in claim3l, wherein the

field effédt tridgsfiddoiicsts ransistorgpe -ohgimeedncelpigy? Inarsrepethaciddraisshsed
thin filmgragst ﬁtacyingle-walled carbon nanotube network-based thin film transistor.
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