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METHOD FOR DI SPERSI NG AND SEPARATI NG NANOTUBES The

present invention relates to nethods for dispersing
woanovubies to create solutions conprising a hiBgtI/GB2009/001661

concentration of individual;, charged nanotubes. The

nmet hods may include further separation steps wherein

t he di [

st uct I THORT ORETSHERSIE RAFFRER ARR TN MRS

or fractionated material and sol utions. Nanoscal ed

carbon naterials are ofcﬁreat_technical nd scientificg
The prasest dxention relates Bp aeqtodsaor dwerfinenBHIPtIRSs tg Jrenty solutions
.. o h y o i S h a %
compl I P ENE AR FANTE B SRR, bRy
includee dirtiche verlpapédn steysl wileren thd Kdespersed mndtuben atailsegarated by

sl s SRS T Rhail o PGB r BB A Eera
ands@g95&¥inately spherical structure. The structure

consi sts of edge-sharing hexagons and pent agons;
exactly 12 pentagons are required to close the cage.

Bot h, | arger and, smal ler ful.l erenes are. b
NanoSil el o RRG APy il B s Rlamip1bsr Warbgn placks
have lbREQRhoWH I fHEREBES tiddeCbut Haat Ippodl; sRfiagp seudtimt el Becently, new

spherical, due to a uniformdistribution of. the,

classes| fnpie Rseletagehn napasusBESTRAVERSPR ASTHRSH: Prsiudngugprones
e St.r

ond o T R el % PR 3 EP D e alecute

with hupedifie sghmeaiaiaal dpprévigiately sphiesiotlr opictire. THe stuoBue eonsists
pent agons are collected (6 at ch end) to form, caps’

of e%wsbag%n&qﬁéaﬁwn&fpemgwsgj ety SEopnEiaons s SO 4o the

cage. O¥bthNESEr Bhd HNARY full&eRQXRE RASwn,TBE b8diAEReA®ving (usually pairs
fundanmental [imts on aspect ratio, but around 1000 is

of) carppi etdms. dindss]a000 falieres akmosvally Pive anprevimstelngpherical, due

roperties of ot,ubes_ar.e | argel [ ed t
to 0 JRBEGH Oy G o1 e O G el S e Tl R BB o
they b&cobid/ B3RP e toubesisedarion thapeittges. can be subdi vi ded
into two groups: single walled carbon nanot ubes
(SWNTs) and nultiwal |l ed carbon nanot ubes ( MANTS).

Carba%%lgcﬁct%t% DU 8 ERLD @l]ﬂleeHﬁ?%: ‘tfhg g@j%)tﬁfc%gﬁy Mg{’ﬁy Qiﬂgbtnﬁ)ic. The

of as a sing

“closure pentagons are collected (6 at each end) to form ‘caps’ whilst the body of the tube

is formed from a seamless cylinder of graphitic hexagons. There are no fundamental
limits on aspect ratio, but around 1000 is typical, and 5,000,000 is known. The
interesting properties of nanotubes are largely attributed to the hexagonal body, and
indeed the end caps can be removed to form open tubes. Carbon nanotubes can be
subdivided into two groups: single walled carbon nanotubes (SWNTs) and multiwalled
carbon nanotubes (MWNTs).

SWNTs are pure carbon tubular molecules that can be thought of as a single ‘rolled up’
graphene sheet. SWNTs are typically about 1-1.5nm in diameter, and their properties
depend on their diameter and the angle at which they are rolled up from the graphene

sheet (the chiral angle). Multiwalled carbon nanotubes consist of several conceniric
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graphene sheet. SWNTs are typically about [-1.5nmin
di ameter, and their properties depend on their
wale@neoaes and the angl e at which they are rol | BAI/GB2009/001661
fromthe graphene sheet (the chiral angle).
Mul tiwall ed carbon nanot ubes consi st of severa
Clhayer. r
layerf GENRRIS o THAS'efo Rverlt b Bni ol oP ol Ep SIRYEH B corbon nanotubes.
Howdienealiatsuliainla mesutke tof diffeaemidicinetes ahd dtmfzﬂmee;nt
neters_and chirali def i |t|ons .
The a?ﬁ%%egf @aﬂotsgesefz%ﬁ?aewr@e el trgbids r ff variants or
dean os iR o ARGVl R ‘Ih@rﬁlrﬂ in@fudﬁr& tf&oéﬁrﬁﬁé | ‘Jh@qnésrénce of
e art including, for exanple, the presence of
defecmhef(msclew adthercirmgs ©icheas hemggorsu @hd aaltdmbt\a@ dndridisaton),

red v bridi.sati endohe rial
endofiedifl istisl (HBenare B Bl PR GeharhSuseriieey) chemical
functfdh8REagah, dilRolygnRlisfRhl A1% méte(@mpRl thpoMEicsat i on, and
nor e conplex topol ogies. In general, synthesis
t echni ques for nanotubes, and their derivatives, have
V. ieldi n r
i R SENAELS e o, SR 5 oyl EHERR L e oo
selectivity,i Riidingyaneingy det@odidne umlmyd@ﬁerdnln especlftl aharacteristics.

properties,. such as el 1?ct rqQni c st r gure nd opt.i cal
Dimeggiony bt AntripHe SEFBRLY figtenming, MRy yI dhe icFigit Tpprties, such as

electRRRA AL AL NERIES OIRR:EV%}%%%% efhiBhRY ﬁtaﬂsslnglﬂg/ QieE’iﬁ"z[bq’e to separate

speci es. The conventional ‘strategy wth
thesefmdly@md matgdals astoQaire speidso Huessmvvenmtaé strahqua with small
iCc.so vent usual t ol uene). and
fulleffyds S PRt Borsse e diy ST EHrL o R eV wsually

tolueiPAIad:@fhcPiheCRMVAA tiaeidd WIRANGN the€ be@Bparated by conventional
chromat ography. The particles are aggregated by neans

meansf sugh g Algrorgtpgathywaal s forces that cannot be overcone
by the free energy avail able on
di ssol ution/ di spersi on. Nanocarbons are particularly
The parétleengs ageregieed by toeans ofvspohgrat Yeahalaftcesfthat cannot be

specific other intera ons. _Nanocarhon materj.al s
overfmee Yatfl% IS0 RRARN Wﬁ@%&? Rpfligsql W&ﬁ?%onsu@ﬂn%@rbons are

partiSI&TP E‘heﬁféﬁ%ﬁ? ahRRpiIhe 10\{?‘?9?" ARROMRI Rk Q)?@pe&ﬁg offRE @hteractions.

catal yst particles. ti'on, single-wall nanotubes
Nandchibos ehwtesals exftd:nt asdf omntalnl whtsizabiavkediteen d¢0ésasomlcron-scale

caII - ubes | es centagn t
eraplg e oA, B Bk e o P i e b dUiog, Smgle-wall
nanobibka@RARLIvESicht &€ fo %}Qlj}'%blﬁi BlRIS QI @sicalye-305tiBEd. YThese

di sordered, appearing Tike a plate of spaghetti.
bundles contain tubes of similar, but not identical, diameter packed in a triagonal lattice.
The bundles themselves are usually disordered, appearing like a plate of spaghetti.
Arguably, the greatest challenge facing nanotube researchers at the moment is to sort out
this mixture and form pure samples of specific types of SWNTS. The availability of
pure (sorted or separated) nanotubes would significantly advance the field and permit the

realisation of many of the suggested applications of nanotubes.

An ability to separate nanotubes into simply semi-conducting and metallic species is

likely to immediately open up opportunities in many areas, including:
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Arguably, the greatest chall enge facing nanotube

researchers at the nonent is to sort out this mxture
wa@pdoberie8 pure sanples of specific types of SVWIBGBII18/001661

avai lability of pure (sort or separat ed) nanotubes

woul d significantly advance the field and permt the

realis on_of man h sted I tions

nanot u@t? RSO t t'6 gépar ate®n eJtcl)gbdesgé’il és Q tra%sp arent

condiSotifp leYecH 68 fof @BEl ﬁp&llslﬂgys'gl Add ﬁﬁ@ta{/d)lmcss W NaSthirs ﬁlmskpﬂoylde a
to I medi atel y open up_opportunities in nany are

neutrglneqlowred glte 1V%p1fa1é1§ it SWINES gAR thensedseicde the twna@rsylon/
conmgﬁgﬂygﬁa&w1E§ﬂaﬁQ§%QE]§9ﬁgu§fﬂ el ectrode for use in

ovoltaics thin filnms provide a
neutral coloured alternative. If nmetallic SWNTs can be

selecte t he ansm ssi on / .cond i Vit) al ance i s
li*kel y H %ctwams@faévﬁs SRk @5 friegistorsy E@i? dJR#l Cgegme&essen%&«hm
electr%ﬁlc ﬁﬂgyﬁﬂﬁg Of%t dirdiodsogl Csegl?‘ébﬁcﬁl%tmé eﬁﬁ@é Swall&® nanotubes

el ec Ic properties and di nensi ons
suggfse airowo hddigts fmgwsndrMbere\det\edn ﬂammdu@gggéystrya Individual

o drive.forward Nbor s Law
devieS bl dqly GFo RULIEFSE  PRBFUESuar iR edopouaipigh o be
excetRMAHE Gd W6l isHA1INBROhebaFTdREY SirkieeN d6ke 60) ot %ﬁﬁrﬁﬁlet BalBgap
exceptionally fast and small, but are currently

(radiys) nyarisbilidye Itegrating lasga mptaberbah dleyisps (rﬁlaamﬁsyhallengmg, but
I
appedf i, AR ahice LA HE ALy b 2o TBR Y s U8 Sensor.
applications are devel oping in highly sensitive solid
state sensors. . Su cit hi f
o ey e it TR ADRS RS s el SGLAS ot o
is onctﬁ@J@hﬂfgéé &b Birk evliﬁh %ﬂdé&ﬁhé’ti\h Iﬂ{)ﬁdbg BRccBéRehLEdtnance as

per ornance as el ectrochem cal | e ayer
electls)ab@nmlpécmula rlsye(resupemapmntars &aqaaptmnah cepacifapeasegreatearthan

have bee d.al ready). Superc itors
200780 v FRRHT 17T 0% Re SBRPFarNE o BT RO GPiove the
perfoaaaﬁ&rdfgﬁrtamce ebmteg AN ELEStreHAch dndarepsyr a@mabthcﬁat i ons.
Vias / interconnects in mcroelectronic CIrCUItry Due

to their onedi nensional electronic structure,

(balli S\tffag /C%ﬂgﬂégx(u?e%%eln %@ro%ﬁe%gbﬂ té’l{ LH?& al]jde 1, 'tﬂeq} Sne-

wal | ed car bon nano S can carry our orders of
dimensiginil talicberogicesttietureu (adlintic Ct@héumtynd‘eh and cabrietyt inonialic single

nmet al s. Theg are thus candi dates to replace
wallgd,caghon; ngReDEstaL, SRITY APj 0 fous orders of magnitude greater current density

than conventional metals. They are thus candidates to replace traditional metallization as

circuit dimensions continue to shrink. .

. Heat sinks / thermal management: Individual metallic single walled
carbon nanotubes have been shown to possess the highest known thermal conductance,

better even than diamond.

The three vital processing steps that must be solved for the realisation of the potential of
SWNTS are:
. to remove the catalyst particles and other carbon particles from the mix of

products to leave pure SWNTS.
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circuit dinmensions continue to shrink. . Heat sinks /
t hermal managenent: | ndividual netallic single walled
w@ a01boei1egnot ubes have been shown to possess tPEI/GB2009/001661
hi ghest known thermal condyctance, better even than
di anond. The three vital processing steps that nmust be

soI ved for the reallsat ntial S
rer 1ol PR IGT Bie qlfeREL S e it
nanotdBdst IhééchGtS Her 9fct Rethed ?ht@fspd@iﬁlﬂ Uit Bitled ahe lez&nélbkfsa)r a broader

SWNTS. to sort the nanotubes into their different

separgtinyeaf. cat\hwelag@t@btsrm@aqm or e riondwRng e septalic Bbegor t ed
el,t her tbrelfx% ARGLTILGES G} ORIk oB8y Q0L IR S S Albed

broader §¢ car on nan Into either
sem - conduptlng or netallic tubes. to align of

nanot ubes into _or d arrays o CIfIC
Currepi Beprowshes gmar%@fa e bibth ety iGopping padBin R SWNTs.
SWNEtafd \)é‘QI Qtugp&ﬂlynidggluﬁlesﬁil Héa‘r@nalpfsoﬁmsandstw re@éifis a real

very stubbornly insoluble in nearly all solvents and
problerhifer fhesemtipulationealt ipnasbisery fodsolateghe indavidypal [teltésdrom each

i S .neces Iatethe ndvd es fraom
other Sy S PO B B B Tpie  BhiRalsbe o iul BE it o noted
abovel NS WL BorkiS cdinpfitfed tstdoREBUHE, erdsnolédt ety evhiSVWES held

orm conplicated stacked and ent angl ed networ ks whi ch

togethgreas r@ecrqmsm@meh@str@gg a[a@ o5 Spabnfoecess e rsgnplestapparach is to

sonlc%\%h.e;SWfseiﬁ orgﬁfc v 1 n L s]_% @t?ecﬁn#ﬂ%ﬁé &tﬁ%@hﬁgﬁ@n {ohtﬁeak

I'n organrc
apart Utht r BurRiddsi eeltictons tdamapdgk toa plee tnamcktebézsu tiid:hss],ves/mrhdn resulting

damagi n to the nanot ubes t hensel ves.. The re n
SolutiggF (1P oHEO o VAIS IPYB1 SCRSPYATON Lokl SHETORFITBN mbd% ifdividual
nanot'ﬁbé:sr ﬁﬂ{e‘? RRmMBuhdlel ate(tbachdWabn Qﬁmkﬁ@ﬁ‘ cEAtiRBA1ENBoleman er

bundl es are present, even after lengthy centrifu at| on
al A@‘OoMetmrQOQB a0, PRfR6-19dH).ePudnosycerBationg78¢ 168 1pw Sugractical

conce tr are to ctical purposes.
purpGRFY s Ve e Car i KAV BT e 1 oqulred. - The

nost commnly used nmet hod of SWNT dissolution is to

surfactant wap nanotubes as described in O Connell et

The mpst cgeinegde usmgimmetbod of SHAYT disaglatipn imiveyi fagiagionrapatanghibes
as delscshbed in O’Connell et al., Science 297, 593 (2002). Again damaging sonication is
used, and concentrations of stable suspensions are low (typically < 1mg/ml). Many
related methods, use a range of direct covalent functionalisation chemistry to stabliise
the nanotubes, following sonication. Although chemical modification is useful in certain
circumstances, it is known to damage the intrinsic properties of nanotubes (Chen ef al.,

Science 282. 95 (1998).

Essentially, all of these methods use damaging chemical functionalisation, sonication

and/or strong oxidation (Tasis ar al. Chem. Eur. J., 9(17), 4000, (2003)).

Another method is to use the extreme nature superacids to protonate the tubes to form
positively-charged SWNTs which permits dissolution and a degree of ordering. This

method is described in, for example, L. M. Ericson, et al, Science, 2004 and produces
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used, and concentrations of stable suspensions are | ow
(typically <Inmg/m). Many rel ated nethods, use a

W0 angeoads di rect coval ent functionalisation chei/eBegns/001661
to stabilise the nanotubes,. follow ng sonication.
Al t hough chenmi cal nDdlflcatéon is useful in certain

encoEHTEH B St o B R0 S AR} Smg el
damdgdPBrubekssential ly, all of these met hods use damagi ng

chem cal functionalisation, sonication and/or strong
oxi dation (Tasis at al. Chem Eur. J., 9(17), 40006

The &s% qsr}lgtalémg Ilgﬂr}%(ﬂg% g@gﬁ{)r}% t%%%s%?vet J}&}lfeﬁﬁfe%ﬁs rkﬁ!:llf' 43 Ceo, 1S

descrﬁbreauﬁ Hoatayd Craegedl. AN ThenhiSob., pes,mi3as.deesH| HdwavenBach a
a degree of _orderi %fg‘@nThl met hod i s descri bed in, for

techlw lél not bgyexpggt be g:ief% for S@lp(gﬂlaf‘é as oyl gxllll@renes which
dlssoWeoiﬂ%g QgngF?@C n5teﬁHJﬁttﬁe ek@iﬂ\@éﬁeérfd irﬁ?nﬂ%ﬂ Hethdrks t}%med

danger ou t to handle, and amages t

by nanotbss. The use of netal/liquid amonia solutions to
di ssolve small fullerenes, such as C60, is described
in Howard CA et al, J. Am Chem Soc, 126, 13228,

Penidad@Q4 )al. HRWENE the §éécéf eﬁcﬁﬁgﬁg'rﬁé&laﬂﬁﬁi b BQperBenanotubes. The
expected to be useful for nanotubes as snall

nanofulpps atceisducednriith ANadersEotndedissplordybma @O%lapmﬂcsﬁoh@@t oeh as
THF.]c oﬁ%&%ﬁ gr ndseo(iiv %&d ?r%nfegsn ga\%glr b‘fe for ]fera?zgml?xgs for this

nano n cau descriD se o

proceésRaisgthe g dm@balblsanetaecdﬂoepe;rrsmeﬁarwtlomesfﬁc‘fémﬁy As a result
nanot ubes are reduced with Na or Li_and dissolved in
Pem%ﬂﬁ ThphgEl Bsesp gRTIEL, 28510k r§0§§1mrnﬁpth§@%?n deh 69@%}11@&8 the

matefi@l. R BHSitiBh Shb §§1§R1fh§>/l‘§1 HirRphe & %%BHé Rhammnes for
t 0 vat

IS process as t not so el ectrons or netal
cations effici ently As a result, Penicaud et al. rmnust

’ e atr f gent odi.um napt hal ate,. whi c .

Ot B o PHED R SFFS fOHEAT (i GHete P B ienygyy on

nanotdb8d s @dsclibal 1&1%&1@ 41, N%@D@t‘[d@ 2|OQW&¥ (H ML ebaveowever,
used netal / ammoni a syst ens for carrying out

the gpalrnd thasp atuidicats bet dispersiast arypepiateih dwu e ghergisglanpdifigation.
In fa{c@ He (ﬁﬁ?lasl USeIXaF}P e#‘(esitL g; éfnn%)%) stu%hésnafe %é&?rgpéaﬁg Scrl] for

"However i'S not
disp@floﬁ/eﬁﬁ[’aaidnqmrp(bsdi aﬁaklcm neee 13 uedd madesfsive abdtginvashes out the

possibility of selective charging, and prevents dispersion by screening the electrostatic

repulsions between the carbon species, leading to so-called ‘salting-out’.

As described above, once a solution has been generated, it is desirable to be able to
separate out SWNTSs having different properties, e.g. separate metallic SWNTs from
semi-conducting SWNTs. While some progress has been made in this regard, current
techniques, based on (di)electrophoresis, DNA wrapping, and relative reactivity are
expensive, only partially successful, and operate at only <<lmg scale. Such techniques
are described in Krupke R et al, Science, 300, 2018, (2003); Zheng M et al., Science,
302, 1545, (2003); Strano et al., Science, 301, 1519, (2003) and Howard et al, Nature
Nanotechnology 1, 60-65 (2006).
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In fact, the conditions used in exisiting amoni a
studi es are poorly adapted for dispersion/separation
w@riposdss as excess nmetal is used. Excessive PEL/&B2009/001661
washes out the possibility éf sel ective chargi ng, and
prevents di spersion by screening the electrostatic
ul si ons bet ec

Hendg gls) 5o nelg bt sy 3ot AteqbBorienid fEaretiehee sotution

compmhﬂgt b Qi 851 cRBOA FEBE itk BGal Hanb®bee Sh r@bﬂlcﬁﬂérOSWTs from
ble to separate out SWNTs having different

whlcb itdppessibieto sepgratespaivheehayinedif @ngmpgrtfeﬁom
sem -conducti ng SWNTs. Wil e some progress has been
made in this regard, current techni ques, based on
In thisdbgll.até paphariatdnsion pNViddsappengd fandispesiag nwotubes without
reactivity are expensive, only_ partially successful
damagg thyp aratidingta gieys 9 Rt RMdicdsRInodispRiTF Ul carbon
Spec]_?%s,crlbed in Krupke R et al, Science, 300, 2018,
003); Zheng Met al., Science, 302, 1545, (2003);
Strano et al., Science, 301, 1519, (2003) and Howard

et al t yre Nanot.echnol ogy . 60- 6 006) . Hence
Morg esZificel et S AP eYigiss & drfibed (0 dsebgg pagptubes
ompHsHCInRRtiAg 8 tnbRBeS AR ah 21 Reomic gl &ﬁﬁwﬁﬁiﬂ @he®l and an
© ﬂ% |nd|V|d§%I nanotuges in partlcuﬂar SWNTs5 Trom
mnﬁmﬁbbwﬂrt i s possible to separate nanotubes havi ng

differing properties. In this regard, the present

i nvention provides a nethod for dispersing nanotubes

Advaddtzigéouﬂly,dﬁﬁ@%enﬂ invEntPrs A€l st@risingBafosnd dha hadl¢ctronic liquid
urifjed, nonodi spersed, nanoscal e carbon sp

ruéedsl%?eé%sf"?réf‘aICPV‘PI%XhEUWG‘és%ana‘}‘)ﬁ%ﬁtlp@nlnﬂf"ég‘?aé digngfubes, in
pamE'iE&P@ﬁn\h%f Hhis ﬁ?ert%d ﬂ}?tf&ﬁéf Rlvaf 56@'53:92&?59 n %16@@1@ use
f an ‘el ectr

e nanot ubes Wit nic conpri si ng
of agentsakhieln dalaageatherrmnstubwsemh twai\thmhagaemﬁslly the fesulting solutlon

i,nvent or ve surpri.singly..fqund that
are TSR G GO S A B S eiso S8 G5 8r Sertignpeal. in high
concBiogs Bf fenatdbes 'fﬁft@er' NAANpElEEIn, NAGEHR Ubﬁsseplaﬂitlon and
parti cul ar 'SWNTs. This method is particularly

funcaensdisatigeous because it avoids the use of agents which
damage t he nanotubes such that the nanotubes in the
resulting solution are non-damaged and

A fuitder hdwmtdgendl the atethddw$ thaprdseletainvedtiont isnife roddaptiheds, of the

in high
process. Mogre specifically, only metal and amine solvent are added, and the solvents are
highly volatile and easily removed, leaving the pure metal nanotubide salts. Many of the
metals themselves are volatile and can be removed by sublimation. This means that the

metal can thus be recovered for reuse, leaving clean, dispersed, individual nanotubes.

In a further aspect, the present invention provides a solution of dispersed nanotubes,
comprising individual, charged nanotubes at a concentration of about 0.1mgml ™ or more
and a solvent. It has not previously been possible to obtain solutions having such a high

concentration of nanotubes. A high concentration is desirable for further manipulation.

In a further aspect, the present invention provides a nanotube crystal comprising a close

packed array of nanotubes, wherein the crystal has a thickness of 100 nm or more. The
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concentration, is provided for further manipul ation,

such as separation and functionalisation. A further
wa@emanoree of the nmethod of the present i nventPCHGB2009/001661

the cleanliness of the procgss. Mre specifically,

only nmetal and am ne solvent are added, and the

. t : i lLat i i ..
e RL XGOS Sl Y R BB RS ERAGS rn, 3
possibiet @l sbthineagréveslyauapieotdntdden@ndutzacybal mariey eghibits long
sublimation. This means that the netal can thus be
ranggdedvered for reuse, |eaving clean, dispersed,
i ndi vi dual nanotubes. In a further aspect, the present
i nvention provides a solution of dispersed nanotubes,
In the oregrddsofnife ipnetent idueritjone Haer grewitubes eteubmsacied with an electronic

. .concentratiopn o baut O.l Nar nore and a sol vent.
tiquic{ HRE StirbhasiPe S S Phuing Ho e iareohecio it gpssion. 1 enerate
nanoteBt HhibgyS havi ng such a high concentration of
nanot ubes. A high concentration is desirable for
further manipulation. In a further aspect, the present
i nvent | FoVi de ' ¢ co
The (e OB RUETH el 1F SRl ine TRITRSS, g B formed
whenh@etal} $uich kv @a allafiind @Arth el oramealkdlh &iemt efok @ksSmpRyY €odium,
. surprisingly.found that by enpl oyi ng[ t he method as .
dissofygs pHithgeErhsBYGH Fractiqn indo  galsr pnleent o thpprgtefypical example being
OV e t i :
A B Ay SR A ORI Ry bty reducing
solutipne sWithoutnwishinigan, bet tremndanothetues tlaase scluhibac tissolve mhnetnbes,
| ectronic liguid, This step.,has the effect of
based S RyPrIgeORe RETbOR SpOETedt I Gt FoRes diegs e dhey form
negathNPERHR Ee PaHi QRS -Sedbif], HRsEhe@hiQel cPBiged lahfbuk dre dtsol IRPersed
herein to describe the Iiquids which are formed when a
due terglegirostafiscpelsionn al kal i ne earth metal or an al kal |
nmetal, for exanple, sodium dissolves wthout chem ca
reaction into a polar solvent-the prototypical exanple
One lﬁtﬁidﬁglefimﬂﬁlﬂb}aiim}hﬂ ® smg@;i@pﬁedﬁgas elsateﬁasloﬁdeﬁ Nsretddin@ by the
the solvent formn .highly. reduging sol ution.
presepy {1HSatoM S Hierrget! ngglsasﬁmal B {yAYal nanetbes sathen ag the
usualdl%ﬁﬁfgs%iﬂ?m&yglﬁ%gég@ﬁ@cqroﬁ& tmct&ﬁf;‘&lﬁlﬁ%ng '1:1?] b tamihd) &uch as
el ectron of the carbon species nmeans that they form
ammaeigas aveiwerfuhappreathamicens:. elSsostutic redsion segrattey dheybundles.
charged ani.ons are stably.d

Advantagedusly, amines, such as ammohia, ihgxpee{h%ea%ﬂity to solvate both the anions
and cations, in contrast to protonation using superacids and reduction via sodium
napthalide. The material may be separated into constituent species either by selective
charging or selective discharging, fundamentally enabled by the different electronic

structures of the different species.

The nanotubes used in the present invention may be SWNTs or MWNTs. Preferably,
the nanotubes are carbon nanotubes. The nanotubes may have a range of diameters.
Typically, for SWNTs, the nanotubes will have diameters in the range from about 0.4 to
about 3 nm. Where the nanotubes are MWNTSs, the diameters will preferably be in the

range from about 1.4 to about 100 nm. Preferably, the carbon nanotubes are SWNTs.
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due to electrostatic repul sion. One fundanent al

i npedi nent to SWNT applications that has been overcone
whyoilelr1ps esent i nvention is the need for di spRCEGBR09/001661

i nto individual nanotubes rather than the usua

bundl es whi ch form entangl ed netmorks Electron

har an_ a ne as am ul
Su“dg I%ngﬁmggca%%eqélec roé?atl repu S|on seggwgggs {¥%P0n

Nanotwmﬂleges Ry @atiageoms) snd THone Swalald. as ammoni a, have
the ability to solvate both the anions and cations, in
contrast to protonation using superacids and reduction

The n\fétgl &%Q'lﬁ' %J‘ﬂl@ﬁﬁﬂlo'f% -ggle%t e‘ﬁﬂ%l‘?'ls EF&’ fidl SviEP afsgrh@& in an

to constituent specl RS™el t ective charging
amlna)to feineat eleetrcuhls tihaidgi T, pefrsmﬂﬂﬂﬁfd al thy: anail dd floyiliahevith

dlffere ni.c str ctu es .q ‘di fferent
approgpigisifagi sriteciaahbh tbesctbBat eﬁtefirfféorw PP CHYEHine Y alkali
metalSBNd BfkaBUNES 110 ineM¥NTBrefdPhtf{ SihaRhtal &R dN@NOHERESH %faﬁlcular
car bon nanot ubes. The nanotubes nmay have a range of
lithivghi, seviiemros potrypinmalPrsforablys thewiettsl is sedumanot ubes wi | |
have dianmeters in the range fromabout 0.4 to about 3
nm Were the nanotubes are MANTs, the dianeters wll

It is Ay aftegdlk Yo &sntiol cirbfillyang embiareraheast 1n&1uéed i tbaulitidh.0Too
nm Preferably, the carbon nanotubes ar

muchgygrtpd PoefenBl denaletarise didpidnwaghes m%(ﬁ%araéé‘é}rﬁlﬁ epgitility of

0 I
select{n;e Jﬂa%\é\gé\% %@Q‘E@dlﬁ@&géﬁ Sﬁ',ﬂl% n%rrg? o u@gsa:ree% gﬁtgle %tcg%s&atw
repulsibnd blﬁwpereﬂrerﬁarbdmv@mws) nTheeforevgireferabhy the metsklpresnt m an
an am an el ectroni son
cmongh s O FHHE ook 3t & Fi R SR g in the
carbolBARofibe PEIE KA thetél&:tf@ﬁ@hqhﬁ ﬁeéo%%% fsr 250t &4 or less,
group consi sting of i nmetals and al kaline earth

prefernblyaftnut Préepreleab |pyefel1ahlef erb@u‘all 8i & laﬁs, atdf@Iabl}’r?éJth 1:1Ppr less,
prefefa%y :I?,}glilllgquﬁ lrlsltgg&r ﬁre er%@ tS{/% 5 'rile glugn P%mgo aj%n%‘ts the

metalCig pedseht! it ah AthoanDuoh tiat tHé&tat&d) of ﬂl‘é’[all geehsiin tﬁe’ﬁectromc liquid to
olution. Too much netal present in the electronic

carbofy a@ma inthgtebopangtshesupitk adych the clssienisiliquidisgrontacted is in
the la%%no or \égcngthlaﬁ % ngﬁqleOraﬁ&ﬁnlt § g 'aﬁ@tﬁrlsg Ofbofi |113ht% about 1:6,

y ‘'screening the el ectrostatic repul Sions
aboubhEBweabotithe 5 cprefroabl s pkxmt dst. Thenefaorretio pf efetal ablcgrbbhetoms

rese
can be Eletermmec? from nhelr rela‘uve masses by simple calculations with which the

person skilled in the art will be familiar.

In the method of the present invention, an electronic liquid is formed by dissolving the
metal in an amine solvent. In some embodiments, the amine solvent may be a C; to Cyp
amine, a C; to Cjo amine, a C; to Cg amine, a C; to Cg amine, a C; to C4 amine. The
amine solvent is preferably selected from ammonia, methylamine or ethylamine.

Preferably the amine solvent is ammonia.

In one embodiment, the metal is sodium and the amine solvent is ammonia.
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amount such that the ratio of netal atons in the

el ectronic liquid to carbon atons in the carbon
waanovubies with which the electronic |iquid i SPCT/GB2009/001661

contacted is about 1:4 or lgss, preferably about 1:6

or Iess preferably about 1:8 or |less, preferably

ref rabl about ,1: 15 | ess, . 1. .-
e RS oA Bt EF oo et BBt WL ot g fispdiundivicua
nanotubés. nm, alcomsa:qﬁma @fithd Met@bd aNBdPersiDUChe tildliduklenahatubes will
of nmetal atons in the electronic liquid to carbon

be chargses Tihg Perren skillsdan Herrst wHkke mlhawmtb ficabRigiues which may be

f
used ﬁLout ri%ntlgig lpkésglgde%f' 1§d1§glpalgs%g Sgeﬂil:?igietﬁgh 8\?}%@%%@ éx%%lgle ofa
suitalle 3e¢tmiqieoist srhalb angleondutrbn Ichiveratpo(SANSH, eteflenh h)lh&y SANS
bout I f I
o e S R BRI T
cal cul ations with which the person skilled in the art

will be famliar. In the nethod of the present
SANSB iy erpoventul gevhelque tfoopiobing theistiuctere of HBANTyin solution. More

e BRGNP B30 b A PR g s e

speciddTonih bendleds 61001€zler§m82ﬁﬁ\18 rdviddsAnfordatite of ﬂlecélrdcﬁlré:@f large
amne, a Cl to C4 amn he am ne sol vent

pm1%@%%$%9ﬂlvl §ia| e trapeet ﬁ@lﬁh hiordAPe nopet APe aﬁﬁhﬁ% igfensity 1(Q) is
prop(?x{lgl}(zil 6}81 ’Ogllﬁ%];]]? rlér":aLeé fr%rég al RS0k %!f\fﬁ@{u S "ﬁmgoﬁleaexpected

I'S SO |un1an

SANS opateent fbs faliyodismersderquliiduobjeofs tie Bret hod of 't hehaviour.
resent |nvet|on|s ang ion o dIS ersed

OthefWigh: \ATRONH; 0 e qtietfc EOBFSTOR cof B gBReS or

netw&fks dF RRB]h®a Mg%r er&hlleﬂ!éﬁthoﬁkaB% ?Sfrd% blio @e
charged. The person skilled in fhe ar

famliar with technl gues which nmay be used to confirm

t he presence i vi dual.i (debundl ed). nanot ubes, .. .
e hey R ERACE G neef T R0 e e L Phe T AL GRS Re. i
possiBRUo ObtainC drbasihgig Klgﬁ\NShcen@ahamsl 8f @bhndtibesSANIre specifically,
techni que are described in Fagan et al J Phys Cﬁ

priorgo, the poerept inveotiopJgyas berved ithata dpp e rthezrmai @@wﬁbqu@ being
reacH‘earthQ r}ﬁ@ﬁe{gﬁ c&&%&ﬁ%&%ﬁ%ﬂ%&&&uaﬁ%& l')f% \%fﬁlcﬂ g\ﬂ lfz{;@rgtgmed in

speci f Used to defermne
soluttolnes B\M,Iﬁgmalr e Hivesen tthagresenio innkatrshee aehicoed concentrations of

dl ust rs ovi des i nfor i 0 f the
greatgg &ﬂﬁta ??—:t g Blgf'irg{‘ﬁp’é ° PHSE ir"i‘ﬂ(?no?#n"gﬁwl‘?%gn
about O.Qfﬁg;nltl%r]iﬁ%, Bt 01 B1eANSr I8 NBduY 1!th&hi 8¢ more, about 5

mgml™ or more, about 10 mgml™ or more, about 50 mgml™ or more, about 100 mgml™

Or more.

A further advantage associated with the present invention is that selectivity is achieved.
More specifically, the nature of the separation method is such that metallic carbon
nanotubes are charged in preference to semi-conducting nanotubes. The effect is due to

the variable electron affinity of SWNTSs which depends on type, diameter, and helicity.

The types of nanotubes which are present in the solution can be determined by Raman

scattering techniques (Desselhaus et al Physics Reports (2005), 40A). Raman scattering
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proportional to Q D where Dis the fractal dinmension
of the tube. Thus, the expected SANS pattern for fully
waeleapeodesl rod-1i ke objects (i.e. D behavi our.PCT/GB2009/001661

O herw se, non-m)no-dispersi(ﬁns of SWNTs, i.e. those
consi sting of aggregates or hetworks of rods exhibit a

. | arger .fractal,. di.mensi ons,.typically from ot
is & RERIBRAFTRGURCO Hik SRERLITYE SEEFGAYBR PhS ey L aupent in o
sampld ¥SRYHAR dfsmBEB! Y&, Rhtah ScRR$HE AL @hd PreebAb inelastic light
surprisingly high concentrations of nanotubes. More.
scatteyecyif pe anteymedipte electron with gnersydnst drraagred; foomiat viepsic mode

[ hat, . d h i libri bhej . 7
oG bRE AR 1 S4B BTSRRI B 1010

|
Ram#iaRpédtdespyhihelefeeulygidatty olkaian@det Mors al hiigholtdnSity beam of

O dngm 1 . However, the present inventors have
monqehmadjisdigdbncent r ati ons of greater than about O O ngm

1. Preferably the concentration of individual

nanot ubes is about Olnmgm 1 or nore, about 0.5 mgm 1
SWNilrs amoradled alpahtetd ofrgraphite and dur t©, thmbiohutlaGnatgypel thdir electrons are

nor e, . about 10 nmgn or e, about. 5 1 or.
confifg} G G BtAl g6 iy s S Lo QAR ip? e Rebpieriies called
van BI§POShAEGHN i) tHCeIBEESHO DehSUEDE SRfkes! ﬁ%ﬂd@t If the incoming

selectivity is achieved. Mre specifically, the nature

light pfatehise thsalyderan¢adbetedrhibdse wikegcthe Raatansedtidringds caspipmh The

nanot ubes . are charged in,preference .t m -co ting.
Ram {2 85 g N ERETPIeh Qo BB BB ST B B i
have &fahéitibisym&ChibY s walrklehgtl 6 ereiScIDS t Yo @redictaniitie tube@ill be
elicity. The types of nanotubes which are present i

h
in reppanse With Bie Eall: BeKaBiey Bohdy ofign pisen Slist graph h@al 1?10t of
calcu%%ﬁ@ bgﬁg@%&@ﬁ&&@éﬂ@ﬂ&eﬁ{ SWNTISI BRcRRE thsr é%%?e}’

man scatteringis a powerful technique for the
determination of specific types of SWNT present in a

sanpl e.consisting of m bes., Raman, scattering.is ..
Belofi s e Qo anes REHR e WPt TC dAERERThGY S Al Breathing
ModéMEEBRdITRE @n&l® HRR piohéh BNEVENYCIY PpbpRfiotdith ek dik@@er of
a Vvi broni ¢ node” (phonon) of the sanple. As only a very
the SVEMWT pHbe Kamaarspedtaatitacanwld of 4 midgurgenf tybes WiH show)p sum of the

man_.spe C hegef-or ically u a.las
ps LR RERBCRBK L SHELEL el YR EEY, S YHE o,
knovwaiNlis R wolleddihipns keeteadadff gloapttict iatand sloewhidhttibes are
tubul ar nature their electrons are . )
present in a given sample. If one takes a sample of SWNTSs and processes it chemically,
then by comparing its Raman spectrum with that of the untreated tubes, the relative
population increase or decrease in the RBMs provides strong evidence of the relative
increase or decrease of the specific type of SWNT in the sample. Furthermore, as can be
seen in the plot, transitions from metallic and semi-conducting tubes are typically well
separated for given energies. Thus, typically a spectrum contains reasonably clear
regions of peaks corresponding to metallic and semiconducting SWNTs. In this way
Raman Spectroscopy is a powerful technique in determining the extent of separation of

SWNTs based on electronic character. Jorio A., New J. Phys., (2003), 5, 139 describes

the use of this technique for characterising carbon nanotubes.



10

15

20

25

30

confined in the radial direction of the tube. This
guantisation |eads to | arge spi kes, called van Hove
waengbHaes ties, in their electronic Density of PC/aBe®9/001661
(eDCS). If the incomng light matches the difference
bet ween t hese spi kes, the man scattering is
reson v e
Atter pESEREY o st SR RRCHANELA nBNby LBl WENBHER IR scps

may beadasilidd oS At sididar] hAd d\I@‘éﬂlcﬁﬂ @f Hndividube nbn@ kXS, mE9 be
predict whjch tubes will be in resonance with the
Separ@trc@ R thebagistol diamaiirostryciurgs heligity apdfor ofpetrond chmagtel o
pl ot of calculations of the transitions of different
SWNTs as a function of their dianeter. Bel ow 400cm 1

In onthes&aienlisppesed mtaial@)/\m’f@ be semhoaid é?lyegfadh;al tquendRani af the
Br eat hi n des . The enger of this 0
chargg s Bieb P BPER B ety MR BHorer gfed RoORRS: T and

alcohzbrf%QoF@{'K@lnpr%ﬂ@ %e’i:féspf AR (RAARRhR el iX b, & sﬁaH@S§W1th the
show a sum of the peaks fromall the RBN f I om

hlghesh en@gmbectrhm will be rdgpovitedt fingf. tBy edding iaghropriFigesteichiometric

r. wavel e one .ca d off fro

auar R0 58, AT e 1 eutRRy S B 8 ractions
precipiédi®l @ftet fneaiiflisigk Pse R tetRifRie afbuTWNIB tian dotBI Qﬁ@ﬁg‘é efay be

it chemcally, then by conparing its Raman spectrum
collegigd-n that of the untreated tubes, the relative

popul ati on i ncrease or decrease in the RBMs provides

strong evidence of the relative increase or decrease
Altemeitntel}e 0'3 plac additgort ytpechemiGI\WNjuennhinpe aaaefpcbtmchemlcal quenching

Furth can he seen i the r itio
metho G, Bt e Bis e e KRS obbedhg iR oditegpased
aniond8} kerSGRATRL BRHIFiRE a Glo¥8EL RNET Qitﬁé’msjmﬁ&t) &l}f@d&ﬁ' ﬂlé(ce@ in the

spectrum contai'ns reasonably clear regions of peaks
dispegon elSponthibey to netal lic and senmiconducting SWNTs. In

this way Raman Spectroscopy is a powerful technique in

determining the extent of separation of SWNTs based on

By cehiesllin®fheC péibiafa ol @hie elbofrode, Aanotbyy If diffeyent eldcB08 Iffinities
5, 139 describes the use of this_technique for

can bgoxidizadetngnesapitaduao therrdetiods. Ahe é}e%?@f‘d@é ﬁ%e%of working
electﬁn)glre%xtnfag %eq{elddeltsf&%ﬁ%%%n'uggé)v #’cﬁgrg@&‘% SR A0t electrode

rther steps na out n particular,
may bhke bdi zpersd, qmefefablynm ¥ irctuetk, ﬁnamg)lu idesallydynkioe compartment at
arat donthe b SI of diﬁ ter.,, struycture
‘a

which &b E159) 1ghdy BT LRI BROLTE R RaERPICe| Foginde g be tigd t©
contréi §1@%Bﬁgalrﬁﬂ%rw&kﬁ@elé%dbﬁc&ﬁﬁél@at ed by gradual

quenchi ng of
Alternately, or in an additional step, the solvent may gradually be removed, causing the
heaviest / least charged species to deposit first. These two mechanisms allow separation
by, for example, nanotube length on the one hand, and nanotube electronic character

(semiconducting band gap) on the other.

Optionally, quenching agents, including but not limited to RI, wherein R is a
hydrocarbon group can be used to chemically modify the carbon species. By carrying

out the reaction on dispersions of individual nanotubes, an ideally uniform
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charge using a suitable guenching agent, including but
not limted to @2, H2O 12, and al cohols (or other
w@eavieligpeci es). As the quenching agent i s adeetGBRG18/001661
species with the highest energy electrons will be
deposited first. By adding propriate stoichionetric
ntities, esired fractions e se

functg R elibf chied £ e 1o R oo BT R: 850 AP funcionilisations

occur il bRtHeShupEcPsLdRbRIbELARIeamOUNt s of the total charge
may be collected. Alternatively or in addition to

chem caI quenchl ng an el ectrochem cal quenchi ng

onefhEE FHBeet IR By HbSabRL-HIR ALY £ 605Gy
slowlg By Yit@himg\eR |sbiRgs: re@oddl) (oairislics thelcaoh)spediact r ode
pl aced in the dispersion of nanotubes. By controlling

the potential of the eI ectrode, nanotubes of different

Altergér’]tﬁlgw ﬁf‘ it Talaltoh! ﬂ?e &Fah‘&é‘d ddéé&%?seﬁ”ﬁm&hﬁ:%% %%ﬁ‘tb%dﬁmher

e electrode ectro or series

separaied Iabmdmgecwzeﬁpshmgfcrd:geaﬁhghd aalry ehwischnmat.ent i al (s),
in potentiostatic node. A counter electrode nay al so

be provided, preferably in a renote, though

Optidn8lN, Cﬁ‘llel Stk d ARV RIAP RRA SRS, cadl bVl iTe e tdRURY drPdrganic
is Teduced and recovered. A reference el ectrode nmay be

solvepisedutlo asodinmeshylt frampaiden (PME) atdimhdylesetinidy éDMA)r edé N-
ccur.ate t in an additional step, the
Inahg%VV%ﬁPn%é§N§$ggﬁgF%yp%Qc?§W§Ved causi ng the heavi est

| east charged species to deposit first. These two

rrechanl sns al |l ow separation by, for exanple, nanotube
The pr@ﬁg%pr@ﬁu%th of dhis TRogsss anmonedisnentd. sndanagsdi anocarbons or

nano%% qu%ff Q} E&ﬂ gb’l&&ﬁlﬂﬂté&%ﬁh g%g)ug% ottlgéu n%tté}%'i

ronally, quenching agents, t not
limted to RI, wherein Ris a hydrocarbon group can be

used t.o chenlc ly.modify the carbon species
I ey STRGTOE (e Fimesrhn B an aRaY oRe - BRoiohy i RieEFbly

electﬂ%@Hé}ﬁié ito 3oduReal hindiitie’ aEEHREEpASA '§@Ids@ Dabléed array of
achi eved over the nanotube Surface as typical

nanofubess t Wieraini Hat ¢rystel bascarthiskhgssoel abrart si0f aweonfnore.  This is
part1<i\.€arr§'t ﬁ%ﬁg?@é‘ %%gs %ﬁjﬂ%ggr %é%tugeﬁ o ‘gtélop g%enboebtamed previously.
In sodRSdnatidim8&E, the crystal has a thickness of about 150 nm or more, about 200

nm or more, about 500 nm or more, about 750 nm or more, about 1 pm or more.

Where reference is made herein to the thickness of the crystal, it refers to the dimension
of the crystal in a direction perpendicular to the axes of nanotubes of the close packed

array of nanotubes from which it is formed.

The method of the present invention provides a product which is a very useful starting
material for further manipulation of carbon nanotubes. Once separated, monodispered
solutions of carbon species can be made that are particularly suitable for forming ordered
complex fluids. For example a solution of dispersed individual carbon nanotubes can be

produced at a concentration suitable for the formation of a nematic phase, which is
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slowy (by quenching or solvent renoval) to

crystallise the carbon species. Alternatively or in
wa@eddovvaes the individualised, dispersed nanotROEEB20¥AY01661

be further separated accor Bng to size by

chomatrography in a dry environnment. Optionally, the

. arged . ndi vi dual nanot ubes c be. t.r ansf to. .
acsirebfi0 SO Gl SBRIGIES S Efln elb oSt P pnane idine
crysta{lidMidn. di met hyl acet am de (DMA) and Nmet hyl pyrol i done

(NWP), for further processing. The primary products of
this process are nonodi spersed, undanaged, nanocarbons
> ot L oat ,
s U
and extingfiey wkidh asniatnobesy mmeendbdtodireit chestoppothe iadanyion.
el ectrochemcally to produce a nanotube crystal
conprising a close packed array of nanotubes, wherein

Figurél_ E 8 & !P)éﬁfaﬁlsp&qﬁm@ }eRb KD 8563 30 m 3R i11QRaBMHR a8 Sreathing

is is particularly surprising as such crystalline
modes tof ¢ arben havetuhet alxk shovwdh taienddupevofomstallic BWNBrin the

enbodi nent.s he. cryst al t.hi ckness. of _about 150
spontiroasy e Ve B BhE ol G b S ShtistRRRe:

nore, about 750 nm or nore, about 1 mmor nore. \Were
. reference is made herein to the thickness of the |
Figure 2yis 8 4/V/VIIB speqtayy whisht iHestentesethe depleldrm inentopadugting peaks

. i i . i ar.. t .
in thepBhERELLO U ABLAR AN, Brink LAV RSO aNpREL iR
formed. The nethod of the present invention provides a
. roduc ich_.is a ver seful starting material. for K .
Figurp dog ﬁ@ﬁotmﬁm SHETSHY GF HREOH A SRieBbEaveRh for a solution
of sp%ﬁtﬁﬁ‘&ﬁl%ﬁdismw&{j ISHPRTE An S@UHIh RS SHia GBI SPLT) & using
can be de that are particularly suitable for form ng
Carbaexias @oduoed (AR $WINTEsis atartiexmafska. a sol uti on of
di spersed indi vidual carbon nanotubes can be produced
at a concentration suitable for the formation of a

Figur8 @84 EfRhtasnepatiehi 6k depdsitddriahl 6f depirartli@mbaEet APfhanotubes.
nanot ubes, or other further processing, including

crystallisation. The present invention will now be

Exa g%§fribed further by reference to the follow ng

res and exanples which are in no way intended to
limt the scope of the invention.

Single Walled Carbon Nanotubes (SWNTs) were obtained in ‘as produced’ grade
obtained from Carbolex, Inc., USA and were heated at to a temperature in the range
180°C to 220°C and preferably around 200°C under a dynamic vacuum for 24 hours to
remove adsorbed species. The nanotubes were then loaded in a specially designed clean
cell, along with sodium metal in an Argon glovebox (O2 and H0 < 1ppm) such that
there was a stoichiometric ratio of one sodium atom to every 30 carbon atoms. This was
connected to a stainless steel, leak tight gas rig and cooled to approximately -50°C.
Following this, high purity anhydrous ammonia was condensed onto the sample.
Immediately, the solution forms a deep blue colour which can attributed to solvated
electrons present due to the dissolution of sodium metal in the ammonia (Wasse ef al.).
After a period of about an hour, the solution clears (i.e. the blue colour of the solution

disappears) which is indicative of the transfer of the solvated electrons to the SWNT
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Figure 1 is a Raman spectrum neasured at 633 nm whi ch

illustrates the radial breathing nodes of the carbon
wmanovuess and shows an enrichnent of netalli cPCRNNB2009/001661

t he spont aneously dissolved4traction, usi ng CoMoCat

tubes as a starting material; Figure 2 is a UV VIS

structﬁfée@tc; Y \Q’hélgdtrohgl LhRiES Lépheo R fLddRhes The more dreadlly

em - conduct i ng pea s In th ont aneousl y’ di ssol ve
reducéd aaidtabes thesi shgwigolsGhite dndihs salstion beantes agroatéblacilcolour.
ot of SANS intensity .as.a f.unction of
The Gedhived: Beethunisl LRBRPURST [Hosbiserieh SRILRbit Aibouy) i the
ammd&Hi$ 5kMegedSYWNTs in sodi um ammoni a sol ution at 230 K,
usi ng Carbol ex As Produced (AP) SWNTs as a starting
nateral Figure 4 is a dlffractlon pattern of a

e SBRR oL S 8 ol PR LSRN eic AROhE B i

3. obtalned in 'as produced grade obtained from
Carbol ex, Inc., USA and were heated at to a
tenperature in the range 1800C to 220Q0C and preferably

Witht?,gto&@gsﬁg Q9 gr E}%efesﬂltﬂ)é%dxrga%gt{%gé Afe &‘égé}?ﬁe En bOetone to

e adsor speci e es wer
permit caded tenfpegatapembpaiphilatidesi Groed thisemorec dilbte sdhotgn wotthining

pos Gy THAFLERAL" BICPBREF BORFS ¥ IR . Grgh deposicd

onto S9€i BRIk £VRAY e@tﬁ@ﬁgﬁrbf Bf&imatglyslv\@ﬁ This permits
connected to a stainless steel %é&t gas rig and

the repovkbef the sedipneriions aidythe thwﬁotfltb@\ﬁ Tramgonshangh films of

SWNY el A A R R B S R Rk e

col our which can attributed to sol vated el ectrons
present _due to the dissolution of sodiumnetal in the

Arc I&ﬁ‘#ﬁ?ﬁd §W§ ‘53@1‘@413’:{10)1'[311?\151%%?“ 511115@ pyhaeh bavespmakk digpeter range.
Althdﬁgﬁ rthtstd%@ §&| Ht l'eﬂé\hcxln V\ﬂ{ Stﬁgﬂ the: tuB&ewﬁ ﬁﬁmcgtgﬂﬁrsoﬁftto'hg ®n a

ut on |sa i ndicative o
shortérr duns fseale (ﬁongblettﬁ)ed; Wiﬂ gdke hech riomgertto diffese into solutlon) their

.S tructure (i. hese el.ectrons are i cked. up
partilR GARGELEEEs ARG Thar o paNaIne D ol BhER ot Bt apecids of
tubestﬂ?géén‘? sk ud] e%%@éléﬂ?yrﬁ&gnﬁﬁﬁq%sﬁle WdiAno Q@lﬁ%ﬁ§u@mg ratio. For

br own/ bl ack col our he dissolved fraction is thén

this rpasan.cepN ot o BV parcae usasantherRaman{ ¥ Veetupedmgnishe
anmonia i s renoved.

CoMoCat tubes SWeNT Inc were processed as above. After the solution became
colourless, i.e. after the electrons were transferred to the nanotubes, the ammonia was
slowly removed. The nanotube salt was then transferred in rigorously dry conditions to
another dry solvent, typically DMF. The tubes were left to dissolve over a period of
several days until a homogenous brown/black solution was formed. The dissolved

fraction was removed and the SWNTs precipitated out by quenching in air.

Figure 1 shows the radial breathing modes of the SWNTs and the distribution of the
nanotubes can be established from these features in the Raman spectra of SWNTs. The
presence of these features is strong evidence for the existence of SWNTs and the various

RBM peaks represent populations of specific types of nanotubes. The position of the
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The sol ution of SWNTs was anal ysed by SANS and the
results are illustrated in Figure 3. Wthout exposure

W@ 20184001128 he resul ti ng charged nanotubes are dPGPEB2®Y/001661
in acetone to permt room t,enperature mani pul ation
Fron1this nore dilute solutlon containing positively

weaofFRAEL SRR 00 BREELYT e SREPED Mg

Phys. /epc409] ‘47%2@{)9}) OfAsaPIngperived e @m‘e\/lC fholvs. Rahars setiifiosn the
the renoval of the sodiumcations and the deposition

as re@tveflh@almrrr@,atamlo%swe%taé the | ‘sromganegyilr issplvgdr  WNTs — the
f 0 p t
SWFT BHE e SPeadl L RGO R Bl B Mo R8P PRI s in
the spedtre svhith cblrrmxmd W&ieltallic anétsemlcroadg(mngﬁdubésoan@hnmﬂmé. The
decrease in | en ns t]51 tubes wil|l m .
spectigy oo sl PEOTSAL 81 R g &% Pncsngi rSapplse ith
respecdith kel a'%i?@ce%é‘a@a ?&9 &fhid stk Wad %ﬁvehﬂ%ﬁ% BRI ;bR of 2k A8 the
particular diameter range neans that determ niing any
processmdgempleange in the speci es of tubes present is
difficult, especially determining the netal to
sem conduct ing ratio. For this reason, CoMbCat SWNTs
Furth¥@i e USigtref DUVIRISRaR 17644611 5 sieovethie dpletion @@Mefaddonducting
t ubes SWENT I'nc were processed as above. After the
peakssig| the isprntaneonsts d@@ﬂ@@fﬁ) figgtion pnd frogr these tvrrefigpigs dtrismpparent
that tﬂ? 1tle[b‘ff'1nt§t)o%rt§g %h@ucﬁt‘%ﬁg t eg’g’ﬁ? thd lﬁg{rﬁg%g%lr an??ﬁ‘ts fgxa the
prefedentisli rgduodius layd disyolatiodbfithe n&:tetlbc aMatRer dry sol vent,
typically DMF. The tubes were left to dissolve over a
period of several days until a honbgenous brown/ bl ack
TherS@b Wb %aﬁ’l‘@ﬁ'ct&@ rlfirﬁgterrgﬁiﬁlgdih%ss@ e¥ﬁ§§t}f Biaﬁa{rio%e%@i:a this method:
renoved and the SWNTs precipitated ‘out by quenching in
1) theadlectrofi affiniéy Whishalagertds enrthel elabtrctzme striviturg ofrteariodularfeWNT

th |str|b i on t ubes can .
and epaorienunor st g techefiatd SRt Ha e ‘EhefPes, are in
solutioh, DA SWINTeW I 1B58 RCHebiffict NBSEfdr RBctbR S tySAHdOW] become

evi dence for the exi stence of SWNTs and the vari ous
reducn@awb diskelve éppidlsenthip precat iscumesthatpadegore tq (hseaging and
S t e .
hencené‘l@g()rlse yofr (;5 oq{l 913&:%1 ein?ﬂor? stonﬁ?{emr a{o fe?:% rgg ec'reductlon and
hence( bragioséngd ﬂitSseqtletﬂial dRkylstiofre PrHo Yesutt ThoiftR 06\5311)15 ths camplete

ri.son, re 1 sh Raman spectra fromthe
select1v1¥3p \?ia 1ncremental cﬁssolu%lon o%\éﬁff rent nanot g

Figure 3 shows SANS data from a solution of SWNTs (Arc-grown SWNTs from
Carbolex, AP grade) dissolved in sodium ammonia solution as described above. The
SANS experiment was performed on the instrument LOQ at ISIS spallation neutron
source at the Rutherford Appleton Lab; UK. These data show two distinct scattering
behaviours, one with a Q" dependence, indicating isolated rods which persists down to
Q= 0.2A™" which is a length scale of dimension down to 3nm — the limit of the
instrument. This is approximately the size expected from a solvated SWNT. The Q>

behaviour indicates that there is also larger dimensioned material in the solution.
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as received starting material as well as the

'spont aneousl y dissolved' SWNTs -the SWNTs that were
waleapeodesl i n sol uti on and were subsequent|y reREDEGBL009/001661

The areas in the spectra mhkgh correspond to netallic

and sen1conduct|ng tubes are marked. The spectra show

t t SWNTs |
As o festrg e R Ao MRisabs sl ey sutt et ARp RS FE6sh and
grapHit@ Sk dm s afi® PeRt Ridsible thRetheR aﬁ’é 'als\b @hsoWigas e drb&-over is
processed sanple. Furthernore ure éW&é /IVI S

though de 1ot tesadpyioms HbguwmaHest crigst ef |tlam PLeTs shduet thegparticles
espoBRRo s 0 SPARIRS AR L SR tEA o BRSO SRR en

1nIxmgh@helcNmﬂuhémﬁgeKm&ndzabﬂwant&ﬁmEﬁﬁmtdS@METsanmoumtsnﬁs

r the preferential reducti and di ssol ution of _the
paper%@éﬂs |t1il%%§vwg SIVPR&PRocHHatg WI)H % due &t tejlength of the‘fubes,

even %\%‘hnﬂl By R Hﬁﬁeﬁ%&i etﬁtt:ﬂevg;ayl Mavﬂﬁf\%ﬁ%eéﬁﬂ@& ¥drfell S to contact

edtron affinit depends on the
betwesngtbe sdnatcd slanmbw el'lof istthe cmratqf ¢ld high&Wiotvea nav zyatteheg at

lowef Q1158 Y epBEr e Rl Ron o B s PR 0 0 S tha
the QSRRpbhdetcd AI16S cb 1&&1? GiheR theadialify b5tha afp¥sioh iPRAQERI.
reduced and dissolve In order. This process is

somewhat anal ogous to the charging and hence

The gAI% O(iat Q’ld%g t(tjé 5L aqmlo%s EW’N?Q elE&Forn?c 1&u1ds
T3t pRRicRt alied BiOEE ' POWNE the

on an ence a a
are nqunepﬁrsai fr@knshf@dzluatn peesenddhdBQT dspiridepa crfttﬁe saaverets ThHeeQ >’
npl et e selectlvhg% vi a |n remental di ssol uti on_ of

deperfiepteflan Bosian SiuE hqe@@% ue SRR ANV eRR e fsokisdrods in
the c%eﬁﬁb@& squuWﬁne{dASrCla&%P WineaWihed faﬁ&’ 0@ RBbEous Aaterials

grade) dissolved 1 n sodiilumanmoni a sol ution as
whichlesclsdoprdseabovihe rafFh&BANS experi ment was perforned on

the instrument LOQ at |ISIS spallation neutron source

at the Rutherford Appleton Lab, UK. These data show

Figurle WOsHd s tainI¢-trays §idilrd @ioh At @Al fald] 6f SW'N?FsVﬂeﬁ)Bs@d@oln solution
dependence, indicating isolated rods which Per5| stzXI -
on! s

as deggihediabo: Ghorge mrincreaksarg foundphQsedpel.8f and
is 1n£9§%ﬂe 0? légl{ggang% El%el‘ Wlta Bheat %?~ p&t {V?[ltﬁetﬂ]é att {vag) %ﬁsﬂhﬁ'the 2

Si'ze ‘expected froma so
and dé} &ﬂEctlons of the first peak. These features are completely absent in X-ray

scans of the as received tubes. These data can be explained by the model, also shown in
Figure 4, and described in Sun, C., H. et al. App. Phys. Lett. 86, 203106, (2005), a
theoretical paper suggesting possible arrangement of nanotubes in a uniform crystal. In
as produced samples, nanotubes are found in bundles containing in the order of 50-100
tubes. These bundles contain a mixture of similar but not identical diameter SWNT.
Due to the polydispersity of these bundles X-ray diffraction patterns typically show a
broad feature relating to the average intertube distance (Rols, S. et al., Eur. Phys. J. B,
10, 263 (1999)) and absolutely no longer range order. If the model used here to explain
the diffraction pattern is correct, this is strong evidence that within the film there are
areas of SWNTs that have been enriched to a level where they can be closed packed in a
large solid array which is an unprecedented nanotube crystal. The diameter of the

SWNTs in the highly enriched region would then be ~12A having taken into account the



behavi our indicates that there is also |arger
di mensi oned material in the solution. As-produced arc

W@ ainesoaest ai n carbonaceous materials such as PCT/GB2009/001661
di sordered carbon and graphf}e fragnents and it is
possi bl e that they are al so 'di ssol ving. The cross-over

sl S 80 P55 P e B e
can bt RdRusing tReHEERY EuatiQITRE SchetRlr FdahhRToPK-ROeP4XidleBize

behavi our is given in Lough et al., Nano Letters, )
Deterpowsionsp2); Patigsen Paphdient 3atldy SRIBZ0I8PDofrem thejwidth of
e e e e L
SWNdis sgfediagdter tIRdr €takimgaintdaescuntidi distmsd beovevadthd uenbmbes).

. contact between_the saql yated nanot ubes, 1Qis IS the .
This pedeleiopestipaiing Brerysialvitte Payides adewes pryng: of %&é?tué size as
f [ rat (Y] f S
o GF o) SRBICARRSARY 884, R0 O, RSOk i o e
instnmomptien edryto waeatiodseinqueabiuby sok. tHesdihspetuwmi orysiag size may be
reduced. The SANS data provides strong evidence that
largel ol yti ons of SWNTs in electronic |iquids are
nonodi spersed fromthe clear presence of Q1
dependence of the scatterers. The Q 2 5 dependence
al so seen is thought to be either due to contacts
between the isolated rods in the concentrated sol ution
formed or |arger dinensioned and sized carboneous
materials which are also present in the raw tubes.
Figure 4 shows an X-ray diffraction pattern of a film
of SWNTs deposited from solution as descri bed above.
The three main peaks are found at Q=0 16, 0.31 and
0.46A 1. This is indicative of |long range order with a
repeat of ~4gA, with the latter two peaks the 2nd and
3rd order reflections of the first peak. These
features are conpletely absent in X-ray scans of the
as received tubes. These data can be expl ai ned by the
nodel , al so shown in Figure 4, and described in Sun, C
, H et al. App. Phys. Lett. 86, 203106, (2005), a
t heoretical paper suggesting possible arrangenent of
nanotubes in a uniformcrystal. In as produced
sanpl es, nanotubes are found in bundles containing in
the order of 50-100 tubes. These bundl es contain a
m xture of simlar but not identical dianmeter SVWNT
Due to the polydispersity of these bundl es X-ray
diffraction patterns typically show a
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broad feature relating to the average intertube
di stance (Rols, S. et al., Eur. Phys. J. B, 10, 263
w@ 21@90)i12&and absol utely no | onger range order.PCT/GBR@®9/001661
nodel used here to explain the diffraction pattern is
correct, this is strong evidence that within the film
Cthere are areas of SWNTs that have been enriched to a
—llggg%l where they can be cl osed packed in a |large solid
array which is an unprecedented nanotube crystal. The
di aneter_of the SWNIs in the highly .enriched region
Lnou § THBAL b JISPRTAR, PR SR FOPBR B BceBtpne THe Hnotubes
t hedi 5f aNER-PEHVBER A RS idR8S: th@aPdsd fine A81vESL | Mat e
of the thickness of the crystallites can be nade using
the Scherrer Equation (The Scherrer Fornula for X-Ray

Parti cl j ze term.nation, A L. Patter.sen. Ph .
2 oy, Agetpabfonad LEaR §o8hsrein gl Rpgubes i
di f fyaghde@n peak. This yields a value of - | 1Owmi.e,
contai ning of the order of 5000 SWNTs of dianmeter 12A
(taking into account the distance between the
3.NaNOK 0GR actBldinIRMEir 9"or SRRk h S SIGARRL afl &fbon
provides a [ower Dound of the actual size as sone of

t he henoadesni ng may be due to other effects, for

exanple, relating to the instrunentation or to

vari ations in nanotube size. Thus, the actual crystal

451 ZeANBYHRE ok &S8Rl & Ay Brededidy BRINOWNERM HeSRBMRB iElected
nanot ubes, conprising contacting the nanotubes with an

el ecfromrthe gloupgodsistorgofi adliatignetalyand klkahioe esrthametals.
solvent. 2. A nethod according to claiml wherein a
solution of individual nanotubes is produced. 3. A

5met hadma®6@ hekddinle0roCdndi predediig Elhidh, MvRereivhi@ie @hdialt ibem alkali
nanot ubes are carbon nanotubes. 4. A nethod accordi ng

to amgtabreceding claim wherein the netal is selected
fromthe group consisting of alkali netals and

al kaline earth netals. 5. A nmethod according to any

6pr ecadhéethod haondingheami pretditngn@ial, wisrem thel doailoe isnahmbnia.
6. A nethod according to any preceding claim wherein
the am ne is ammoni a.

7. A method according to any preceding claim, wherein the metal is included in
the electronic liquid in an amount such that the ratio of metal atoms in the
electronic liquid to carbon atoms in the nanotubes with which the electronic

liquid is contacted is about 1:4 or less.

8. A method according to any preceding claim, wherein the concentration of
separated individual nanotubes in the solution of nanotubes formed by the

method is about 0.1mgm]™ or more.

9. A method according to any preceding claim, comprising a further step of

separating the dispersed nanotubes.

10. A method according to claim 9, wherein the dispersed nanotubes are

separated on the basis of electronic character.
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7. A nethod according to any preceding claim wherein
the nmetal is included in the electronic liquid in an
wa@eoone11gsich that the ratio of netal atons in BEEGB2009/001661

electronic liquid to carbongsatons in the nanotubes
with which the electronic I'iquid is contacted is about
1:4 or less. 8 A nethod according to any preceding
claim wherein the concentration of separated
11.ndi Xi gietlodNantdiRestol blaihie9 s ethdidi® nthef diggissdunasotubes are
formed by the nethod i s about O lnmgm 1 or nore. 9. A
net hstaated dndhbrsisoolE#4e- pr ecedi ng claim conprising a
further step of separating the dispersed nanot ubes.
10. A nmethod according to claim9, wherein the
1xi spar sethodanabrdies tar elatepfy atheckinnht hdispasids nafiotubes are
el ectronic character,1].. A nmethod according to claim
9, wirepsied qnﬁge gﬁ‘%%)%ﬁ hanot ubes are separated on
the basis of size. 12. A method according to claim?9,
wherei n the di spersed nanotubes are separated on the
1Dbasi 4 mEthhéladccirtling th3anyAone ofi ethimes Gotad il Bgwheresm theodigpersed
of clai 9to 12 erein the dispersed panot.ubes are
sepa‘r‘aa'i‘f’gg’e%fr% o*ﬁP%‘ime/ai Ctoﬂéo Lei %‘ oft lﬂe?glmeg?loﬁtgmlsnm the
t he gb@eIni®ngEd b AuibdnlBoBAiPAR MhefBed With Mehiclatet dd@nic
W th which the electronic liquid is contacted. 14. A
met hibaridéscentictsd- t o any one of clains 9 to 12, wherein
t he di spersed nanotubes are sel ectively quenched. 15.
A met hod according to claim14, wherein the dispersed
1fanoAubethodraecadgr at ety bye addilaigs® quédchihagimdgentispersed
16. A nmethod according to claim15, wherein the
quent#ofPeagiselerdvel e ABetE8df r om t he group consi sting
of oxygen, water, alcohols, protic organic solvents,
and a hal ogen.
15. A method according to claim 14, wherein the dispersed nanotubes are

separated by adding a quenching agent.

16. A method according to claim 15, wherein the quenching agent is selected
from the group consisting of oxygen, water, alcohols, protic organic solvents,

and a halogen.

17. A method according to claim 16, wherein the quenching agent comprises

iodine.

18. A method according to any one of claims 9 to 12, wherein the dispersed

nanotubes are quenched electrochemically.

19. A method according to claim 11, wherein the dispersed nanotubes are

separated by chromatographic techniques.
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17. A nmethod according to claim 16, wherein the

guenchi ng agent conprises iodine. 18. A nethod
w@ewomeliiegy to any one of clainms 9 to 12, wher ePCI/GB2009/001661

di spersed nanot ubes are qu?pched el ectrochem cal |l y.

19. A nethod according to aim11l, wherein the

di spers anot ubes are se rat b r omat o
2 o hh e S50 ROGPSERBra ¢ Rl nEH SHREReLT Rgter step
claigp r4hbeRg CORPEIERSi ﬁ%mlahaf b Gile Opuri fasiD \bir NGattitated
el ectronic ITquid to provi purified or fractionated
nanciagbibes.21. A net hod according to any preceding
claim which conprises a further step of transferring
t he di spersed nanotubes to a solvent. 22. A nethod
21accoAdhétbod @cc@kcﬁhg‘f‘to?ﬂ.ny pieecdihg clahe, shlcheningrisesa durgher step
organi c solvent. 23. A nethad accor d| ng to claim?22,
wher @i trnsfeainghg dipersed TagotEhes fppsolyent. A et hod
according to any preceding claim wherein the
nanot ubes are single walled nanotubes. 25. Use of an
22| ecAmmthad ddcording watgmi 24, wdheeeimtitesiohvantis aniry ergapic solvent.
produci ng a sol ution of separated individual
nanot ubes. 26. A solution of nanotubes obtai nabl e by
23.he RBhARGh asofild RedailnBRhRAR 1R sobleat RIDMFLR NP,
27. A'solution of dispersed nanotubes, conprising
i ndi vi dual nanotubes at a concentration of greater
ag?:}?x dpet ct>c% %ch][f(fgéﬁoza}ly% \Agce% élé’l%?%hg%@ﬂ% nsclggfﬁg{asoeﬂe single
nanowhli&bnaabtudegoncent rati on of about O.lmgm 1 or
nore. 29. A solution according to claim?27 or claim
28, wherein the nanotubes are carbon nanotubes. 30. A
250! ko %F %ﬁce‘?efcqjogﬁ figui§ BhPidRy SRRIA RAatNEnEINObIRESIng a
are sin wal I'e
solutlon of separated individual nanotubes.

26. A solution of nanotubes obtainable by the method as defined in any one of

claims 1 to 24.

27. A solution of dispersed nanotubes, comprising individual nanotubes at a

concentration of greater than about 0.01mgml™ and a solvent.

28. A solution according to claim 27, which comprises individual nanotubes at a

concentration of about 0.1mgml™ or more.

29. A solution according to claim 27 or claim 28, wherein the nanotubes are
carbon nanotubes.
30. A solution according to claim 29, wherein the nanotubes are single walled

nanotubes.



nanot ubes. 31. A sol ution according to any one of

claims 27 to 30, wherein the solvent is NV or DW.
w@2010/08a20f a sol uti on of di spersed nanot ubes B&T/GB2009/001661

defined in any one of cl ai 27 to 31, as a starting

rraterial for formng purifi‘ed or fractionated

3 D ackBerear 5P iy Hieans Wh B arn 2 o 20r Yhtisn FlecPent is
t hi ckmngssr pMFLO0 nm or nore.

32.  Use of a solution of dispersed nanotubes as defined in any one of claims 27 to

31, as a starting material for forming purified or fractionated nanotubes.

33. A nanotube crystal comprising a close packed array of nanotubes, wherein

the crystal has a thickness of 100 nm or more:



