Conposite filnms conprising carbon nanot ubes and
pol ynmer Technical Field The present invention rel ates
wo o00e0mm3esi te filnms and to processes for maki NRCT/BEIMO7/000354
Background of the Invention Cﬁ\r bon nanot ubes (CNTs)
are fullerene-related structures of graphite cylinders
and wer €ofmippsite fdys céraprisiegicypon nanatwbe§ hnd potpmS;
Hel i cal m crotubes of graphitic carbon, Nature 1991,
354, 56). Single walled nanotubes (SWNTs) consi st of
single layers of graphit Ty lled into
cylinders, whereas wltiﬁg‘ll:%gbﬁgiﬁ!)cfubes ( MANTS) )
c ondihs tprestntsnvention reletes ntamposdy filmsland tl pre¢eskéssor making them.
of which resenbl es VT, Su uni.que,.structure
provi des the CNTs v%ﬁ(gé%'é toﬁgﬁglqng?'été%i cal and
t hermaborcametitles WINYs) dit dlillgéneryidl andhats 6f gephitacylinders and
enor_nmous aspect. ratio._ These properties enabl e the
verEw 8 sHhesiand byl Wame (Eiapp p- &ﬁeﬁfaﬁdmcwm Pafpitic carbon, Nature
1?9[‘}39554, gﬁ?r.e%tgf%_ Y& hwnfR (59adTd)Lonbidt 685inpleOMyEl8 of graphite

nproved frechani cal performance to'a pol yneric matrix
lattiee eqifstliintatdydinders.aviraes mubitradled vpnaibes QEWAEFDspaEiat of sets of
c%ﬂgein%li't 2 ﬁd'r%glt éﬂ%ﬂk’,se%arcﬂ'of ROLiER s%hlb?qué ?WT.O S8ch unigue structure
I'nclhude ctonductive ’structure materials tor aerospac
poovidest theONTeewvitneesptignal eleeiticaloamdghertiiat comtuetifid érigh strength and

. shiel ding materi al i ssipative materials and
SO TR RN RGPt o TPSr BERETS, PO P ol Flopment of
el eI XordiR1iRO bNhesic chbiPbSiR A véry Bdvil GV Batidg and can provide
materials for display and other electronjc L. )
impgvied anecharical ¢ toor pebyersis PEx; 16 gpplicaioph Faaging from

: iV€i y de conductive
STR08 030k T CRIMELINE RBAP Pl B
sperivod meiednlstihr agbrpade psawhmetive ndinstey elpptramaagtis interface (EMI)

pner.ease in.conducti Vi ok NGj di h t f '
HSUEEFobPaF TR ST 08 B TR fr e
rhieededdctionicdshiseyand pasatightraspoadfdd snisgionsnatheals for display and
q%é)p r di.speéﬁi on of a CNT filler in a polyneric

1 &{SetroniG agRaeations, s several techni ques have been

deved Qpgtng & plcbkiien itheordli 5 0RES BinteNdionhINCH TPEMiBtVeCnetwork in
e

matri x. The_ conmmpnest nethod i s direct m_xing

ne. 3 . of CNTs i
nokangromakay is Aeedag o ipYide)| % peRdugtive Pathe dihe prreglaliqns threshold is

TRl oL ok R ) o o s
diineggiena ndndvetivé netiokle dhuias blsey faaten tautehiesargsonable conductivity is

RS TR Sy 58 W BIO IR 10 300 vers severa
tbbigi ek heed bked difveloped aneffiaivatly dispeise TNt polymeric matrix. The
conposites fibers and their ertjes, Conposites .

SEBoREst T BrEh gy Eonh LS. wuhbelymes IhiouEh Jigy blending or
KesrkintbRsivEinticasdicdIAi el dbisalYBE Bing, Mimede1AHWind1E 1AH, Thermal

low el ectrical percolation threshold in carbon )
Fndredrctiingl epsioptiviohplosingle and paily msjled ogiygn nanptulypeppxy composites,
ki SHIMe RS NV200d, 88! 4RIl ARTRBNGANAL YPEd Huan

%%ﬁ/%ggﬁggan%gy teg%}ﬁq?g)gj’gat . ’%, 426, 1341:) . “However ' g
YhiMicetstrocutes ofjeathoal hanotuttesiPELy cefidugtive emglosites fibers and their
S SRRLS NSy SRR WG Sy Sod6, B! $602% Sandler TKW, Kirk JE,
Kinloch IA, Shaffer, MSP and Windle AH, Ultra low electrical percolation threshold in
carbon nanotube epoxy composites, Polymer, 2003, 44, 5893; Lavin JG and Samuelson

HV, Single wall carbon nanotube polymer composites, US. Pat. 6,426,134). However this
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t hernopl astics or |ow viscosity polyners. |In another
di spersion nethod, a solvent was enployed to | ower the
wae@eosisty of pol yner and facilitate the di spePGI/86G2001/000354

CNTs. Wth this nethod, CNTs gre first exfoliated into

an organi c sol vent under hi gh<power ul trasoni cati on.

Then the CNT suspension is mxed with polymer, and the

organic solvent is allowed to evaporate (Kim YJ,

m@gocb@ogenm@l ly b veryreifachivin gt Hiepasias Yobks o Emé@ﬁnﬂdaﬂlmﬂed to
shodi fied multiwalled carbon

tﬁ%ﬁg’g&% ge%g%% é%ﬁ%%"sﬁ. dtﬂeﬁslé( Carbon, 2005, 43, 23; Li N,

Huardy a¥pthBu di%peﬂsbn)@e‘émd!, Elsblvant was emiptayed dmalgweit fhe viscosity of

pﬁgﬂ%{rrzer&e ggc&%é?e glﬁ% FlgfgonSI g(gﬁE% it f ’lﬁ& 6@?1%%&10(}1 gl\;ITs are first

efcfilagdd! intyVanSoigdahic) @olvéﬂahmcﬁﬂ mighiSpowar Klt@sonlédtivan Then the CNT

Qunaies.Z, .Electrically conductive,

SPFREASIR 1L MIX S0 e lyEast 1 tﬂs ﬁ&awesog%% bssali Ried g, g vaporate (Kim
Yf. GHES ¥S! @hoPHEO?{V%ﬂ m & %Y@ adSY o5 HG, Electrical conductivity of

2603/0158323) npared fo the earlier described

chemmaﬂy mmﬁ@ﬂ awdtivalled cerbognmaotubefcpexshenmpasites Siargon, 2005, 43,

t g
uI’ r N Hu Cg i D lpfollrléag(% mvﬁéllgl?d gg B e@ﬂ&‘ﬁﬁgnegﬁ énteﬁffrence shielding
of hsinglenalled earban atndiabd eptgctytnompﬁsrl&t]\fmyiem §006 6, 1141 Connell

f"ﬁgg@fﬂﬁ Iﬁlhl o &?@rgéws%?dnd :@t '[élﬁ?ﬂy conductlve

opVieslBr hhparent 3613&1&3@%&&)13 Néhnbaba gﬁh@ﬂ&lte%t gnd prR]ekis Nfdr tpPeparation
i nhonbgeneous istribution in the yner rfatr|x

therselh ebS.piehl SAYHP{ I3 Rk §emwieéntom% FaHiT niessBbpd gnethod, the
c%%ﬁcéﬁﬁ eP fONBXkfE t@nﬁol?}n@mlﬂg SGhBOMY@BH Sis HetttiD IFdweler Bigh-power

an approach to incorporating CNTs into a
Wiwhsprisatien dert ailrngiipetiod eif dimne eeperabyy shewtens| e manotube length and

c{e%r;c&f‘:’sr} nlg?%ﬁ%?% }Sf}%@ﬁ%at%‘;‘g gﬁ%@@ﬁ%ﬂ?%@%ﬁultmg composite.

/b]aseduﬁmgl gﬂ@v Wanlhlr@d avapattiteg Hadohdeds pehd ner agglm;nasltet eleading to

th an exc oaII | ow percol at.i on thresh

crEpEDe0w. SbgibotanyY o PRBEET RTekTAneE PRy At the solution
Hlé{cliﬁg&héﬁmw&e wié bOIoRcYand URRERHEE sdl Vends. sol vent Once
nost _of the saol vent had evaporated, the

par tGepks ¢4 ¢l derseba 2 apRIOpt KK BQOPOFAnG Lﬁ&ﬁ tmo fibplymeric matrix
v@lﬁg ?elé’cﬁpeﬁpl/dv@ ﬂchaﬁEﬁ ttl'lrEé}ﬁ‘J'ld A %n t'l_i{a Rak |0Y latéh €chnology (Grunlan

nmer art| es wer e coal escenced ogether to forma
Jéi‘o IMclmabl AR, nBammm hv@/ t Bahr R s Wakarhbased: singly edled panotube filled

ptoE)Fn%% c%lnﬂrnpg)gler par (t: f’oﬁal (.J {B&B&gég}?ﬁ% gﬁ‘ pﬁi %{7 Mcger 2004, 16,

Irs&dluaRiatiheCRNTe and @blyn’&r @uﬂlcla bleze funiforntile s@Eadedinfzosatvent. Once

a co ctive ne result, the rcol ati on

I’El?ﬁte%fg ed sQi¥ents f‘%ﬁ eVﬁ‘Wéﬂ?‘?yﬂ‘Feﬂ‘?}X@Gr pﬁ{gﬁ Sn??f"?’ﬁ‘gl 3 close-packed
donfighiagbh ¥hLENTE 6 iBREktifia Py i AlyYeiel potytiéd particles were
afféect the conpati bi of CNTs with the matri X,

gealeseeneerbiogethpsisdiosn @n‘»o srettHainplecking therbNd's vithima Segrggated three
AR 1Y e sk Ry, bt e
aiwhojetkduce thediest elune aviitbls Hir dhe ENTENT ok ialcendugsive network.
%? Foeé*ﬂg tﬁ%?éf%{pl%ﬁo? ﬁ-g? oﬂiux%gs s lﬁgantgf Qc%c%d.l y
The interfacial interaction between CNTs and a polymeric matrix will affect the
compatibility of CNTs with the matrix, and hence their dispersion in the matrix. Thus,
both modification of the CNTs by functionalization of their walls and modification of the

polymer matrix have been employed to promote the dispersion of CNTs.
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respecti ve systens, these techniques are quite limted
intheir ability to fabricate conductive thin filns

wawar/osisnt r ol | ed t hi ckness, especially on PCT/SG2007/000354

i rregul ar-shaped substrat es. I%I ectrophoretic
deposition (EPD) is a wdely used industrial coll oidal
process to produce thin fI|nB on conductive

S sus

SU rat PD, charg articl ded
' 2\%&‘ en@& Eﬁlﬁ’r E@Pgrﬂqna&qc ?ﬁj S8 ERs aglg( 5atbs|t]actory for their

&%@ﬁbé ahMeabakiggs eouieki M8 §hfCIMARR D tReiPGbility to fabricate
electric field (Besra L and Liu M., Progress in

qeadteqtiva|thindidme WGt copgolied thickness, espPgaliv on HeRgalarshepsdsubstrates.

shor |

chor il BRI ) 3 SRSl o roces

pfredltmetdmmﬁlinss an tcabdliqtnvy sﬁbstralmsﬁl @P@d whtiged pagiclas suspended ina
trige coating indust Most, i nport ant | it,ca

B e b A B T Mend R coURr 1 poPyieha sefEoa "Conductiv

gevtiode 88 aDCheleatit rild QBeérEliIP ki@ Isu AN, PRIPER! MOMaterials science,

Patt erned depositi g can al so be achieved by. usin

389k 58 deEPPodes drniEs Yot ibu fomphoRies. Sitple apparatus,

r i

d}ﬁ'&ﬁnﬁr(ﬁ% rrfggﬁég?%n,gﬁ% ﬁ(ﬁﬁ&é&%ﬁ% 'Aié% ?%kn% d@ns%tiy Freth@bility for mass

Eb@&mnpﬂson @tacmqjécmygtlndmﬁaf Mt bnportmﬁm iitses be used to fabricate
4 ) ape

L Y T X p—

Ratidated lniapdsmmn&anmhmlse ammabvpd by edingpedsitd elestrqdsa8@PB, has been used

1§ Prodit PPt GG LB FRIRT SRCA SRpfer JAD I BPASEIC, Minay

F ariesiR@rer MSE, Ublectfdph, Hﬁ:tl@)degésﬂ%rf OPLEB&L hdnolBRSTAABORA, 2006, 44,
Adv_ Mater 2001, 13, 1770) ol yi m des (P

3Ha9»|and such fabrigated LaETsftlmschowcgnodickestrop é)@ds@raml@n Stpdpility under
B Qg fRls RAP gﬁfséd S?erat]-(g}%y(gﬁaéﬁ% ;\’Ygﬁ ?Zél@ﬁ(%' Gheng Y, Shimoda H,

aerospace and autonotive in
Elmpmgt hmndr Bhen & Iiibecaony ped elegeos fiekd anquneplyopciﬁles of carbon

L T A

non Rudyiedds (PO ayaasmella@u id hﬁﬁt&‘esiﬁtﬁﬁn’e slcﬂmubalaeslﬁtahdemmadnechanical
met ho s i.n

by heat .qurin e vari.ous castin | ude

BRPTaE AN G RS RSB gherdsp B M AR 13,y and also play
i6PRthiNg 1ol WeV Biclectrd 8¢Hrar nS BARRAQDIFC hificroaRBRéni®devices. In
easily provided uniformcoating filnms by these

1sEepdRedronity indyst, Phifidmp gy cammopbpprosiiicese by, fdmpeasyiag of a non-
%@90&%1%&1%&9@3&%‘ %dl@t'i@l fcg%y\f%g:lﬁ]g?%t Etﬁ?x?%m Wisf%ldus casting

Ss in coating materials and i
roethodso irchdlet ¢1r cslmesg, ol cwatingyulbush coatinggndfdiPicoatimg However,

Gofih- 50y (RRCrRAES SE0 DO Bl Dot fitms by these
dvethbdxd for conti nuous coatl ng of pol yi m de by

el ect rodepqsi ti . this mstho a coated el ectri cal
conglfﬁ:?‘g?’g fhis %@ﬁg%ﬁ@%’nleqsn% w&s@ﬂ s %%Wl% soraf yadditional
FaRanged atiead smalloss GRdHAIRY mﬂt‘%ﬁﬁls and @by ehivi MAewERontrolled
el ectrode in a bath_of a conducting non-aqueous

thiskpessi & %smrlau@twscg@mg ohPl qutp slsewisaleandpcier as Beengigslosed in US.
[

AP, L RRROY AOLRURCT bl PR 0B B8 oS contingof

nohylon@bfﬁl@cﬁmﬂdposdﬁdn)bjtn o tethodhogratghslectrical conductor is made by

continuously passing a positively charged electrical conductor near a negatively charged

electrode in a bath of a conducting non-aqueous polyamic acid suspension. A

photosensitive polyimide having oxycarbonyl groups in side chains has been developed
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(Hiroshi I and Shunichi M Conposition for polyimde

el ectrodeposition and nethod of form ng patterned
w@ologiomisde filmwith the sane, EP 1 123 954). PCI/SGE07/000354

m croel ectronics industry, the adhesion strength

between Pl and metal lic substfate is a crucial factor

i nfl uenci ng the performance of el ectronic devices. PI

is known to adhere poorly to netals, especi all%/bto )
angispenloyesid faicatest pafieenetiahtn rpueh SRIh llopisd by photolithography

@gﬁg&rﬁéﬁd Shinida vt @Hﬁ{go&ﬁ@ﬁ fcﬁé& %%M&%ct?&deﬁ@élﬁm method of

can react with copper uce copper ions
foheig patipped polgnmdeéihmdwﬂfﬂnseamntEPﬂH& Pb4).ayer to

accel erate. th X|dat| of PI ur|n e in t

ol oy TistseREne e EEB il PR and metaic

s@h@tka’t@‘g@ fat %’u&&]i fa@.@rﬂiﬁﬂhﬁftlﬁg‘ t@pdrfbrﬁﬂﬁf@@f eWctrbnic devices. PI is

preirri i zed polyimde J Vac Techno 990, —
?éﬁﬁneé\?@w te Fetaly, FFE&CF@H 1B 1COBRBpt AP Adindplaminated from a

F&t SbBrdtb & 345 einanha e RNGbRpLé ﬂdTﬁarﬁ'c/ a@ﬂ%%rreact with copper to
interface, a barrier filmsuch as

repdieapscoppeieionedThese \aepper Apns aen dﬁﬁy@ rm‘r@GhGSPH lmréﬁoaccelerate the

c%e&a{tﬁgr({?ﬂ’\?gl% g'ﬂe%ec%;m% up %%8%?& ?%gge\egver %Laln%@% 5RN%qebs VA and

C]sakma)/tortyl KEl, e0xadataoms bf é:ﬁxf actontact With ypreimitized gahaiéle J Vac Sci

tes Sl Ao B ROt Bl i nn A Ceegh R ety raiftBthe adhesion
s(tﬂ:ﬁ@m of tBOVI/EapdentdrfackNd BAkRE Kidth s6ENI6Y CONi or Ta is always inserted

poI yi m de/ copper s st em usi n%05| | ane nodifie

bebwoap RY14ndi epppst 46h Mipalo Bt e}’@lymp@qsy dupdamentals and
%@%amﬁ% N%gj Fdrk: M§§ (P@cg(@f dl@??) FHRRNRS ShishBethod is not simple or

rrosi on or copper an usion of copper 10n
qqst efftive. rﬂcxbughylmndpz@ex (B ad ite mlmetdo;rlwme nha(/@@r@n@e"ebped to

pr8 C%rros&?t? ce)‘fJ }tDI lgg%rﬁg h%‘%q{l t%sgra&%’% ﬁe)é:?l% e TD Interfacial study

crfepa]lylmrdempm bystehenzing didame! modlfieddbesflvmhﬁhdazoles as adhesion

BT I N N S R -
Arfat 186 Herseidd-bnetpp la-icioarlﬂto@mﬁmgh Rbmpldieformhtiet dahldopper (Xue G,

of. the silica-amnm.no Ié/ls,llanepol yimde jinterface

J
Ha GmDoeg (ﬁh«’ﬁngW g?zomgl@)gr—y} liceg) gvmling qfff@t-adhesmn of some
FRPhEE D i Qﬂgtelit Rinb R A8 | ¥ Alhoses SEULARE 1990, 4,

&m
castln ﬁ se rs ont e co per substrate before
B Doatheomthcif harhb sﬂanesmnecam nﬁk@zyet idhepion quesiorey afoPkinorganic
1%%{1%%.06 1tnge HC;I— n e G&f’}@?{% Iﬁl b n esgabll?g O?Qh glﬁlC% at%ﬂ{opropylsllane-

ne O produce
pdlyiatigdhiribice) J lﬁ’oimﬂ&bl@eﬁﬂ‘lEd R9®$,522aﬂd433)l HDWelvelakhe application of

ducti vi There is also a need for.a nethod to
Iﬁ%ﬂ F%‘gété Sflﬁ%e demetiveh rgPpEh §Ring rthese g e fqnio S}ﬁ fppper substrate
Befbiappli utioR o tHel 1, WHRR AL tHeprovedding HoBE B5H tdafa:a
CNTs intg the film_ Object of the Invention_l|

obj eBtusgtheris aprreéé dort arj offisient wsthod te praduge (N lﬁyed composﬁe thin
ﬁﬁgﬁ?h D%wtlh %ﬁﬁble&}ﬁﬁ%khé%ﬁ @el@ cglr Hﬁﬁ&l\ﬂg File is also a need
apove Sa

vant ages. IS a urt J ect t
foe azsmeqbadttp dhtigassathe safdizemn seergth @lﬁ @ pdlymksc abmvf?dm to a metallic

su%stra e %rc% %cgr%o}agng % 1nt0C%ﬁe film.

Object of the Invention

It is an object of the present invention to substantially overcome or at least
ameliorate one or more of the above disadvantages. It is a further object to at least

partially satisfy at least one of the above needs.
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In a first aspect of the invention there is provided a
process for formng a conposite filmon a substrate

W@ vpiosssng: (i) providing a suspensi on conpriBECHEGZN7/000354
i oni sed pol ynmer and functionalised carbon 5 nanot ubes
in a solvent; (ii) at |east pértially i mrersing the
substrate and a counterel ectrode in the suspension;
and (iii) applying a voltage between the substrate and
t he counterel ect r odSwpmarytaf erﬁwih’%o@onpo& te film

on tIHS fﬁé{baglgercﬂ)?ﬁle iy BSE Blete }% o 1?%(%@?0%@%%8?&)& .@t Q@omposﬂe

yIer  an € nanot ubes ame sign an
ﬂhlma)m/a)itﬂaa‘gz&elcempnphged such that the charge on the

2’3?;:?:5‘?51 g%tsﬂltégﬁ]go p%%@tg%rfg'h n*ogli%le ‘??Agh,?g%ﬂ? uﬁﬁélsed carbon

nRfotB&UniaRoRRAf;unction with the first aspect, eit her
| nd| vidual ly or in any appr oprl ate_conbin

Bl t @@lﬁaﬁ%&ﬂ% VoSS L tﬂ%f’g%l strae apdp Pﬁ@@eﬁi‘kﬁuﬁ@ mn the SusPenSlon
aﬁ@plled so as to cause the substrate and the
counterel ectrode to have opposite el ectrical charges.
(ilhe \apblyingea wayagﬁebeawpm e sbstzage aod deais@mierelgetrasist soras to form

bet rate and the counterel ectrode.
tﬁ%%?%ﬁﬁﬁ%ﬁﬁil R%gﬂgﬁé ied so as to cause a DC current
viterdih @lechtvalvekargéen giehsilyateaminch tlh&lanotubes have the same sign and
count er el ectrode unctio aI | nﬁano ubes

., 20 T
the, EO%Qﬂeyﬁ@PP Sl}fbttﬁatbfgg ﬁ&@tgplql;le g opncém% sign to the

KRk 398 Iy Rer ARPIhE BEhGsd. t hat t he char ge on the
substrate iS positive (i.e. the substrate may functio

as élfheafoéle@/}ng pAbtiersnaey st ysednia pemwtcigaswilh dhe Aist aspect, cither
133&%@§ﬁ ? Rﬁn %bhiﬁﬁh% charged and the vol tage
Bpp i B

at t arge on the substrate
is ﬁlagamluage (nayebe 4 b€ solteger Fhe Vnhggefmmc be epplassl @ as to cause the

s t h el\%r?q %‘% %ﬂT ae&ﬁﬁga %Ig )%qu%ta% Rl kéeafch%escﬁ@édltsage may be
a}?)pliéﬂ €0 WP efhspal @ﬂh@d hgmmTES@JeenTﬂheyumt&mbl seunterelectrode.
m xture o S m ca

%dfoﬂﬁ@%m%&he@a . SOTRRE) CREY aﬁgéﬁaﬁ%rﬁ}eé@ g ft%e Shpstrate and

1ﬁ@5&ﬁﬁ§eg&nkﬂﬁ nanot ubes is chem cally nodifi ed. They
may MANTs in which the surface of the

MANTs
c he rﬁl@aﬁtmgnqmbwda nagotubpeyndihy nokyrw maj: beth de negatlvely charged and
d t whe h
ARl e I8 a8 Shar b6 W RfEate i positive (L. the
sukstrht«s mhycmn&mmn asaao bodpdes.. AlRbraytivady ﬂteeneirwmheis @né lthes pelymer may
n t uhes ich the surface of

R eorRe hats ol e Yol BHV R ARty S 8B i Blyrec on the

sWMa‘ie isHeexivery.c e bubzahicanal fusedo\dIsthodephi ch t he

surface walls of the MMANTs are oxi.di se

f uncheo fEncieralisph AIPOINESS Mgy EYRBHISS gm?tm{]fqdoﬂa}ombes (MWNTs).
BHGURSy Smprie St1E d2fled nanotubes (SWNTs). They may comprise a mixture of

MWNTs and SWNTs. They may be chemically modified nanotubes. They may be
nanotubes in which the surface of the nanotubes is chemically modified. They may be
MWNTs in which the surface of the MWNTSs is chemically modified. They may be
surface functionalised carbon nanotubes. They may be electrically charged carbon
nanotubes. They may be oxidised carbon nanotubes. They may be functionalised carbon
nanotubes in which the surface of the walls of the nanotubes has been oxidised. They may
be oxidised MWNTs. They may be functionalised MWNTs in which the surface walls of
the MWNTs are oxidised.
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t hereof. The functional groups may be electrically

charged. They may be at | east partially ionised. They
woreapolosisnegat i vel y charged. They may be ani oni BCT/SGz07/000354

functional i sed nanot ubes may have carboxyl ate groups

on the surface thereof. They ﬁay have sone ot her

anionic group on the surface thereof or coupled to the

surface thereof, e.g. phosphate, sulfate, sulfonate,
car Bom fuectionalissdanansiishes, may tIompsise b%m&‘@@la groups on ' the surface

[
el RN R o RiunS L b STUCRRAN Shéiped ey TR, DM Acast partally
ionisagl Eheyt andyhbe eghtcdy chiead.nEhey amyi be reaitmiof Ther fupssionalised
on . the surface o € nanot ube th r.oups be
noRiEs IR R e preRo e REoat pndls SEfeclufeRat ey tay have some
othBe raﬁioﬂld”g?mg) bh ke sugfa8¢l therEBL o OdonpRMd tﬁayhe: Gufiides eheteof, e.g.
am c _aci In this case the proces

p%@%@tp,oﬂﬁfa[tey suEppe.cearbpates tt@ﬁc opatSt 1%oqap:|‘tg>nate thiocarboxylate
|
ofﬁﬁﬁp&&ﬁ&aﬁldté -ﬁ%‘g’p‘ﬁ?@ h&eGRBNEHIn aﬁ@ty@e oxf@fﬁosamagrbdp bRtR: surface

mer may be a ymer havi m
oxacouplcd do dbe susfadd. oWhamummtmngmom@de fodr gredps osntheciugiage of the

RS L3 oS GOAREIBL Sy AOSEARL B copld et

vﬁralmeegﬁfupt hese. The substrate may be an electrically
con%gct e substrate. It may be.an e| ectrij.cal

non B0y G BOTPAH & PLURRYE by (o cas? the  process may
adB R0 HARIPr4E 1O S¥heRfin@thoUBHpokite/ ﬁlnli) 86 8s tol donbi@Y the polyamic
conpri se a conductive coating on a non-conductive
agid dwto ajpolyreyde: dip pplyanes My berisnel ot kayingacigic gmygs and/or anionic
i
STAPPHIA 00 TR P LB SPADCSS ORBP o, i
sulfatated cabbiato or avafieure oﬂwySWth meoglhcm d be capable

%fC 3-5? P%gggeg% ?g ri CaLecébqag g (g% ng Sﬁlgsr%%ge% I%%%?)g raﬁ electrically

n@lﬁ-@@iﬁduétl‘s@s\mﬂﬁate |It By caapiise Seloa-thdhcttﬁfescdaviﬁgton htconductive
conprise . an aprotic solvent. ‘Wﬁ nH%aI seI a .

bRiex RS SImRIAHATSICe qagtie OB e Br RS B pByycomprise a
lc6ate @yt Thy‘s%bﬁﬁ&é ﬁla?fbé“ﬁiéﬁkllllﬁb% ey QIhpiEe rcdpper It may

the suspension_may be such fhat the conposite film

cempyse flyamiymc Bnaay tiomerisTdechramivn sPalgicgeyaien, The substrate
r 1t

RENEE b1 SURREAE BT Migab lrhbBed o o P ol

s@mcmetmeen about 0.5% and about 5% or betmeen about

out 2% or about 0.5% t.0

baS| ‘%t 8‘3 U(“i‘}ﬁ S@&P&? égaélé%%?lﬁ?n% géa ucs0 D \Msgvaﬁ rofje solvent.
Itthgy B@ﬁﬁﬁl%@&bﬁé‘l sdlvérel 1k aiagadonguispansixane of slhents, at least one of

pol.ymer. The proc?ss may conprise the step of
“f]ﬂl“éblﬁlalpﬁbarloﬁ%an&ﬁ 9'¥i"%al “ suspensi on of the ionised

POl YRE LatkYo GBI BENES IRt UhitRNsRbediorAgbf b SidR it the Bomposite

polymer with a neutrali'sing agent, said neutralising

ﬁéage.ﬁ elegically sopducsiventheyraaoif @anefubes toeppdyipel iy the Syspension may

bg %Hého g{]%ltgiec)(/) ?sﬁ#’ﬁ@n LRRLh thd Su@a¥ i he tid Q57 bE Btween about

roni se
0.5% and about 5%, or between about 0.5% and about 2%, or about 0.5% to 1.5% on a

- w/w basis.

Step (i) may comprise combining a suspension of the nanotubes with a colloidal
suspension of the polymer. The process may comprise the step of preparing the colloidal
suspension of the ionised polymer by combining a solution of an acid form of the polymer

with a neutralising agent, said neutralising agent being sufficiently basic to at least
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neutralising agent may be in solution in a |liquid.

Said liquid may be a poor solvent for the pol yner.
W@E@p/0§isp1 may conpri se preparing a suspensi on BPET/SG2007/000354

functional i sed nanotubes. It y conprise preparing a

suspensi on of charged nanotub€s, e.g. negatively

charged nanotubes. This may conprise functionalisation

of the nanotubes. It may conprise surface

reitially; dapavtoasie it acid forB ofthe tmebaser tot foa?aythé dﬁwﬁ%@olymer The
t

T e g s e auid SR G e 80 Pt S8Rt for the

mﬁmanX|dat|on It nay use an oxi dising acid such as

nitrd | t use .a perox i de.

per o5 ) oY ptERgRe BeSB on ) felfRortfiSeGhamotubes. 1t may

capplrise dplepirirgy wfﬁls;mnemh bf rr@atgbdf aafotubes, cagpasighiévely charged

film havj redet.er 1i ckness., roce

EBEPFS o R Ny EPPFIS an agjoy | qfeﬂlﬁopmyg%sc It gy comprise
s@ififaééq %ﬁ&io&ﬁlﬁ&nﬁﬁ &6 th® MRRbLAILBs. aItd r eémbﬂsec kp@&SioRf of carbon
t he con?03|te ilm The ratio of carbon nanotubes to

nepPivhes lhmgy pemprdtesunpererideiasoftcrhoaiaagibgs. The oxidation may be
r e C

a%raggcgé)gﬁ%ﬁad% gorﬁf?%eedl} ﬁlldﬁ@g%lldoﬁ# éu\ségltag n.?flctablﬁ it'é%l%} us-g?peromde

Itanap ose apookydvdd [tmapoteorygeso as to obtain a desir ed

el ectrical condyctivity.of the.film T rocess .

b <Er ey TR e chrfittiof i aie dSrh A5 FORRTE figm havine

anfeE@tBnﬂﬁe@&Mbﬁ’fes§UH&I plra)t:esal r!nuy h@ﬂi@ﬁ@dﬁﬁw%;y of selectlng a time for

di strjbuted through the an enhadi e

applsationof thealiage S%aﬁpw@% aﬁefrlrerldhwm@s at E@r?ﬁ&@i%lée film.

fi 1 Mo HRatRLBnERMRE kS EB@me(r 'rﬁaypﬁ@\dbﬁlhfﬂlea so as to achieve a
SUSpenS| on Con'prl s ng an 1oni Sed po yner and

iredetarimongsl ¢lecidcal aqondmtwam o G §lh nThe prsicossrmay Cpmprisg the step of
seﬁé@&x{l% ttlb aAfJ é( %dt&&stﬂa 12%} sg‘t g t?n&)t?in a dlesu‘ed electrical

coun ectro ein'the susp
wnﬂﬁtmﬂbftoég&fﬂﬁt ween t he substrate and t he

counterel ectrode,.so as .t ormthe, c site filmon.

e REHEPRSS anei,hsuh (i dbf 1P rapsieh GG s ffe (isfioRitised carbon
naabBEy s@@ﬁnﬁdllﬁﬁlﬁnd@@ﬁé&té@&ﬁstﬁ@ﬁt@d&lﬂ@u%ﬁﬂﬁ pdly@herand

t he volta %Iled such that the c @f e on the

subdB st %n;*}’%’émﬁlﬁet gspsdreded gprecsss e foraingea Gpmperate film on a
Sgggtydg@&%&%ﬂéue nanot ubes. I n another enbodi ment there

I's provided a process for formng a conposite filmon

dD)s utpseviding scasperisiinnepmyrisingoamianaied golynsurspd fsngionalised carbon
E%Bésslhrbgso J[Onl sed polyner and functionalised
OR Hanot ub&s in a solvent; (ii) at |east partlally
(11)ms ra leagt pangalhuinahersing fanshibatrato und arceletetdated: in thh @uspension;
syspensi on;
an

(iii)  applying a DC voltage between the substrate and the counterelectrode so as to
form the composite film on the substrate;
wherein electrical charges on the polymer and on the nanotubes have the same sign and
the voltage is applied such that the charge on the substrate has the opposite sign to the
charge on the polymer and the nanotubes.
In another embodiment there is provided a process for forming a composite film on
a substrate comprising:
(i) providing a suspension comprising an ionised polymer and functionalised carbon

nanotubes in a solvent;
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and (iii) applying a voltage between the substrate and

the counterel ectrode so as to cause a current to flow
wheinesrset he substrate and the counterel ect r odeCHESIGAH7/000354

to formthe conposite filmon the substrate; wherein

el ectrical charges on the poléi/rrer and on the nanot ubes

have the sanme sign and the voltage is applied such

that the chartlye on the substrate has the opp05|te sign
(i taideashpargellpmmersingshy mehstratedne fecoyaisarledirogle 1 the suspension;
an?not her enbodi nent there is provided a process for

ormng a conposite filmon a substrate conpri sing:
@iy ) a:pptythgll hwgltageswweersme sulesbrazr drsi the caumierglettrods sp as to cause a

char mer an veI har ged f.u onal i sed
cuEtih g MoVt P, Sotferg e R ep o o the
dm{@ﬁﬁﬁohhffemg&téate and a count er el ectrode |n the
suspensi on; d (ii b%mappl yi ng, a vol tage betwe
wherpis qlmt@caérvaaltgﬁé op dhmpelyrice ah¢ an dhe praotiyhes aY‘h c'shfhe sign and
V, itt to the
thE WIS Rhpllfg SHOIPHRAUR (RO b/ ibaudhal the SIS Sen
chak‘@'cmtilspp}ymraadlﬂmmlowbss for formng a conposite
fi I]gw on.a su strat

conpr | r e .
SUS ‘fhg T, eI ﬂ%lrn?e Hagere rS'VI Iveffywce af?)}lg ) Fl) X éﬁ%mposrg film on
aﬁﬂﬁﬁbﬂe\é@h@n@ﬁgrged functi onal i sed car bon nanot ubes in

a solvent:; (il | east .partiall rsi
Qb crarbio A Guipentian comeriSRE Lirgal 1o HEAS @%8&?@‘?"6 fnd negatively
cmged(ﬁm&tionaﬁ@dydaﬂ%n%a%wé& fagelkatween the substrate
the counterel ectrode such that the charge on the
(B)J bs@trlaftsé pigiallp émmiersing e substgter ada @qﬁ@teé@ﬁ%&det%thq Jugpension;
the substrate. In another enbodinent there is
provi ded a process for formng a conposite filmon a
Gy bshmﬁymg @ongltagsibegwedhi the psubﬁaite augd ﬂ@g@aunveeﬂyctmdar&}lébl that the

functl r ban nanot oxi d C

c}}fflggﬁj?lh Es?qa% 15&()&1%5? F?@S té’ 61% co r%)sg%) thq og he s%t'b@i?aﬁe
negpd aﬂ(‘)ﬁiek‘ efifbatBesht fiedry Ryrovided & !ﬁbﬁod&ﬁf&gﬁir lf(vmhyg a Iaanngesite film on
functionali sed carbon nanotubes in a solvent; (iii) at

a pehplatesoPDrisingy i mmersing the substrate and a

g? Fn%rvﬁil %Ersﬁ%nbf@ntd%ﬁapﬁggﬁh%eﬁﬁég&ﬁve@ NGhafded Jpoyidr nidOnegatively

tage between the substrate and
cmm@nm@@tlswmbwm@s inhesod¥piibge on the substrate

dslzbg?r a%égf)?\a[ X@?Jﬁféﬁ?ﬁé%@ hﬁ&ra@@é}ﬁpé !:&ﬁltérblle@?r&fé 15 I&?e suspension;

I ment ere Is provid
afpd ocess for formng a conposite filmon

(iii)  applying a DC voltage between the substrate and the counterelectrode such that
the charge on the substrate is positive so as to form the composite film on the substrate.
In another embodiment there is provided a process for forming a composite film on

a substrate comprising:

(i) preparing negatively charged functionalised carbon nanotubes by oxidation of
carbon nanotubes; ‘

(i) preparing a suspension comprising a negatively charged polymer and the
negatively charged functionalised carbon nanotubes in a solvent;
(iii)  at least partially immersing the substrate and a counterelectrode in the suspension;
and
(iv)  applying a voltage between the substrate and the counterelectrode such that the

charge on the substrate is positive so as to form the composite film on the substrate.
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a substrate conmprising: (i) preparing negatively
charged functionalised carbon nanotubes by acid

w@xiodasison of carbon nanotubes; (ii) prepari ngP@I/SG2007/000354

suspensi on conprising a negatiyely charged pol ynmer and

t he negatively charged carbon hanotubes in a sol vent;

(iii) at least partially imersing the substrate and a
counterel ectrode. i n the suspensjon; and, (i.v) .applying.

o DG Do Bk tef S SuRGirt Blogid ohOvhing b compasite flm on
@@m@h@@qbg@ﬁg@_e so as to cause a DC current to fl ow

between theé substrate and the counterel ectrode such

t Ght PpieparinERegatively eharged fwetienabissdscahosi nanpwbes by aeid togidation of
5éﬁgﬁﬁﬁﬁmﬁ%§p05ite filmon the substrate. In another

enbodi ment t'here is provided a process for formng a
¢ohpoplieparifg lamsospensisn bsimpising anpepaively dhbdged polymer and the

reparing a suspension.couprising an at |east
%%?ﬁY%VfgwﬁﬁiF%ﬁanﬂ%F?%ﬁ?gP%§§&mgnd negatively charged
(ilinct adesk patdily anheniiahe kutxagie Mda dohiedéctrddeiin tht suspension;
%gﬂst partially imersing the substrate and a
nterel ectrode in the suspension; (iii) applying a

B Vol Ad8e REDE Gtk Sl thalsGb @Rt LAe the count relectrodee so as to

counterel ectrode such that the charge on the substrat
¢asp 8¢ icywentdo fhogv bgwicon theasubsirate end threcautsgelecitale such that the

. . e . ) . havi i
G | PR SR RELY AP AR A o s
honmopemethes Embddiatent theteeid prdvdédet hpvgh ;foafuiiming/d composite film on
%]g‘ﬂ’tﬁjgfr}‘g the filmfor sufficient time at a sufficient

e &l E ' #88convert the polyanic acid to a _
P@) Yi plepringTdheudpBivei mﬂ%@i@g)alpamaﬁ %m&ﬂ?ﬁ&ﬁbé@pcflyérﬁic acid and
made hy the process_of the first aspect. [n a second
%ﬁ%‘é‘tly Shaflgﬁgf. Ungieralipeshearrey ranoibps BvA DS conposite
. m . . . .
(1 St LS, LANEL AL 3835 REoBAORLIRGRe i e suspensin:
@idbst anplyiag kyDEomiigen betveky thii subsiribatasd thecoukreldotrode such that

I o ird. aspect of thednvention there is .
82 IR ord e b TN, Sh o 18 b B in 1 s, said film
ahinsprésitge thei polparmial el}diﬁé thavinhethei mﬁtdiﬁli@]cdr &QBOIﬂh @ﬁﬂdt}ilh&%sfjubstantially
conprise funct.io roups. on the surface thereof an
I{%np%%?g}ﬁ&é}ﬁty:%&a@ﬁg{fﬁlgh Bal gr oups. The nanot ubes
(Y bigcaGitd sk mlnafdr Ysuf @B enRe Ust| & seifisidnt hethSdatubd @@Bnvert the
the pol ynmer. The functional groups on the surface of

RAereis Apigh{o ARRbHMEASs may be, or may be derived from
ani Oméﬁng&ﬁfdﬁ%isggd?@viﬁé’sr%gﬂ&@ﬁé fith 4 bg '?}éc% %}ﬁgés)sg l_i)% gﬁ:rﬁrst aspect.

may be, or nay derived from anioni
f ol |lové segonpespenboithy ibeentior dhére icproyidedtd ampusith filinecomprising

%ﬁ%?%%g%@ptrc?%otgh Ié%ﬁ%t}%ﬁ%te F(%?Re:?sie&hler{ ajt nlgcil\}/f}nggalsgi}é %ani)tﬂbes being
substantially homogeneously distributed through the polymer.

In a third aspect of the invention there is provided a composite film comprising
carbon nanotubes dispersed in a polymer, wherein the carbon nanotubes comprise
functional groups on the surface thereof and the polymer comprises functional groups.

The nanotubes may be substantially homogeneously distributed through the
polymer. The functional groups on the surface of the carbon nanotubes may be, or may be
derived from, anionic groups. The functional groups on the polymer may be, or may be

derived from, anionic groups.
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The nanot ubes may have oxygen-containing functional
groups on the surface thereof. They may have

W@ 2000050368t € groups, or groups derived theref reeT/SG07/000354
the surface thereof. The fil mé(iray be electrically
conductive. It may have an el ectrical conductivity of
at least about 1 x 10 3 Sm1 and a carbon nanot ube
content of about 0.65 w% or about 0.8 vvt% or about R
1wt ohhsr follgwing eptong may e dised dn conypriore ithTihe sseandopr the third
Qg{b‘?téﬂﬂéﬁnﬁﬁﬂd&ﬂ%& b iprialdonkBhaf(GRr Ay be a

yamc aci-d or”a po The carbon nanotubes may

be c’ﬂwahmqtml;ps boay dtve oomenpomynmg firtegionall growpy ohatle surface

bt TR Rl ave ol LEE GHEE ab 8P GERND yRetio, BRne surfce

ﬂ%myof]ave a thickness of about 5 to about 50 m crons,

hj ckness, of about 0 . .
i crﬁw%a ¥r§9 SegrisalinpoupRie ?@R%g &PH‘E qqncmyctwﬁy of at
1&%1: dbsiRASLd 0 Bn@Nardd & B4YbRhafoHsd ottt of bbdRY.6%wi%, or about 0.8
di sposed on a substrate having an irregul ar shape. It

Wii§ dsebelitspsdear abpud 1 Sutidt reletevetawpged nonsnoot h
sur ARG AYhAG Aaf CERiWIAGe, T having an
I rregular surtace e m may have a tunabl e

t hi c]&mq:&isnnérnna)nbcempd&amrmld twer polymnige.ovi ded an

Funciesherambeb SRRy Pefisray hndcd (i GF Awet 29 o

MANTEheblin® ghay URsE aanﬂtlioadrlbssé dfaeno@ae absityl 081 midrodibeth may have a
t hr ough t he pol émeqr I n anot her enbodi ng lt( there is
\A hickn

thickuss of les than Wanfcgonse AL SRANREVE BripiskRass of pioyd S to about 50

rﬁi%ﬁﬂ{s' §1‘ it Qnafy%% hQpRkAS 8r WIS @'a%ﬁ?l’(ﬁ)eﬁndr@nsa It may have uniform
tg@ yimde, Said MANTs being substantially

kng@neously di stributed through the polyner, wherein
t he v y. b I Th
fil Wﬁ%%% g’go(? %J}] on %glggglﬁ%} Mb@trgt% X'tnﬁ'fay He glsposed on a
sabsiedte ihaalngyancmugular ishigpes b stayalbee d1sjfbmdsmbatsuh$teata/\hahng a non-
the co Slt fjlmdlég ﬁgth reon 6% ?
QR ViEe&IPp AZRE AN SRR H RIS m rmy
be nﬂ{é&ilhymbﬁﬁawa)ﬁﬁweﬂﬁcuﬂ&es first aspect of the
invention. Detail ed descri ptlgn of the | nveB(idon The
pr esenn embedioie @W@o’ﬁp@ggﬁ Al BlsRirigalho copdnctive comPOS“e film
c?)gggﬁ OM&lgﬁalfs@&pNﬁNN?st@b}ﬁbﬂéédl W ARG said FIYIID\)NNTS being

rication through el ectrophoretic depdsition (E

suhstgethélwdmmmously-dlstnbuﬁh@ﬂu*eug}riée adhegitve strength

of I .

O PO bl DR, S0EL B L P48 e fostc i
@ppristat ifomsionalised MWNTs dispersed in a polyimide, said MWNTs being

substantially homogeneously distributed through the polymer, wherein the MWNTs are

covalently bonded to the polymer.
The film may be disposed on a substrate, e.g. an electrically conductive substrate.
The substrate with the composite film disposed thereon may be an electrode. The
electrode may be an anode.
The film may be made by the process of the first aspect of the invention.
Detailed description of the invention
The present invention encompasses carbon nanotube (CNT)/polymer composite thin

films and their fabrication through electrophoretic deposition (EPD). These processes
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I n one enbodi ment, an EPD suspensi on conpri si ng
negatively charged functionalised CNTs and at | east

w@2ovhsisby i oni sed pol yam ¢ acid (PAA) col | oi dBCT/8G2007/000354
met hanol /NMP i s subjected to 2 DC el ectrical field, =~ T °
t hereby causi ng both CNTs andiPAA colloids to m grate
towards the anode. The deposition rate may be

dependent on_ the suspension concentration, Dcaﬁll;{{ rl&gt d
enhpvacec thed adhesive t Sirepgthy RE nobaeerioiun fmsepntp pngiRZiy Fsirates, an

eatd i pol yi m de (Pl)
th%%ﬁg@éa?gﬁ ?#Iq%% s@ﬁggéggggﬂg%ﬁe\[}mgp %ﬁﬁaﬁgggbl e thickness and
c orlsiu adriev i dnyhodiEthentpr & e BPD nsnepenision aomprisingorpegsively charged

enhanci n esi on, strengt h,of . pol h..Qni O ND! sa s
f“&%}b@{ﬂflgf‘tﬂg o (ﬁ a ﬁg%ss d%{téatnsfn d%%ﬁ}?g&)h( it 18nzéc‘ri‘d ®La) Liloids in
meBAsiNm®IPtis siifjectad tves Donelsdtrieddield, afiery @nmting bofip@NTs and PAA

substrate i s enhanced. W&ilﬁ crack .or del amn tidon %f t on th
cotoigs 10n¥%§§iee@“@ﬁd5cgﬁp%‘}° guple dgpesifien Fle &pay) ps, dependent on the
su?ﬁ#‘%fo‘ﬁ%nbént%ﬁ, Breuieht MesRhctivityldiehd élk&rodeRfter imidization

Pl conposite filmattaches to cogper substrate
F

ofcRid Aethsaugh| heating eurg: SeGN T pelimido PIp porpperdts Ty psguraduced with
f gr, .01 B filmon a substrate. The first
mggbelﬁﬂgg@{eﬁ%a%rcgoglgggﬂl “to provide a suspension
conphé piadentainverivinsash potommesseanohhfnnieg Adikslianssitength of polymer

car bon panot ubes jn solvent. T j i sed pol .
o SR SRS b PPl St A6 YRR, fr aesion
S mpérlﬁb Qpﬂ&?rfsﬁgﬁfaﬁeleﬁ @ﬁlaﬁdbd&ﬁ&ﬁkrcirabl?&d dr}t}eﬁiﬂiﬂ‘l@ﬁﬂl of PI film

. t )
ol GopRer Silsyralscis gERePY Phseai 4 LA Ty Afe gighptesent in the film, the

' ' ' M oTal v. | n ot her
CRITEEHAMER e fim dtponepo GopRl hdRlilic OIS SELY: | ¥ oy have
cat Thaipresgnb ipsntion tivevides faap@ccsseg@o%nnmg Aespoappsde film on a
%nJ'Lroni c groups on the surface thereof. Were nmention
SY%"H&de of an electrical charge on the pol ymer and/ or
on The flisnsibp g sthe tprocess @f eo prodda anatspaisiat comptising an ionised

char ge ereon.. The functiognali.sed carb nanot.ubes .
SRR s TGRS GHCER PTG G0 65O B AL R° B EAdg D mer will have
ah RECERT] ChardB¥sfiRYRed AlifhOR B thiiy ehidreda) bgregapdedoms hbelectrically

surface thereof, The suspension may

;) e a stab .
chpuggsenelygier- The iptysedoldyaen way die %ﬂ’t‘nﬂqeé‘élé’t 10568‘%4& ayale partially
i L iSwi .Gh oftler eB@S8iments it will
Bl WA abiling Py 2B e G B LaBlimens v
be o mntomnppolyter.dt nry ey dstionic gsvupsfasrthe sgepgeoderspt. It may have

about 1 da qQr Qu , :
o0 a0k gRog Wi ol J05 %, A g on
tHeepalemat biid'or bm thdhanotwbesethiis réfat dblaedet eldfetical tiarge thereon. The
suspensi on that sho no vi.si bl e.si. f aration
figpgtpnalited SPHRBANEEINGE WY HENE TITHY Ry HOpRG BouDs of'the surface
Rk & drl 58) heRAESESHI® RurddiBndl Odr¥ il o ik $uRface akd?edt. The suspension
nanot ubes have the sane_si (i.e. either bot

. gn_ (i . h
mpydietd eble suspersiomdymey be ptablsifor aldeest pResitdldpy gr at least about 2, 3,
4;: ?2&8 gld?/%{go UPSt QBakibBRr 11 S CArPHeN3INEROUILES RT5 Qeeks at room

i, or on both, 1nclude
tdmpeahtied, anmopibe stpbbafes a(nehied of abentdl dayl oxghoyp24 3 4, 5 or 6 days, or
o | t 3 . . t | b (43 29
SR8 £35S g pe. s
réPuist @A eudpendsn eltyshowampedisdiosipas of separation over the stated period

without stirring. The electrical charges on the polymer and the carbon panotubes have the

same sign (i.e. either both positive or both negative). Suitable positively charged groups

on either the carbon nanotubes or on the polymer, or on both, include trialkylammonium
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on either the carbon nanotubes or on the polyner, or
on both, include, independently, carboxyl ate,

w@bwephste, sul fate, sul fonate, carbonate or aPEI/SGUOT000354

thereof. These groups may be g}tached directly to the
pol ymer or nanotubes, or may Pe attached via a |inker,
for exanple an al kyl or an aryl group. Negative

SRS £ TSR, S8 B BT, o, o,
15@%%@1 8Rakhe Eha?fbet eﬂ%l)&% ro?%ﬂ@‘l’ gfcﬂ@sﬁ S'uﬂaﬁl@ hg%eﬁfveﬁlhﬁarged groups

arged group a carboxylic acid,
on csidhersthe. Garborh hisiobis - cacHiceatmesy o cicbotbningkad, independenty
¢ Y,
b e??tlw g%?sﬁgsat.e, uuea shffé)rﬁ{tg Ja@ignrgget %ﬁ%gﬁlxﬁe thereof. These groups
niayrbesdihclon directe m@ﬂréqmﬂymerfcamahdjmbm nnmabxéxe attachefloria a hnker for

L5 B B B85 BRI 20 R0 SO o
péBmie® &0,0n>Botto AP, beSQeﬁ@atbQOb 94 ﬂé&sthﬁmalodépi?otaﬁatlon of the
20 to 80, 15 to 33, 15 to 30, 20 to 50 or 50 to 80%

c@‘r@spo%ggtacgl form oﬁ_@le céa@rgeégro% (e.g50f aparboxgyliggcidpsulfonic acid
gg ThR'm fb e dchie el %’éactl%Q’Wﬁ?a 1téb@@§/%se-r@gn€ﬁ'%l§@arﬁfne (such as

rotondtion or 10 |sat|on may be suffici
Yiammb»s dihei degras pefh sicproteomatian et donisaiitn Hindepepdantly for the
t he.nan [
%g 5 OSIS tano thlgg}lg CpoéYmert) Ay eaggtweg Q{t P %nc%/ %%ut 366]%, or about 5 to
9e) ot 30pSttatdnges & 20,d0ttod00, he J9as0te bhed, 8ty 100N loSE0, 10 to 90,

o S DA e SO e B B 250,35 40

481 50 U5 66, NS BNAOSENTS0, Ihey 108Ys. bﬁl@&égﬁbé%@ de rotonatlon or
arbon ‘nanot ubes. The’ nanot ubes may have_ carb %

0]
iogMties ngRy bm@lfﬁmeﬂh@ét VSR eaPosclihasupRapsiga ie Shstrode having an
%ﬁ&‘ft@ cﬂélj cﬂﬂlﬁks%fléopﬁ Mefr g%ﬂbesft%%fs’aldselgctrode as a result of
ale, car re

osphat ate or a m xt
ﬂmﬁrdﬂnmntmcgﬁnmpsn They may have nore than one of

t he groups on t he surface, ,Fhe nctl
t o 186 paHoRhsR et ribhn a gL hoRREh A RHE *They may
compiiky §ingleesdlledatanotubpd (SAWNTsH I HesGA4LY 0Ompisd Henixture of MWNTSs
ﬁﬁ@gﬁgénthesspenﬁq‘ﬂ r in the conposite film

hext g% BY PHESq FatheBn 8roiiRssps B natplubes may have

c&%f)f(%lgt@ Sbupshéh IRNVLUBE hePRY. DEeySHIEY hab@borhd %&her anionic group on
i nhi restrict or prevent agdregation of the

theaststagd deeread, elge Phomphainsywifte, spllpmate.trarbensisoen & aixfurerpf anionic

e G n P i B MR P ol OF AEP TR, o e §ERP P functiona

gioupe 08,the syrfacs afrthd namwtdbesimapbs such fhat tiep ljnhibit,St;estﬁ,ct or prevent

1.5 2, 2.5, 3 or 5 mcro ns, he
FSeien, OF P nBRRESS) odbS TEPRE P cotn 18 HbF nEBTRTEC ilm. The
ccmienmton of theeindiRnalngRlBC b itleadurfact 08 thehindgutee lmeiyEBe such that
It .nay. an electrically non-c¢onducting polymer. The
thﬁ:éq iphibit, FF&VICB ar gwegtlﬂgggﬁgayoxe ﬁg Qqeélaﬁl ggdsuspensmn or in the

cRApYIRHlm! NBe REAATBIS rﬂ%b'hrﬁ)% aam&ﬁ‘i %A% Ofdetvhben!aBolt!l. § and about 5
case the process ma di ti onal Ig/ corrprl se the step of

nhergns. g eheutdbhiodi -2 14 14 hiosd %9 ¥ er témy anieroppee.g. about 0.5, 1, 1.5,

2p§):5y§1r§1§’4ag|5dor|%&r& poI yi m de. The poI ymer may be a
havi'ng "aci di ¢ groups and/ or ani oni ¢ groups

f or ﬁhd pohanefmaynbe Bhihegmasappolymer. It may be a thermoplastic polymer. It

may be an electrically insulating polymer. It may be an electrically non-conducting

polymer. The polymer may be any suitably charged or ionised polymer. The polymer may

be a polyamic acid. In this case the process may additionally comprise the step of heating
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may be carboxyl ate, phosphate, sulfate, sulfonate,

carbonate or a mxture of any two or nore of these.
wE@aosiss1 of sui tabl e pol yners include pol yam BCESGZ®7/000354

pol yacrylic or polynethacryligc acid, acrylic or

met hacrylic acid copol yners, %%Iystyrene sul fonate or

styrene sulfonate copolyners etc. The solvent for the

suspensjon may be a liquid that is,a poor solvent for
therrompepijeriin saps Mgy dhsealyanRicHc # peyimide. The polymer may

be lésrf%?ﬁgélq{bvﬂf ih&e %%%g‘ea{}ld/dr RinfdRiS o aps ﬁ?i'ined&therefrom The groups

suspensi on polynmer is taken to be
nmymlbwlam nimpham, sulfaE, suiﬁmpt@l, yarbenate, o ﬁénmt%mé any two or

L?? a{gé g%%ngeg o? u‘ft%l!go%ogg%lg%') 1%121}]1@8 }'Eg’?ag{éé calré[}% golyacryhc or
pb@h%acﬂiﬂﬁ o, vaepflicnayy miethaarytic xedtl sepolpmers, Folystyoineewifonate or
rise a.polar organic solvent. It may conprise

%Pﬁﬁ%ﬁiF%ﬁ%?o PESEL: at | east one of which is a

pol arheOsEIRdHt Cfo§ Qﬂlé/ SiMpendibn Y BONPLigEE asSH ¥ givor fs@Ivent for the
t he polyner and poor sol vent or non-saql vent for

pplympealowng £@mwﬁ9n (9% aj Gpllgidg], ﬁ‘ﬂ%ﬂ%‘ﬂr gt fhs RAYDRAID tﬂﬂé context, a
céﬂ(gl%iﬁrkﬁlféeisﬁPsblfftﬁé 21%11 % tﬂ&:ﬂ q@%récl&{ of ]5%1619& Mf‘@k polymer

coI ensi on of
ip they Higwid. Fhe partiviespaot wfmoﬂoaiag mzpc(bgmm yagndgs  abgut 2 mlcrons in

sui t bIe ood, sol yvent. rotl

b kPR oy PR BPT GRS e “IRR bl ECR R gpivent. The
s§lQ'l3h‘tQﬁ|§.y 86m ?@ﬁ' S pbME Bigahte m&dﬁaﬂo Imay Hoenpeine laamialre of solvents at
particles o

ynmer in_ the col]oidal suspension
i encpo abigh dF aiHeIREor i BIUE Ol St Sy dffethe polymer
aﬁﬁ a%g&uéol\%n@ of Horgsohleﬁt Porkthe YoBmicd. Thes® maylhe iR a@ultagolé ratio so that

.8 mcrons, "e.g. about 0.2, 0.3
t]me 5olventeis eosq?fﬁc@ngy 09 sol]yentlfor the mlymergas o 4110v1f @rmatlon of a

cgﬂl?ldalt Sué})en%%o% ? p%!éax%&ir lrbﬁﬂﬁy p§§fﬁ¥#@§r B l‘é/gm?c §&H§ a suitable

ot)od sBBz,en‘e %Oatchpel&() aprohs sobven? Sudir as :N}maﬂlylmmhdoae gNMP) and a

sulgag)lfe p% solv§gt %rrno nz iﬁ,{get?xg?ql l?lz)ef cﬁg)ﬁ%atl BB% cIets o‘f polymer in the

cBHbMHIBJuspdﬁsfthn&U&ﬁ%l’aSmSih danetee of Hisdut iRt dbloat 2 microns, or about
conposite filmis electrically

LTI i o OCoost R il & U84 198 OdLR e ioms of SPRG 02 0.3, 04

of 4,108, oFnuss, td“@ Priocess 1M1 401 1.8€1.¢00%! Pb'drrﬂgm‘icﬁﬁns They may
ratic in order’ to achi'eve a desired conducti vi

t

hawe  getefporratisl efabout d Ogolapawtr-30 mY s abespd AP o%&l -0 tO =30, -15to
t hat t e f d b

GRS BYRRLLE s Acorss, L. B etk 26824, 5o

-&ﬂmﬁba5|s or about 0.5 to 4 0.5to 3, 0.5to0 2, 0.5
t30 or hf rfltbo qf %o’:(li@eﬁ to %(ﬂmfzr B tge gtlsp%qs%%l rsn’ﬁy %Etsgchs%laéthtg %omposite
ffim #- de@icaliYocohbigctive! Wiahy BB Sulfizidt & adlicvda desired conductwlty of
sus ension at a percentage (W w r w v) .of about

Ell Bugs thy presess gna_iy qognprise foméol ng ‘@etrgug 1n or 5t05ach§ve a desired

%ﬁ%&rﬂf{’yt ‘Tg@ 1%{10 ﬁ%be@ 19 cﬁ?ﬁ‘ﬂéf i théL sﬁspe%smﬁ R su%h that the

nanotu es may be present I n

cougpsitesfilm adheraspterthe ubstrete; Whevrasio ww pe @f:tvwsn @bog. ©¥ and about
d 0. 1% a 1 5 0
N UL SR
10.508 tor5,Q.10% or 1 to 1.5%, e.g. about 0. 5 1,1.5, 2, 2.5, 3, 3.5, 4, 4.5 or 5%. The
polymer may be present in the suspension at a percentage (W/w or w/v) of about 1 to

about 5%, or about 1to4,1t03,1t02,2t05,31t05,4 to5 or 2 to 4%, e.g. about 1, 1.5,

2, 2.5, 3, 3.5, 4, 45 or 5%. The nanotubes may be present in the suspension at a
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The suspension may be produced by conbining a
suspensi on of the carbon nanotubes with a coll oi da

waeompesisson of the polyner. It may al so conpr i BET/SG2007/000354

subj ecting the resulting suspgﬁsion to high shear. The
hi gh shear may conprise high ear mxing. It may

conprise sonicating the resulting suspension. The

soni cating may be conducted faor about 5 tq abou 0

eresings (WY OREL Ok 6o 05> 29 ¢ Fiaer abowd Gomst 03, pgs and 01,
0lG UYL @S or BOEE atPRBH1%; e.4 Bbotkt™.084) 0471, 01053 oMoput es.

I't may be conducted for sufficient time'to forma

s ubSkhen sispetsjorh anayy drepeduends b nesinghiningt a nagpession of the carbon
conducted, forsufficient tj Y- (=R
PGS pEDUTHY ufillon crafe ithel ApRE RS HORBIA] Stjecting the
regitiegaispensidiato bighathedro Thaihdls shvac ataiyn@mpriseviiigh shear mixing. It

understood that practically it is ry difficult .to
oIS CopICaEg e i 7 Jubes S, T FoReARe By Belspnduted for
abbt £ NGt 30mihRs, Riresent 16ReR), R0asBDOM to LHSr 586 M0 minutes, e.g.
"not substantially aggregated" nanotubes j‘(Ozgnd rel ated

aberins) 1 U d Aot ®2t patl panvtes. ey be iconductes! fog sefisient time to form a
sﬁﬁgc%gﬁguhﬁgﬁor%tﬁ&%{éeslugéenﬁgﬂr 444y B8 cﬁﬂcﬁﬁteﬁgﬁo'r %lgfﬁéienﬂ?ﬁne that the

term erpreted to nean t )
naggtubesadtic oot shibstandialiprggragaed,ics thatebesnare 1g3seaggregated than prior to

SRS TSty SRRl S PR o procuc
c@ng)let&bmhg@f@gat%cﬁcar&%l néiﬁtubg@,lntﬂ& antxd oRﬂiZ:gard:ﬁenﬁ'@yciLﬁieaﬁon, the
at g power of about 50 to about 200 W or about 50 to .
tqup 160 Sustampially TgraEateg rngibes dushirlged 1%611%)05699&7&/ that it is
ifptactiefot fuftfler Adfce #rE R0 Wo ok doallBY siitAHtiafly PPNEterm should

and frequency sufficient to forma substantially o
et e geereeied tumpamibinon ageregatipn € thernagopbakis raprgnt. The sonicating
. 0
AEEB SR L TiSBhut Ao 405 SEL RSS2 D2k, 30 190 o 30t
40k Heyubgt abtut 0] 35,8036 446 artfdnkHzirlt heuy. bel 4t anpowepeofaabout 50 to

d I ] h t
EobEAT iR ehoR TR0 FE e bidie 38 SR aRic0 BFTsow, e
db@ﬁ?ij(w,bﬂ?), TIB?diEZQlOIVEDI?mﬁ@' by af b)@)@ixjegﬁ?d_l ifiegtidrey, suﬁiclgent to form a
surt a uncti onall sati Qn, e.g. .oxidation o nor na .
Sabstaal AR BT SR TE BHY b e OWET mﬁﬁf%q%%y pficient that
tBE RLEMEBEsDY e %P oSisBBitibile apEEREG NAN MM RER hipractithll @ substantially

d
oxi dant, for exanple nitric acid. The nitric acid may
dsagigearg them dather ot Ay bsfat glamveer 20 fighesncy SMt{cieng that the CNTs are

. 05 2to4or 2to3M for exanple
r%teg%ﬁgi]caét?ygarggge 3.5, 4, 4.5 or 5M. The exposing
may Te Anctogedised datfbypn mahdtubes maynbe prepstedkby dyncsindalisation, e.g.
be. conducted for aboui ..0.5 to abopt,.2 hours (e.d.
SEber hetEBiiten o6 S3tth oot PuiRRk oy STiiibRafed) carbon
rhdofibed Thil b BS acliéved 9 kpdsingd thé, notm4l nahofubed tof @ililddxidant, for
hours) .. O her ﬁéi dati on processes may be uzeg for
FRMPHeHitly Ak Tharmieis apkBRIbRE 2 grsrerisaliop o apRtade it SM (.e.
HBLOL & %3 BP9 Pab BXA, 46r eﬁhﬁg@ /1% 4, B, 338Ch 4§ or 5M). The

permanganate, chlorosulfonic acid, peracetic acid,

PPPSIRY miAyobw heeompaniedi oy, mik stisring or sbaking.pandowny decconducted for
r r

A8 RSPy B B €11 1 LB KM o oo 0,40

Shmirutesher abduticilehtl.4,d .6,nh8 b © lages)eQdier onidatiot peocesses may be

ngg ?ftgg g?(?déﬂgéftﬁg fc];}b%lrlergno‘ttu%egr For Q}tian%ig Sﬁo?gstsfu?rll chlorate, hydrogen

peroxide, oxygen/UV light, acidic permanganate, chlorosulfonic acid, peracetic acid,

peroxymonosulfuric acid, performic acid, perbenzoic acid, persulfate, perborate or other
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t he nanot ubes, or sufficient to restrict aggregation
of the nanotubes or sufficient to reverse aggregation
wW@toovkgispanot ubes. During the oxidation, the SEGPRGHIODN0354
may be subjected to high shear. The hi gh shear may
conpri se high shear m xing. 1o may conprise sonicating
t he suspension. The sonication may be for about 1 to
about 3 hours (e.g. about 1 to 2, 2to 3 or 1.51to0
olislants npay beorsed thexidBe Haueasborf l@amé;baﬁﬂ he @%@ﬂﬁlonﬁhmﬂdé’e Sufficient
) f
oG prfiCaadaeRar b e J PR PRI AR sl
tHdeans tibies, ak lslm@cmiytohestﬂtt apgtagatioe nf:tjne unhn@ibbmst orgﬁfﬁaiﬁnt to reverse
ag%(%gétlo%gg e or(ﬁ}yal?e%gbugtggttgeoomgghmh&he §}53P81}51(§bn1?¥|£36 sluPJected to
hg%l\/s}ﬁﬁr Jhe %15%9¥lﬁﬁr Rhy 268! hs@& h GhaddGhiitxindd) Ot May @bmpﬁ&uﬁomcatmg
to 150, to 100, 10 00, 150 ta 200 or 1g
theepppensiag. The senication maye PB@bQﬂt 12pebgut 3 havss (9 a putgl 02,2 to
3RS (ARG HOLRAUSAGE (BT § hEhSDfor bRuhflEMBushst ANkl ¥5, 4, 4.5
honbgeneous suspensi on. nay power and
of rSelpnes)c Fhis uhay s¢m¢11t0 ahhzasttmétlaih'ndnag@@gafartbe gatbon nanotubes. The

bst ant {
LB FARLRRE) R 2T PP 8 4030 03
I tefy fti@tgaltﬁij etdh aFmﬂQJOQES 130, 35140, 460k SakHngt nTal)el;e ata power of about’
resu| ting nanotybes_may be entri
55t DB PR T Boch 261 S Y2 GE TS 46051 o 150w
ede %%\It'S@Q 160, 1%0(69 Q@OW‘H By 8¢ at @?%@r Jﬂeﬁ‘eqﬁéﬁcﬁﬁlfﬁment to form a
washed, comionly with water (preferably hlgh purity
swhttentially dhmagentioss suspensiata figpapbe et AV ﬁI}CYawéﬁcwnt that
tﬁic—! 'nglgotul%’syigg 9, dT8b, t?a‘fl b ré%alfb%d P ﬁnafyr HELE a géf\kr&g a%d frequency

passSing a gas rou ver 't he nanot ubes or
safficiend t thetr t}sunmm)h:lbes neet Hosh eggregatdsl ﬂm pnoxofto regtdh s@scatlng The

ﬁ%‘h OWé}agB@E nSZLTIBQ%’g l I Sia?t}lgtga E{’ ot 4 ﬁl% 01},| aﬁgt{é%%)ége%icmﬁltratlon

WeafffrefRe, d6canting Sr H0YmbRENSH S£thedd. Théy thalyibe weashed, La:bﬁﬁnonly with

ina first sol vent for as i tabl . ime to achieye ]
\mt@rp{@feéﬁr@hlwhégl@ pURg WHgomeh g %&@B@ wiater pr ﬁ*@{ﬂnéseg gyater) and dried.
t 8 h
[ﬁ%ﬁiétlrélgyﬁ% a%?%mﬁﬁshtee %Afreéze lr'li%lﬁ %_1% Mk F%Pgh r over the
rgoptvbes orrhyysoms aihey @wabé@mﬂmi of é@mbﬁ@tl% pﬂmﬁthonsh; of the

h
L o RO R SR By RS MR oo, o

shspe(ﬁsﬁbn oﬂi tlie hanotubes nthy(Ee prepfredFhiemgy @bpuise Btidihg the nanotubes
1rsb s%lverg fgr ad’llggﬂ%%lg’l 0 Oa?chw%e E5171Sp6r5éorb é):(')/tg)g ﬁbcgutb \t/\c/) about 24

Hb‘hréNbif/aBlﬁlSB% 165 theawrtinrg 18 lh&ﬂﬁ[lﬁhtablyr‘@)lot her4bes, 18, 20, 22 or

diluted in a second sol vent. The seco% ol ven;(.ﬂn;irl:a%ff 'Pn

24 hewp)- dde\Et sefvent man be gy geer selyentifios the jpgids e charged

ﬁoﬁ’}ﬁn&ojfﬁgﬁﬁnotd_ﬁb@ At bePprafent if ﬁfe 59! 368Rnt hOaRE omﬂ to about 1%, or
vent may be between about 10 and about 50% a’% 0.5, 0.06,

abouu®.01 0o od 84, to3por 8.0400 02%6: ©g4@bost O, 9@239&3(

hg ;cQRCERL & gt f t
T T A
rafudinhg ﬁlsjh%sztn@y theh\be dn]mtealbnwt seGorillsall ven). THE, seOo@bsalvent may be
0: c%pz so](yglés(}r%dg)og%%bveggpor eO%c? 80 076f tg' g'gly%%(%ggh Oxiaplé ’o{ $/‘1rst solvent
b QkdoR sOBreAEhY | b@ Bet@fech HBoE Q0GR ab@lllt\ﬂf)%,,e ¢ hdout 10 to 30, 30 to 40,

suspensi on may sonicated for sufficient_ time to
Kok demrs® th éS%aﬁ@{vgj WEV/V) khgeconcentration of carbon nanotubes in the

resulting suspension may be between about 0.01 and about 0.1% w/w or w/v, or about
0.01 to 0.05, 0.05 to 0.1, 0.02 to 0.08 or 0.03 to 0.07, e.g. about 0.01, 0.02, 0.03, 0.04,
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suspension. Typically this a quite short period, e.g.

about 1 to about 10 m nutes, or about 1 to 5 4 to 10,
WQ@2G09/08156r 3 to 7 m nutes (for exanpl e about I1PCRSGBN7/000354

4, 5, 6, 7, 8, 9 or 10 ninut% ). Suitable first

sol vents and second sol vents ﬁay depend on the nature

of the polyner used in formng the conp03|te f|In1 For

ol yam c acids, suitable first solvents i 1}
0@69@]0&; Odﬁ;d}@% Q.89 vaznf- 4% aklomdng\gdition o the second solvent, the

Wﬁaﬁ%ﬂé Qé)xhgeﬁgf:@)for ht Nrne & H&h@%’ém@&eﬂl@maﬂ@}ubes in the
I et or e),
suspeifsoon. d‘gp;calrwug ae[urtaalmhyemﬂdea)g @hmﬂt 1 to about 10 minutes, or about

1185, Y9655 R o U AR 20 50RS7 . 0 or 1

nifuted) hstiedble Th@ fheassmdnsegord S«dvaﬂm”maysdzeppné parthagature of the

pélg?neg g}sl o;ngglrw%ijgs@g %Iﬁ)g;gg?pf fi f\‘%eﬁlfg gare%]e aF{;:ié S,Bqa%rst solvents
idNRleC@ gﬁ%? a?&t'ﬂpgolfv@ﬁts RueR s ROk t‘(131-1‘?1?1@llhlyl'1ﬁy§5i’@hdone) DMA (N,N’-

{Jmsr isto prepare sol ution

Sustgbda@té(mld@) BM1E C@é g-dg)lethﬁlfqﬁr@pmglﬁe %M%dmeﬁhgl sulfox1de)
T?)ﬁ(gd(te%%lam ﬁ@?‘%ﬁ o d;rﬁa%a?% thex’iJ 1t b il yarfae&&faﬁile's%gond solvents

{ aci yner e pol yner
iriclisielshomnelaihalgohols |sdddasemqhaﬁal one@anmier Ci aI sources or

oy THE PGS, Begdlse pobintie pirPruse R igisb Sisraif B g potymer.
The bfbc@ssdfoﬁﬂbﬁg so-HTEB_{ eihd ah t}fe&ialhﬁe of @& pobyihéro @ﬁd common method

above, etvveen about and about 100%
f@d%m%dﬁ? Collpinal SeBioIEy LR PP EEr &b lRPRPFHG & Hbtion of an acid

I i i feot I
Rt g0 38 e (AL DR IR0y e oy
nelaméisé eheccidifepmo doran thegheuiged aelyener oFhn pofyiacitssé magbe provided

e B OB et b B A SO pogoic s
nRYtRsRheitddyid iy bglee_sachbn ofy btsenlt}rdrldb twyitheandlinmine. The neutralisation,
a%{%ﬁéq%{ﬁ QF%:FHGF te k’? 8?1?1 31?1 lglrﬁnﬁeaboutnﬁ}ol‘%/l aalalcéorllgihgly, this step

oY LE@BRANA Sl R6lutian Of MNemeidistror ﬂ’[bqidlj‘rﬁemltls bereveen about
ot her "sui tabl e base, The base may be_conbi ned w

051 andi ah@ut h Rl adup@ientsHt 3 ha%cﬂaa%lﬂ% RE d@?rpi?élﬁm?%ﬁhﬁ agbfgﬁ)fm The
bﬁ% fﬁ%ﬂt of 8 allif, 3¢ 4 tERfaW Qlfmﬂeh ®r Q@ﬂn)ér@ﬁer%lthﬂe »abQdE may be a

or non-&ol%ent for the acid form The
hlyélsmidel rayclpoks nexdiymepar E@tamtumaia}’@rex@@ ot n&eywibeh tgethylamine,

ol.vent o non- eNg
SETwERi Trllind i by B REERL ftanolamine,
Nﬂnﬁéiﬁylb&ﬁymﬁinﬂ(ﬁnxdﬂéﬁnetﬁ'ﬁmrphmlmm er scbme pthat suiapleabase. The base
54 5 CoRpRP i Ol Bp T 8edt S P B st o £00d solvent for

tROLMERErm WO ke pdISmbLE8inSO bt PIvent bhos-ebiverttfotd acid form. The
therefore generates a col [ oi dal suspension. This

remiltingawilymerderepaatiorimay bp cempbised Bitharoor selyentor gon-Solvent for the
a?felnfo‘?‘rﬂl %19@1% Eﬁz{lylﬂ@){n Sk ﬁpfor{noé staBf ﬂf@)’i&?@mﬁﬁhé{&? lof the ionised

n anot ernative, a sol ut i on an acl f or m of
pohengroTwsein dne altesetive atsoluionofan @@Ildvfptm OQﬂ@a@b’I@@r igg solvent is

0, DO TR S e s

20l tRersfry @BlierhtBata dodloRlah suspsmdioe rilfhlsomapdmr stalglisedriby ﬁdxhtlon of a

t he charged pol yner that L1
ot M %5 Bt e te S oL RS gmer. n anctrr

dit@fﬂaﬁv@,fa solution of an acid form of the polymer in a solvent is treated with a base so

as to form the charged polymer which remains in solution. The resulting solution is then
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good solvent to poor solvent will depend on the

solubility of the charged polyner in the two as well
W@2000/0585he concentration of polynmer in the sol RET/86G2007/000354

Clearly it is required that t poor sol vent or

non-solvent is mscible wwth tthe good solvent in the

ratio that is used The ratio may typi caIIy be about

1:1 to about b 1:1to 1l

cqmbingg et 1su§ﬁ01gnt2)fta(§o egtu ahis a]pog-spg)ve]_lt 9r p@rgo&fggtot{gf the charged
polyhet that é’coﬂlmaal sltsﬁelélon]reﬁﬂtslhﬁelﬁer &f the aboth AtePhatives) the ratio of

on a weight or volune basis. Once the suspension
g@@ﬁrmhvgit ¢ popresalumit yall dependhen ﬂm@luhyhmqf dheirhasgedl polymer in the

t\%l g%g%%b Q %811 tr@tlcﬁﬁl)i:’ ﬁcﬁslngglaﬁl g%@lu’%{f péfe‘r:ﬁq

34 1t"’i§ requ1red that
deder’ and a countereléctr

tlmrpboatsollvetasdr mnmml\aalnt is misnibieswih ihe gdvd sshspensthe matloﬂhet is used.

TRe R BT CBRAIRPCal oS Poaliit ct SaShlt 45 1 Tl Ly 125 0

19) 12 ®EC9BhrSiuD s {iﬂC@g(%ddﬁQFl conduey ives.ar3, 1:3.5, 1:4, 1:4.5 or 1:5
non-conductjive). It wll be under st ood t hat onIy t hat

OB @M gh oBolume W§ist rate that is i nmersed in the
SUSRRIS RE s QSn %ﬁgﬁ—gtﬁgb{lﬁ 1oRed PORRRAL ﬁldc ﬂﬂ&loﬂmﬁed carbon

substrate ma e an [ e shape.” I't may rou
n@motuhesnmyab%)l‘samdtah belen preparod, A4 dcscmbedtahwy, e su strate and a
h
cglﬁja?rsiegﬁade are. ea 3 8% %Q ergnnggs% zn glger ﬁsgﬁ%onl ﬁﬁérsggsérate may be
nade olf ang BSipebds b@r[ducmnﬁteylat e nsybiniaise avddnkudtéveandtyrial coated

partly ted wt 05|tef|I .The .su r at
oty s et (5 5 FoadietNe opaoy Sepy 5 I RRL bE ppderstood that

ohliethauRsHibRLE (HEPShbRRatE Mhdt i€ InfmeRad &l thel sfu@péﬂ@ﬁ)n may be coated with
suspension. The substrate may conprise a nmetal . It

theorpproside Bbpptie substraaynaydiesny seitee shAPgrit may hfvaryugh Lot it may be
sﬁlggﬂlr iSfad bI%afbr ﬁ%%)? fe Sbh Prlt ?q{'ave 'sﬁarﬁ%ﬁig&om'i 2§ have no

m coated si[1con wa se a
skap chdgbs v'ﬁlq:)mﬂym may bmﬂ@a:}kypmrsg’sgbneﬂm huspension, whereby the

sc%nﬁr& ol Jlk\jae cgﬁt o lgfl cgat(egva tgﬁc rl Sse 2 &ﬁggu%sgl'%tpe may, be entirely
imBiegsel] Nianthenguspénsidig votosts: thet su‘ﬂsgtateompy ibeeentirely coated with the
conductiig %‘/‘i;?e“ al at |east parti eill coated with a
SHRDGH HBE | VESHRIE dPd COmPESe i MAfLe 1| TAYagORBHE: gepey 1t may
cBRbY.EE EheRAhd [IRAR comphSe & MukthIEdRtRICSTQHewWIRY. HEnRS comprise a
descri bed above for the substrate. The substrate

chipgiiom qoptedcvlisnnewalee dt medlcompyispa C@n@ecﬁlée nekymegt. ftgnay comprise
shRk Ty c{)ﬁ]cﬁlcfg'vé FHe g%ﬁ% It hﬁ?f ORI HIQMd %R 1ve materials (e.g. an

conpri se acl a sul table aci oes
aHoy). di ssyl wanpﬂm nmlr@\ﬂaan ong @ifhthet tabnrm,/ lalmsay compmese conductive

Shl gagé%alg %‘ g’é@lgaf L & évﬁﬁ & Pg]il 80%%&{}?% gnaterleﬁ PRSP exa%ﬁlle it may
ng‘@ﬁ&% pd;l@ﬁief ogkeed fﬁaﬁl Wﬂﬁﬁé}ed&@dﬁm tefasalescribed above for the

SHR@H e GHUTL AP Ol i g HbchlcarBA o f forming the

ARl ThéktRafng %4y3f‘3} exARAIE IcBApHSS HEE Blchhifg WlSA Ed@tdleAdiid that does
the counterel ectrode. The spaC|ng may depend on_the

neb disiselve tke uelevant ritenyr Ivimay rlse eamsissi weshing theoler radter the acid

geclém g{ Q&ta ou% %*aﬁﬁgﬁﬁ%ﬁ%@%eﬁ s ub@trégg?aﬁg ttﬂg Qgﬁrg?reaectrode. The

spaceB omy be. madabdart electbically ndn—5ondzlpt1ﬁe MateBial 8.g5a pdlymeris material

or 5cm. . . . .
of a Ceramic material. The spacer serves to maintain a suitable spacing between the

substrate and the counterelectrode. The spacing may depend on the conditions used in

forming the composite film on the substrate. It may be between about 0.5 and about S5cm,
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A voltage (i.e. a potential difference) is then

appl i ed between the substrate and the counterel ectrode
W@ 2009851561 f orm t he conposite filmon the substPEE/&G2007/000354

Thus in the present 5 inventi§n the formation of the

filmon the substrate may be singl e step process.

The voltage is applied such that the charge on the

ORRIGHRS ‘BAIOSE In AR RESS OFh o3ork s GRANRH &, 1115 PR 3,35, 4,
4B seRr and the nanotubes are both negatively charged,
the vol tage shoul d be ffeéi' ed such that the charge on

t heAsyee &t aj pptqmslgl diffesence) is. them appligd drefwigea thayubstrate and the
C&Hﬁ] %,fegtﬁ] c?es Al ey {@Béﬁe ?ﬁﬁg) tﬂﬂ% shfstrate. Thus in the present
e the ode may

count erel ectr ode w he Vol t age
nbzeniaqﬂptheeﬁbnhytlm nfi ﬂxet filng oh hke cobsttater g der o dieglensdert pwcess. The

AR R SRR i iR ties TaRPrl Hotfupe chare

oﬂ Phe yawlef B D tHehndnbRIbeS AHUB UfoR leRE@PR, (fithe polyﬁndr?and the nanotubes
al ways positive or it is_always negative). The v

fgalot mekshe chuged, tee veliagsgwionklibe Aepligl 1ush éh%iotg? cbige on the
silistdR! 1:2BGkifRY '(ic@ thd NebNRAR A Rtioh e ¥R 4888, TRYhRCcase the

constant” or 15 may vary. It may vary regularly or
coynterglectaodey will tbenﬁljz aathodendhotvoliagaivhay be appljed, &y yconnecting the

cc\}\llgi\’;eer’nf% 190(96 ant%ﬂlox% %ﬁbs&et% to %I\@Hg oé %@Hey Eht?%oﬁal%%%ﬂg‘&l? be such that the

sigal dfape charge tohethesabstiatd tagajotnayy beohg thearvatihg proc2fs (i.e. it is
nd about 400 .volts, or abo 20.to 200, 20.to, 10 2
s o ot ipgver baSaaby heselREL TR STElRIY e BRI Toltage and

t}féovdl@ é%hr@é a ﬁ@ovélﬁhgg QBur¢8! Tife mBeituda PO tie Vdags thay 48 .constant or
% 80, 90, 100, 150, 20 20 250, 30% 350 or

ltzmy Vi rﬁth@rys wesulssky o igRewasy bl et egimensénicallygignay vary
nfisHipg PRy, Cle, GG, b st vy shutfgdOwadl bE in some

200, 10 to 100,
oB@r mafnero ThO Qoltage0r the m@@rmltage)gnasabmbnt\w;n ghowg 20 4md about 400

5, 6 , , 5, 0 5,3 3 4 5 0
G B gheo St 2035 1800 1530, 57 B0 30059 %00, 01
2@8,@0_1:3;_51@0@& 18067200 w/kxilltseé.gaztﬂo\aeiw, 30h &0, 6f(1|;r69 ‘mIC;SO %0 100, 150, 200,
| JI e rent ow or curr.e OW. n,t
228 %0072 5690 Lo The Sutseh s P peticiihon! 1 i §hout 200ma,
oﬂ{l%u@mtb nownll fohsd heo ebertd nrlad th200sd Bl 2ot m(r:ﬁu(m 10 to 100, 10

i cation of a suitable valtage
e pp et 0kIor B0yt dA0mAL 6 Aoori 1o 2y 500t b Sl 1530, 25, 30, 35,
i n n (0] I2 t17QN
48 45T 6B 2830, S0y HE 1180121300140, LGB 1787 860,190 or 200ma.
Aﬂi@s‘;aﬁmellydhelarmaje Ibeateghgfwld g/urrms tloa ion goowumat/ﬁoWO\Im this case the

electric cond I Vi t ng the ste p
system, may | ass 6 eﬁ@aﬁi sy@éené oy @B}cﬁaaﬁﬁ el)éctr(%es become
eIe@ﬁ%@lly?lbhﬁrged)By applwagon ab@lstntdkﬂe gollagabbutt n&ﬁlb@;anﬂﬂ current flows.
bout 0 to 35, 10 to 20, 15 tq 50, 15 to 35,
Ty may, be ghagasesy cersm%fae?eszs whicls gipy-ong, of mog, &‘lRUOi}é“Y all) of the
sﬂbr%trai%o th@c%un?é@ele@n%de ‘ﬁgd tHS s eﬁ’s@%re@]&:tﬂ&h&qgﬁﬂm &ehave low

plled or a suitable tine to achieve the desired
elemr@nhe@ylu@nwm | Drring) hgrstsp efhepnlpingdhe vakiage the grpension may be

k%paltwt éer%reV&’M&g en 400G i@h@%&tgoel{t: ?ﬁ dds,'ofr% d10 1’8?8, 10 to 20, 15

Pies” are Trom abou toa
tarb QUL Sew, 350Q5ab<510t 3itct 60,325, to525001325 tdl85°Co e:g.)abdm 10013®0, 25, 30,

spodd of Q1B Folet prichs mTipador s WGubie e b pevg the desired
tHicknes2of Blnb., Clearly3the.lodiger $hedtimb of @pplYing&he YoltdeR, thkkhicker the film

12, 13, .14,
will be. Typical times are from about 30 seconds to about 30 minutes, or about 1 to 30, 5
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15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29 or 30 mnutes. Follow ng formation of the film
W@ b@9o51sm (on the substrate) may be renoved freea/sGz07/000354

suspension. It may be then hed with a suitable
l'i quid which does not dissol the filmto an
appreci abl e extent. SUI table liquids will depend on

the nature of the mer . The‘i? i ncl ude short chain

G dRAP 305ty s 0 nB# tadl. &F kandl> torkd-? 1 inlnf@y20 1o 10 or
stt!)‘?ﬁnﬁﬁutgé' }d 1&03 n f’i"sf% 15 48 qvent sthat st@elo 11,12, 13, 14,

polynmer 1S yanm’c’acr d ‘or’ Somé ot hér’ thérmdl |
16»?6@&7,61&069,3/263% 22 28834, 136, %N&rﬁ%@é@méOmmmﬁe the

p0| ca of..a C Ci
t he g@p\yﬁp‘g&o lém o )ﬂl% ﬁ]g)t}{l on {he s gbs[gréﬁ)e)%? V6! femoved from
tHRCA kio&hhdn@fbmﬁhlmmcbwahawunamb elqummhircatdmeenémssolve the

aSU|tabIet| Thetl ndte p

iljn to 8 2eRERLlG gt Swtae Haadh By dep e ey %Bgﬂ& polymer.

T‘HQy ﬁmucte%%hr@ﬁﬁl Abghdt B&dh &I &h&rﬁdce&hshﬁﬁ Thd fitm Hay then be
be preferable to heat at different tenperatures

dgedqggnmuaalrly, e.g. about 1000C for about 30 minutes,

e B Pl AR SIS 2t Sy i

pb]ymep,qt ytmyl e &ivhdiagédus to cenmeethapulwmar €iuthe edset of xpolyanic acid, to

to mde may be b en_ab ut 120 .a b
oS REDTST BB RN Lo i 2F prpeled PE Bising to a sitable
tRSuMturORdr ta0sudblet 1136 OPKe) 1B Yanb @cra fatanit 9810 d8pérd on the chemical
obt a| ni ng good physi cal pr operties. The pr esent

Dyl the RO dgvntdapead ep hsdbickaessiapdothsrgrnansipgs of the film.
ICALP PR B)?@f@gae%shéyt SPBIREGt itdin r%}éérgé&uerﬁﬁllﬁl e.g. about 100°C for

nanot u I ng substantially honbgeneodus
abidwt30i thinuited, thhm abgyt 200%C fulapaetr30 mmtwmdttﬁ@e@qmﬁ%%@ for about

QOt S{;‘ @%]?etn:d% Iy ﬁ%gﬁ aaate(ﬁg%}g\/l Bfaﬂné NG dPRlIR! esc&m%ggg required to

11:) process
caii)mero aTﬂStﬂymdﬁtnabéﬁ hmyedneabaat sard dbedt 280 Ceanidrfurther baking at

gk SRS LecncinOtt S0 1 200ty o U8l ¥ eptagegus in obisining
gegmgyﬁidaygfogeﬁ{esat Ieast about 10 3Sm 1, or at Ieast

about™ 5*1 10"2 , 5*10 2, 0.1, .0. 1 5. .10,
100 The preseniogveHionabmSprOYides p cRRpOTie EmFOTBPIETRS £ Pn nanotubes

dgs‘.ﬁgx%%? :1% \é'lgc?/ly%te% 83%?# gaﬂlbt% Be‘i’n%1 %%(%tag@lla@% :1*18%1{6 tgél%uslg distributed

throngh 180@plynee. The TRO0bE: Mayobel 0ot sabstantielly Rggegated owithin the

pgtsFer PheSeotiigy i Fim Sy ng R Bhucgh iyl e, .
100,The @8notbb$3} may bEREtAbedHRve ireadnjiredbn edthdihe processy The film
wi || depen n e .concentration qf carbon.nanotu
1HY SRR ST ERY s Beslrra RRRARRRy B teast about
10688ENLF af 1@t dvdut Be1d7 | 102 Batod ey, 69 rn 51 m)rﬂo nooeuU300, 500 or
three’ dlnen5|onal conductive networ

19 it ShBcbsecen Cegmatre o fboRb D! 4 DSA0.901 to 100,
0162)013(0%‘ 0081408, B30PIN ITANGI01AE 1900 LB 100,380 1806.1 to 100,

or ~abou % or > about Y% or .
Orletoat(i el tol mllyWE‘iOOSm @rgwaboutél QAOlt, I@é)Oéoﬂ@Qé,t(i) 01,th02 0 05, 0.1,

GFA,5, 555511 0 510,052, 8 AP BRM ety v

depend on the concentration of carbon nanotubes in the film. The nanotubes may be in

sufficient concentration in the film that they form a continuous three dimensional
conductive network. The film may have an electrical conductivity of at least about 1 x

10 Sm™ and a carbon nanotube content of about 0.65 wt%, or about 0.8 wt%, or about 1
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may be about 10 , 10 5, 10 or 10 Sm 1, when carbon
nanot ube concentrations are used that are insufficient
WO 200s031560Nnt | nuous t hree di mensi onal conducti VRCHBGA07/K00354
or that are |less than about 0,65%relative to pol yner.
The carbon nanotubes and the %QJI ynmer may be as
descri bed earlier. The carbon nanot ubes nay have
car boxyl groups on the surface thereof. They may have

vi%e eF abywUpd Wik rofediyeHavrolaReTd A lisrratiysly ﬂiﬁetoeéu%ldﬂy may be less

ﬂ%”{)ﬁ UDSS gy, sb*%f?anf Aot ',16““31'0*53 ?6‘6 621§ %‘Pémgﬁe thé Wnductivity
carbon ndnot u or at _I’east "sone of the carbon

ntrearrim atioet 10Tyl béO ¢ ow 202 A0y when dedbon mambtabcporblgmmrations are used

ly b ed th dr.ide
W e R B G O O R B sty or that ave
Iésbﬂkﬁ;&}ib&umﬁ%fr@lu@%ﬁm&yrﬂérher sui tabl e type of
i nk Thefllmrrayhveathlckn

SS 0
aboUie KIS pgipbes ghd the gokymgh BHohe 25 eﬁﬁf@ﬁér@r 1gy The carbon
nhfStabdsasy RM%I%Q{O up<Lh @ shifadl GERDE THRY np{%tl’{éﬁg Bster groups,

about 5 and about mcrons, or about 510

ononap haye3gnids goupy, The tearhan nagotnbessmay2be tﬁulnstapmhsed carbon
3 ' a

nélg(?thﬁ?i q}g c%% Ona%%glg)&s_fsglo % %Ftn%ﬁ ?th%%arb%g naﬁgt*ubes may be

cbealent}gr bimdek e she pblyater] Thast nelydnet ccsmem]tltyrhmﬂed cn]nroagh anhydride

ast ab 90 or 10 cr.ons,
e, 80 ttoudbamite: fiafiees or Yavih <Pl (GSies om Bie some other
sa@&]e%@ofﬁnﬁég@ 50 to 100, 75 to 150 or 75 to 100

mcrons . about 50, 60, 70, 80, 90, 100, 110,
130T ii’@m rwohan@dhwlmﬁs of igss theggbept Hifomisrensops! eSS’I"h@“ about 50

rﬁltﬁ‘o‘flg r@'ﬁéssoﬁiaﬁ B6ou i4b nB@% &el (? ﬁh%reﬁs"‘ R ®eRVeeh %BB?@% %nﬁcp Gbout 100

he conditions and ti e of or mat i on.
Imalwnb,axr@baufs Glts 6@urft foedq, y ta ﬁOf Dta2Q, i okibed s to 5‘(he20ftb |5|Ehor 10 to 30
have no [l.e Larbon. nanot
RIS Bt ol 15 R 1A PO P RuBRY BBl the ftm
ntdyeha&amhhmqm of ublesst abbuﬂmymwmsg bs &t leastabearaly G0, 80g 90 or 100

iegptcargniate bt S0 e 28 Biorb e arahociaReLPy L0 i 300, 150 10 200,

soetoqoorms & 156 oP?s td CHEBMiQONNA 4. 'a%bﬁtSS(Df6OCWOBLCt9|OVﬁOO 110, 120,
g { In the event that the filmconprise

Ondp0t hidh 18Ae 12%0p 3RO HaisEMSHdEe t %@eés 911%&3/@ may be

ety SPRECIEE Bl SRR AR e o1 P RSl Chle 3 mey have o
Sgbsmam@llymhéomﬂmtkmsschar ge on said charged functional

gr oyps 4s the &30 t he

nana ubfLéls eﬁ?ve fﬁfér boghecl)’ n‘r?lgn E@? g bon nanotu%e% glg F%ay have no
chutiidallatcendudiiveeilleh adesr ntharp theredrbon nﬁﬁdt&besl Ry®iay compnse a non-

et ween e filmand ubst r . have

CTETT OIS @ e e b alchrR T oo JumY oTgRise a second
eIelaﬁldaﬂ% S&Sdu@ﬂv@ﬁﬁé%g@ @S hie&llﬁd }!)Z{ﬁlé:l@m hadtiflBs 6RIRANctive polymer). In
nanot ubes dlspers in apotgm de is located directly

thgreveniybebibeifdm @mprisenp Hiller othaniban thecarko rpnpiubeh dhgsagnay have
cﬂé}ggﬁi ﬁﬂl&ﬁﬁ éir%&g)gtolﬁgﬁé léﬁﬁ'ﬁcfeaﬂl@re fT R f%ﬁétﬁ%oﬁ@s}’@ﬁntved from said

ciently 9go esron to th stratet
chioged rﬁlmctldealagromazt whbremnﬂtehdaasgmem rsatda:hergeﬂ dunctionalingroups is the

sa!?rhg gig%l SRR E}\ltaggreeon the carbon nanotubes.

The film may be on a metallic, e.g. copper, substrate. It may have no primer or
other layer between the film and the substrate. It may have good adhesion to the substrate.
Thus in an embodiment of the invention a composite film comprising carbon nanotubes

dispersed in a polyimide is located directly on a metallic, e.g. copper, substrate, said film
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formati on of the polyimde or during normal use of the

coated substrate. The filmmy have i nproved physi cal
w@e@pestsses relative to a filmof the sane pol BeE8G2007/000354

having no CNTs. The film may €ve i nproved el astic

nodul us and/or hardness relatfve to a filmof the sane

pol ymer having no CNTs. The i nprovenent rmy be at

| east about 5% or at_ | east_about 6, 7, 10,

Rspingogrodradhesion o tssubsizie. Thadm mepdive ?uféis@mly 509% adhesion to

tilé sub%n’étfé tﬂ’Q’lt é&stn%t aglaﬁﬁnage fr&n]fﬁe/ %ulf%trgte e‘ﬁﬁ%urﬁrg Iﬁgh tbmperature

or 20

foneatiqudhesmémmdgyr @@lrtgerpémdle'me of rqhet Qv@teldcsabt‘itmge of ONT
or o 05 B X0 e borRE Rl deerd iSRS B3 ofi of the same

Myxdaslmvmgelm Chif'swilge €tm Myd)aaﬂmlnprcwaﬂ ylasti¢ trtodulus and/or hardness

B B SR TR A SR U B ot e

L LA bIVﬁ l@ﬂf sbafley mes, 93,Cl|0'PD§ bt QO%rHrQﬁﬂhbe about 5 to about 20%, or
el ect rogihor etic dep05| tion; gure 2 is schenat

aboptsta BbiSda 105 19 2@ gnd Fﬂejs%/sa f‘og ﬁb@lﬁy%rﬁé' & dOaHd 12{ B, 14,15,
TP S0, 5 Sy SERURBISR i gr T

mxbyryq:rm de/ MANT corrp05| te film(b) on copper substrate

wi th feeding cont I\/W\V wt % of PAA,

current of 15mA a f}l@ﬁgg R ’h°iqu%§’o’P"‘§ 9P nut es;

Fi guk prefersdiosabddiideni 6ffthg baphit indentINWiabwi dﬂ&cnbed by way of

conposjte fabricated through EPD processing wth
&%%Yytvem oA T o BB o ‘%FWF‘)&&WIPF‘B’EW e 5

KB@es1 TP aukdrenmng 1llﬁ§t9dﬁ%§soﬂ3fh@f FlbBigati¥nt Bf 188MREVe LONTs polymer
di spl acenent into sang%e surfaces for neat Pl thin

qonpesiihidronakrleiroplerpbe enesitioni n filmwi th MANT
TR, D050 A0 oyl Snflb 0| afe Syl 80 SRIABLE actg, and its
Itéiugaﬂﬁmtiﬁn;shows t he dependence of the thickness of
't h' i | m,agai nst _d sitio
R 4 sh R BRSeb DS ohciec BT Rl Repse it Bure RyinbflE film (a) and
1ddﬂBIV$N1Tedo@§@lfebl fitoh ) anbbhﬁ)e?rﬁbétfrdtedwﬂh feeding content of
on nan e
NEE SF DA o SR AmCHTOE P LR A EIROHgR b of 3 mimutes;

Flgﬁel4@ﬁ&% byne Inﬁgforg%fm ro@MWI’Q*F@@Erhﬂﬂdé”c&ﬁ%@?te FbrfEd through

yner co I suspension'in a DC electric

EH’Ié pwcgwrgcw@brﬁqedmgi dontest pRYIVINT @f 0f69rwitde PORAAE t he
@gﬂg%%ﬂ&n\a%é%ﬁl&ow&ﬁ&dﬁé& Qﬁngse“ﬁtﬂ'trgsp{e#e{@pdr%gg%@%ﬂt {o sample

suspensi on accor
surfwmstﬁoo neate] thimnipin sed M‘Q’NTVR/Ied:qmp:chﬁcgﬁﬁin GaswittaM W T feeding

urface.
’sy?i?@&mbﬁwg’dr%%‘* bPEided iy 9F8l 50%4 élf\lcs? NAHfelbrough EPD
Ifrb@@mﬁ:gnngr oups in the EPD suspension.
Figure 6 shows the dependence of the thickness of MWNT/PI composite thin film against
deposition time (DC current: 15 mA, MWNT feeding content: 1 wt% of PAA).

Detailed Description of the Preferred Embodiments

)—n

The carbon nanotube (CNTs)/polymer composite thin films disclosed herein may be
fabricated by electrophoretic deposition (EPD) of CNTs and a polymer colloid suspension
in a DC electric field. A schematic illustration of formation of the conductive

CNT/polymer composite thin film is shown in Fig. 1.
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preferred oxycarbonyl group is the carboxyl group
(COOH). The CNTs may be SWNT or MANT. MANT are
w@e@besysed for fabricating electrically conduck¢WeG2007/000354

conposite thin fil ns. Carbox&éated MANT may be

prepared from comrercially avail able MANT t hr ough

aci d-oxidation. This may be achi eved by sonicating the

MANT |ightly in the presence of nitric acid or m xed

sul AarFRD subrension ascending tocthg, Pressnt BwsalioR maporiRsise negatively

C 1R

égﬂegg]r’][g'eﬁﬁpmga&?%%rgtgﬁﬁ gg}tgl%rrgﬁ t@ir 5EcBCHEre! HRALAR ™oxycarbonyl

treati ng terrperat ure
gmmp” aefieck toomcgeasug wmohrproﬂ‘ldenﬁnent(éﬁ)@ ghoaips i dlog EPP gfspension. A

DR LD AR 5 R EtaaC R SV b g SWNT or

MEWINGE, t VBRINE DartVPiE ey foe fabiidativg hélyctﬁdialbidcor&lugtwd)}tomposﬁe thin
freeze drying followed by further drying at high
filra¢per at ure under high vacuum Alternatively, the

car pQplaRd SNINTTBYay0 BePpRPAEE Oirbi @é&ﬁﬂleﬁ:lﬂﬂﬂ la¢ailable MWNT

reaction”as reported previ ously (Pen

ﬂuo&gbh adihrogidatien. g This Daa}deﬁlea‘!‘ﬁﬁ]ehik Laonrcwng @Pdﬂ%ﬂﬁ lightly in the
PESERE S B PRESSaA3E0. YR b o

whilgindMiNTh swasqre The alegfear of ERD amd/ tigetngEme pardeperiynt on treating time,
sus endln acid-treated

oI G B g, ey ibediny, of fle eraphite

eL&quNTT s%Rﬁrcﬂﬁlké)ﬁu@cf afi@lay@ @bxﬁcé‘tﬁigcfof B time are preferred.
suspen5| on. MANT suspensi on rm E{,E{)ﬂ%red under

The 9‘*@143@9?@@ MW MANDT Sroreigi dc oe g & drymg Tollowed by
f‘?ﬁg pre S h?%}{, RGREALOud der Ridl GARHME %l?e‘?@ﬁﬂi‘eﬂp ke Qﬁrboxylated

entl on conprises a negatlveﬁl har ged
%Twmaycbeaprepal(e@AAyO@bl 4 m@cakm@d’ﬁlonsaSotﬂpaﬁ @rmously (Peng HQ,
eut r a n _of PAA. t e
Bofivecte SRRl VARCSIGHT carbonylic aci
fﬁajdﬁbhﬁiﬂaﬁon 5'D$1n§E amﬂb& carByt aaddtfbick, mmmsomow 126.£15174).

part of f m | s based on

pol yibfi %1% anEEBamey o PreaauEr Ph s acid-treated
M*an ek 896 The s6lveRO dwe tppldr rbatie sElwee- by bl tW &&ne as that
Enanel s, 5 1H1 Enapel, |nsul atjng_Varnish, and

uyel mcpar@trrond@ﬁ pedyaanic asishiBiAZ) uspensipg. JpnMWHT gispapgion may be
P %bg?éd%tdglailu%%f ng, e ﬁ)ﬁéﬁg ge S dBbuNto? ARlLC

tracar box and an aromatic di am ne
( on The rﬁﬂmsuspamw) aca:loedlsgjbq epteémetdoerpm@mentdefrtbapmsmt invention

in_an or ani ¢ nt at
CREWPERSS| & DSRa eﬁ}/ %1 ? oﬁ’(ﬁ arr)}mop : onéﬁ%”@%fo‘% l‘{{/lﬁch is CPbtamed by
nbw:rzﬁfihﬂﬂ@i bNBANN @A fiag ﬁbIeO;ﬂSI%tlqu ﬁémtobmmmdllyi gt bbby sodkeces or by

and dlan1ne or _addi n tor such mal ei ¢
lahorgtamy; sathesisy d'of Eaby ;ﬁ’lﬁ RERFUBS: atg pgrty of a family of

n?eﬁé}ﬁ’éls baded 8h ABRMtC GodyihBdADA P urdhhseﬂbﬁr@hl %cﬂﬁtrtaﬁ) Summit
about 1.05,e.g. about” 0.8, 0.85, 0. 0. 95,

Techyplogy glg Thesggproducty 1@1udelnyQ~M@®0§hrelenelg, I@lguld 'H' Enamel,
Iﬂsu}at{ngt\;zﬁnﬁfl ahd hnwgr e &H@feﬁt%ﬁr ﬁcﬁ%gpart icul ar

I ons on t aromati c acar boxylic
di arlly slyrithksize PAA substantially equal amounts of an aromatic tetracarboxylic

dianhydride and an aromatic diamine (on a molar basis) are subjected to
polycondensation in an organic polar solvent at room temperature. Molecular weight
control may optionally be performed by adjusting the stoichiometry of the acid
dianhydride and diamine or adding a terminator such as maleic anhydride. Thus the molar
ratio may be about 0.8 to about 1.2, or about 0.9 to about 1.1, or about 0.95 to about 1.05,
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that may be used, the foll ow ng conpounds are provided
as typical exanples: pyronellitic dianhydride,
W@2009/851541 - bi phenyl t et racar boxyl i ¢ di anhydri dePCT/SG2007/000354
3,4,3 ,4" - benzophenonetetra grboxylic di anhydri de,
and 4, 4' - (hexaf | uor oi sopropyl idene) diphthalic
anhydrlde Wiile there are no particular limtations

581 700 5 TR5 foobO8eA 8.0 7 B0 B il '8 .05, 104,105, 11,

Bnslodl 4- phenyl enedi am ne, 2, 4-di am no-tol uene,
2, 5-di am not onene, 4,4'- oxyd| ani l i ne, and

2, 2-Whilp thegoyars mopapirsis lipifsieny Py H@@aommmﬁetrpmmyélc dianhydride

i r Ci,R0
tEI_Xb?re b%y ?‘?‘g | ongﬁfovﬁ% ?}ﬁ@dﬁxﬁ? oy grow a5 \jypical examples:
mﬁr@mﬁlhyapf chandiydddg, d3.48¢ Hyblp@amﬂmxnacmboxyhc d1anhydr1de 3,4,3’ 4’-

BN Sito 5 2T BHHBAET o1 0% -ratuoros

mdowhddne&)ﬂgihﬂga]her ﬁf_&mdﬁ?%i S’\ﬂ%ﬂﬁi‘dhergfﬁeCﬂd) |1§Hrt‘i’<§11&f iﬁlrtltatlons on the
re oppi ng pol yam ¢ ‘aci d sol ution

M65$t6%a%%%ﬁ¢§x$§ ?ﬂgwgna StRayidsq aytyaiehexanples: 1,2-,
! zam 4] t oy Bty ALliahtil | VELMidfiRoRORURIT O S0k niflBOLRRe,  4.4-

neutral i sed by conbl ning the solution W't
oFrydiepidinez rﬂgdag8ﬂtbléﬁ40(4t4ﬂ@1nﬁﬁmm<¥)pbenml}hﬁm ﬂuampmqban@ Typical

L L I N

demathplfesnarmdp,odnnetbylvmnfomdm It@:l‘an@atbym&al tetdhpdrothiophen-1,1-oxide.

h f t f |
itetRoess St Rempfhel-Pypidetp oy RnFairgesRe e s gped.
pOOYPAi@c%HBidst@e pedparedspy Wﬂgglﬂéﬂ&e%&é PAyantie adidPsolution into a

preferably, from2.5 to 3 npl ary neutrallzm%
PQ@%r?P enh CPHPESIKE 7 rﬁﬁlﬁylpﬂﬁg h?@ﬁ@fl to tippige g dife Alternatively the

‘pb[jaﬁﬁb ﬁaelrﬁdy Weneubfall ﬂﬁﬂlﬁﬁm Fﬁja ne%trahzmg agent and

N-‘met hyl nor phol i ne. Tri éthy elsapre
ﬂi&@{%}ﬂﬁng Aipgragdded to ‘ﬂwmeSblyenu OWategcliphaticsalodhols, benzyl alcohol

I n om.l 0,50 wt r.ef er abl
? o%/n ﬁlté%lc é)gnévz? /91%&1%’1 % %anal )ﬁampéysntq)g cRoQr 8?%% which are
partd:ulat]g swllableaifor Zlaé Im) r'lhebﬁormahaﬁlcﬁ’ stimgeﬂmlhdlﬁaﬁbﬂi@ndms suitable.
ed ,PAA, |on acc to t
B]ipé(? Yt tHen }ﬁ-[]lt ?so pP%% L v OITP‘%??@O ERtgrangst dipm 2 to 3.5,
pMMﬁbB/usmmsz Do BNERANGY | de@iraiBziHH dBEnt¥aE@RIP AL fimethy] ethanol,
EI cating for 5 to 30 mnutes, 20 mnutes is a

thylaming - trigianoirmaingo| Nliwethybhenzglanpag, andt Rémethylmorpholine.
T@ieﬁﬁl‘ld’rﬂiﬁ@ 9§3§1'p§éf8?ecpﬁ‘étﬁrahkmg ag&ﬁ{eﬁpalz)g Z{))rg%.ﬁi yI%hr orﬁ%lyamw acid

adj ust ed from about
rmuﬁfom 10g0 P 0swike oprefanably.ofore > mf33\/}w¢\‘l76 Rigy 2Ishows the synthesis of

5t020 %of PAA, rably
PR Rt S pe ARt hitic e ce bl FAE v
t haThe EE’D/\E\%pelfsum efdcbfdm'g tdhth&\/pfeselﬁtﬁdvgﬁlﬁﬁ ig Iyrep&ed by mixing acid-
The suspensi t re s good
e BT Hinetitoh R DA cuifc O e ba Shaigaing for 5 to 30
nﬁh@t@@d 20t alihyteditisr QORYfETARERAI € TR sHRI tQutMR of PAA in the
neral processes of electroplating polyimdes

elﬁﬁtrefiﬁpafléw% iPAths be- the B} arspewsman, W Fptask Gemebeut 1 to 5 wik,
f@é’raﬂ? f?cﬁﬁla'bgﬁjt Md ?@UJV’[% Uls tc@que W’g}gf’[‘ ?}; b9 rélcsl]uLtgd Hdm about

exa I ece of netal coat e
Oéaﬁ)r?GQi @Vt%rmf RAMppicfireldy apowt b te d)@t wo.sThel @ataa bEMWNT may be
lower than 0.5 wt% if a film of lower conductivity is required. The suspension thus
prepared has good storage stability. In a closed container, it may be stored stably at room

temperature for up to two weeks.
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or copper plate) as an anode are inmmersed in the above

suspensi on bath at a tenperature range of about 15 -
w@200005#ed a current range of about 1 - 200 mAPCT/SG2007/000354

preferably about 2 - 20 mA, @y a voltage range of

about 20 -400 volts, preferably about 20-200 volts,

for a period of about 30 seconds to 20 m nutes,

? L:her a lh @%%%{3% o%eﬁﬁgﬁqma{}nt%%lylpl g‘@‘@‘r ér%ds&r{l ar t(l) She:re‘cofore
kg8l ERBt prodesv@ SmAC b afplied Reichoun sigtatantial ms&ﬂﬁcaﬁo:ﬁmoauﬁ example, a
1000C for about 30 m nutes,_ about. 2000C. for ab

plﬁ%eﬁ etal eopipdapilicn walgtare sashodsrmdia workpisen (weta @rq?éed silica wafer

§1‘ FIbRY aFRY aBEILCRE itnBilrRY tin Y RVE s8dgehdibA Bafflat a temperature
ht" st rring. Alternatively, the depdsition nmay be

raogﬂ dfigheat 16si 3g'G anpensirer tangsvofrabont ht @40 yA, preferably about 2 —
tric T r \ a Y "

P@% egrrrae‘g&lt%gl ar e&g%)g E(? ys é) nxgol{,%hf)fe e?al?}lg abl&?t 2q 2909 é/olts, for a

pcambhdiﬁ abofit 3lsqeendd ©ML0 ﬂihmmest pe=fdehhly sabsye sl Oomumae;s. Bhe deposited

ted o be not . a ted. Thus..a r.epresentativ .
55 it Bt rershest b ertiriel, 300 B et MRid SR vER s e in an
ait RePREABNIt 100%C 5 bk SORhLIRAS, hbeutfWPOVELH gb@ItESDSmmutes and
Preparation of charged carbon nanot ubes: stirring

abeuk 2RP°E or Akt GQvainuies. dhe HeprsHionomap &g cariediquy fV‘éthOUt stirring or
:?%gesﬁﬂﬁl%%lrtérgatﬂ)%{?? tﬁ@kﬂg sittord ﬁbgbgéjgom\@ctefdoﬁ?lﬁg%f%ensmn flow

omed soni cati on
mbtivated Byuele@rialupsmpf The daﬁmgaltewmiwmgaiar’@ preférreg inhdarge scale

i ds r ration of ch e I
Pt Vs pR o e B B R e Py EEBupengion may be
agifatedPortthy Boutdigltated.i n a sol vent for about 0.5to
abo 2 days at roomt at ur at | east I al .
oot hui p SRS HRCCRER or RISHE AP @PagIil prcogding to the

kﬁélﬁﬁ%ﬁﬁ@iﬂb&ﬁpﬁﬁs the fonbafdgyé@m ne), and addition to
the resulting solution of sufficient quantity of

pooPrepargtion of chigged spukam npaptubse pEEOETS MefXENe giﬁ jrgultiwalled
00N AT GBS § g c{ ﬁléé: g{]?e%ug AR LR (Bbu 5}8'4[‘98{19 M for about 0.5 to

suspensi on o Ioni C polyantc aci repar
almfut th;)pzsn $ollrweddrypronRtion fuegabbmvletwahnhaﬁ @ecirSpﬁltynn@; Washlng and
and ﬁﬁgq&ively charged carbon nanotubes: optionally .
% her non-sol vent or poor solvent to the
c ol Pmpiahtlsm sqfe Bhargad Opolpmley Neslloidsy Seadtitigh gpjprogintadl oequimolar

nanot uhes_in, a sal vent, m xed oIve
AR 1 asrgineAadet lstaaéwgrﬁ%%%wg&%‘mf% (Fhin abppt 2 days at
rcfoﬁ? t&Rbdraufialat Slé’a%P %Eﬁiap Re@talishforP 6f Yl’f@fesuﬁﬁlg A0 Gd with a

t he suspension of | ymer and t he suspension of carbagn
trivaprstoapes (g Aristhy a@mn@) ead iagditiondeHihevesultieg gelgtioeg@f sufficient

qéa?{tﬂt;p OP% p&&Y %%np 8{‘8@}‘ gcﬁ% ?mpﬁ’lle ¥g%it1rfgc {;)X]artagl?c acid to cause

i‘0 of “carbon nano o0 pol yner
faimation 3fu edl]drddl suspensian bHibe asmmncqaﬂyalglctdml suspensi on

chaPGRrRAPROft BRI SBorifige, o, b polymer and
nggaAtiNiehs chdﬂgﬁ& [carbgh dasotables: a@ﬁm@m’ﬂ adding farthet hewsolvent or poor

into th ensi on and a DC vol tage
salygnt; te; ﬁtco lgldal suspension o P poy er, suspending theg carbon nanotubes in a

solvent, commonly a mixed solvent having approximately the same composmon as that of

=

S

the colloidal suspension of the polymer, and combining the suspension of polymer and
the suspension of carbon nanotubes in a suitable ratio to achieve the desired ratio of
carbon nanotubes to polymer (commonly the ratio of carbon nanotubes to polymer is
about 0.2 to about 2wt%);
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achi eve a current of about 10 to about 20 mA across
the el ectrodes for about 1 to about 5 mi nutes in order

W 200p051558 conposite filmon the anode. The EPELT/SG2007/000354
procedure is illustrated in Fkg. 1. As shown in Fig.
1, initially the MANT and PAA"colloid are uniformy
suspended i n met hanol / NMP. Under the influence of an

Rt gL PSS SR LN R
alfdt AR I@hﬁ@&j c@aBeh ahiesehes fBRSHOuON 5 thabsutriasRueds, iti@ersing a

wor Kpi ece. is thought that because of the excl uded

subénre@}ﬁen@eeamdé’cpaﬁ}odpmoﬁh% syspersion andapRiXng a s peltage gufficient to
ad\ﬁi;lév@ al ?rehf‘&iearb% {6 & aRRASE nﬁ@ﬁ&@%&h@%cﬁ@&&' for §l§0ut 1 to about 5

ramati ca y reduces the space avallable for
miwes mordemitcwfoa:mmjmmsée ﬁlmmrﬂmsqnqdesul ting in a

reduc ercolat|o th d. ALt I 06
i b PR aPSRiPle S IsSERIR et hoRE BB T ity the MWNT
aJ?I %{&Af @iﬂload:a@ un%fgiﬁhQM@Jsp@ided dh rx;q:dﬂl@%rmyNWSUmder the influence of an
abricated MANT osite thin
el?‘ﬂflﬁ e oo Aesgee et vResively lresd B eQllgi B WNT migrste to
i ﬁé; @Igrnﬁoééf £holte ;ﬂ’lg '\)\R‘)rﬁpléé@) id @1@&‘?{' ek @sthehaMicd of thé Si%orkplece

onposite thin filmis observe

Itjis thoight tht bﬁcmﬁec@ftthﬁ gxﬂné@d Yoleoe ﬁﬁ?aéﬁdl hPAA mmﬂeﬁ rﬂl@ MWNT
oy L e oo RO PR AL Bl e ekl reuces

ﬂmu:’qmtef av#labkh ﬁ)rpMWNﬂ“dtmﬁmmn cofidvetive cnetmcprbsgrres@ting in a reduced
th ht to d tqQ the incr d.corrosion o
PO SR AGeh Bl S o€ dPéih PRIFREFG trehipl MWNT/ET
cdxﬂi}iﬁsﬁ&@iﬁnaﬂbﬁga@a of the filns of the pr esent
invention may relate to the f [
hy dFigx éb@vv@ ﬁpfewé pBptogtaphs et fag‘élﬁ @ﬁ\dwﬁ@?f eyBposite thin film and
p%lggil%ﬁlcﬁ gvp&l &Phild § delaglifhted Q?%@eﬂ@éck&pﬁure PI thin film is

rogen the acid treated
Olpﬁ@g@dbtb ehct\wam FlgsB«'d @esimapd MOV, /P@mup@smﬁ thm/ﬂh@ s@ﬂbserved in Fig.

f Y, f
58 GURSAED LI Ao SPREY L P M S mbancs e
thetrhil s(ﬁbi’l‘l-ty dﬁdradhgsﬁi?l@trpmgih efﬁ Sl rfdm amtoa;he:)de:talh‘astlbmw Fhe poor
hou oleadto he eeeratlo of the fro .
Qoo pr oo et & BSelis DEiRE (O st el PR Bl g in the
pREQIR Df (B Mt Kigh Al REpdnie) ThE mqbroved iadhebi@abf the films of the
with PI. As a result, the interfa |aI nt er act.i on

PISEeERYEIIANTIAN delpte fosthenforrgaion oF sertess gxides, opple electrode
(ngh@é? 186 iflleflBe gf ﬂiépe?ectﬂ@ et fraeid @by asl hydréd@Sbond to the

I spersion In m crostructure of a ‘prepared
adirEAtel MWBsht 1sealﬁ@po$sé31@ﬂ®érmab9arb@m @rquewl or hydroxyl groups

T
o TSRSy S b B AR 472 ARl ks e seome
1nﬂ¢rs¢1&msmdn00?+ conductlve netvvork i's devel oped by rreans
Th .
o e B Soadity 5 TP PRER S5 Pl, B SfecRbraion o

ﬂﬁ%@ﬁ—pﬁﬁﬁﬁcw) R e %ﬁﬁﬁ@céﬁMWHlﬁ B}énﬁ&ff&h@ @I@mtatgl (OOOH groups
testin ig. 5 shows the nodulus (E). and hardnef, (H)
frgmothel @BV%Tt may deplayelved ip Heidizony Bt i dept Fesult, the Interfacial

i ES AR bkl MWNT and PI is thought to be enhanced by the formation of amide
groups, which further facilitates MWNT dispersion in PI. The microstructure of a

prepared MWNT/PI composite may be observed by using TEM. Examples of such TEM
micrographs are shown in Fig. 4. The TEM results suggest that an effective MWNT

dispersion of conductive network is developed by means of EPD processing.
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for neat PI and MANT/ Pl conposite thin filmwth MAWNT
| oading of 0.65 wt% relative s to PAA. It can be seen
wao bav/obissh t he el astic nodul us and t he har dnesBCD$G2007/000354
MANT/ Pl conposite thin filnmgre i nproved by about 10%
conpared with a neat Pl thin film suggesting that
i ncorporation of MANT has enhanced the nechani cal
pr bricated
0t 3BF Fielse RigReoPcs o BLRLENRAPE! QuldoQt DA Mahs fa
throwghCRPIR q;socmﬁsn&gbfcrecdtawtdnzlembuaganb@dwm@dtebtyn&: i fib@ws the

e B S8 ) By RSP TAAABR5EF s

fortilcAEP] éﬁdgvl\&ﬁ\l"ﬁm%mbbﬂtetthirﬁﬂilnewhdﬂmﬂddaing:oﬁﬁaés % relative

thin filmfabricated onto Cr . coate SI|I er
to maAeulgwaEﬂ)e 5P AB ot g E O A Sh9h MWNT/
tef GROIENE &0 rlfn‘ﬁmvegfbyl%o@tom"/@%m@a}é&l Wﬁhl Hwudat PI thin film,
position tines. can eseenthat filmthickness

suggmsmr@ﬂ@s ufqomnr@tbmut)f MEWATR hes amfeneeds thenmegliqnipal property of PL
Thd %{S 51%(') 2 té tcpﬁe ltﬁle%%?ﬁ?oﬁh’é’ %WE é%%p@ﬂ%%ﬁ .

sugges processing is
C ariabltlelcla:ﬁesp of datsricatgdt filin iyl be wam¢d byJ rehiiging lohe longsere of the

The .t hi ckness.i s so i nfl uenc u
o PR P SO ATt Do RO 10t R ERELE1d Yoliton time.
Flék?kﬁov%gthgﬂhlﬁlfﬁesg bf MW@ZMI t:@dpmteqh@r fibo #tetbatetl| dntoCr coated
war er eposi tl1on ti ne m nut it a
silicon Wafunﬁhmbsﬂ’lédpr@ﬁ?ﬁ%n% HieP peien R/w‘ﬁf?f'@g\d?’ﬁ‘g‘%" W feoding
Ui Rk cfiik bélided that film thickn
Cogﬁ% \é’g{ |0)1/:PI ns%?atl ng. &ﬁgggﬁ??g{sets tC he MANT/ Pa} Hnl ciness

mcfred}xees frameaibonh t @ughtoRPRUL D oes with giep@sltgpré@m(a ilp@pgsgs from about 1
mlaflae %éﬁte%\g\‘gglgteg .I?saggé/s\ﬁgg gkgag 3\%@ ?ﬁ?gﬁ)@égsm!gsis Q:aﬁarblé"'t)?/ Producing

['ectri
thigi ORI Kith \tika O thidABEE] Phe ciriciomess fsealsdiinfluentadsby the conductivity of

suly g, 0k eapien vt SE Tt S B5 !B 21 EERed onto

codfell |§1lféb1f1 are depWiNIn CiRid Pitinutéd), i€ Brubbet Feem fohfitm Bepdseted onto
con uchwt& increases from]l x 10 3 Sm1 to 1.6 x 102
copper Wit MAVIH deodmercansent oh 1 Wineold288s from 0.65 to 1.2

Wt ’f’h%fneFM ﬁlﬁJﬁ%?e%‘ér d&ﬂ e dER ? HJ&E&&&' 49 NEWN'DPP U Eabricated
una e conduc lvity. This i s because

thmugh iyt prdvmihg Isaaimmgcallwmoeldw heyr theeMWNArisedipg content is
0. @%O H%% f’g@d daﬁBOS' b;{%fl sho'wsct% cdl Q:OB&’&JH ﬂWNT/PI

content. Table
%@dﬁl@mﬁryﬁlm/s fabridaITRo O Icoatedi sllhm)ﬂ abfer dlavegh EHDcprocessmg with

coated silicon wafer fer e
DE Bl ARy ARRS P Wil i i SERPY R e be seen dhat
thé %ﬁdil‘é‘uﬁgy ﬁféﬁﬁ?sﬁés@ﬁorﬁqrx 0Py hﬁﬁI 6buto’riyh ! viith theNdWN'E content
scope. l e 600 rrg of pristin

ingyieades 2’@@1 9(165 o d rz Wt‘ya@f A(AQ sgggypsﬁng—ﬁgl\éﬁgﬁnmcgs%can produce thin
filgf ﬁaetﬂna{b% cohdQEiE. B RARBAIE A hithiof MWNA! 1068ing, flore MWNT

ter t m xture was stirred fo
mippate tb\ raaodm cbkrctmdﬁ landudﬁp@sm with Rlenodlpids de Horm MWNT/P I composite

thynl g.llr a3 o te? Mwmecon}entt.u re was

Table 1: Conductivity of MWNT/PI thin film fabricated onto Cr-coated silicon wafer with
different MWNT feeding content.
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then vacuumfiltered through a 0.22 mm pol ycar bonat e
menbr ane, and washed with distilled water until the pH
woadeessblthe filtrate was ca. 7. Finally the PCT/SG2007/000354

acid-treated MANT was freezegdried and then further
dried at 45 C for 48 hrs under high vacuum Exanple 2
4.2 mg acid-treated MANT s _suspended in 5 0g NV by
stirring overnight. Then 15. OH (was ded {and fEe
I T ichgteni MEWe wad-%oni dat ed$or 9 ni nutes using'*
Ni"gh power sonicdtor to prgpare a N suspepsilon for
ERRnduodassisag’) NNT xsisperjsiohs it ij dbPf B ent] MARTE 10
‘cont-ents—were—prepared—by changrngthe MANT Weir ght 1 n

t he above procedure. Exanple 3 In a 250m three-neck

round-.bot t.om.f|. ask, ,10., 454" - axydi ani Li .

o BB ievee)iom b ) y f FE o T pgciment b
nom'rﬁﬁﬁl%iﬁfskgﬁe.t he ODA was conpletely dissolved in the

NIVP,

0.9g pyronellitic dianhydride (PVMDA, 0.05 nole)
Examplalided and kept stirring for 24 hours. Finally, the

$° %Hg% {iXé‘MWNM%l S RABWitPMIAMORic ¥a8 (35WMIR The mixture

e-cap reagent bottle in a freezer below -10 0C.
waExtimpd ford 1 Qging messhrscal BNDE: @A B0 gmut Abier thatpthganixture was

W ding. to Exanmle . Lt PelS
B
thdnOPachash-BREBOXNough gr 020 paspalycarbordymeTiteae, sindbiveshed with
di%giﬁl_eglg %agq%lém% }Dhsﬁ)kj—fgé}qg%f t?xp gﬁt?egg rg\f% %éﬁ ;ﬂ@%ﬁg Qﬁ'\i@/%reated MWNT
wa? ?%g%e-@ied MO R BRPYE PRS00 M/Hrsaeldeit high vadien.

content of PAA was 2 wt % The effective dianeter
Example Be average zeta potential of the prepared PAA

pant) Iﬁ% Séidyﬁefa%%e%gﬁg g;ag 5%{5’%% ial ?Q) '%4?‘ ¥ by stirring overnight. Then

respectivel . ticle Sizing . .
1560guCHa®H: waEndded| andsiihecltiing miitoiedwps sgraeated fucdmenpgs using

.to Example 4 s dil uted 0 - 17 %l | :

higfo Pt Spiesigh ey W e NG e el S GPY plbcEgR, MwNT

subpthSions haak aiffead MWNTeoqadms vvee Waspaoainby ofhasgingythe MWNT
further putting the beaker into a water bath. A

wegghtdp the abgve PICed Gaf er used as a cathode and a

Emlgﬁgig,ece (nmetal coated silica wafer or copper plate)

as an anode were immersed into the EPD suspensi.an %
s e paraal mlothree-reshcsrndwetomdlaghnl 69 g 44 -oxy¢ipniline 2@ A, 0.05

| LA ©1 4P Re] ' SRRR RExQE! Ween thDA
o A e A s i
cofitpdetely RRBopredcieshe NMRat0.8apyiaelbie dimbedride EdARAaH05 mole)

) S SRS R Dl BSOS B8 B e
PMIDNOE £ dvatstett i £bRRtapRagentbettte iandraegdsidcw eld 1G.me.
Example 4 ,

10g prepared PMDA-ODA NMP solution (12.65 wt%) according to Example 3 was
diluted with 6.5ml NMP and neutralized by adding 169 pL triethylamine. The ionized
carboxylic group was about 20%. Then, stable colloidal EPD suspension was prepared by

dropping 58.8ml methanol (weight ratio of methanol and NMP about 3) into the above
PMDA-ODA NMP solution. The final content of PAA was 2 wt%. The effective
diameter and the average zeta potential of the prepared PAA particles were about 0.7 pm
and -20.5 mV, respectively, measured by Zetaplus Particle Sizing equipment.

Example 5
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The EPD suspension for neat Pl filmhad the foll ow ng

characteristics: polyamc acid content 1% i onized
W@2000®5156F 33% wei ght ratio of nethanol to NMPPGI/SG2007/000354

tenperature, 22 0C. Exanpl e &8The EPD suspensi on

prepared according to Exanple 4 was m xed wi th equal

vol ume of MANT suspensi on prepared according to

Exang BAA dOMERT prepdred aB@kding @ ES&hL ?‘.%Q‘ N di?lg?dq(ﬁyg@t%bby mixing

]
The obtained mXxed suspension was then transferre
with gaarevolume of (ILOEHNMR mithewoight ratintof G| anscpu yintbur beaker and its

' ' Cr - L .
00 AT o St N B B o
siberawifeg uséd dscacatimfderanda weakpiete Ghethledoated silivaavefeleor@pger plate)

i mmersed i nt o EPD suspensi and separated b spacer .
23,1 ROP%En giett Bpmersed P A D ERIePTIDR cadiseried Y a spacer with
leggthréfetls adh (LedsH sutaBRNEhRMIoM ﬁﬁbfdviaecélx\l/ré%&ﬂig between the coated

,ggazer ted by a DC source su;lapl i ed by LAMBDA I'nvensys
sitgs, wales @ndythe morkniscscefsahiont | wam).c bhihu EPEN processing wap gaaried out

uflf aCnstafE PRSIt Qtrehit gﬁﬁ;&a M%@J%ﬁ% W@gﬁ%dﬁf’%f LAMBDA

suspensi on prAr MANT/ PI

Inyprasya cbendsss | cs:ERIdIpragassingcwves comduetetd at if¥érentoRiCz edrrent and
1.5 15-33% weight ratio of methanol to NWP 3. 0;
d%}ﬁgr&ﬁn %nt 0.5 to 1.5 w%relative to pol yner;

t erﬁ}m'EPDrfl,sll)fﬁﬁio(ﬁCfoﬂm%ﬂ’IBl film Aagribe €sifovriag (c_ﬁsﬁﬁﬂ‘ﬂeﬂgioﬁz polyamic
C osite fil.mon a su raf e conprising: (i
i SPPTith ol % SOBGEAIEH LoMars sWAE Ao ey dar NMP 3.0;
tediperatutpcid @nal i sed carbon nanotubes in a solvent; (ii)

at least partially imersing the substrate and a
Exynpledy el ectrode in the suspension; and (iii) applying

a Vet Q&ﬁ;@%@ AP sd o ad; . .
countee?gpect 0 e&lsg)rbg)s t oﬁécg?arhﬁ% ﬁgd%% (%es:i% i lim%eg nW]ﬂ[l equal
valtrge sofb M WATe suspeesien rprejeeed: lagcdrdingato Examples 2o0andehewater bath

I r, on the-hangtubes have the sane sign and
sofRaGE tpEad Rl PEGRINT S pwus gt e fgnsterred 10
beakidrstnddtseeimsratiie wap RosidlRdHydfirther pten€ hRMEskR MntbRewater bath.
he prqcess of claiml '

T e W
co?ﬁ@%ﬂhﬁé}i‘bé’ arf g da8bkra enieh@d Yiatb IFFIP sisp et érﬁdsegbi%fréﬁeby a spacer

at the charge_on the substrate is positive. )
soeds obil.Scemmi hen, SPL: pricassingwes ermied att adryt aibenstant electric

uBRHP bR EatBd 9111‘? MANIED. Lo
© of q%y o%g&lcl’))? %\@&g ‘rgrs @?gf’@%ibé ern ?PéA ?]'%vr% ub@g et%gsve‘ EPD
precesting paacendyctadps vaned RE carrefia depdsitemaihe and MWNT content.

The EPD suspension for MWNT/PI film had the following characteristics: polyamic

acid content 1 wt%; ionized parts 15-33%; weight ratio of methanol to NMP 3.0; MWNT

content 0.5 to 1.5 wi% relative to polymer; temperature, 22 °C.
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5. The process of any one of clains 1 to 4 wherein the
polynmer is a polyamc acid. 6. The process of claim5
w@adwonsserl | y conprising the step of heating tPEI/SG2007/000354.
conposite filmso as to conv29t the polyamc acid into
a polyimde. 7. The process of any one of clainms 1 to
6 wherein the substrate conprises copper. 8. The
Crimsess of any one of claims 1 to 7 wherein the

sol vent, conpr i a.pol ar orgam c solvent. 9. The
pr dces<® 81O g ZouPPRSite Ty o aFHbsiEHta COMEIFag] o

e Poroae ol F&?n‘*“?’ e RS IR SRy corbon

nap@@b@%@aoﬁlbl‘@ﬁy one of clains 1 to 9 wherein the ratio
he BostR aPirg iR nd Rtp e RHIRTE B R S e S Bpension;
anrirocess of any one of clains 1 to 10 wherein step (1)
..conprises combini si on of the nano u with
5GP VolepbASPEHT D TRB e Coptopirgtikofeiyto form
th®omBp@RitefilmbnC@sBiHsEhRY t he step of preparing the
col | oj dal suspension of the ionised Bl)ﬁil yrrer by addi ng

whereip thg plspirisn %er%f’@uczal ‘1h6 mertewé Po havet the same sign
an@ fth@vd}%EE ?)o I}J guc‘}’lgtﬁ ﬂfé' sqb Haé tgg Ub;gjosrte sign to the

being a p vent t § po yner a
chmgtoné}lm Bﬁ)ll?llgleagtuhﬁlemenm@%uf ficiently baS| c to at

oot FELALLY, SOBRL S5y Bu S el B e ot

negdtivaily cloarged bind ltled Woltagetio apglivdeticti that S YRirb @98 thé substrate is
E’Q,l ied for a 5 sufficient time to formthe conposite
POPYVEy havi ng a predetermi ned thickness. 14. The process

of 3any ThgepRices ¥ MBaiky (0 Jr3 HART ©F MvhelSn T k! RaRlubes comprise
car bon nanotubes to poI ymer is determned so as to

el ‘?Aenadlo‘ﬁ%b@ﬂ MY NI®ed el ectrical conductivity. 15. A
conposit,g f)ﬂ]o_t:ggsngfdgnyyontehgf Qia(?l?lgsf t?f 3 a&}{er%e tﬁ)ef nanotubes have

claims 1to A co m conpri si
calﬂDQﬁEllatecgmupssndthcauﬂ&mﬂmmﬁ ubes dispersed in a
napot ubes

polzymne sai d ej n S tial . .

PorbgerLs iLrsrhLan BEF elChifsndh 4 RBEsH (ifenolymser isgrpolyamic
acidonposite filmof claim 16, said nanot ubes havi ng

carboxyl a rou [ g ps. derived therefromon the

suff acé%fih%rf’ ?ﬁs clpgm %’ ngg’cﬂ%}&él‘t‘)@mﬂ% e &lcni oh heating the
coﬁgoﬁjcefﬁlﬁi doas t8 %bﬂvefr! t’h@p@l?hﬂl% £ &b 'a‘i)@i}llﬁ’ncfeo nducti ve.

econp03|tefllm one of "cllains 16 to 18
whér ei Ahe HE0REsH 196 rang aonst %elglr@s; Aploi € evhvngilisthe substrate comprises

copper.

8. The process of any one of claims 1 to 7 wherein the solvent comprises a polar
organic solvent.

9.  The process of any one of claims 1 to 8 wherein the ratio of nanotubes to
polymer in the suspension is such that the composite film is electrically conductive.

10. The process of any one of claims 1 to 9 wherein the ratio of nanotubes to
polymer in the suspension is such that the composite film adheres to the substrate.

11. The process of any one of claims 1 to 10 wherein step (i) comprises
combining a suspension of the nanotubes with a colloidal suspension of the polymer.

12. The process of claim 11 comprising the step of preparing the colloidal

suspension of the ionised polymer by adding a solution of an acid form of the polymer to
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20. The conposite filmof any one of clains 16 to 19

wherein the polynmer is a O polyamc acid or a
w@odogiosmisde. 21. The conposite filmof any one PET/SGZ0MB00354

16 to 20 wherein the carbon g@gnotubes are coval ently

bonded to the polyner. 22. The conposite filmof any

one of clains 16 to 2 1 having a thickness of |ess

hﬁﬁﬂr@@ﬂﬂtneﬁﬁglsﬁﬂg LA an&S azﬁumf‘ &Rﬁﬁg Sat eidd BrBor% solvent for the

conpri si.ng_car bon” nanot ubes di spersed In a
PQAH@?relaﬁ t $pad cléﬁulﬁf@hsman@geubé@mg) mpfﬁos@ﬂbfu haslc oiwalat least partially

AERRRe BR o B o BRI T8 o e R RENAIREY o
gr ddps The prbeess Lof tay enobf tlhienschiddh whareni tHeewlapeis @pplied for a

S S ) SROASIL B RES e RA2R

anilani CTi@r ptRsss Bf any one of claims 1 to 13 wherein the ratio of carbon
nanotubes to polymer is determined so as to achieve a predetermined electrical
conductivity.

15. A composite film made by the process of any one of claims 1 to 14.

16. A composite film comprising functionalised carbon nanotubes dispersed in a
polymer, said nanotubes being substantially homogeneously distributed through the
polymer.

17. The composite film of claim 16, said nanotubes having carboxylate groups or
groups derived therefrom on the surface thereof.

18.  The composite film of claim 16 or claim 17, said film being electrically
conductive.

19. The composite film of any one of claims 16 to 18 wherein the carbon
nanotubes comprise MWNTs.

20. The composite film of any one of claims 16 to 19 wherein the polymer is a
polyamic acid or a polyimide.

21.  The composite film of any one of claims 16 to 20 wherein the carbon
nanotubes are covalently bonded to the polymer.

22. The composite film of any one of claims 16 to 21 having a thickness of less
than about 100 microns.

23. A composite film comprising carbon nanotubes dispersed in a polymer,
wherein the carbon nanotubes comprise functional groups on the surface thereof and the
polymer comprises functional groups, wherein the functional groups on the surface of the
carbon nanotubes are, or are derived from, anionic groups, and the functional groups on

the polymer are, or are derived from, anionic groups.



