WO 2009/051561PCT/SG2007/000354 1 Composite films comprising carbon nanotubes and polymer
Technical Field The present invention relates to composite films and to processes for making them.
Background of the Invention 5Carbon nanotubes (CNTSs) are fullerene-related structures of graphite
cylinders an‘HW”ﬁ?&ﬁéynthesized by lijimaS, Helical microtubes of graBﬁﬁfﬁ%’?Q%@ﬂ?ﬁdature 1991,
354, 56). Single walled nanotubes (SWNTSs) consistiof single layers of graphite lattice rolled into

cylinders, whereas muliiwaijRe e anatubes MY NISLAasithpdkSels pliraacentric cylindrical shells,
each of which resembles a SWNT. Such unique structure io provides the CNTs with exceptional

electrical and thermal conductivity, high strength and stiffness and enormous aspect ratio. These
properties enable the development of electricallyaardugiig polymeric composites with very low CNT

loading and can prgovide improved mechanical performance to a polymeric matrix far applications
ranging from electro ST HLFBEPLHE 5?%8"%&?81‘%’%%?@?‘% g?é%ﬂ%‘fsé;ﬁ%?%a}ﬁl 6“)11“%1%10 e
conductive 15 structure materials for Serdspacemdrediuioenisventitsustry, electromagnetic interface

(EMI) shiglding ma@%;@gg,%%gﬁmw% terials ANd {DermAl anAgRTS AL MAIRI S fRgng

microelectronic industry a otential transparent field emission materials for display and other

electronic appteatibnssysesiardroiveradidipn thebncal mrsetidsic SR EnrrRsRaliEive network
in 20 polymer; gatrixsis, nggdeel i@ Rranidenacaisld B EY cohe peaiatiendheasboigriphite
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CNT filler in axpatymecicyliadrical sipdist yecrofevsrll resembles a SWNT. Such unique structure

1 provides the CNTs with exceptional elecirical and thermal conductivity, high strength and

stiffness and enormous aspect ratio. These properties enable the development of

electrically conductive polymeric composites with very low CNT loading and can provide

improved mechanical performance to a polymeric matrix for applications ranging from

electronic to acrospace and automotive industry. Potential applications include conductive

15 structure materials for aerospace or automotive industry, electromagnetic interface (EMI})

shielding materials, dissipative materials and thermal management materials for the

microelectronic industry and potential transparent field emission materials for display and
other electronic applications.

According to percolation theory, a three dimensional CNT conductive network in

20 polymer mairix is needed to provide a conductive path. The percolation threshold is

characterized by a sharp increase in conductivity coinciding with the formation of a three

dimensional conductive network. Thus, a key factor to achieve reasonable conductivity is

the proper dispersion of a CNT filler in a polymeric matrix. In past years several

techniques have been developed to efficiently disperse CNTs in a polymeric matrix. The

25 commonest method is direct mixing of CNTs and polymer through melt blending or

shear-intensive mechanical stirring (Moisala A, Li Q, Kinloch 1A, Windle AH, Thermal

and electrical conductivity of single-and multi walled carbon nanotube epoxy composites,

Composites science and technology, 2006, 66, 1285; Li ZF, Luo GH, Wei F and Huang

Y, Microstruchire of carbon nanotubes/PET conductive composites fibers and their

30 properties, Composites science and technology, 2006, 66, 1002; Sandler JKW, Kirk JE,

Kinloch IA, Shaffer, MSP and Windie AH, Ultra low electrical percolation threshold in

carbon nanotube epoxy composites, Polymer, 2003, 44, 5893; Lavin JG and Samuelson

¥V, Single wall carbon nanotube polymer composites, US. Pat. 6,426,134). However this



techniques have been developed to efficiently disperse CNTs in a polymeric matrix. The 25
commonest method is direct mixing of CNTs and polymer through melt blending or shear-intensive
mechanical stirring (lvloisala A, Li Q, Kinloch IA, Windle AH, Thermal and electrical conductivity of
single and MAFWHET @arbon nanotube epoxy composites, Composites Sdiec8%fi8 tathnology,
2006, 66, 1285; Li ZF, Luo OH, Wei F and Huang Y 2Microstructure of carbon nanotubes/PET
conductive composites fibers and their 30 properties, Composites science and technology, 2006, 66,
1002; Sandler JKW, Kirk JE, Kinloch 1A, Shaffer, MSP and Windle AH, Ultra low electrical percolation
threshold in cartiord inegotetl e pokyepeiissivesiRitpamenObd s41, FHBOBET A FAEHETamuelson

HV, Single Wﬁ%ﬁﬁ%ﬂp&gﬂ@@@ﬁg%&%ﬁ@gﬁmsites, US. Pat. 6,426,134). However this WO
2009/051561PCT/SC2007/000354. 2 method is generally not veéy effectilve at r%ispersir%%y Tsin

[ C
polymers and is lifPt@AIBthdIRETISEHRE B G TRETLR FoRRATEed R0 ARERHRE JiEeEH o method, a
solvent was grepieyedid |twiiiihe tiscdisityrabpodfmeN and Wiciitdtis thettis)efRi0rs ar€NiT8. With this
method, CNTS AF {15! REXIARIEA NG Angraanic spiveR RIS biNsRaNS itiaropicatiy Then the
CNT suspension Is mixe V\ﬁﬁ] pdlymer, and the organic solvent is allowed to evaporate (Kim YJ, Shin
TS, Choi HD sKspersidn|isChigiag Wit Dety veb B1dCh st Lo U tAABYSE EhEMTRSINS ied
multiwalled carpognpapeiuliee POXYKGRMPEEI ERuLaMI0 And oA B JilkitNcd dangudtiBy b He X13

and Eklund PC, Electromagnetjc interference shielding ip of singl Il b
compositos, RERBEAIE SO0R P B R R AR T DAL Sy,
Ounaies Z, ElEI;tﬂtNl;lhmngi&ttDeEﬁmmdrﬁgaxﬂm@d@memwomﬁamewﬁhip@@@s and
process for pB@@é%&%&ﬁ@d%%b%ﬁﬁ%g&%%%%ﬁ%%l@t@me%eﬁeie SRcelier seseohrg method,

the dispersion 0 Ts In the polymer usin s'method is better, However high-power .
cally conductive,

JW, Smith JG, Harrison IS, Parg C, Watson KA, Ounaies 7, Flectni
optically transparent polymer/carbon nanotube composites and process for preparation
thereof, US. Pat. 2003/0158323). Compared to the earlier described method, the
dispersion of CNTs in the polymer using this method is better. However high-power

15 ultrasonication for a long period of time generally shortens the nanotube length and
destroys its integrity, which is detrimental to the conductivity of the resulting composite.
Also, during slow solvent evaporation, nanotubes tend to agglomerate, leading to
inhomogeneous distribution in the polymer matrix. Another problem with the solution
blending method is the use of toxic and flammable solvents.

20 Grunlan et ol describe an approach to incorporating CNT's into a polymeric matrix
with relatively low percolation threshold based on the use of latex technology (Grunlan
JC, Mehrabi AR, Bamnon MV, Bahr JL, Water based single walled nanotube filled
polymer composite with an exceptionally low percolation threshold, Adv Mater 2004, 16,
150). Initially, CNTs and polymer particles were uniformly suspended in a solvent. Once

25 most of the solvent had evaporated, the polymer particles assumed a close-packed
configuration with CNTs occupying interstitial space. Finally, the polymer particles were
coalescenced together to form a coherent film locking the CNTs within a segregated three
dimensional network. In this processiné method solid polymer particies created excluded
volume to reduce the free volume available for the CNTs to form a conductive network.

30 As aresult, the percolation threshold was significantly reduced.

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 functjonalization of their walls and modification of the
polymer matrix have been employed to promote the dispersion of CNTs.



15 ultrasonication for a long period of time generally shortens the nanotube length and destroys its
integrity, which is detrimental to the conductivity of the resulting composite. Also, during slow solvent
evaporation, nanombes tend to agglomerate, leading to inhomogeneous distribution in the polymer
matrix. AnoterZpitpiéihtwith the solution blending method is the use of x5t fAMAADbIe solvents.
20Grunlan et al describe an approach to incorporatir)g CNTs into a polymeric matrix with relatively low
percolation threshold based on the use of latex technology (Grunlan SC, Mehrabi AR, Bannon MV,
Bahr JL, Water based single walled nanotube filled polymer composite with an exceptionally low
percolation thresP8llleAdhe Maierr 2004rsk6: 160Nt AT NEs zandrplbty sréis paiticieSowebsiuniformly

suspended in,g.solyeat NG 29NASHRhgE0IEt hiad exARRARd be RelietPaHislesassumed a
close-packed configuration with CNTs OCCU%IHQ interstitial space. Finally, the polymer particles were

coalescencedBBREHER tBRdHRS EHREPBHOHRD TocknfgsurReNAty MR et sheate tRrel Yimensional
network. In this praglesssifareih desetitbp qiyMEr padticldslgraade drexsitidiechlioldahertecraglice the free
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was signitical ty reduced. e Interfacial interaction between S ana a po eric matrix will

affect the confisiibiRepBPENTS Wittidise rrdridepefiterb redotatr arpeiisiyn rrmBedmeapkuctivgs, both
modification qfithedaNEs Py funtdienalFzatoneftheinwalisant medilisation oftheprlwmereatrix have

been employ promote ispersion of CNTs.. WO _2009/051561PCT/S(2Q07/000354 3~ While
the prior dispzéézn{ C iqégz)(rjf@%/ 6%%‘%%?%&ﬁ&%ﬁéﬁ&ﬁ%ﬂﬁ%‘f?r8£ﬁ%c%?€83q§’y§%%?%’s%gfﬁese
techniques arepgtiteolimitddicatibweipabdityotoofzmeintendopailctiy eithiifibms withlwbistrodethabickness,
especially, on glf&%{dtﬁrﬁsggaﬂleaéééﬁétéé&aﬁg indalBS RO FHGHERATIUPBLFRR) A JVidelx ssed
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industrial colloidal process to produce thin films oh conductive substrates. In EPD, charged particles

suspended intBifgtilen nfetaurtigeshitiated shdaepadifedorielisd dpiskasts e arEadfuctive
electrode in afifesletipdisidiBestash Baschiviv b rogess iRed akerialieSEIED Gas 206 18l 1). EPD
has advantages of short film.farmation.1j simple apparatu ntinuqys fabricatj od
omogencity B AR GBSO e e R 2 H B G sty
Most importartiyzit dhafber 08D, Bléatvifatestividdiinsiboroot artes paivapesd. Surtbeasaiith déntrolled

thickness andsm@rphologynRatietaed GRRHHIS Qﬁa%aéée@&é%ﬁ%ﬁ?‘fﬁil Rykieing masksdsleetrode.

BPD has been used tq produce pre-fabricated CNTs (Boccaccini AR, Cho J, Roether JA, Thomas

BJC, Minay EXCHhaosHasRsMRsbr el papRERRCHaD dhitol S ealliBiin&ibithds, SBURedR Hoos, 44,
15 3149), andisiaingabriaaicchGNTs filibscaliow gabdielaciraficiitlehdsrissiprostailbikty {inadoioth

continuous ar}%ﬁéﬁ%eﬂ 1%9%%%%85@0 %@r% 3, d\éﬁgsﬁgn,gif&%gr{g%p%gmb%qm@fa H, Fleming L and Zhou

0, Fabrication and electron Tield emission properties o n nantube fi by electrophoretic
deposition, Adv Mateliostes 2D rrreicalsnitnibed (riphnse sbenurtlirrisapre srddnpedhasidical
resistancg angrppeahanicaty QRrepestiessdhay aewidelyiisadiiReresprce sNanduitnglive industry
and also play.important rqle as diel cg}c Iq ers in a variet ?f migroeléaggrlggi% %gvigg@.cgé In
microelectrontEE REStAY B HimS Qrs s mmohly ProducBdty fifm CaSG 6f 4 hon-aqueous. polyamic
acid precursomsohsierirfolioniedisirhedl filmngurd venrmdol)s wadtingl rhithiddscivtivgehir spraying, roll
coating, bfusw%ﬂe%a@%@ﬂ@%&&&Wﬁ&%&%ﬁ@%&a@sﬂéﬁm eqiR CRRRRL Ra SRy

|

provided uniform coating films py these methods. To solve this problem, EPD has been employed, and
dejiifsiude air spraying, roll coating, brush coating and dip coating. However,

has shown s
25 irregular-shaped objects cannot be easily provided uniform coating films by these

methods.

To solve this problem, EPD has been employed, and has shown some additional
advantages such as small loss in coating materials and uniform thin film with controlled
thickness. A continuous coating of PI onto electrical conductor has been disclosed in US.

30 Par 3,846, 269 (Martello NE, Creek T and Phillips DC, Method for continuous coating of
polyimide by electrodeposition). In this method a coated electrical 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



advantages such as small loss in coating materials and uniform thin film with controlled thickness. A
continuous coating of Pl onto electrical conductor has been disclosed in US. 30 Pat. 3,846, 269
(Mariello NE, Creek T and Phillips DC, Method for continuous coating of polyimide by
electrodepo®ifigi§?#FtHis method a coated electrical conductor is made BY ESkaHISNER4passing a
positively charged electrical conductor near a negatiyely 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 WO 2009/051561PCT/SC2007/000354 4 and employed to fabricate a

pattgmed PI find mmﬁﬁﬁmwmmtﬁﬁmwm&mumShphiﬁhiiﬂﬂqmﬂlposition for
polyimide eleciigdenas A meNiod b SOUING APEKEA RO iAo, S8R P 1 123

954). In the microelectronics industry, the adhesion strerg}t)h between PI and metallic 5 substrate is a
|

crucial factor HoRGEHCRIgTREbRRIBHHAR B Efetircamacd & ded? P ¢ known to adhere poorly to metals,

especially to coppen and is@asibyealrmninaiesiran adeepar suhsiiatestiievasiomnt thatiieid groups

of polyamic acid can react with. copper to produce erions. These copper igns.can diffuse into the
(?) i 15 4 C& lcl Pﬁ%‘%ﬁ Il%ﬂuencllnﬂ%gﬁeg §erflorg%aélf>eev O?G%E C%mc v &, dﬂ? S

3 supstraie V10
Pl layer to acCe Srate heloXiodiion s uring rnng a emperature (SChamE)er SA,

Loebs VA and&kiom@laladheortpdiily @xinkitioncepCiality tontapewahdoretandizédapuiidisddecIMac Sci

Technol 1990, /BB mkale:PIEVE 0 NEHNSIQR 8998?5319%{}9d&é@&ﬁ%&l@@xﬁ%@@%?}@r%ength of

the Pl/copper intérface, a barrier film such as Cr, Ni or Ta Is always ingerted between a%qgcopper
kker,

(Ghosh MK aREPREFRAPSIPERIMIAEE RORRS M A USRS NAVT VB RO THEFEE
1996). HowevetidhisimathDdugnoksinpttn gl bleastetenpue o hnylbnidaz dledRW)arddlits silane
derivatives h een de ped.to.prev orrosion of Pliayer.at-high t ratur and
Earmme Lfl, Ir?%%?%c% &J@%f %%’Ig%r% e??:g%%elfls%%%r?% t%liillg% %‘e&r%%dﬁlggﬁ pg%/v{ig? rﬂ%ﬁjzoles as
adhesion prorfetans! PS{)ndet, 801 Ta ereyemithethEyeon aerrresippredsntates faspshestbpper and
tchr? difftﬁog r?J&é%RBH?CMQHfiﬁS?cS’ ﬁ@g&%&.g%ﬁﬁé@@&%@@%ﬁ;@g%% ('}i%uﬁ @m?a@ﬁhge@e@ingll
ang W, Chen R, Complex-induced coupling effect-adhesion of some polymers to copper meta
promoted by BER¥AFHGRL Sl f%@sﬁéﬁgﬁlh&%ﬁ%% %E"izpﬁ%'@ﬁ%fg g’]fﬁé‘g?'ﬁe @?sﬁgf?;s are an
effective adhegipfiqaremotsieo Y’cbtholk@mb Dﬁhkﬁapé%.ﬁhdé@@vm dileasbrd R p¥hempd stability of
the silica-gminay anuiar BRRVIISIR INAHTAGS ] BRITSBEACARIG AR don S Hayever, the

application of 25PVI and its rivatives requires casting these EJorlmers onto the copper substrate
prevent corrosion of PI layer at high temperature (Jang J and Barmme T, Interfacial study

of polyimide/copper system using silane modified polyvinylimidazoles as adhesion
promoters, Polymer, 2001, 42, 2871). These materials suppress the corrosion of copper
and the diffusion of copper ion into PI through complex formation with copper (Xue G,

20 Shi, G, Ding J, Chang W, Chen R, Complex-induced coupling effect-adhesion of some
polymers to copper metal promoted by benzimidazole, J Adhesion Sci Technol, 1990, 4,
723). On the other hand, silanes are an effective adhesion promoter of Plinorganic
interface (Linde HG and Gleason RT, Thermal stability of the silica-aminopropylsilane-
polyimide interface, J Polym Sci Chem Ed 1984, 22, 3043). However, the application of

25 PVI and iis silane derivatives requires casting these primers onto the copper substrate
before application of the PI, which makes the processing more complicated.

Thus, there is a need for an efficient method to produce CNT-filled composite thin
films through EPD with tunable thickness and electrical conductivity. There is also a need
for a method to increase the adhesion strength of a polymeric thin film to a metallic

30 substrate through incorporating CNT's into the 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. Tt is a further object to at least

partially satisfy at least one of the above needs.



before application of the PI, which makes the processing more complicated.  Thus, there is a need
for an efficient method to produce CNT-filled composite thin films through EPD with tunable thickness
and electrical conductivity. There is also a need for a method to increase the adhesion strength of a
polymeric thin film to a metallic 30 substrate througg incorporating CNTSs into the film. Object of the
Invention ~ Itis 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. 5 Summary In a first aspect ther%éaﬁ%gged a process for forming a composite film on
a substrate comprising: (i) providing a suspension comprising an ionised polymer and functionalised

carbon nanotubeslin:disohseet; tigyeis pasidpdatiaigeinierdesg e SupRfate and a counterelectrode in
the suspension: and {ibaRRI¥iRgRiMalage between the substrate and the counterelectrode so as to

o e e oie: hsteln, e suisalpaies andepabtmcandonihe
nanotubes in a solvent; | .
()  atleast partially immersing the substrate and a counterelecirode in the suspension;
and
.(ﬁi) applying a voltage between the subsirate 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 sig.n,fto the
charge on the polymer and the nanotubes. ' |
The foil.o“ﬁng‘-opﬁons mey be used in conjunction with the first aspect, either
individually or in any appropriate combination.
 The voltage may be a DC voltage. The voltage may be applied so as to cause the
substrate and the counterelectrode to have opposite electrical charges. The voliage may be
applied 50 as to cause a current to flow between the substrate and the counterelectrods.
The voltage may be applied so as to cause a DC current 10 flow between the substrate and
the counterelectrode. - | '

The fdncﬁonaiised nanotubes and the polymer may both be negatively charged and
the voltage may be applied such that the charge on the substrate is positive (L. the
substrate may function as an anode). Alternatively the nanctubes and the polymer may
both be positively charged and the voltage may be applied such that the charge on the
substrate is negative (i.e. the subsirate may function s a cathode). '

The funcionaiised nanotubes may comprise mﬂﬁwalled nanotubes (MWNTs).
| They may comprise single walled 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 napotubes is chemically modified. They may be
MWNTs in wi:ich the surface of the MWNTs is chemically modified. They may be
surface funciionalised 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 nenotubes has been m{id%gsd. They may
be oxidised MWNTs. They méy be fimctionalised MWNTs in which the surface walls of
the MWNT’s are oxidised.



the voltage is applied such that the charge on the substrate has the opposite sign to the charge on the
polymer and the nanotubes. The following options may be used in conjunction with the first aspect,

either individually or in_any appropriate combination. The voltage may be a DC volta‘%e._;l'he voltage

may be app‘h“’e%2 BA3'88 cause the substrate and the counterelectrode to have: %%lﬂé)ﬂsfeb electrical

charges. The voltage may be applied so as to causé a current to flow between the substrate and the
counterelectrode. The voltage may be applied so as to cause a DC current to flow between the
substrate and the counterelectrode. The functionalised nanotubes and the polymer may both be
negatively charge@henfinséionsitisgd papibeappRdconl EsafiReional g M Thes s FHEERTE positive
(i.e. the subsiale,maNSuncirnasAA REehAleRRING Yiiedanmabyhasydiseiiieapoiyriatiymay both
be positively charged and the voltage ma%{ be aﬁgg‘fdﬁ uch that the char. eqn tl%g sHbsatJat% iS negative
(i.e. the subSHREFn APRINEESH Bs BredtiEe 4kety %?%n’ﬁﬁge%enaa%lg?ﬁ jes Thay comprise multiwalled
nanotubes (habES )mBhehavaayademylrisegsingte aualbedsnshctubes ¢S \WNTshafhbyvensgiiomprise a
miture of MYTS d =Wl Jhatemiavehs cherpieally Biadiechnanotubes. iedmeyee

ich the ace o

5 .
nanotubes in w su the nanotubes is chemically madified. They may be 1VIWNTSs in

which the surfeesksieheulivien T fenatte PREATIMOMIRER DPRES: AP Pradiitaite RIRCHSARKEEEY carbon
nanotubes. TheymasRe 8lredlically sharaee caskomanspiubes oT helpahayrbepaxidisedhdacbon

nanotubes b BEBHAN EISEt, TRy B S an AR e R b ok SRl WA TS i
which the surfacswved|Stef ghespefindy e dirakidiieched to the surface, or may be coupled thereto
16 viaa linker group.

The polymer may comprise a polyamic acid. In this case the process may
additionally comprise the step of heating the composite film so as to convert the polyamic
acid into a polyimide. The polymer may be a polymer having acidic groups and/or anionic
groups formed from acidic groups. The groups may be carboxylate, phosphate, sulfate,

15 sulfonate, carbonate or a mixture of any two or more of these.

The substrate may be an electrically conductive substrate. It may be an electrically
non-conductive subsirate. It may comprise a non-conductive coating on a conductive
base. It may comprise a conductive coating on a non-conductive base. It may comprise a
poiymér—coated metal. The substrate may be metallic. It may comprise copper. It may

20 comprise chromium. It may comprise a chromium coated silicon wafer. The substrate
should be capable of becoming electrically charged when connected to a DC voltage
source.

The solvent may comprise a polar organic solvent. It may comprise a protic solvent.
Tt may comprise an aprotic solvent. It may comprise a mixture of solvents, at least one of

25 which is a polar organic solvent.

The ratio of nanotubes to polymer in the suspension may be such that the composite
film is electrically conductive. The ratio of nanotubes to polymer in the suspension may
be such that the composite film adheres to the substrate. The ratio may be between about
0.5% and about 5%, or between about 0.5% and about 2%, or about 0.5% to 1.5% on a

36 - 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



WO 2009/051561PCT/S€2007/000354 6  The functionalised nanotubes may comprise functional
groups on the surface thereof The functional groups may be electrically charged. They may be at least
partially ionised. They may be negatively charged. They may be anionic. The functionalised nanotubes
may have cX‘?B&Q?/?é "g?rloups on the surface thereof. They may have sofne 5 Gther aniohic group on
the surface thereof or coupled to the surface thereof7e.g. phosphate, sulfate, sulfonate, carbonate,
thiocarbonate, dithiocarbonate, thiocarboxylate or dithiocarboxylate. They may have more than one
type of anionic group on the surface or coupled to the surface. When mention is made of géoups on

the surface offiEaiNdTorsEEatR s ddsThiay Petbrasiymatdentuothseietivt @obmsay Béccoupled

thereto o via adinkalaOHEnt mERSERIYMIeHimMaY SOMPHSS:al RN deid fdbihisieasedhagrocess
may additionalléi comprise the step of heating the composite film so as to convert the polyamic acid

into a polyirnid T polymer may be a polymer having acidic groups and/or anionic groups formed
from acidic groups SHpe(iynoapsonayi fepcepboxylateysphodphatefisuifata]isisutfondtes. dhrbanate or a

mixture of any, g, Ql. Mt ofiese ?&é}&st@te{;ﬁa@ge@_e %&lﬁ%j%}g candigliye uhsitate. It may

be an electrically nhon-conductive substrate. It may comprise a non-conductive coating on a conductive
base. It may BR{IRES-a TR dBRYVePBBERoTBRE A MBS Rk e LA TRy e SFAprRERTise
polymer-coatedrfaeiakimtosalkatiate aiathbermetallics. [timaygonymigscopp@ntibinay 2@rbomprise
chromium. It ma mptise a chromium coated sjlicon wafey. Th slrate $h J %lgle of
becoming elegﬁ%gl%/e%_h%@aéydc WHBH CORNEE g:o. %agoﬁewfcﬁé%ne%%%%?g ﬁgﬂs{%l‘\gegrﬁ%gay comprise
a polar organinsshderridatinayicomprisen pristisieg hrshsugthiapidampibd arapetie BoI0Ee: It may

comprisga Mixiyte afspentsahleashpngl:4sanhich is a polar organic solvent.  The ratio of
nanotubes to polymer in the susp%nsmn ma;%be s}%%h that the co posﬂllte film is ,eleéirrét]:%le/_ conductive.
0 RV

The ratio of nanotub®s {8HB8HH#r i HRASHISE ASBHIARY BRI AR & TBRE5s dheres to
the substrate.aThedetioninay tiecketese 8halpoutets S¥%enrdratrdist G846 sep betwdertiapoutilibdbrand about

2%, or about gp%%%:égojn' %?%%cﬁ&é’e‘é’é‘%k%%%ﬁtain a desired thickness of the composite film.
The ratio of carbon nanotubes to polymer may be determined so as to achieve a
15 predetermined electrical conductivity of the film. The process may comprise the step of
selecting a ratio of carbon nanotubes to polymer so as io obtain a desired electrical
conductivity of the film.
The process may be such that the composite film has the functionalised carbon
nanotubes substantially homogeneously distributed through the polymer.
20 In an 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;
(ii)  at least partially immersing the substrate and a counterelectrode in the suspension;
25 and
(iliy  applying 2 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
30  charge on the polymer and the nanotubes.
In another embodiment there is provided & 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;



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 ne % i said
neutralising‘gaéﬂ?%ﬁé’ﬂ%isuﬁiciently basic to at least WO 2009/051561Pgél{ g%ﬁ%&m 7
partially deprotonate the acid form of the polymer tdform the ionised polymer. The neutralising agent

may be in solution in a liquid. Said liquid may be a poor solvent for the polymer.  Step (i) may
comprise preparing a suspension of functionalised nanotubes. It may comprise preparing a
suspension dfithargdersiarrtisladmangrsiag healhstRigad hensisriectnds iy cormmies
functionalisafjpn of the nanotubes. It may comprise surface functionalisation of the nanotubes. It may
comprise oxidation of carbon nanotuybes. It may comprise %{face omg%tégg dof carg)g Cg&&o&ubes. The

n

oxidation mdifibe afPERIRG 2SR TS UEE S BRI SR AeiEPEhch-as nitric acid. It ay Use a
peroxide. in dumait usefiope texyaeid it nsapsteeoxygehe  cotntexmbtcitpdansy B Eppiea fdiea sufficient
time to fcgiw tc%%l cgg?@gﬁg?ﬂ%g]%gga@epredetermined thickness. Thg process may comprise the .step
of selecting a time for application of the voltage so as to obtain a desired thickness of.the cgmposne
film. The rativhsreirplsatrstabmaesehiiyPrRly e Be o bl bs s S iaTs §148 a»
predeterminggl algriicakcopduetivity efdhedilkhattbeopraeeshstay tamiiseptoei stepofisdlecting a
ratio of carbop nanotubes t%gollymg%sonasogﬁ%lgtain a desired electrical conductivity of the film.  The
process may H LR HH e gofaﬁlposﬁe?ﬁm as the ffinctionalised carbon nanotubes_substantially

homogeneously disteiited ¢hisdimenetvolyimerozided apeeise danrniners SEpReHEdda Pocess for
founing 8 cogwmg%tglg_&gfrgiﬁgpstrate comprising: 0] providin__g a suspensio_n co_mprising an ionised
polymer and functionalised carbon nanotubes in a solvent, _(_u at | : stlpartlaélally{ r}qgna tsin the
substrate and@® couti8iB8 FoRERAPH RPN 2 PSR4 i }Eﬁ%@?ﬁﬁ It véflta etween the
substrate andhifigsofinteialecicddadoasaimiubes in a solvent;
(ii)  at least partially immersing the substrate and a counterelectrode in the suspension;
and
is (i) applying a voltage between the substrate and the counterelecirode 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 subsirate comprising:
(i)  providing a suspension comprising a negatively charged polymer and negatively
20 charged functionalised carbon nanotubes in a solvent;
(ii)  atieast partially immersing the substrate and a counterelectrode in the suspension;
and
(iii) applying a DC voltage between the substrate and the counterelectrode such that
the charge on the subsﬁate is positive so as to form the composite film on the substrate.
25 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
30 negatively charged functionalised carbon nanotubes in a solvent;
(iiiy  at least partially immersing the substrate and a counterelectrode in the suspension;
and
(iv)  applying a voltage between the substraie and the counterelectrode such that the

charge on the substrate is positive so as to form the composite film on the substrate.



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 30 charge on the polymer and the nanotubes. In another embodiment there
is provided a process for forming a composite film oy a substrate comprising: (i)providing a suspension
comprising an ionised polymer and ffinctionalised carbon nanotubes in a solvent; WO
2009/051561PCT/SG2007/000354 8 (ii) at least partially immersing the substrate and a
counterelectrode ifytheBusRANTIEN:ANEhEID iBpRiyRER:veitess ehfrariibe sonpste fhd the
counterelectrode so as to cause a current to flow between the substrate and the counterelectrode so
as to form th@ ERFFIEIEEHRH T Ethe substrate; wherein electrical charges on the polymer and on the
nanotubes ha\g thepsesangigagatickip ehaoisigtuistapplisddstaheth aethtibhabyadd thédatinethite has

the opposite sg%u to the 1g‘%_ll%arge on the polymer and the nanotubes. In another embodiment there is
- . CArnon ]flan? s P : _
provided a process Tor forming a composite film on

(ii) preparing a suspension comprising a negatively charged polymer and the

negatively charged carbon nanotubes in a solvent; ,
(iii)  at least partially immersing the substrate and a counterelectrode in the suspension;
and- ' ‘
(iv)  applying a DC voltage between the subsirate and the counterelectrode so ‘25 10
canse a DC current to flow between the substrate and the comnterelecirode such that the
charge on the substrate is positive, s_o' 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 2 suspension comprising an at least partially fonised polyamic acid and

negatively charged fimctionalised carbon nanotubes in a solvent;
(i) atleast pértialiy immersing the substrate and a counterelectrods in the suspension;
(i) applying a DC voltage between the substrate and the counterelectrode such that
the charge on the substrate is positive, so &s to form a film on the subsirate, said film
comprising the polyamic acid having the fuctionalised carbon nanotubes substantially
homogeneously distributed therethrough; and -
(iv) heating the film for sufficient time at a sufficient temperature o convert the
polyamic acid to 2 polyimide.

The disclosure also provides composite film made by the process of the first aspect. |

In 2 second aspect, there is provided a composite film comprising carbon nanotubes dispersed in a
polymer, wherein the carbon nenotubes comprise ﬂmci:onalgrmxpsnn‘tha surface thereof and

the .polymér comprises funciional groups, whersin the functienal groups on the surface of,

the carbon namotabes are, o are derived from, amioriic groups, and the functional groups on the
polj}m:r are, ot are derived from, shionic groups. |

In one émbodiment there is provided a composite film comprising |
functionalised carbon nanotubes dispersed in a polymer, said nanotubes being

| subsfanﬁally homogeneously distributed through the polymer.

In another embodiment there is provided a composite film comprising

carbon nanotubes dispersed in a polymer, wherein the carbon namotubes COMPprise

functional groups on the surface thereof and the polymer comprises functional groups.



joa substrate comprising: (i) providing a suspension comprising a negatively charged polymer and
negatively charged fmictionalised carbon nanotubes in a solvent; (ii) at least partially immersing the
substrate and a counterelectrode in the suspension; and 15 (iii)applying a voltage between the
substrate and the counterelectrode such that the clhgrge 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 g substrate comprising: (i) providing a suspension comprising a negatively charged
polymer and negati W%B%F@emn%ﬁoﬁﬁ Sagrialbn i raserGeRdn disseiveed: diyengkatiepartially
immersing thepsijbstrathalithaionsintergle ciiabie s the sishensian aadtib:aaplying & Beyvritage
between the s t d lectro, ch,that the-.charge on the substrate is pqsitive so as
to form the cocrkngirc;?c%?fé?r f?fr% gsﬁgtﬂ% %%%Stga?%gz n%%w% roélﬁlsb%nd??'ﬁ%}%? 78 T et e & pPBcess for
fowling a comfRyanlfiite ATa0BifHStPAERS- comprising:



() preparing negatively charged functionalised carbon nanotubes by oxidation of carbon nartotubes;
(ii) preparing a suspension comprising a negatively charged polymer and the 30 negatively charged
functionalised carbon nanotubes in a solvent; (iii) at least partially immersing the substrate and a
counterelectrode in the suspension; and (iv) applyinq voltage between the substrate and the
counterelectrode such that the charge on the substrate is positive so as to fowl the composite film on
the substrate. 9 In another embodiment there is provided a process for forming a composite film on

a substrate comprisind ) preparing negalively.sbargecfynatisarlised aarhenaanotubes by acid

oxidation of carbon nanotubes?%i% preparing a suspension comprising a negatively charged polymer
and the negassedyictifigdadibEhani aBE SR PSR ORast partially immersing the
substrate and a coygterpleaiipse inthasusnensien:andnihy dppivingla PEryolbagebeturéen the
substrate and the counterelectfode so.as tg cause a DC current,to. ro&NﬁIloeet\%een th%%”%%ée and the

counterelectrdBE e hRATRE b5 G RS H B e S 'Ocl)l&ﬁiggl,’ﬂs]% as 1o forth the composite film on

the substrate therfd@nother embodiment there is provided a process for forming a composite film on a
substrate comprisiag,, (1YSANGASUSRPOSIRNSALAIS A ebicastpRMalsanised polyamic
acid and negatively charged fanctionalised carbon nanotabes in a solvent

least about 1 % 107 Sm™ and a carbon nanotube content of about 0.65 wt%, or about 0.8

wt%, or about 1 wt% or about 1.2 wt% relative io polymer.

The carbon nanotubes may comprise MWNTs.

10 The potymer may be a polyamic acid or a polyimide.

The carbon nanotubes may be covalently bonded to the polymer.

The film may have a‘ﬂ.aiclmess of less than about 100 microns, or in may have &
thickness of less than about 50 microns, or it may have a thickness of about 5 to about 50
microns, or it may have a thickness of about 5 to abut 100 microns. It may bave uniform

15 thickness.

The film may. be disposed on an irregular substrate, It may be dispesed on 2
substrate having an irregular shape. It may be disposed on a substrate having a non-
smooth surface, or having a rough surface, or having an irregular surfacs.

The film may have a tunable thickness.

20 - Inan embodiment there is provided an electrically conductive composite fiim
cornprising functionalissd MWNTs dispersed in a polyimide, said MWNTs being
substantially homogeneously distributed through the polymer.

In another embodiment there is provided an electrically conductive composite film
comprising functionalised MWNTs dispersed in a polyimide, said MWNTs being

25 substanfially 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 clectrode. The
elecirode may be an anode.

30 The film may be made by the process of the first aspect.

Detailed .descrip’:ion of the invention
The present invention encompasses carbon nanotube (CNT)/polymer composite thin

films and their fabrication through electrophoretic deposition (EPD}. These processes



(ii) at least partially immersing the substrate and a counterelectrode in the suspension; (iii) applying a
DC ypltage between the substrate and the counterelectrode such that the charge on the substrate is
positive, so as to form a film on the substrate, said film comprising the polyamic acid having the
fuctionalised*Ear¥B Hafotubes substantially homogeneouslr;/ disgibute%%gf%?ﬁ?wﬂwi%‘hdg (iv)
heating the film for sufficient time at a sufficient temperature to convert the polyamic acid to a
polyimide. The disclosure also provides composite flm made by the process of the first aspect. Ina
second aspect, there is provided a composite film comprising carbon nanotubes dispersed in a

polymer, Whemh_imcthehm@nmamm@lcgﬁmlwmﬁcﬁéﬁaﬁ@btﬂﬁ%ﬁl%?uﬁ‘%i%:‘%”i‘ﬁ'ére@fdand the
polymer COMPLISES funciional groupss wherrinihe iynsiianshgroups on the surface of the carton

nanombes are, or’are derived from, anionic groups, and the functional groueps on}ltgei%g%gnaer are, or
film

are derived from, Bhichg SHRIS4IRFBhe BmBddimSHERFEISs BrEHERS d5BoS mprising

| _ posi
functionalisegigaibeian ONDe sdib peraestipatidly nierssdigapaoiabesdb Sigis utianiially

homogeneously dietiied (Al e oSl ANRIEYRIROUITER! BT rGNdeiL @ composite

. 5 . d
film comprising carbon nnotubes Ispersed in a polymer, wherein the carbon nanotubes comprise

functional greoksidntthenigrtacevreredharfmefe T ARsEiAD Asks MMcRBsPERIEHsOOe The
hanotubes mayRessubsiantiatyibemageneemsidisiibiutRariibmghtherpady mier Fhigituictional

groups on the surface of the carbon nanotu ay be, or be derived from. anioni ups. The
functional grStp< én e 8B IIREPS T BE, %?ﬁﬁ%ﬁ‘gﬁ%%%%?pﬁ%en%rgﬁgﬁ %H TCE% ollowing

options may hedide thickaesyandtiondwitiivtiie second aspect, either individually or in any appropriate
Comblnalglon. The present invention also encompasses enhancing adhesion strength of polymer
onto a metallic substrate through incorporating CNTs. In one embodiment, the adhesion
strength of PI onto copper substrate is enhanced. While crack or delamination of PI film
coated on copper substrate is generally observed if CNTs are not present in the film, the
CNT/PI composite film attaches to copper substrate quite stably.

15 The present invention provides a process for forming a composite film on a

substrate.

The first step of the process is to provide a suspension comprising an ionised
polymer and functionalised carbon nanotubes in a solvent. The ionised polymer will have
an electrical charge associated with it. It may therefore be regarded as an electrically

20 charged polymer. The ionised polymer may be completely ionised. It may be partially
jonised. In some embodiments it will be a cationic polymer. In other embodiments it will
be an anionic polymer. It may have cationic groups on the surface thereof. It may have
anionic groups on the surface thereof. Where mention is made of an electrical charge on
the polymer and/or on the nanotubes, this refers to a net electrical charge thereon. The

25  functionalised carbon nanotubes may have anionic functional groups on the surface
thereof or may have cationic functional groups on the surface thereof. The suspension
may be a stable suspension. It may be stable for at least about 1 day, or at least about 2,3,
4, 5 or 6 days, or at least about 1, 1.5, 2, 2.5, 3, 3.5, 4, 45 or 5 weeks at room
temperature, or may be stable for a period of about 1 day, or about 2, 3,4, 5 or 6 days, or

30 aboutl,1.5,2,2.5,3, 3.5; 4, 4.5 or 5 weeks at room temperature. In this context, “gtable”
refers to a suspension that shows no visible signs of separation over the stated period
without stirring. The electrical charges on the polymer and the carbon nanotubes 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



The nanotubes may have oxygen-containing functional groups on the surface thereof. They may have
carboxylate groups, or groups derived therefrom, on the surface 5thereof.  The film may be
electrically conductive. It may have an electrical conductivity of at least landa
carbon nandtube contlen]i of about 0.65 wt%, or about 0.8 wt%, or abou?ﬁgﬂg/& 2c))éro];z;? %?u?‘q]Z wit%
relative to polymer. The carbon nanotubes may coniprise MWNTSs. ioThe polymer may be a polyamic
acid or a polyimide. The carbon nanotubes may be covalently bonded to the polymer.  The film may
have a thicicness of less than about 100 microns, or in m 1y have a thickness of less than apout 50

microns, or itSRAPhATBeEE R8s FramR gt SRR o nitrbts, DR it haSl - thtiYess of about
5 to abut 100 sajetpnbeit Maay maydenifomdaifidkpessups Beifiblenayahiedispinssd groapsirregular

substrate. It may f%l%xd'aﬁe d ona SH]%%Erate hayi 33%%{ ggglla(gnsgg%e ey %?dé’ ‘?ar f on a

substrate havmg a non- smoo? surface, orh avmg surface or havmg an irr irface. The

film may haveéaabemditte Hh&ﬁ@hé@s.sﬂfﬁ*aﬁuéfm@é%ﬁ@é}mﬁﬁ@r@f ig @@M@d@@ﬁe@?ﬁ?&l@f@&‘n‘ductlve
composite fil%@ﬁ%@&ﬁﬂ?ﬂ&%ﬂ%ﬂﬂﬁ@&%ﬂ&%ﬁﬂ&%ﬁ@ﬁm i&ﬂrﬁ?'%%ﬂ@o}&ﬁidxm& lzging

substantially homo geneo dlstrlbu ed thro h the p lymer. 1In ano%ere bodiment there is
e

provided an STEEHCART ESRATERR TS O ﬁﬁ’f‘% @?ﬁn%’ﬁ% n Sui¥pétsed in a
polyimide, saphiyii¢N Ts lmnlgoﬂs mﬂ:}sthﬂtlgﬂyem:indo@gnebu@!gsid|smb@itedethnm@hl¢heqfolﬁmer
wherein the MWINES a6 covalently Bpadediio ﬁtg@e lo ofl H& B&gle &Y REJISRRRGT Q5

substrate, e.g. an electrically conductive subs The substrate with composite fllm dlsposed

thereon may H&-hrl BieBti3de 2P RS Erk i SERTRE HE 4SBT RE AN BRINE A B sthe
process qf theifiyRepeot DRiailge-ars@iptieproidhaitiyastiabnisafibe qaﬁaep&lmgnﬂlq’eremlwmpasses

garb"” nanotUibe &%1 T)Rolraer COMBOS IS flmz and el Lablicalion YHRaf iesiapporetc
eposition (EPDY- eS8 processes
90, 510 50, 5 t0 30, 5 to 20, 10 to 100, 10 to 50, 50 to 100, 80 to 100, 90 to 100, 10 to 90,
20 to 80, 15 to 33, 15 to 30, 20 to 50 or 50 to 80%, e.g. about 5, 10, 15, 20, 25, 30, 35, 40,
45, 30, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100%. The degree of deprotonation or
15 ionisation may be sufficient that, when exposed in suspension to an electrode having an
opposite charge, the nanotubes and/or polymer can deposit on said electrode as a result of
their electrostatic aftraction.

The nanotubes may comprise multiwalled nanotubes (MWNTs). They may
comprise single walled nanotubes (SWNTs). They may comprise a mixture of MWNTs

20 and SWNTs. They may be oxidised carbon nanotubes. The nanotubes may have
carboxylate groups on the surface thereof. They may have some other anionic group on
the surface thereof, e.g. phosphate, sulfate, sulfonate, carbonate or a mixture of anionic
groups. They may have more than one of these groups on the surface. The functional
groups on the surface of the nanotubes may be such that they inhibit, restrict or prevent

25 aggregation of the nanotubes in the suspension, or in the composite film. The
concentration of the functional groups on the surface of the nanotubes may be such that
they inhibit, restrict or prevent aggregation of the nanotubes in the suspension, or in the
composite film. The nanotubes may have a mean length of between about 0.5 and about 5
microns, or about 0.5t02,0.5t0 1,1 to 5, 2 {0 5 or 1 io 2 microns, e.g. about 0.5, 1, 1.5,

30 2,2.5,3,3.5,4,4.5 or 5 microns. '

The polymer may be a thermoset polymer. It may be a thermoplastic polymer. It
may be an electrically insulating polymer. It may be an elecirically 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



WO 2009/051561PCT/SC2007/000354 11 enhance the adhesive strength of polymeric thin films onto
metallic substrates, and thereby broaden the range of their potential applications. In one

embodiment, an EPD suspension comprising negatively charged finction # E"% nd at least
partially ion%]ég:jzg{gl/f}glrﬁ% acid (PAA) colloids in 5 methanol/NMP is subje% 2 o%}%%“%é]‘gctrical field,
thereby causing both CNTs and PAA colloids to midrate towards the anode. The deposition rate may
be dependent on the suspension concentration, DC current and conductivity of the electrode. After
imidization of PAA through heating curing, a CNT/polyimide_(PI) composit filgéis roduced with
tunable thickHEsSOBRITHITEALIE 14 6TRET ibenYATEn a1 5 &R 8}%& se¥ @ing adhesion
strength of pelymesnier advigtalgdalstiaie dhdougnincor powinfy@id shérebne chbaingent, the

e RS2 R RoRReL SRS RIRIE SnfiAnGe Wil e'ack aresRInAlORAIE Bin

coated on co%lp rsubStrate is gene Observe NTs are not present in the film,the CNT/PI
composite filmagachésse dopparsubbraialjairobasty. sipde privertairidtRPPRSIMESE process
for forming a GAmMRARIIE-HIN LA fYPRr AlemetHoB fiEshateRRLIPR A0 GRISsIS P TR SSPension

comprising an ionised polymer and functionalised carbon nanotubes in a solvent. The ionised polymer
will have an ST¥EERE PR SARUSHIERE With it. It may therefore be regarded as an electrically 20

charged polymer. The: iesiigad folytiresunapsiercomplbtely iomiskdhat may peopaciatyt iberisée. In some
embodiments,iivlib fSAHID Hs-RAVNGE 1. oHsFL UBpImaNIs: it lohanR anianiCBalmal. It may
e

have cationicpgr ups on the surface thereof. It may have anionic groups on.the surface thereof. Where
mention is magkoisal susksasien o e §elEMIRE HERHE e RIS e ABttlse S e RSS!0 a net
electrical chargarberana. The ghdusstisnaliseslicariionaneibesimaydeaudanianisifunetional groups

on the surface thergof or ma Iaavec tion%f{ug&t(i)onah%oy 5.9 the %urface.th regfJipe-gyspension
able fo

may be a staBi&é®u Egh%'f: . maéfl &g At least Abou glg% or at least about ,3,4,50r6

days, or at leastvabou§, cbrbpRse2aSdn30sgahid Bloes.leeks sprapirete mpeigturé seVmdy Be stable
for a period of alot1 BaV: ol APOYERr BrdmAQoB gAY S BaPRoARRKE b shiers Rdind, pofmtbe 4.5 O 5

weeks at room temperature. In this context, "stable" refers to a suspension th:%l?

hows no visible signs
of separation Bt BRETSRIEE SE RS- SHHBGACEifAR B IERTR AIeha J2 8 BH 166%%%%%5% the

carbon ngnotykesoaye the saifieisigly (peveibiesfiofhr phsitedyardoath weghtivefosustablepeositively
o o G SIPECHS, AR Al o e
cood solvent is a dipolar aprotic solvent such as N-methylpyrrolidone (NMP) and a
suitable poor solvent or non-solvent is methanol. The colloidal particles of polymer in the
colloidal suspension may have a mean diameter of about 0.2 to about 2 microns, or about

20 05t02,1t2,02¢t01,02to0.5,0.5t0 1 or 0.6 to 0.8 microns, e.g. about 0.2, 0.3, 0.4,
0.5, 0.6,07,08,09,1,1.1,1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9 or 2 microns. They may
have a zeta potential of about ~10 to about -30 mV, or about -10 to -20, -20 t0 -30, -15 to
-25 or -18 to -22mV, e.g. about -10, -15, -16, -17, -18, -19, -20, -21, -22, -23, -24, -25 or
-30mV.

25 The ratio of nanotubes to polymer in the suspension may be such that the composite
film is elecirically conductive. It may be sufficient to achieve a desired conductivity of
the film. Thus the process may comprise controlling the ratio in order to achieve a desired
conductivity. The ratio of nanotubes to polymer in the suspension is such that the
composite film adheres to the substrate. The ratio may be between about 0.5% and about

s0 5% on a w/w basis, or about 0.5t0 4, 0.5103,0.5102,0.5101.5,05t01,1t02, 1 165,2
t05,31t05, 1103 or [ 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, 1 t0 3, 1t02,210 5,310 5,4 to 5 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



groups (where the alkyl group is commonly Cl to C6, e.g. methyl, ethyl, propyl, isopropyl etc., and may
be a mixture of alkyl groups). Suitable negatively charged groups on either the carbon nanotubes or on
the polymer, or on both, include, independently, carboxylate, phosphate, sulfatei sulfonate, carbonate
ora mixtureWI%)e%‘ggff)sﬁﬁﬁelse groups 5 may be attached directly to the pon?ﬁng(S;r %{gﬁogfﬁ%s, or may be
attached via a linker, for example an alkyl or an aryl roup. Negative charges on either the nanotubes
or on the polymer or on both may be generated by at least partial deprotonation of the corresponding
acid form of the charged group (e.g. of a carboxylic acid, sulfonic acid etc.). This may be achieved by
reaction with BESCHEBIE DAY 08 5/ GTeARGHIATIE QEA-bc OO ANET o ddbraacch-1
deprotonatiorp@oi® aigedion fintlepeaceaiy for, the abnataloes,antl forthemiymer) may be between
about 5 and about .100%, or about 5 to 90,5 t0,50,5 to 30,5 to 20, 10 to 100, 10 ¢ 50 t9 100,80 to
100, 90 to 100,10 t% 0SS HY flﬂ’o%@;}’ o 6’%‘%% S R R i kY %%gg‘? S S 20, 25,
30, 35, 40, 4531BONBEs 60165 cqinids, 8ep@5ioamnigbearltngs. [T e tdgeaeobdeprotivramariisr Is
ionisation,may.ba suficigni-that, hemeReseshin URRABSINLP SABleRge havineaRRPROSIte
charge, the nanotubes and/or polymer can deposit on said electrode as a resylt of }%eir e[e trostatic
attraction. ﬁ?éfﬁamﬁ&ﬁeioma%}%ﬁ%ﬁ@%ﬁ%ﬁ%ﬁﬂ@%ﬁ%&fb&%@%m%%89 %f;ieéoﬁfpnse

single wallfao_l stanattiloe aHSH\N IsinTee prayoe di peiSe, £ tnix it e SofoM W FS@ 0 Gandn8MENT s. They
may be oxidisgg ¢asbah NANgHIRS, HF ARIAIHES A A KRR Y Bif gAY RRANI 1R sy face

thereof They may hadve some other anionic group on the surface thereofé%ﬁ. phosphate, sulfate,

sulfonate, carBdiratiols hamaseretunismengioups TReharaydusiad dosrauHsisEHiast thas®yroups on
the surfage. Thafuncdiopal@ioupsianiing susfesaaf hemmanatvhes WA be-stekithaktbeyinhibit,

restrict or prevent 25 aggregation. of the nanatubes, in the suspension, or in C osite film. The
concentration®dt h%’?ﬂﬁ%ﬁﬁgnjf d%lmjféﬁl gtgﬁﬁea%éto?rﬁ%% T ?"rr’r%y belcéé?t:%gtt%f) u(%‘f/inhibit,
restrict or preventréggreyaditumegttitbcadootubestbeth&nghspenisivmichdpitrescpgetBinsifitnihd he
nanotubes may pavga mean langih ol heween gk 85 and ?e%g% ﬁ%ﬂiﬁ*}oﬂéa&%@'?ﬁ’é{t R-%t02,05

tol,1to5,2to5orlto2 microns, €.9. about 0.5, 1, 1.5,302, 2.5, 3, 3.5, 4, 4.5 or 5 microns. The
polymer may BersatisanBs BRI FRrcs: hely drgstimespadivopibimtialndppéean gettfically
insulating polymese ihtaaydil an elestfiealy nesrepnducingpalyoaiesThorelymehamayibeatiagy suitably

charged or ionised polymer. The polymer be a ic acid. In.this c he proce ay
additionally C(I)Jrlr?ﬁ(r*l}sgea%:ae% 81668 ﬁggﬁﬁm\%@%%&%%{%P%? &PZ%BO%O%B%QA{O&@% §caorgﬁposite
film so as to cHiEn the pbdyarfic 26idinds 4 pofimidd FHe popmidienty benspelabariding acidic

groups and/or,gpiRnigieURs: RIS theseframo e, dmyRsmRY besarboyyiaie ohasmhale, sulfate,
sulfonate, carbonate or a mixture of any two or more of these. Ex%?ples of s%%ble pol meres{ include

polyamic acid®PBiySeriit orBBivitethaliPe A SR RGBT 28t BEPbIgmars.
polystyrene sulfbsiatéadiysiyrenestifenatpcspolyinery étcat a phnersoiddntdamthessidpemsiot may be
a liquid that isfuRegrapkeal AiaRalvmey allowine.loration ofa soladal pusrensinngihe

polymer. In this context, a colloidal suspension©f the polymer is taken to be a dispersion of particles of
the polymer 10eretReatrytiermiHelsalicesy hesbrauivraandiseqeamnoiirsaudeaBsde gfons in
mean diametepanchAreaa@parkagdsaelow. The solvent may be a mixed solvent. The solvent may
comprise a polar organic solvent. It.may comprise.a mixture of solvents, at least one of which is a
polar organic solve .eltﬁr%%}o %)gltlﬁspeﬁs(é a g%l\r}eﬁ?%%bre Ien%lg%glfeg?ﬁda% oor s{g%%?nﬁtlsg}rgﬁ%’n?é%lvent for
the polymer. Bhefseemintieialissiittablegatiexisipiioat of normal (ie. unfunctiopalised) carbon

nanotubes, This may be achieved by exposing the normal nanotubes to a mild oxidant, for

example nitric acid. The nitric acid may be at a concentration of about 1 to about SM (e.g.
about 1to 3,3105,2t04 or 2 to 3M, for example 1, 1.5, 2, 2.5, .’Di, 3.5.4,4.5 or 5M). The
exposing may be accompanied by mild stirring or shaking, and may be conducted for
30 about 0.5 to about 2 hours {e.g. about 0.5 to 1 or 1 to 2 hours, for example about 30, 40 or
50 minutes, ot about 1, 1.2, 1.4, 1.6, 1.8 or 2 hours). Other oxidation processes may be
used for oxidising the carbon nanotubes. For example potassium chlorate, hydrogen
peroxide, oxygen/UV light, acidic permanganate, chlorosulfonic acid, peracetic acid,

peroxymonosulfuric acid, performic acid, perbenzoic acid, persulfate, perborate or other



15 the solvent is a sufficiently poor solvent for the polymer as to allow formation of a colloidal
suspension of the polymer. For many polymers e.g. polyamic acids, a suitable good solvent is a
dipolar apr%%hig'l,\égﬁ{%qch as N-methylpyrrolidone (NMP) and a suitable, pRgf. spbeRE59r non-solvent
is methanol. The colloidal particles of polymer in the colloidal suspension may have a mean diameter
of about 0.2 to about 2 microns, or about 20 0.5to % Ito 2, 0.2to 1, 0.2 t0 0.5, 0.5to 1 or 0.6 to 0.8
microns, e.g. about 0.2, 0.3,0.4,0.5,0.6,0.7,0.8,09,1,1.1,1.2,13,1.4,15,1.6,1.7,1.8,190r 2
microns. They may have a zeta potential of about -10 to about -30 mY, or %&t -10 to.:20, -20 to -30,
115 to -25 or OxiasimanPeatpdpspridise the Sarhen ngmotubes. {he ofdatqn should Be sypfickit - 560y,
25The ratio abnanekbes-ig=nolysfehdminetsbizpensidficiaytbesiveht thatstheicbmpoght dilralis
electrically copductivend.mavbe sulfeientin Adieye d deslied GO0MMAN ok ik Ths the
process may comprise &8itrd INg fhe Fatio In order o achieve a esired conductivity. The ratio of
nanotubes toagelysativinahihsusperion nsrhn axifdiennipo stermyicomers s necibSrate. The

ratio may,be 62 2B LB % 8RtHaY QBEnPisS W ANB W RASHS TOma euind iséasdnitalidg 3, 0.5 to
2,05t015,05b5t01,Itp 2, l1to 5,2to 5,3to {, 1to :Eor, tto 1%5%3%9 %t@ut %’g tll %65% ,tg.S, 3, 3.5,
4. 4.5 or 5%. HRSISBRIRR rhig SBIHEIL AR tHEEAREELBMRE DEREN ST TVRY OISR oF about 1 to
about 5%, or abeutdto 2,slhted; dr tac2eAtans BotoH Bie:GopR wdgb] eldh.dhdut B; 3.5, 2,435, 3, 3.5,

4, 4.5 or 5%. Lhe panotubes may e presantinihe, SUsPefs LR WQarbon nanotubes. The
2009/051561?’%%@3%0%@%0003’54 14 percentag% wl‘;\l?\}por vv%]o about 0.005 and 0.1%, or about 0.01

and 0.1, 0.05saR@ing CDBeAiE Fopics o0rPar8 Bowte §KBRdR = '3D100°85%1%. 19%.

The suspgnsigmaY4RIPr aducashiy200mbITNGsa 48] sensonBkI tenearbennapoiebes avihia colloidal
suspension of the pol r. I may also.compi bjecti e [ S j jgh shear.
The high shedf 1% %%%%?l ﬁfgﬁﬁb%‘ﬁesaﬁrt%%ﬁ’gsﬁg %@t%%ﬁ%@@ﬁ%g??r%ﬂ tr‘%%ee_lr%%ég ti%%dggspension.
The sonicatinggnaiyohiestohtlictétl o abdl fmayaoutB3eonminamwh fiegesmetitrdieesbioZvm 80, 5 to 20

or 5 to 10 miniies, 804 RO SerkBud SuspEn Ol HLgRUIES pl-RRAMRE e aRcHSI sk RE s ligient time to

foim a substantially homogeneous suspension. It may be conducted for sufficient Hnﬁe that the io

nanotubes ardifdEEaBREh P Hg HETHREAID PEERASY- otk TS DY} ARETh AR pHERIE SAid

sonicating. It wifheasnderstaohinatipeactiealiysit ispyenadiffickdhtppooduceasbmplemiygindiggregated

carbon nanotub%f In the c%ntext of th% %r?fsot?&%ép%?iﬁggﬁ %Qg term.not substantially. aggregated”
stha ’ i f

nanotubes (aﬁ%g teiRked ?é}?}mg%e%%}tfe It IS Impractical tofurthér reduce their degree o
aggregation sulbefilinitity, fiveriérashowabisation 8 freppForyogneThe srthed FEBBORY BN of the
nanotubes is %&é@gﬁe &gbﬁpﬁigﬁtm&%%@?@ba frequensy wirberti20rraboueBQist aried. about 20
to 40, 30 to 50 or 30 to 4Q1cHz, e. § é)l%t (2)9 25, go, 35, 40 .14115 or 50 kHz,, It ma be %gra %g)wer of
about 50 to abUEPE0BAY b6 3E0RPETPES PEOreF OB B0 S 60 5670 D065y 106 10 180w, e.g.
about 50701 00at00:bes28MWsdtrm aihdresatzblp onvetireind fegbieatysofflesdimds form a 20 substantially
homogeneous suspefsiondt mavReALaBR WS and fieuensy.sulficienithalhmaanpiskesaare not

substantially aggregated, I.e. that it is impractical to substantially deagregare them further, It may be at
a power and FEgGEHEY SbfficiearetReaLNT S5ReT6t TR e iRMIEST-J8ans e MSPised
carbon nanotybesfiaxdiecprepatedinbiunttionalishiionr, 8geRAioaudacddunbtidnlisations 84.
oxidation of nprmal (i.e, unfunctignalised), car. otubes...Thi hi expgsing the
normal nanotlgﬁggs’t ra"‘l%'?lr}figo%g%h ,g%)r%%(gfnp é‘]’ rrliltg}li}(l:ogxcldi?%giﬁig’??%g%’a&éyﬁ%@%%b%%centration
of about 4sto oG, (Ehy. Btsostlte:B, 31y B2 202east sotyesMicfofexarithierm p5ile oharegdz 5 4 4.5
0[)5'\/')- The e BWQhWr%ﬁﬁﬁﬁ%m@%&xemikﬁ iy Eﬁ}& @61?@%8@%&?@!03%%@@@%%@ for 30
about 0.5 to about 2 hours (e.g. about 0.5 to 1 or 1 fo 2 hours, for u 40 ar 50 minutes,
or about'1, 1.2‘3’3%,03933,“1%10%2%8&@? EHRde (QX%DJ&’U%% ﬁ%&éé@iﬁ% t§e%i%(§%%g>§’d$s?§g the
carbon nanotubes. (s, @ayhle paassiom, chiotate iy dBgeh petdkiden qﬁyg@nwaitgiﬂ,_ﬁ@idic
permanganate, %@!%rc:"?#zs'i{g%ﬂé‘fo%%% LAGELE AT iR QRP BASMIL A ACI  RE HAVTHE G {Fbe
perbenzoic amds, persuliate, perborate or other )

30 apoor solvent or a non-solvent for the acid form of the polymer. The ratio of first solvent

to second solvent may be between about 10 and about 50%, e.g. about 10 to 30, 30 to 40,
20 to 40 or 25 to 35% (w/w or v/v). The concentration of carbon nanotubes i the
resulting suspension may be between about 0.01 and about 0.1% w/w or w/v, or about

0.01 to 0.03, 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,



WO 2009/051561PCT/SG2007/000354 15 oxidants may be used to oxidise the carbon nanotubes.
The oxidation should be sufficient to inhibit aggregation of the nanotubes, or sufficient to prevent
substantial wg&&%q&pf the nanotubes, or sufficient to restrict aggregafjon.ehiejigngtubes or
sufficient to reverse aggregation of the nanotubes. During the oxidation, the suspension may be
subjected to 5 high shear. The high shear may comfrise high shear mixing. It may comprise sonicating
the suspension. The sonication may be for about 1 to about 3 hours (e.g. about 1to 2, 2to 3 or 1.5 to

2.5 hours or more than 3 hours, for example aboyt 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 or 5:hours), This may
serve to at [EhSt-pBifaf ticalidieoE e é&r&%ﬂi% 2dice of e tind’ BB St

e sonicating may be at'a frequency of
about 20 to ghquhBoichizyobabkoni-2Bdofd0sdideB0Huko3Bomagenisez he ganpibesd 2be 30, 35, 40,
45 or 50 kHz, It may b ta% w%r 0 u U 200\ arialeuto0) taikalo@4ar®, 100 to
200, 150 to 583’%1%5{%&@1% s , e.lsgj.{ glt;hg%%h g)gt %%9 150 or 200V\/t. It may be at g ng\éer a}rlgl frequency
sufficient to fofttna $tbSRrisp s rir drabutes (Ep examale R be-at-dpovier afd r¥qtiency

sufficient that the:agnsiihes aesnasisuhstantialyoag gregaiadmimiyde anatpowenancfteguency 15

sufficient that the nanotyhes.are.less aggreqgated thanprior to said ic le Tﬁ%{@éﬂl&m nanotubes
may be isoladPSd B cE 'ﬁ&g@ﬁgﬁ?gi@?gt%gﬁf%%%oﬁ%é%ﬁ,plﬁ)l g?l‘ﬂ?a%%lgn,’ ecanﬁng or a combination of

these. They inelydie dipshe dpcatiensohignimitineiater Hkele (bmatyirpusianate &4-Histilled water
or deionised DA b_g-g@gjmg%gﬁgdg | fTresaodrying Sifgoxdey, gas
through or o%@%ﬁ%%ggtnanotl}BegI})@rgbryg%qmeloth_er suitable my thod or cgarr]bitnga%?ora of {net%ods.
Following finfENBA4iRteameitor et Ao el Sroierhes-d ek orisisy MeoVe B 'S SRS o the
nanotubgs mayibe:RreRaiedn hhushalaywamprstaibring:thananotubes in a first solvent for a suitable
time to achieve dispersion (e.g. for about 8 to abou k12 to 18

? %éa’yl seé 8?]?51‘136 é)gggérﬁ% t?l?éj Eﬁﬂgﬁﬁp %@n@oﬂ%fjﬁé%ﬁ%

hours, suitably 8, ,ef’ﬁ?cf or urs). The first solvent may be a good solvent for

the acid font Bictheoctrarfedigioly seenay ensas o e ntay BEtBreobAn- (HECHLFSMEREMCabout 0.01
to about 1%, & 955%9}19050&&%9}1%1&1%@33&[&&% 1005 & 8DPRHR:O1, 010800 A%DLH 0.05,
, 01

f
0.06, 0.07, 0.08,0.09, 0.1, 0.2, 0.3, 0.4, 0.5,.0.6, 0.7, 0.8, 0.9 qr 1% on a.w/w or w/v basis. The
resulting susPeistOR-AEZEAR I BE ANt iﬁ‘)!i’?@&dﬁdasg?\?(é)in é]Iy ﬁgts%ncgo%h %c?lt\c/)g% % %ﬁ%ﬁ 0 a poor
solvent qf a neatEHietifasthbacis form b teggolypbmithd hativlfifirsitsiivent bs Berofeisolvent
may be between{abouéolo and byt 20%. 6.9 RPOULLO-10:3QiR0H0- 4RI E0aAR Barcl@okb % (Wiw or

e.g, iro
viv). The conGéntration of carbon nanotubes in the resultin suspension.may, be between about 0.01

and about 0. evbREersFiEdn A RO ierhs PHTEYEHL "8th2 FPEEs 06 BB HH % 9. about
0.01, 0.02, 093,20V DA0UR5 L5GLRGTH SGROG HADAREA 16)0: 00060103y D108, %P9 or 0.1%.
Following addition of the second solvent, the suspensiop ma icate Tol Ime to
homogenise H&" r?é’ﬁ&lﬂﬁ%%ofﬁ[%ﬁlén ssg’ﬁé}é%r.l %Qg%%‘fﬁf t‘ﬁ%ﬁ&%ﬁ?ﬁ%ggg%dﬁ%% Egégg?ﬁ to about
10 minutes, db.abeond dtous 14nol EQuivabegopBabRnahnatde m@a@@%@ﬁf@%?@%, 7,8,9
or 10 minutes), SuifablEfirst SiMentSandsaeans sab/ eatsdhRYHepanttOR: thesaalueagfiba polymer
used in forming the composite Elm. For polyamic acids, u'tablgﬁfirsﬁsolventg inélu%? fjaig]%llgr aprotic
solvents suchHB&rainip (REshetRy | STEIB0NE) ASIFA TR N é ReehyIatcetAiiady, DMEY o
(N,N'-dimnethylfaseaanaisele, DivhOntdipsting] ﬁdﬂﬁebﬁg[b)zjﬁﬂd,w{_éim&ﬁ)eihﬂdmaﬁé_ﬁhmolmn&
et R SAnd s e Rk RS I sl decs o soysalonliotaalich as

methanol or ethano he prqce§s may also comprise preparing the collgidal su pensio%)of the
polymer.ThepaydwsifobideinyiSotheay ioeiinst fREmetiReYrHoE: SERAEA &l cBlYRbIPmethod for

preparing thetﬁglgggg_%%gpﬂﬁi ofdbepalyinssds depsenaraca-sotutiafafian aditlftire:. rdr-charged)

form of the poggsrpﬂ%%npgl%%gg p%gpva%rx]tgo%nr%%b EQ (:aé[n'lx ?n%tdpv?anrt%aaygcor solvent or non-solvent for the

acid form of the polymer in order to form a stable colloidal suspension of the ionised

polymer. Thus in one alternative, a solution of an acid form of the polymer in a solvent is
1 treated with base so as to form the charged polymer, which is less soluble in the solvent
and therefore generates a colloidal suspension. This may be stabilised by addition of a
solvent that is a non-solvent or poor solvent for the charged polymer. In another
alternative, a solution of an acid form of the polymer in a solvent is treated with a base s0

as to form the charged polymer which remains in solution. The resulting solution is then



15 neutralise the acid form to form the charged polymer. The polymer itself may be provided e.g. from
commercial sources or may be generated in situ. For example a polyamic acid may be generated in
situ by reacwz%ﬁ({?gﬁphydride with a diamine. The neutralisation, as peptiened ahqye. may be
between about 5 and about 100%, and accordingly, this step may comprise combining the solution of
the acid form of the polymer with between about 20'8.05 and about 1 mol equivalents of a base
capable of deprotonating the acid form. The base may be an amine, e.g. a tertiary amine, or some
other suitable base. It may be.a. hydroxide such as sodium qr potassium hydroxide. It may he
triethylaminef?ﬁ@ﬁé}g@/ﬁ%&&ﬁ% fr’%f Sé(ﬁﬁf:r%, e%rr11sia'i3h1§/cf3-rlsl ?r?"(‘agl)1 -Hﬁ%%rtﬁ? e?ﬁ%%gﬁllﬁi%?ﬁgﬁglamine,
N-dirnethylbgriytesmihes, vl i daletispensigptisinksolsether othée shitap Rtpagsveash & 580 24 may be

combined with,the,sRLiHap pacaiient wiitgiion. rithshintvepthsehaptdihaacid fm of the
polymer or in"a poor solvent or non-solvent for the acid foul'. The r_esug‘;% ol mear%?}g{eg)d? ation may be

combined wiff'8 FoBFaR Rt FMSSBIvEAM fmAsag drdhm s Th'dF a stable
colloidal suspeasiar sfitkationisessphiymér mikuislénatheladteondtivbreatsioltioridd drtaisidstdrm of the
polymer in a sglvent is 30 treat ith.base sq a hi . ) ichyi soluble in
the solvent aﬁgetﬁ%t}gflgr% 8@6%%913 e\%ef%%#gﬁjosgg%éﬁéﬁé?%ﬁ?ﬁm%@qtﬁﬁs%ﬁ)%ggy tf);’ lé%%ﬁﬁin of a
solvent that id d.riehiediehtod poor sdlveatdertht bhdrded:polytriarl i Adothéalkeriativeda solution
of an acid forgy, aftbgnelymaiiR 8.selvent is treated with a base so as to form the charged polymer
which remains in solution. The resulting solution is then, WO 2 09/()51%6 PC[.T/%IGZQOWQO%M 17
combined with suffiBiehiltt SUEBRSINY gﬁg@ﬁ%ﬁi@%ﬁ?@h&egr% SPEb IR IOt Thsrg&d Polymer that
a colloidal suspenstes iesaltmimither bé&hem@mveialaerdamdhéamﬁo b gobdtseivend te poor _
solvent will d%ﬁ&&gr@@c%edé%%%%}‘a@t@@%ﬁ&?&@?ﬁi@ he e s well asaahe.gopgentration

of polymer in the solution. Clearly it is required that 5 the poor solvent or non-solvent is miscible with
the good solvaatarpfiray stiablatqendsetivermateainb MYaE RN K A0aratiTaaiseat 4°5°6r about

1:1to 1:3, 1:340aidock@:0t0ahed didite dodduaivk: dtadh4oddhicbOulL kil Bebumbiatstbit $adt:3, 1:3.5,

L, 1:4.5 of L5 00,8 Welght o woluie Basls, Q0ce lne.suspansioncompiising fe. apised golymer
and functionafisé il nanotubes in a solvent has been prepared, as described above, the

substratesandte compterel édmodbemibsirdtasap drtialy swindestdin thesnbpersbrorThasustrate may

be made of agy suifaple CORIULLVE Materiak AEAMEY, WPMBHIER SRS Batatia) tantahon a
second substance (either conductive or non-conducgtive). It will he ﬁ%derstood tha&i%l thrag ortion of

the substrate $H4P S48t dree FUhstFics T e PRiBHHALY BRTATEdIIIF SH TR0 “The
substrate mayubetaryvallitaiaishapy tomeay widhriugloopitirayline Bmoeobkiritamayy be #airohit may be
non-flat. It may have sharp edges or.it m S e a Y. ially
immersed in [‘f%]én selljsse_:é?enmsi%lﬁ, %%?%%%hg%%%gﬁzﬁ% v%?%?e%r?@%fa?t%y ?ggf?e% \%\%taﬁg %e‘zgc%r;}%b%site film.
The subgtrate¥sespsietenthe FHrHFErs R tHERISp En 8ISkl wicrelly SHEBTIHSFThall BE*ntirely

coated with thg ZR-suUshensiam. Thasyksirpesnayeempsisedsmeial whay icomprisespagpar. It may
comprise chromium. It maﬁ)%gogagrise&m tal coated silicon wadferf. It ma%%%ce)rm rligg acchrolrgéum coated
silicon Wafer.(i[f{%‘ﬁfﬁv‘gb?ﬁﬁ 1A e Bhddtve BEy mEPHT R A, C8MmsHSe Romeother conductive material.
It may comprisena bieerd-aideticacivermbiniaty (egpase alloend ofrapderiprisuivire thanane of the
above. It may,Gomprise, & coRdusive erMalariglateast pasialitcaaied wiflidnensandictve

material. For example it may comprise a polymer coated metal. The counterelectrode may be as
describe?f ab&vEsRH b EaHsPritaih sstss Pate armprtHdudR S AtoemiaT IR I prior to
forming the fikempHecclganingmaydomexanie campride-aoitt alaabingswitheatedithble dnidithat does
not dissolve Ihe, igleyant [em.itmay o comprireasiina fhe deuiaer e Agd dleanng. A
spacer may be present between the substrate and the counterelectrode. The spacer may be made of

an electricallyfiion Bsnderstive mendpntxagpe polymist eitbetemaiier wite raniabitateiddhat Hesspacer

serves to maiptaipg;asviianle SpacingiRetwaen hesubsirate and iha couniereleciredand heigpacing
may depend on the conditions used in foiming the coryggsi e film on the substrat?.cgé’ggyﬁ% between

about 0.3'and§BBHES AniPARO BBOSFOB TSR PETEE BoyE4nd the counterele

spacer may be made of an electrically non-conductive material e.g. a polymeric material
or a ceramic material. The spacer serves to maintain a suvitable 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 Sem,



18 or about 0.5t0 3, 0.5t0 2,2t0 5,3to 5 or Ito 3cm, e g. about 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 or 5cm.
A voltage (i.e. a potential difference) is then applied between the substrate and the counterelectrode
so as to foirg the comnasite film on the substrate. Thus in the present inyghtign,the,farpation of the
film on the substrate may be a single step process. The voltage is applied such that the charge on the
substrate has the opposite sign to the charge on thégpolymer and the nanotubes. Thus, for example, if
the polymer and the nanotubes are both negatively charged, the voltage should be applied such that

the charge on the supstrate js.positive (i.e.the.substrate may functi RO g). In3tg1i§rcase the
10 counterele(z)%f:f!i:‘i’)0 etzu é)v%l{%té’%tﬁe (?as'?hgg%.s T%g) vsoﬂ%bgéo?ngg?b%%éggﬁ%ﬁ&bsgi’gﬂ%c’tigrig’ t?fe o
counterelectrbdlerairgthe substrate to a voltage source. The voltage should be such that the sign of
the charge on the gubiratedogs,eivanathoul)feraatingRiosased: ehd isatuayaRasiive or itis

always negative). The voltage may therefore be a DC voltage and tg}a voltage source a DC voltage
source. The RTRGIRIEIGETSRENY VSRR RN TR T 1‘5‘%%?1837‘ ?‘I?ﬁﬁ%@aﬁ? RGEBHy or
irregularly. It imaytvattimdooiatically tie nfidy \caryheambsoriotonic ity x eiggkirntsodatiyssadbesquare
wave, a saw-topth wave or | Mol { he between
Rbout 20 and S TR e ko B s 200, Tt a0, 200 10
400, 50 to 200! 56 reRUBLREOb PotuhsRsTBY. EBcwrerwlads e selymsT 704 dbe 9anafBles150, 200,
20 250, 300, 32@anAMNRUs, Thesdrert JomspandhadsineeiaabaihliiandiRbergZ0omteor about 1
to 100, 1 to 50, 1 to 20, Ito 10, 10 to %_90,5 to 200, 10Q.to 200, 10 to 100,10 56013%550 t0 JCQO or 50 to
150mA, e.g. SUGHFE, 5 Bosiee §1o HiegSubsicgie sy, dunggionsas, gn anadiha it s 1256509 110,
120, 130y 14GpdBerela0rd7 Gyillshe 18O crtROBmAhA vehagtiveigytihsranplsdbeynegigidiag theent flow or
no current floyy, I 1015 635E JNE e SHRIEM: RayRaleoardied IHAARBCUALNR SR dbivhich the

electrodes become electrically charged by application of a suitable voltage, but no substantial current
flows. This migrbeftie chawsrPaitbansRrissirrARr 4Ry Bredt oo tBpEdRAF il ortHE substrate,
the counterelgeirgdpant the sUspPBRsioneaiedCTIealiylingulatingherdiavdtoneattiagt @adductivity.

During the step of lying the \oltage, the suspension m e 30 kept.at e etween
about 10 andﬁg%%%ﬁ%é?%?% ggu f@%g%g?lfﬁegﬁ% ,nﬁgjt%%%%% ‘1@8{8 %%l?%%a%?‘ggeégﬁ‘%{%g%s to 25 or
25 to 356, e.{f.madovary0lt 5o Segdads ctdras srls0 dt Mhe Vokagenpiayisnd Bpphedy f6is suitable

time to achieyg the desigdiibickoess.affilmuLlsadysthadonesiing dimasirnplying:dhe veliage, the
thicker the film will be. Typicai times are from abou{ 3 secorgs to abouatg?g}%trgg%tgss or aphgut 1 to 30,

5 WO 2000/6H658PBET/ SRS ARIOEE S0 18585 Y6148 1a195 BB i WE™h T 5105, 05
to 2, 0.5 to |, dotes, 28, dbtat1D as 2G6, DO mindteleig.58b60110.500, 106 1@ 40(6 2803(6440.48 18, 6, 7, 8,

9,10, 11, 12,13, 3¢, 15,16, ﬂobt%%q}%%ggg;tégg Aonf 30280 o, 36, 60 758E0! . MEWERR,

Following formation of the film, the fi h&'substraté) may’be removed from the suspension It may |
be then Hashet A S0rERO REUIE VARCHPHERSTIABE 1S5 I SHEE it} AphALERIoISEKent
Suitable liquids awihelependoon thematwemf the mplymer2dhey inclodeishat piainatcobals Guch as
methanol and ethapol. The film may then be dried e.g. in air, | t,that r,is a
polyamic aci&ooga&?rggéec}t%a?rtﬁgﬁrﬁé#? %’%?a%r% ?%0‘6%0%%33 ﬁ=§§;%§%§;g§%gggﬁ?§g %kgr%%we

polymer (in tH®.c4%e56f alpaisditiGaciditol dbniedt #38.ptdmietintéG pdlyABRIAP TR AR be

accomp'ishe%ﬂxzﬂaﬁnﬂg {0:A SHiRke s@g&%ﬂ&ﬁr@ﬁ ASWtBh IR ticgcdhadimeransstemperature wil
depend on the chemical nature of the polymer, and may depend on IIEES:;CK%%S nd. other
e

dimensidhs ofFEMIRT RiagBatdréiablE tBAHAT S AT Ehiteipis § a‘aﬂfgﬁ%ngﬁﬁ?f&?g. about
100C for 15 akoticalyoinuies bihepplibain:2 60Cdotahlrout 3G mnutes abdithtal about2BOE for about

60 minutes. ending on th ur ol ' [ ede Alureiequited 9 gepyert to a
polyimide m%%%gﬁge%eaﬁg%ﬁf%%%g %ﬁ%ﬁ%@%ﬂ %rtﬁe?lggliing(g?&hig he? tetlr?l perature (e.g.
about 250 to abstirBOTE caveicaHosh BRgeba SHRSBHIRIAL GHoHSAVE BB M dRvdT e present
invention alsQpReRwdesARRMRASIBHINE CRARNESIBY £PRIL MBARIESS, the suspension may be
30 kept at a temperature of between about 10 and about 50°C, or about 10 to 35, 10 to 20, 15
to 50, 15 to 35, 25 to 50, 35 to 50, 25 to 25 or 25 to 35°C, e.g. about 10, 15, 20, 25, 30,

35, 40, 45 or 50°C. The voltage may be applied for a suitable time to achieve the desired

thickness of film. Clearly the longer the time of applying the voltage, the thicker the film

will be. Typical times are from about 30 seconds to about 30 minutes, or about 1 to 30,5



dispersed in a polymer, said nanotubes being substantially homogeneously distributed through the
polymer. The nanotubes may be not substantially aggregated within the polymer. The composite film
may be madeudhesggcess described above. The nanotubes may be as-dagsriaashaiaqve in
conjunction with the process. The film 25 may be electrically conductive. It may have an electrical
conductivity of at least about 10-3Sm-1, or at least Mout 5*10-3, 10-2, 590-2, 0.1, 0.5, 1, 5, 10, 50,
100, 200, 500 or 1000Sm-1. It may have an electrical conductivity of about 0.001 to 1000, 0.001 to

0110 1or 1 51008ME 0ot CoBiZh Bored ek Borbe Buibbn 3620 BT 2.5, 20,
20, 50, 100, 300, 500imnd0eeSHNT R eledtdcal 2ndubivity Wil ddpénds 8nlthel Eohbditrdfion of

carbon nanotupes in-the fill) The nanoties mayae:in ssfficisnteensantation in the film that they ‘Mut
a continuous three dimensional conductive network, The film ma haﬁ an erEctrical C r%iuctivity of at

least about 1 x le EPHIERE rAFHER PhIEHHIE-dBAENE SR BERATEEPIISTRESE WS or about
1 WO 2Q09/0R1S6AREG ST 206 HOAR3Ib4 20t thraabniublt. Aquidoweidtidedonpbjisselvedibernatively
the conductivity may be less.than 10-38m4, or less than: Q- - - ample the
conductivity nﬁ%@ Oe%gﬁgafefﬁ P éx‘[%% %}rnﬁ?[? %%%%g%%ﬁénn%goﬁﬁgcﬁﬁégﬁﬁé are used
that are insuffibenizideds shoshahaipudcoheds afersahreshurtalerdnidnddmmataterds than
about 0.65% gglative t@ pelymer.  The carbon nanotubes and the polymer may be as described
earlier. The carbon nanotubes may hav carboxai:g%o%i%s on.H1e surface tgiegggf Talﬁegy{ﬁg%@ave ester
groups, or may hate BfrTdE S Bt AR aFh Sh RS HIB & £ Hihy b Fehelihansed carbon nanotubes.
The carhen nasipitaes, mnabicasthatpesed thewarispoanuubedhenmydelto poyaintiidoitled to the

polymer. They.fay . soyalentybaniedfaieya anuckosinaass. or{ iouah amidaditages o

through ester ﬁnkages ough some’other suitable type of linkage. e film may have a

thickness of lspgaHaHonE ToBavie fons; dhrcimman ApBrBbunitidndeRsher et mystho, 30, 20
or 10 microns,:@baimecsodReii Mmanthakrytd0on b iionss ahdbeis Jitadnsiminttsind0, 5 to 20,
51to 10, 10 to 50, 2Q to 50.0r.10 to 30 microps, e.q. about 5, 10, 15, 20, 25, 30 50
microns. Altemﬁﬁ?\?ﬁ?ﬁ tl?{gfﬁf%% r%){aoy%eaa\{/%taq‘g#%ﬁﬁtegé%m&e at least % uoeﬁﬁ%y ?nelﬁ'o%lbg%ﬁ g? fé\ggabout 60,
70, 80, 98 or d8Gti{tronsiwy freyabewBO G dornbod Aicnimscorsbbar Pbaw 260 G 6B #9200, 150 to

o Sa00 L% B helmilf: 1R0HRICIORS 6rdnahorkaRe 807 QaBRnikAR AHAirddQo 20 130,
140, 150, 160, 170, 180, 190 ar 200 microns. The_thickness g%glgl f%%%aﬁﬁ%r gl‘i b;gtcontrolling
the conditionSAFattiiAe BPRITIGT HaHAT PR RILY AV S et (§7ri thickness.  The
film may havesigadillempthentbas gheigartbpionandtoes) (i@ aydyave nyelegricallincoidostive filler
other than the Caf{%n

arben na oltgbee;gelg may comprise a non- 25 conductive filler (e.g. silica, talc, calcium
carbonate etc?S’. gy cor%pi?_lse a second electrically conductive filler (e.g. metallic particles or
particles?®f conductReEnsegHh EFY S BHelsV P ISR S TIPOSH BN S BAIRRH REIh 8ALHTR ES rbon

hanotubes, thgse-mayihayeahargeddunsiisnaber Bepg ontbaisiaiacethesentoarfudistithatgroups
derived from said charged tunctional groups, wherein.the charge on said charged.fungtional groups is
the 30 same &Q Eﬁ% E’ﬂz@gbﬂ%ﬁeﬂ%ﬁ o‘?le%é%agtu eelél?t Saﬁﬁ%ﬁf%&n%%ﬁﬁdaﬁ%%ﬁ%? e.g.
copper, substsatembrThy herpastepfimenar btheadapetisamnsess desctibshalebitte substrate. It may have

good adhesion to the,SHRSHAS FAYSILaREmRRdImER of (e IRva0Hon® arpRRsHE film semprising
carbon nanotubes dlsPersed in a polyimide is located directly on a metallic, e.g co eper, ubstrate,
said film2s  may be electrically conductive. It may have an electrical conductivity T at least ‘about

10%Sm™, or at least about 5%107, 107, 5%10% 0.1, 0.5, 1, 5, 10, 50, 100, 200, 500 or
10008m™. It may have an electrical conductivity of about 0.001 to 1000, 0.001 to 100,
0.001 to 10, 0.001 to 1, 0.001 to 0.01, 0.01 10 1000, T to 1000, 100 to 1000, 0.1 to 100,
0.1 to 10, 0.1 to 1 or 1 to 100Sm™, e.g. about 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1,
30 0.2,05,1, 2,5, 10, 20, 50, 100, 200, 500 or 1000Sm™. The electrical conductivity will
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 wit%, or about ]



WO 2009/051561PCT/SG2007/000354 21 having good adhesion to the substrate. The flm may have
sufficiently good adhesion to the substrate that it does not delaminate from the substrate either during

high temperaiyite fosmation of the polyimide or during normal use of the gegied shhsiigse.  The film
may have improved physical properties relative to a film of the same polymer having no CNTs. The

film may have improved elastic modulus and/or hardfiess relative to a film of the same polymer having
no CNTs. The improvement may be at least about 5%, or at least about 6, 7, 8, 9, 10, 15 or 20% or

may be about 5 1o ab%ut 20%, of abé)u.t 510 15, 5to ;g 10 tg 29%?%78 to 30/&"%33 abqtgt ? 6,7,8,9,

10, 11, 12, 13794% 913598 17 WHo 18451508, PR £ dSEmay SEGEendent on the loading of

CNT in the ictpolyrtiégBrigfDestiptiehoot 5’ DireitvingjS or 10 Piefé rettemidd irertsitiiyitresent
invention W'”&M%&ﬁ%b?%bywamo?mﬁﬁa%%@noeyﬁwimmsessc@lﬁaﬁcﬁﬁ%mawng

drawings wherein: _Figure 1 is d schematic illusfration of the fabrication of conductive CNTs polymer
Iscomposite b dihisEiGHHdReTcoRpBEier igerdmqasicashetndirding 8F2sh of e &ntheses of
polyamic acidsnehis aputralbzatianahigwedwhaws photographs of electrophoretic deposited pure
polyimide film (a) and polyirnide/MWNT ¢ osite film (b copper_substrate with. feeding content of
20 MV/NT of 0.65 wi%6 ﬂ&f’%%rr}éeﬁt a&%rg%mﬂ)ﬁsﬁ%eaélo%gﬂ%%sﬁ%é%g %gmei%rg é’st;iq Fgﬁarlég%shows
TEM micrograpirs ey Tipe lgartie icompssitethstitcatsdhpienighlePDarbeessiny @itifeeding

content of MYNT, of G,6a- Wil RAAkSIatE Sshayvanoauls Arg herdngsispintiias withrespect to
displacement into sample surfaces for neat PI thin film and MWNT/PI compositifbthin film with MWNT

feeding 25 comtRTIBI0. BB O PAR RS CAtef JRTS PRe CbdRsaaReon ARIR GTgHh BPD
processing; acwldigitiie ataive the dejyendefaeyofrthe ihicknasatbf MWk Mbegmpdsideidain film

against deposifion img (G cHrentd MAp M UNLISEH NG EP M Waldeh Abme other
suitable type of linkage.
The film may have a thickness of less than about 100 microns, or less than about 50
microns, or less than about 40, 30, 20 or 10 microns, or between about 5 and about 100
15 microns, or about 5 to 50, 5 to 40, 5 to 30, 5 10 20, 5 o 10, 10 to 50, 20 to 50 or 10 1o 30
microns, e.g. about 5, 10, 13, 20, 25, 30, 35, 40, 45 or 50 microns. Alternatively the film
may have a thickness of at least about 50 microns, or at least about 60, 70, 80, 90 or 100
microns, or may be about 50 to 200 microns, or about 75 to 200, 100 to 200, 150 to 200,
50 to 100, 75 to 150 or 75 to 100 microns, e.g. about 50, 60, 70, 80, 90, 100, 110, 120,
20 130, 140, 150, 160, 170, 180, 190 or 200 microns. The thickness of the film may be
tailorable by controlling the conditions and time of film formation. The film may have a
substaniially uniform thickness.
The film may have no filler other than the carbon nanotubes. It may have no
electrically conductive filler other than the carbon nanotubes. It may comprise a non-
25 conductive filler (e.g. silica, talc, calcium carbonate etc.). It may comprise a second
electrically conductive filler {e.g. metaliic particles or particles of conductive polymer). In
the event that the film comprises a filler other than the carbon nanotubes, these may have
charged functional groups on the surface thereof, or functional groups derived from said
charged functional groups, wherein the charge on said charged functional groups is the
30 same sign as the charge on 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



Detailed Description of the Preferred Embodiments 30The carbon nanotube (CNTs)/polymer
composite thin films disclosed herein may be fabricated by electrophoretic deposition (EPD) of CNTs

and a polymes, collnid;suspension in a DC electric field. A schematic illusyation ff fpgmation of the
conductive CNT/polyrner composite thin film is shown in Fig. 1. WO 2009/051561PCDS62007/000354

22  An EPD suspension according to the present%vention may comprise negatively charged CNTs
having oxycarbonyl group on their surface. Here, the term "oxycarbonyl group" refers to a group which

provides free CQO- groups,in the EED suspensign. referred oxycarbonyl group is the carboxyl
group (COOH}?%%R&'@%&?B%OWQ#&C%M?@W E‘%’ epé%?ﬁggkgfggrﬁ?ﬁg% gctrically
conductive coiipobittratsithfilinsloes o dstytnataiimwia swsjride gifepradadngdngictnmpriaiaty

available MV/HMQHQP&&%?&H@H%dm nAnRs.achisvedRsenisating the MWNT lightly in the
presence of nitric acid or mixed sulfurjc acid and nitric acid, followed by thorough ig washing with

water. The degree OFtHE SRR KRS Heh BHERF R IRS RS I rilafing T Mp BKaiE%nd acid
concentrationpdionieaintaing the CXEgritheffthe gegihite strpietné Ghdd\idbEphiseand/dil ke diitsic acid and
sonicating for_short time are rred, The acid-freat T ma i . by
freeze drying 1o %‘vaeeﬁ 63%%%% rsy%r}a %?%%%ﬁ%%%%ﬁ&er h@%&%%%%%A tg%r?g%\?%e%, the

carboxylated 25@NTs iy lsashrbpaiéd thfolighla kaaical feattieny &8 repBHRE PROWoLESK: @eng HO,
Alemany L.B.abargraves) sl Khabashesky M. cidauwallscartrorybe agidifurnctignalizasion of

single walled ¢ rgon nanotubes, J Am Chem Soc, 2003, 125, 15174).. The. MW, spension for
EPD may be ﬂ)é} hrddby gﬂ%%éﬁ&%@%&??ﬁé%?&h“i\%ﬁﬁ FRRIBIH M&%@&ﬁﬁlﬁf g’c?lar organic
solvent may h@lheesame as that 20 used in preparation of polyamic acid (PAA) suspension. The

MWNT suspension may be prepare%nggeg%nggfmim%@g_about 1to 6 minutes. The

EPD suspension according to a preferred embodiment of the present invention comprises a negatively

charged polyamic dcRrPE) EBheimemief EopartdmyHianailbaa8nPe ek AL AR R4 BE obtained
from commergialyagysiiahle, sauicesnby @ hinhetaipinsynthesit dsartexarmple, Pyre-ML(r) products,

which are part.of a fgmily of materials I}Ea ed on argmatic polyimides, can be sed.from Industrial
Summit TeontHGy Lo frte SR TR ICRe boTe L0 e e o
InsulatingsVarengipoaitel titoivgies fstroiffereit appsistianion. To synthesize PAA, substantially equal

amounts of argrgmatic {etacarhaxilic ianiy dideand apammaticdiamine (on amplagbasis) are
subjected to polycondensation in an organic polar solvent at room temperature. Molecular weight
nettralization;
Figure 3 shows photographs of electrophoretic deposited pure polyimide film (a) and
polyimide/MWNT composite film (b) on copper substrate with feeding content of
26 MWNT of 0.65 wt% of PAA, current of 15 mA and deposition time of 3 minutes;
Figure 4 shows TEM micrographs of MWNT/polyimide composite fabricated through
EPD processing with feeding content of MWNT of 0.65 wt% of PAA;
Figure 5 shows modulus and hardness profiles with respect to displacement into sample
surfaces for neat PI thin film and MWNT/PI composites thin film with MWNT feeding
25 content of 0.65 wit% of PAA fabricated onto metal coated silicon wafer through EPD
processing; and
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 wi% of PAA).
Detailed Description of the Preferred Embodiments
30 The carbon nanotube (CNTs)/polymer composite thin films disclosed herein may be
fabricated by electrophoretic deposition (EPD) of CNT's and a polymer colloid suspension

in a DC electric field, A schematic illusiration of formation of the conductive

CNT/polymer composite thin film is shown in Fig. 1.



control may optionally be perfomied 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 0.948 ahkgut kg, or about 0.95 to about 1.05, WO 2009/05156 126 L(360209¢4900354 23 e.g.
about 0.8, 0.85, 0.9, 0.95, 0.96, 0.97, 0.98, 0.99, 1, 1.01, 1.02, 1.03, 1.04, 1.05, 1.1, 1.15 or 1.2.

While there are no particular limitations on the arorfatic tetracarboxylic dianhydride that may be used,
the following compounds are provided as typical examples: 5pyromellitic dianhydride,
3,4,3',4'-biphenyltetracarboxylic dianh drr:eg,e, 3,4,2‘1%%4' et i don may. compd eativel
berwophenonetet/alcEHbd RUHRRETRYHHEEBRA, 227 SRS f)lrop))ii(ﬁengfl(%%ﬁlﬁ‘f’gﬁlc ahhydride.
While there atempedahitulervingtaticasomyiheapmatictianiaes faenby senusesyaddalowing are
provided as typical e es: 1.2- - rg} - I3MiNg, 12, 4sdiaming, N6 A
2,5-diaminot Sgﬁe,r%&%%ﬁ{agn%iée@lgn%%?g i%‘@ﬁfgﬁﬁ%ﬁ% pﬁ%rﬁ@h%ﬁgiﬁu%% opane. Typical
organic polapsefivestswyenibrK-setRyiileerdersl %W&Wéﬂﬁ%)lra?éﬁ iR I%"? gm%ounamide,
dimethyl sulfexigiey itetvameth ey gRetateh st ditiophien- kikcakidty Rrefénalily, tesspoide thin
N-methyl-pyrrolidone or N,N'-dimethylfonliamide is used. PAA colloids are prepared by dropping the
above polyari®&cid solution into a is poor solvent comprising a neutralizing agent to ionize the PAA.

Alternatively the pGlrhmiglateid MENIe mantrbdisprsiisyedo fpmisgrmecsaniiod wittbi nMN¥YAiZing agent

and the resuliing mixture added 0 e RS sol¥antMiater saliphatic alcalwis: benzylalsohel and
substituted benzyl alcohol are typical examples_of poor solven_ts,whicg aﬁ,rgq\]]&ar%%largx suitahble for use
1

in the formatidif5Retapie"drifuRTHh CRBRSATIL SR AHE. B8 RbigaR! Sight Fatio of poor solvent
to polar gplvepidiangesifionuRitoThd, dreterablihefraril 2rbamantEixedaptaderieutr alizimyzagents include
N-dimethyl ethanol, triethylamine, triethanolamine, -0 thenzyvlamine.ang N morpholine.
Triethylaminé:r Fsatén r%@#gﬁ%u%ﬁ?zﬁﬁé?g%%cr%\%%é%ﬁ %%%té%?lparts 01{3%0 yamic iréhﬁzlg%};ﬁnge from 10

to 50 Wt%, presferabiyofibiV I 1o seoitiiriitiesrishantheosiptisiorotos BRA ARPIREralization
by a basic cogpoyng ieading.tevianizes, RAAnorot B ERR sUsRENSIaraacarding follbedarésent
inve_ntio_n is prepared by gﬂxing cid-treated MWNT s see&%on iﬂg PA@\efoll%ids u d}gr1a ater bath
sonicating for § fFBE LSS IHIRGTALYTS H%Fé%%d K SO EaRtent of MA Fﬁvtﬁe
electrodepositiviThathy il trepaRD Susgznsioadinsbydeetaajustedrvoed aedousty PargoH8d preferably
from about 2 }ﬁé-%gvgﬂ"/fiiézﬂe mgﬁhmeofﬂwmlﬁ may, DaRdiustae oM a0 Subug@iwtyeief PAA,
preferably about 0.6°to 1.2°wi%. The content of MV/NT may be lower than 0.5 wi%.if a film of lower
conductivity i§wsgonaizating %ﬁﬁéﬁ%&%%%@ﬁ%@@%%&%é@@&%rii%%nlglcylgsed
container, it may begigtaveshstiablyspidaemieniidratise for ppepautlobywealkpending acid-treated

MWNT in a polar organic solvent. The polar organic solvent may be the same as that

20 used in preparation of polyamic acid (PAA) suspension. The MWNT suspension may be

prepared under high power sonication for about I to 6 minutes.

The EPD suspension according to a preferred embodiment of the present invention
comprises a negatively charged polyamic acid (PAA) colloid which is obtained by
neutralisation of PAA. PAA may be obtained from commercially available sources or by

25 laboratory synthesis. For example, Pyre-ML® products, which are part of a family of
materials based on aromatic polyimides, can be purchased from Industrial Summit
Technology Co. These products include Pyre-ML® Wire Enamels, Liquid H' Enamel,
Insulating Varnish, and Thinner for different application. '

To synthesize PAA, substantially equal amounts of an aromatic tetracarboxylic

30 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,



WO 2009/051561PCT/SG2007/0003541 24  General processes of electroplating polyimides which
are similar to heretofore known EPD processes may be applied without substantial modification. In an

example, a&ig So%gqu(,tgl coated silica wafer as a cathode and a workpigge (igidlfagted silica wafer
or copper plate? as an anode are immersed in the above suspension bath at a temperature 5 range of

about 15 - 35 C and a current range of about 1 - 20@%A, preferably about 2 - 20 mA, or a voltage
range of about 20 - 400 volts, preferably about 20-200 volts, for a period of about 30 seconds to 20

minutes, preferably a - inytes. j iIm,is then washed with me ol, and if
necessary im?d%gég%?&gégfgég%li% §Ej¢nB %r?5 %)rf’)oﬂ\itg# gt'%%zldpl@@g ?(?r’ z(;[jbdcg)m1 %’ri}ﬁgtelsﬁabout
200C for abodtBemlirutes, and io about 280C for about 60 minutes. The deposition may be carried

out without stirring Whakght:Stiing, AleEoRH vely-Hig dep asitiehaaY e LAMUGIRHSIRRSPension
flow motivate%lb electrjcal pum e latter alternative may be preferred in large scale systems which

p.T
employ a larg@EnfBtht B SREHerGion OTATE e ERPY Wik Mg o s b e gRISH oFHAEYIES not
ggitat(-?-d. 15Thmm¢ﬁh@smﬁmcéﬁmﬁ,ﬂé¥h§ph§hmmg@arbmﬁsitaiﬁﬁm1ﬁﬁ®®mir@4gme presgnt
invention Co%ﬁg&gﬁﬁﬂgé‘&\ﬁ@%b%%ﬁiﬁi Preﬁ%ﬁﬁ%@g chargeg garbon Q%Qgﬁﬂ%%ﬁﬁ%t'ﬁ's%g a mixture

of multiwalled carbon nanotubes in dilute aqueous riitric acid (about 1 to about 5M) for about 0.5 to
about 2 hourS RiNBiNEE PEHinkatdiTeridpo Y ke Bsatt IhourspHlishing, rakatiogsame 2barying the
solids;  Prepasation dhehesgedpeiyrpersallidstoencting-Approxipatelysruiraaiahamounts of a

diamine and a Qis-anhydride in a solvent for abqup Q.5 to ahout 2 days_at room temperature, at least
partial neutra |é%tiora111 gf tr:‘léq‘r" gﬁ Z%n%%%lr%?t a%ié’%ﬁﬂng?# iég}?(')aéﬁ'e&(aéﬂ’%?ﬁ%?amiﬁgﬁ and
addition to thexediattitigesoluidn of 2difitiett-2Binahtiteof wipost |betedit@pmopaselverityigeahe
resulting aniogigRelygaic agiddacataadormation,ala.caligidal fuspansion pf-hs.aglonigpolyamic

acid;  Preparation of suspension comprising negatively charged polymer and negatively charged

carbon nanotfBREEEHAERENASa dimgTur e Rs S IR BB BB IRy & (hepBRBIddretidsension of
polymer, sus[resafiiabiihésaxbonManakybestiniaidRlso YENE -¢omethgiynaamited sebdent having
approximately the e_composition as that of the collojdal suspension of the, polymer, .and combining
the suspension of go yrrf'egrﬁ %% taﬁeé %ﬁ?ﬁ‘éer?z% n%? E%%r{lg ﬁa%gt‘l%) (g%’fﬁlguﬁfé% e Pr{étth%nt(l)p‘gocﬁ‘ieve the
desired rétio PearkdreRbsOtIRRSTS BoRawer{dommenly theipaties ocheaPdoh natiomitiasiio elymer is
about 0.2 to gRauindW Al ¥ he QOMARIROHPLHMEAROULQBRRRA with a neutralizing agent and

the resulting mixiure added to the poor solvent. Water, aliphatic alcohols, benzyl alcohol
and substituted benzyl alcohol are typical examples of poor solvents which are
particularly suitable for use in the formation of stable emulsion. Methanol is suitable.
20 Typically, the weight ratioc of poor solvent to polar solvent ranges from 2 to 3.5,
preferably, from 2.5 to 3. Exemplary neutralizing agents include N-dimethyl ethanol,
iriethylamine, triethanolamine, N-dimethyl-benzylamine, and N-methylmorpholine.
Triethylamine is a preferred neutralizing agent. Typically, ionized parts of polyamic acid
range from 10 to 50 wt%, preferably, from 15 to 33 wt%. Fig. 2 shows the synthesis of

25 PAA and its neutralization by a basic compound leading to ionized PAA.
The EPD suspension according to the present invention is prepared by mixing acid-
treated MWNT suspension and PAA colloids under water bath sonicating for 5 to 30
minutes. 20 mimites is a preferred time. The solid content of PAA in the
electrodeposition bath, i.e. the EPD suspension, may be adjusted from about 1 to 5 wi%,
30 preferably from about 2 to 3.5 wit%; the content of MWNT may be adjusted from about
0.5 to 2.0 wt% of PAA, preferably about 0.6 to 1.2 wit%. The content of MWNT may be
lower than 0.5 wi% 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.



25 Film formation: sonicating the suspension comprising negatively charged polymer and negatively
charged carbon nanotubes for about 15 to about 30 minutes, immersing a substrate anode and a
cathode intg‘,@%ﬁyﬁyﬁ&sion and applying a DC voltage sufficient to achigye a-GhseniRf about 10 to
about 20 InA across the electrodes for about 1 to about 5 minutes in order to form a composite film on
the anode. The EPD procedure is illustrated in F é 1. As shown in Fig. 1, initially the MWNT and
PAA colloid are uniformly suspended in methanol/NMP. Under the influence of an electric field it is

iAo MW DIgrRie. epeRaile ehatbepbajede (the

envisaged that negatively. rge %%
worlcpiece) and sﬁ)esng\ﬁ% pg(%:??%%t engAL‘% aceBo ofkpiece. 10 It is thought that because of the

excluded voltoem ez oap PoRANgH e fip gt it s ah agitish gep ifis tHannke AR5 EB e & between

PAA particlegicwhighrdiarnadicallyiedvers e sinceavd aietoidbibbiadan stoaualive networks,
resulting in a reduced percolation threshold. After heaﬁ.ttbcugg? at %ggs'ggmga atturef a coherent
ptic

MWNT/PI cothBoiE RIS hane .T@I’—Lfa}.@rg%%\lﬁs SRRl PROTOL APhS OF faBricated MVWNT/PI
composite thimfitnoatdwurs -P3 hif film oneoppemiyhiiekodelaniif@md oprefreabby abketiure PI thin

fim 1S obserygd 2 SHONR e Gacit GrSBABOMWON/RILComResis INALfim. mobiseyagia Fig. 3.

indicating that incorporation of MWNT into Pl by means of EPA enhances the thermal stability and
adhesion strefifA 8f thoind bereenes FReAd FEtErantE FBF 3o LAINRSIEH OPPPEBYEESPer is
thought to beigkiestthéhedntiansstl aatiesion AHRT iktheprealitetibCuds mthighishring temperature.
The improved adhesion of the {i f the present invention el rmation of surface
hydroxides oaﬁrtﬁgeglé‘ct?}g %P(%%Hrﬁfry%dpﬁ t 3ellf%1 ateeﬁ"csé‘ of the elgc%;(f% %%%g?%ﬁég@%n?%y Et[ﬁ%eyn
hydrogesn bosted 286" acior trbems GMvinees|{ Theafspossisibrathbt casigd1EarBbeRt SiBiRS Br hydroxyl

groups 25 onibe: NIWWME suifacapraventdhgsitivrional G2 diHekpya b eiseintieir eng
interaction with Cu2+. ~ During EPD processing, an anode reaction is thought to lead to the
regenerationTHHAE IR $RHHEE FEPBn the g%%@ét%tpm%qgag é’fﬁ%ﬁ% éguﬁfﬁjé H groups
from the MWi\Semaywhiinsaies intiidization withuBiersoa. r€buit ttb & RtestaptakBo imeer detion

between MWN: d PAﬂi @o&g(hat £0 Eﬂ enhanced by the Ruination of amide groups, which further
facilitates M\Rﬁ{-ﬁ%llsoﬁerg?onein Pl.g‘rﬁe microstructure of a prepared MWNT/PI composite may be

observed by usingrFEM. ERERGDEE v6f RIRSAANIE IRT PiedBefitiR<aRPSHWAIR RePT40EN9 P results

suggest that gaseffestiveMidhipisnars anelegnsestive network is developed by means of EPD
processing. WO 2009/051561PCT/SG 07/g00354 Zglbe;fh%%chanic%ﬂro r;%e of eat Pl and

MWNT/PI compo ts R AR A SHRERSE GV tSn BB st e SRG v e Bharad enz%%%@ﬁ
nanoindentatiahdsstingtBigs Ssddvs thpenedolus: (Bidfebhatdnisstiedt g ds withutedfeét to the
indentation dgpihy, yeaRecUalyIapeRLRAARAN YN T LS AmRPSI o iﬁifél—ﬂi’%:ha%ﬂhg aigading of

0.65 wt% relative to PAA. It can be seen that both the elastic modulus and the hardness of MWNT/PI
composi thiliing Besthfroved by about 10% compared with a neat PI thin film, suggesting that
incorporation of Mp¢dphhaenitrRbad:he prdohanicalipidperpaid?l. Aphioxiaydiscgeiatelto the
thenual stabiiy o MWNHERAmResigin il ha ihiesoansl [hieasddimmay bgvaried by
changing one or more of the 1o suspension concentration, DC current, conductivity of thé electrode

and depositiapeimisnibigaBish eiviease pRItRhasstatinmim 7P fo FepeEng BRYYRRFia5Ic g Bnto Cr

coated silicopwataloihrarohEPRareassion withJdaGius entef daumiassMWNT feeilirgcontent of
1 wt% of PAA with varjous de ?Esition times. !t car} be_ seen that film thicknﬁ’ss incre %as EIrom about 16

um to aBout SEBHUAHR HEEDENET iR IR N SR RO I AU A RS Y5 KIS eSS,

suggesting tHatrtiaei daRPDprdlbsssinysissosipabittiof prodichudytamcfigmdwith tunable thickness. The

thickness is also ipfly %Qﬁﬂ)gy pe ﬁ&ﬂg}}ﬁﬂ){ityc%?fﬁﬁrgt%e%gﬁ%‘}mﬂlﬁ@éﬁi|%Hi§1ﬂ%¥0kﬁﬁ§s is about
ed o e

55 um for film deposi nto Cr coatéd silicon water (deposition time 4 mlnutes?, It is about 73 um for
film depositeBesAtd elpPEr®ith MTbREr vaBaRbEoARIBHY Ardipgs pher non-solvent or poor

solvent to the colloidal suspension of polymer, suspending the carbon nanotubes in a
35 solvent, commoniy a mixed solvent having approximately the same composiﬁoh as that of
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 (commeonly the ratio of carbon nanotubes to polymer 1s

about 0.2 to about 2wi%);



20The neat PI film is electrically insulating. In contrast, the MWNT/PL1 film fabricated through EPD
processing is electrically conductive when the MV/NT feeding content is 0.65 wt% of PAA or above.
Table 1 sh%im&%q%ical conductivity of MWNT/P1 composite thin filps-falrigatas anto Cr coated
silicon wafer through EPD processing with DC current of 15 IRA for 4 minutes but with different MV/NT
content. It can be seen that 25 the conductivity incteases from 1 x 10-3 Sirfl to 1.6 x 102 Sm-1 with
thedMWNT content increases from 0.65 to 1.2 wt% of PAA, suggesting the EPD processing can
produce thin film with tunable conductivity. This. | Use ? el ' PR WNT
migrate to anodicﬁéf&%éggléagﬁg' 58%85? |%§1§QI5S?1§%I oglfg% tof }r—lnlgi%%/?/& }Yé:e\ic}oé%%%égiﬁpthm fiIIIrVIn with

higher Mww@gag@ﬁmocw&@@w@sﬂmwfs@eewéo@:@wﬁRAWW&M%W% 0.65 0.8
1.0 1.2 Condygtiyity (Riae)ahdal8fivhde 102theXslepdfidnldd applying a DC voltage sufficient to

achieve a current of about 10 to about 20 mA across the elecirodes for about 1 to about 3

s minutes in order to form a composite film on the anode.

The EPD procedure is illustrated in Fig. 1. As shown in Fig. 1, initially the MWNT
and PAA colloid are uniformly suspended in methanol/NMP, Under the influence of an
electric field it is envisaged that negatively charged PAA colloid and MWN'T migrate to
opposite charged anode (the workpiece) and closely pack on the surface of the wotkpiece.

1w It is thought that because of the excluded volume created by PAA particles, the MWNT
are pushed into the interstitial space between PAA particles, which dramatically reduces
the space available for MWNT to form conductive networks, resulting in a reduced
percolation threshold. After heat curing at high temperature, a coherent MWNT/PI
composite film is prepared.

15 Fig. 3 shows optical photographs of fabricated MWNT/PI composite thin film and
pure PI thin film on copper. While a delaminated or even cracked pure PI thin film is
observed as shown in Fig. 3a, a smooth MWNT/PI composite thin film is observed in Fig.
3b, indicating that incorporation of MWNT into PI by means of EPD enhances the
thermal stability and adhesion strength of PI film onto the metallic substrate. The poor

20  adhesion of PI to copper is thought to be due to the increased corrosion of PI in the
presence of Cu’" at high cuting temperature. The improved adhesion of the films of the
present invention may relate to the formation of surface hydroxides on the electrode
{copper) under the influence of the electric field. These may then hydrogen bond to the
acid treated MWNT. It is also possible that residual carbony! groups or hydroxyl groups

25 on the MWNT surface prevent the diffusion of Cu®* into PI layer through their strong
interaction with Cu?™.

During EPD processing, an anode reaction is thought to lead to the regeneration of
the COOH from COQ on the surface of MWNT. Some of the resulting COOH groups
from the MWNT may be involved in imidization with PI. As a result, the interfacial

50 interaction between 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 MWN'T/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.



This invention is further ple_scribed by the following examples for embodiment but not limiting its scope.
Example 1 600 mg of pristine MWNT was mixed with 240 ml nitric acid (2.6 M). The mixture was

stirred for 1‘]36%@}%%?hanical stirrer at rate of 400 rpm. After that, the gpi iyred f
! ! . , or 2 more
his under sonicating In a water bath uItrasonicato%The mixture was th}egg%%%%%?ﬁ?gfed through a

0.22 um polycarbon_ate membrane, and washed with distilled water until the pH value of the filtrate was
ca. 7. Finally the acid-treated MWNT io was freeze-dried and then further dried at 45 C for 48 hrs

under high vacu i : -
overnight. Then ?‘%ﬂéoﬁégﬁ%%ﬁfoﬁemgs%@egﬁ%%ﬁdWM%ﬁﬂm iAimOfhttRedy stirring

i was added and th Itin ' : . _
igh power SePnek BT PR B RN EEHERL I 0 L B MR o ensions wih

NT Is suspensions with

glilfrfg:g %\i{nmgwmmgeefyﬁﬂd??m% mm@mwwgaﬁ @rlsnﬁl@ sseveivdeedure.
Cramie S s e ok B A o St e @9iddaroe) an
NMP, 1@.9g@ﬁme1titm®wiémﬂ>mbmeo%#ﬁd%¥\%§ gatidbe %gi é’ﬁrm%% h'Qutrhse
fﬁg‘:z'gr g;eloa\,% _ g%% RelyaaNc acidHRAALIRN RARDAYWassperelinvtiblaeresphietdgerilsottle in a
suggesting that incorporation of MWNT has enhanced the mechanical property of PL
This may also relate to the thermal stability of MWNT/PI composite thin film.
The thickness of fabricated film may be varied by changing one or more of the
16 suspension concentration, DC current, conductivity of the electrode and deposition time.
Fig. 6 shows the thickness of MWNT/PI composite thin film fabricated onto Cr coated
silicon wafer through EPD processing with DC current of 15 mA and MWNT feeding
content of 1 wit% of PAA with various deposition times. It can be seen that film thickness
increases from about 16 pm to about 55 pm with deposition time increases from about 1
s minute to about 4 minutes, snggesting that the EPD processing is capable of producing
thin film with tunable thickness. The thickness is also influenced by the conductivity of
substrate. For example, while the thickness is about 55 um for film deposited onto Cr
coated silicon wafer (deposition time 4 minutes), it is about 73 pm for film deposited onto
copper with MWNT feeding content of 1 wi% of PAA.
20 The neat PI film is electrically insulating. In contrast, the MWNT/PI film fabricated
through EPD processing is electrically conductive when the MWNT feeding content is
0.65 wi% of PAA or above. Table 1 shows the electrical conductivity of MWNT/PI
composite thin films fabricated onto Cr coated siticon wafer through EPD processing with
DC current of 15 mA for 4 minutes but with different MWNT content. It can be seen that
25 the conductivity increases from 1 x 10 Sm™ to 1.6 x 10° Sm™ with the MWNT content
increases from 0.65 to 1.2 wi% of PAA, suggesting the EPD processing can produce thin
film with tonable conductivity. This is because at higher MWNT loading, more MWNT
migrate to anodic electrode and deposit with P1 colloids to form MWNT/PI composite
thin film with higher MWNT content.
30
Table 1: Conductivity of MWNT/PI thin film fabricated onto Cr-coated silicon wafer with
different MWNT feeding content.



Example 4 10g prepared PMDA-ODA NMP solution (12.65 wt%) according to Example 3 was 25
diluted with 6.5m1 NMP and neutralized by adding 169 jsL triethylamine. The ionized carboxylic group
was about 20% n,.stable colloidal EPD suspension was prepared b ' 1 methanol
(weight rati?c}go %r‘@tﬁéﬁgf and NMP about 3) into t%% above PMDA-ODA gé?&@%’ e final
content of PAA was 2 wt%. The effective  diameter and the average zeta potential of the prepared
MA particles were about 0.7 um 30 and -20.5 mYV, respectively, measured by Zetaplus-Rarticle Sizing
equipment. Example 5 WO 2009/0 5156\%}%T/86200§@00354 28 , .The RAA cﬂf(%oid prepared
according to ERMDIE sPie Giitdd to | 0 by mixing With equal volume of CHIOH/NMP with weight
ratio of 3 and;put into a beaker and jits temperature was coptrolled by, further ing the beaker into a
water bath. A Cﬁéﬁ‘éﬂ?@vgﬁiéﬁt"\’/\el}éfer used %ga cath%v é i da WOgl‘|ép}iéCe ( mggggc?aéed‘silica wafer or
copper plate) 5 as an anode were immersed into the EPD suspension and separated by a spacer with
length of 1.5 cm (i.e. of suitable dimensions to provide a spacing between the cogted silica wafer and
the workpiece of BE&UVESKR )is Tréher BE O s R AR PR (Q,gﬁgf’gﬁt Blectric
current geng@%iwéagggégurce supplied by of LAMBDA Invensys GenesysTM. EPD processing
was conducted at different DC current and 10deposition time.  The EPD suspension for neat PI film
had the folltﬁﬁﬁ'ﬁ“&‘ﬁa!racteristics: polyarnic acid content 1%; ionized parts 15-33%; weight ratio of
methanel to NMR@0pgerfipastiterk] N T wExamsik S iiet pivigasbisoipréparsti¥ording to
Example 4 Yas @%@@M%%ﬁ%ﬂb&%@i MW T Suspension e paradiaconkdinigiodwample 2

r ba

under water bath sonication for 20 minutes. The obtained mtifﬂf susggntsipnr\ﬁ/gs EQ netr%sterred toa
beaker and HETRsrioE A RIESAS W SHBIF Bt Pt RE e BESRE R0 2 Bt Bath “A Cr-coating
silica wafer ysed-asasathede ahsacierkpigcetmeshledating silicaibvafer and washed with

distilled water until the pH value of the filtrate was ca. 7. Finally the acid-treated MWNT

w0 was freeze-dried and then further dried at 45 °C for 48 hrs under high vacuum.

Example 2
4.2 mg acid-treated MWNT was suspended in 5.0g NMP by stirring overnight. Then
15.0g CH30H was added and the resulting mixture was sonicated for 5 minutes using
high power sonicator to prepare a MWNT suspension for EPD processing. MWNT
15 suspensions with different MWNT contents were prepared by changing the MWNT
weight in the above procedure.

Example 3
in a 250mi three-neck round-bottom-flask, 10.0 g 4,4 -oxydianiline (ODA, 0.05
mole) and 140ml N-methylpyrrolidone (NMP) were mixed. Afier the ODA was
2 completely dissolved in the NMP, 10.9g pyromeliitic dianhydride (PMDA, 0.05 mole)
was added and kept stirring for 24 hours. Finally, the resulting polyamic acid (PAA),
PMDA-ODA, was store in a blue cap reagent bottle in a freezer below -10 °C.
¥xample 4 _
10g prepared PMDA-ODA NMP solution (12.65 wt%) according to Example 3 was
25 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 wit%. The effective
diameter and the average zeta potential of the prepared PAA particles were about 0.7 pm
3 and 20.5 mV, respectively, measured by Zetaplus Particle Sizing equipment.

Example 5



20 copper plate) as an anode were immersed into EPD suspension and separated by a spacer with
length of 1.5 cm. Then, EPD processing was carried out under a constant electric current generated by
aDC sourcg, supo ' 91?&5 LAMBDA Invensys GenesysTm. EPD proc.:essi%%gm%gggd at varied
DC current, deposition time and MWNT content. T% EPD suspension for MWNT/PI film had the
following characteristics: polyamic 25acid content 1 wt%; ionized parts 15-33%; weight ratio of
methanol to NMP 3.0; MWNT content 0.5 to 1.5 wt% relative to polymer; temperature, 22 C. WO

2009/051561PC TIS6RA07 00 e laitamiing Lo BRI26RSS {orfermmingia compositaiiispon a
substrate compyising:, (i) provi ion,comprising an ignis alymer and functignalise
carbon nanom%)eg @a%%&e%ﬁ%é%%a% IVF@‘&%&?&R@#&?&%@%&A Oa%laeé}(&f)&ﬁge%lectrode in
the suspens@m@ﬁmmmkéwa@ﬂﬂmtwﬁ_éngﬂw émak_mawtamwm betintarélecteile so as to
form the compQsite HM. Q04IHE SURSIREnd W%EE@&E%J&%&%%&QQHQ@%V%J%?&gg{ﬁgfgu d on the

nanotubes have the same sign io and the volta%%és applied such that the charge ubstrate has
the opposite gk B FHFgR Bt dely e BRR srensasiomised. scragtefnly homasstorifaim 1
wherein the pelyimerfans the (\anefubshcednathsiegatiy e cliargedang thaweltage isqpalied such
that the charge on the substrate is,positive. 153.T. 8 SO im 1 or claim 2 wherein the
nanotubes cc%r%%riggf ﬁ%u'ﬁ\;fva ed %rég‘%lgffb(é%\s%ﬂﬂ%lil]‘ﬁg%fcﬁ ?J’I'E%&?J%gg%sg i) a‘?@s e ggccfgtfms 1to3
wherein the HadRstabessiavederiioxaenyasupsisd B sdacewsereaflied by of LAMBDA

Invensys Genesysm. EPD processing was conducted at different DC current and

10 depostiion time,
The EPD suspension for neat PI film had the following characteristics: polyamic
acid content 1%, ionized parts 15-33%; weight ratio of methanol to NMP 3.0;
temperature, 22 °C.
Example 6
15 The EPD suspension prepared according to Example 4 was mixed with equal
volume of MWNT suspension prepared according to Example 2 under water bath
~sonication for 20 minutes. The obtained mixed suspension was then transferred to a
beaker and its temperature wag controlled by further putting the beaker into a water bath.
A Cr-coating silica wafer used as a cathode and a workpiece (metal coating silica wafer or
20 copper plaie) as an anode were immersed into EPD suspension and separated by a spacer
with length of 1.5 cm. Then, EPD processing was carried out under a constant eleciric
current generated by a DC source supplied by LAMBDA Invensys Genesys ™. EPD
processing was conducted at varied DC current, deposition time and MWNT content.
The EPD suspension for MWNT/PI film had the following characteristics: polyamic
25 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.



5. The process of any one of claims 1 to 4 wherein the polymer is a polyamic zoacid. 6. The
process of claim 5 additionally comprising the step of heating the composite film so as to convert the

polyamic agichinigeRAelyimide. 7. The process of any one of claims h{g-Raherainsthe substrate
comprises copper. 258.The process of any one of giaims 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 ddkpimme of claims 1 to 9 wherein the ratio of nanotubes to 30 polymer in the suspension is

such that the compositg }f)i}gaégg@&rmggg M}?&@f@ﬁlm o mgﬁg%gﬁﬁggiﬂlgy one of claims 1 to 10

wherein step (i) comprisés combining a suspension of the nanotubes witha colioidal suspension of the
polymer. 42 TREPHHEE S HFRIBHAMN OEBMBASiAY w st porpre paddistivedisd spSmpension of
the ionised pelyatediy addingag solution of an acid form of the polymer to PCT/SG20071000354

Received 9\& tober 2008 % ar Co A co site film comprisjng carbon nanotubes dispersed in
a polymser, izreir‘;&t eeascf:&)r olg#%éno lﬁ%%%gé{l)?nséﬁggaftﬁr?&%g %lrc?lﬁ?)ig%r?aﬁén gu?fg%séj?ﬁglf}endf and the
polymer corfiptises functional groups, wherein the functional groups on the surface of the carbon

nanotubes aie) or g ieriveddiags aaioels e mBwAAC 148 e AR, ARHRROR e BalHer are, of

are derived from, anionic groups.
the composite film on the substrate;

wherein the elecirical charges on the polymer and on the nanotubes have the same sign
1 and the voltage is applied such that the charge on the substrate has the opposite sign o the
charge on the polymer and the nanotubes.

2. The process of claim [ wherein the polymer and the nanotubes are both
negatively charged and the voltage is applied such that the charge on the subsirate is
positive.

15 3.  The process of claim 1 or claim 2 wherein the nanotubes comprise
multiwalled nanotubes (MWNTSs).

4. The process of any one of claims 1 to 3 wherein the nanotubes have
carboxylate groups on the surface thereof,

5. The process of any one of claims 1 to 4 wherein the polymer is a polyamic

20 acid.

6. The process of claim 5 additionally comprising the step of heating the
composite film so as to convert the polyamic acid into a polyimide.

7. The process of any one of claims 1 to 6 wherein the substrate comprises
copper.

25 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

30  polymer in the suspension is such that the composite film adheres to the substrate.

11. The process of any one of clatms 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 onised polymer by adding a solution of an acid form of the polymer to



-16.-The-composite-film-ef-clain-15 wherein said nanctub-stbstantially homogenreously distributed
through the polymer. 17. The composite film of claim 16 wherein the functional ggogips on the
surface of the carbon nanotubes are carboxylate groups or groups derived therefro S@@Wﬁ@“%“

composite film-of claim 16 or claim 17, said f|Im3lae|ng electrically conductiy@g,, 0§$ e?mﬁglgémg
film. /unlatches comprise 1VIWNTs - 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 fil

m of a%%r:e of claims 16 to -
20 wherein the sitbsrohanotuisng reecs vaienil o i HIg b o R FRET tvent, e composite film of

any one of clgjpsrts a2 Lhnyingadhaickpesstefig ssidmdb datid 00 mMidratispamipignded Sheet
PEAIAU - . deprotonate the acid form of the polymer to form the ionised polymer.

13.  The process of any one of claims ] .12 wherem the veltage is applied
for a sufficient time to form the composite film having a predetennm&d thickness.
' 14.  The process of any one of claims 1 to 13 wherein the ratio of carbon
nanofubw tp polymer is determined so as achieve -a predetermined electrical
" conductivity. .
-.15. A composite film comprising carbon nanombes dlspersed ina polymer,
. wherein the carbon nanotubes comprise functional groups on’ the surface thereof and
the polymer comprises fonctional groups, wherein the functional groups on the
surface of the carbon nanotubes are, or are derived from, anioric groups, and the
functmna! groups on the polymer are, or are dﬁnved from, anjonic groups.
16. The composite film of claim 15 wherein saxd nanotubes  are
substantially homogeneously distributed through the polymcr
17.  The composite’ fdm of claim 16 wherein the ﬁmct’:ona} groups on the
' surﬁwe of the carbon nanotubes are carboxylate groups or groups denved the:refrom »
' 18. The composite film of claim. 16 or claim 17, said film being
elecmcally conductive. '
19. - The composite film of any one of ¢claims 1610 18 whcmn the ,caxbon :
" nanotubes comprise MWNTs. ' ‘ .
20. The composite film of any one of claimns 16 to 19 wherein the polymc:r
isa polyannc acidora polynmde
21.  The composite film of any one of claims 16 to 20 wherem the carbon |
nanotubes are covalenﬂy bonded to thepoiymer |
93, The composite film of any one of claims 16 to 21 havmg athlclmess of
less than about 100 microns.
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