WD 2011/ 099939PCT/ S&2011/ 000057 1 METHODS FOR DI SPERSI NG CARBON NANOTUBES
AND COWVPCSI TI ONS USED FOR THE METHODS CROSS- REFERENCE TO RELATED

APPLI CATIVONSoG)@Bp Thi s application clains the benefit eCTmGrorongsof US
provi si onal application No. 61/302,808, filed February 9, 2010, the
contents of it being hereby incorporated by reference inits entirety for
all purposes. FIELD OF THE | NVENTI ON 10 [ 002] The present invention rel ates
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nanotubes in a thernosettinggqj VAEPADDS ons used for the method.
BACKGROUND OF THE | NVENTI ON 15 Ogg Thernosetting resins such as cyanate
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comonl y used techni que includes adding i norganic nanofillers to the
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CNT-rei nforced conposites are inprove ecause CNTs_ have strengt 10- 63
GPa) f &ATOoDpaRqtEhestp 2 RRrmopeipg st @ngaorﬁmsqu@él,sedam thesaethedr bon fibers
(about 250 MPa). Furthernore, the nanoscal e size of CNIs enables themto be
applied as reinforcenments in | owdinensional (e.g., 2-D) 30 structures,
e.g., polyner fibers, f@ECEKGRAUND OF THEINVBNTEON onventi onal m croscal e

bt O e oo e G e el RS R0 50 S Re et 0 produce
opt i calan®r p&hphéLIndustries due to their outstanding adhesive, thermal, mechanical, and
electrical properties. However, a drawback of these resins is their brittleness resulting from
their highly cross-linked structure, which often restricts their structural applications. Current
state of the art techniques include copolymerizing CE with other thermosetting resins, such as
20  epoxy (EP), thereby resulting in a thermostable, processable and tough cyanate ester/epoxy
polymer blend which can be produced at a low cost. Another commonly used technique
includes adding inorganic nanofillers to the thermosetting resins, which serves to toughen the
polymer without compromising their thermal properties.
[004] Carbon nanotubes (CNTs) are deemed to be an ideal material for reinforcing
25  polymer composites due to their low mass density, large aspect ratio (typically between 300-
1000), and superior mechanical properties. The mechanical properties of CNT-reinforced
composites are improved because CNTs have strength (10-63 GPa) far superior to most
thermosetting matrices, and even carbon fibers (about 250 MPa). Furthermore, the nanoscale
size of CNTs enables them to be applied as reinforcements in low-dimensional (e.g., 2-D)
30  structures, e.g., polymer fibers, foams, and films, where other conventional microscale fillers
would be too large for inclusion. CNTs can also be used to pro_duce multifunctional structural

composites with unique thermal, electrical, and optical properties.



WO 2011/ 099939PCT/ SG2011/ 000057 2 [ 005] Good nechani cal properties of

CNT/ pol ynmer conposites, such as a tensile strength of 500-2000 MPa and
nodul us OVORBLIIBP3IGEPa, have recently been achi eved usi n§C3(56291d/0000§Nhot ubes
and/ or unconventional processing techniques. Wth conventional conposite
processing techni ques and common CNTs,, however, the properties of resultant
CNTrei nforced conposites, in particular, those of conmobn thernosetting
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However, there remain challenges for an effective method to disperse carbon nanotubes such
20 as single-walled carbon nanotubes (SWNTs) into individuals or small bundles, as well as the
achievement of strong nanotube/matrix interfacial strength, both of which are needed to
exploit the excellent mechanical properties of CNTs in structural composites. For widespread
industrial application, it would be desirable to produce CNT-reinforced composites using
conventional composite processing methods which exploit the ease of processability of
25  polymers, as well as readily available CNTs and polymer matrix materials.
[008] Therefore, there is a need for an improved method to disperse carbon nanotubes, in

particular, a method to disperse carbon nanotubes in a thermosetting resin.

SUMMARY OF THE INVENTION
30 [009] In a first aspect, the present invention refers to a method of dispersing carbon
nanotubes in a thermosetting resin, comprising: (a) contacting the carbon nanotubes with a

dispersant in a solvent to form a dispersion mixture, wherein the dispersant is a graft polymer



WO 2011/ 099939PCT/ SG2011/ 000057 3 conprising a polymeric backbone and a
side chain grafted to the polyneric backbone; and (b) adding the

t her nrosetwOrg1wmsd3n to the di spersion solution to form aCras2en1vbest.
[0010] I n a second aspect, the present invention refers to a conposition
conprising: a thernosetting resin; a dg'spersant for dispersing carbon
nanotubes in the thernosetting resin, Wherein the dispersant is a graft

pol ymer conprising a pol yneric backbone and a_side chain grafted to the
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dispersant and the thermosetting resin having the carbon nanotubes dispersed therein; and (d)

forming the composite fiber.

BRIEF DESCRIPTION OF THE DRAWINGS
20 [0013] The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying
drawings, in which: ‘
[0014] Figure 1 shows the structures of (a) o-glycidyl-w-acrylate terminated bisphenol A
(GAB), (b) Bisphenol A cyanate ester (CE), (c) Diglycidyl ether bisphenol A epoxy (EP) and
25  (d) Glycidyl 4-nonylphenyl ether (GNE). ’
[0015] Figure 2 shows a scheme for synthesis of hydroxyl polyimide (PI), polyimide-
graft-bisphenol A diglyceryl acrylate (PI-BDA) and polyimide-graft-glycidyl 4-nonylphenyl
ether (PI-GNE).
[0016] Figure 3 shows a processing route used to fabricate composite fibers according to

30 the present invention.



WO 2011/ 099939PCT/ SG2011/ 000057 4 [0017] Fi gure 4 are phot ographs show ng
(A) reactive spinning apparatus, (B) schematic of reactive spinning
process, Wodo(1@9Ispool of SWNTs (1 w %/ Pl -BDA/ R fi ber #CEsiGeatoeason a
t akeup drum [0018] Figure 5 are optical mcrographs of SWNTs (0.5
w%/Pl-BDA/R fibers heated at 5100 C for 10 m nutes: (A) before and (B)
after UV pre-curing (6 hours with on/off cycle of 15 mn/15 mn); and (O

after post curing 9] Figure 6 are Ili NMR spectra of (Az Pl and_ (B)
PI - BDAL Qldd)zo]Fl@!rg érewhgf%r@%t%@wg'&@)srﬁ%m@pl@amgr?@p@)aﬂﬁr B)schemalig\T and
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I st d B3) PI-BDA f
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15 [0023] Figure 10 (A UV-vi s-NI R spectra 0 CO SWNTs sol ut1 ons

di sper sléalnmlltShmsmamdr(CD)aﬁer(m),st burangl e) and with Pl -BDA in DVF (¢ and d)
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show ngoozfmqe AFsdr( 7) aréaéli Hshghcﬁlma Qs Smtlﬁéﬂswwnﬁncp% Gtaged

fromthe s%ectraln 24] Flgure 11 (A) is a graph show

absor ptSiWSN s/BéBﬂ%lm font B@ﬂdlpﬁﬁ@@srﬂﬁﬁ s:onlcam?n a(tA)anmmdtﬁéﬁw&)ﬂon of
0. ‘?’I?‘VF LN N t SWNTs/ PI - BDA
(1:?(1) |%é (fneCFréWn loclzlooncenfk?lgf %P rdg(lilgskrlat(?% §PmL

l'i near [@@a] - s Figires8 faré TEM! ireagdatod. (AHL@BU pnétix(eB$WNFsv?la@d QB'D-IB)OM-}B'DASV\NT
concentrations of solutions prepared using different Pl-BDA to SWNT nass
rati o ifppcgpnalized WRERdi ti ons: 25i medi ately after sonication; after

standi r['@b2f2?r %‘1£lﬁ¥s9 19QdTEM Ghadf BE ﬁiljﬂigﬁtliuﬁ&io%gli%&()w (mass ratio 1:1)
>which shows that nanotube length is not significantly reduced. The scale bar is 500 nm.

15 [0023]  Figure 10 (A) is a UV-vis-NIR spectra of HIPCO SWNTs solutions dispersed with
SDS in D;0 (a, b and e) and with PI-BDA in DMF (c and d) after centrifugation at 50 000g
for 1 hour (a and c), at 100 000g for 1 hour (b and d) or at 122 000g for 4 hours (e). Figure
10(B) is a graph showing the A(S)/A(T) ratio of the dispersed SWNTs solutions calculated
from the spectra in (A).

20 [0024] Figure 11 (A) is a graph showing absorption spectrum of SWNTs/PI-BDA (mass
ratio 1:1) at a concentration of 0.0125 mg/mL in DMF. Inset shows absorbance at 500 nm of
the SWNTs/PI-BDA (1:1) in DMF at different concentrations. The straight line is a linear-
least-squares fit to the data. Figure 11(B) is a graph showing SWNT concentrations of
solutions prepared using different PI-BDA to SWNT mass ratio in different conditions:

25  immediately after sonication; after standing for 3 days, and after centrifugation at 6000 rpm
for 1 hour.

[0025] Figure 12 are FE-SEM images of SWNTs in uncured SWNT (1 wt %)/R and
SWNT (1 wt %)/PI-BDA/R spun fibers after removal of free polymer on a 0.2-um alumina
(Al,03) membrane.

30 [0026] Figure 13 are optical micrographs of (A) SWNT(0.2wt%)/R and (B) SWNT (0.2

wt %)/PI-BDA/R composite fibers after post curing.



for 1 hour. [0025] Figure 12 are FE-SEM i nmages of SWNTs in uncured SWNT (1
w %9 /R and SWNT (1 w 9%/ Pl-BDA/R spun fibers after renoval of free

pol ymer omOa00/@993n al um na (Al 203) nenbrane. 30 [ 0026] PEIrGre 1080047 e
optical mcrographs of (A) SWNT(0.2mt %9 /R and (B) SWNT (0.2 w % /Pl -BDA/ R
conposite fibers after post curing. WO 2011/099939PCT/ S&011/000057 5
[0027] Figure 14 are FE-SEM inmages of (Al -A4) SWNTs (1 w % /R and (Bl1-B4)
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direction | ber” axi s. Figure 15 are graphs show ng
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conposi.tes, and (.d) 1 % / Pl - R conposites. (B) FT-IR spectra of
(a) ne eéE“’B“éf“bﬁ”‘g‘ aé’g\rg\%ﬂl%w(gf d@@%ﬁﬁ%@‘ &H& d) PIBDA/CE (30/70,ww (c)
bef gre (i } . famhn ) : SRAEts f

Pl - gDA/[g%wg(] 30/1?71%,“‘3\(;Jv/i ?/v)%?tnglr%gfhgé%%a)@{)g‘ or eh%Egtr% E)))@ (g)fl e%\dMEeat [ ngs’ %28 C
for 10 SWNde/PI-BID), ) FWVHI€ttwia%9dfR canposites, @l &) SWNTU(E viseYodpiPé-BoakRng,
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schenatBBA BREGET0, 4w @tgqiéf&@&nbgug\@ﬁ& Kdatiap ct ER) °CBlor Scwﬁﬁ%mﬂimn{am of

possi bl e reacti ons between the - roups on PI-BDA and CE. 0030] Fi gure

17 i s apects of RIHRIAAAGE (HE70mwNarin &BYISQrid tahbefers anst Gp after keating [12\@356 foE- EP
S ho ; 211 F » F >
0L i85 TRkt o SOHEIGHED A BRI IINE S ANNTSC,

SWNT( 1 wits)BI/BIDARTEVER sponmibets @3 befol) UTepeidugingp@) bfter, UYGrecerisg, laad (d)

strength, (D) elongation at break, and (E) toughness of SWNT/PI-BDA/ R and
20 SWNPIR PshBdi& es with different SWNT | oadings. [0032] Figure 19 is a

FE. SEVIDERA®  FigBleORPrSPRhEARA ShEARE U Radithl 866 (i End WHIGE) Shemarc

w %9 / Pl conposite. 20 is a conparison tab
t ensi | diggrapef posiblefeattiensdetmpesi the sOHcgronph angPEBDAhendCI2sent i nventi on

w tl? ' T&%’ OT] ed Fqgir% {70{5 aCt’;Ei/e %ﬁgv)é%gctﬁggl%glil;n?cal and thermal properties of neat CE-EP

and their nanocomposites.
[0031] Figure 18 are graphs showing (A) representative stress-strain curves of neat CE-
EP, SWNT(1 wt%)/R, and SWNT(1 wt %)/PI-BDA/R composites. (B) Tensile modulus, (C)
tensile strength, (D) elongation at break, and (E) toughness of SWNT/PI-BDA/R and

20 SWNT/R composites with different SWNT loadings.
[0032] Figure 19 is a FE-SEM image of cross-sectional fracture surface of the SWNT(1.5
wt%)/PI-BDA/R composite.
[0033] Figure 20 is a comparison table of the tensile properties of the composites
éccording to the present invention with reported data for CNT/epoxy composites.

25 [0034] Figure 21 is a graph showing comparison of T, values for (a) neat CE-EP fiber, (b-
e) SWNTs/R and (f-1) SWNTs/PI-BDA/R composite fibers with various SWNT loadings: 0.2
wt% (b and f), 0.5 wt% (c and g), 1 wt% (d and h), 1.5 wt% (e and i).
[0035] Figure 22 is a graph showing FTIR-ATR spectra of (a) PI, (b) GNE, and (c) PI-
GNE.

30 [0036] Figure 23 are photographs showing (a) Direct observation of (A) SWNTs, (B)
SWNTs/P, (C) SWNTs/PI-GNE, and (D) SWNTs/PI-BDA in DMF for different times after
sonication: (1) O min, (2) 10 days, and (3) 2 months; (b) Direct observation of (A) SWNTs,



25 [0034] Figure 21 is a graph show ng conpari son of Tg values for (a) neat
CE-EP fiber, (be) SWNTs/R and (f-i) SWNTs/PI-BDA/R conposite fibers with
vari ous SWiBoligme3ngs: 0.2 wt% (b and 0, 0.5 wt % (¢ andP@y/SGomtodoosd and
h), 1.5 wt% (e and i). [0035] Figure 22 is a graph show ng FTI R-ATR spectra
of (a) PI, (b) G\E, and (c) PIGNE. 30 J0036] Figure 23 are photographs
show ng (a) Direct observation of (A) SWNTs, (B) SWNTs/Pl, (C)

SWNTs/ P SVWNTs/ Pl - A f di ff t s after
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of (A 9939PCT/ SG2011/ 000057 6 (B) SWNTs/ PI C
SV\N%’S) P%Erepo}r?%%%% VWTs/ Pl - BDA (1) before and(()2) after addi( nzg

pr epol Yo7 ze Figiire 2406 3 graphi symwénQSfWI‘éT eorgeatptios oﬁBM@\IB\RN‘ISWN’FZEhGN@t i ons
of SWNT/ Pl . - G\E and SWNT/ PI - BDA dj si ons, (nmass ti.o SWNTs to
ol y meind SWRAIPLEbaArapBions sebisn Enons. SIS PeIar bel T b dHergn

af t gr %ﬁHbeﬁerﬁm@@M&l Ql?é}tsﬁhlfch'lﬂﬁ{ 'aﬁ@r ﬁén(ﬁf%@dﬁ Rddtifubation ﬁ'HéJOO rpm for
centrifugation at 14 000 rpm for hour Figure 25 are opti cal

m cr ogrddphed odntrifgat@uinat/ 13E00(rBin fSV\N‘hbﬁ!t / CE (C) SWNT/ PI - GNE/ CE, and (D)

S iRl TEGERE i pePleRrwdne BB SR TR SRR B of
(Al- A3)SV@WI@NE)((§? 433) (VSN /P EBD A/CE- Eethpositbil aPE WRWHE/16&ding 08l 1(#b%.D3)
S' VWNT/ PI - BDA/ CE conposites. The SWNT |oading in these conposites is 1 w%

[ 0040] SFalghpe(S9zm)fopalyimpgesshowi ng Ranan spectra of (a) neat SWATs, (b)

S\é\%{)gﬁ Q)?)Tiwgpgél\% I oaé?%ﬁd %or?pg(\)%gcggg Sl%gﬂ gésvv%) g@%&?”%lﬁ)] I gure ’28 is

a tabl BZHBI) SWNEMICE (It SSNT/PHINEICEY aidum-D3yYoSWNEP(-BDA/CENsI | e
strength (a), elongation at break (6) and toughness (T) of neat CE
SWNT/ CEOMBOYFS- ﬁm%w@mwlpgmw@@wnmm 70.BDA/ CE conposites with

di ffer HRBTES ORsteh lﬂiﬁﬁa% ectd W

Repr esg(ﬂ% ajsl vel tress- st%%% cur vgs %’a% Cgfgiga%i /5@@&/&& (1

w299 / P(d)CEWI\HVKRﬂVCE \M)’/@MFNT@IEG(BEE/CED(AmS (HWS(MNWBBA/BBM@GS{I&S;M&& es.

Lﬁ %WISX\NI' content on (B% ng's nmodulus, (C) tensile strength, (D)

gV T Mo EOmpRatestiS S vWiighness of SYNT/ CE, SVNT/ Pl / CE,

SV\NTS/ BodPNE FgurrB RWNES PinovRReVi&sile prajRetidse frcluding Young’s modulus (E),
tensile strength (o), elongation at break (¢) and toughness (T) of neat CE, SWNT/CE,
SWNT/PI/CE, SWNT/PI-GNE/CE and SWNT/PI-BDA/CE composites with different SWNT

~ loadings.

20 - [0042] Figure 29 are graphs showing (A) Representative stress-strain curves of neat CE,
SWNT (1 wt%)/CE, SWNT (1 wt%)/PI/CE, SWNT(1 wt%)/PI-GNE/CE, and SWNT(1
wt%)/PI-BDA/CE composites. Effect of SWNT content on (B) Young’s modulus, (C) tensile
strength, (D) elongation at break, and (E). toughness of SWNT/CE, SWNT/PI/CE,
SWNTs/PI-GNE/CE, and SWNTs/PI- BDA/CE composites.

25 [0043] Figure 30 shows various embodiments of the dispersant and/or polymeric

backbone.

DETAILED DESCRIPTION OF THE PRESENT INVENTION
[0044] In a first aspect, the present invention refers to a method of dispersing carbon
30 nanotubes (CNT) in a thermosetting resin. As used herein, the term “carbon nanotube” refers
to a cylindrical single- or multi-walled structure in which the at least one wall of the structure

is predominantly made up of carbon. The terms “carbon nanotube” and “nanotube” are used



25 [0043] Figure 30 shows various enbodi nrents of the dispersant and/or

pol yneri c backbone. DETAI LED DESCRI PTI ON OF THE PRESENT | NVENTI ON
[ 0044] | n wiof20T1I39IEgpect, the present invention refers t@®Ca/SeRMN®dST

di spersing carbon 30 nanotubes (CNT) in a thernosetting resin. As used
herein, the term "carbon nanot ube” reff:rs to a cylindrical single- or
mJItl-vvaIIed structure in which the at Ieast one wall of the structure is
predom nantly nmade up of carbon. The terns "carbon nanotube"” and "nanot ube"
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such as-arc aser atron an vap ron (CVD).
[ 0045] [Ot4S]ar cFhedi archidschargeahiéthod ccr@&tse@NMsohglr awglfnpaflzatmpmﬂmtdrmm of
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e di e o on

el ectrodes harge apori zes the sur ace of o e car
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th etrod 0046] I n.th bl. at t hod d
by | s GIECGRSSY RIALEEPERA oS ian SR s G R Laion G B ier SREUSI Cobal ¢
and ni gbgde)at 1hi @D 1hRIPMIALIN BRtHod, I[N Bsh HE FESRA bfinals&%oﬁyamasf

treatnent I1n a vacuumto renove | urities. The initial |aser vaporlzatlon
pul se @aphite rbdy watheal catplyst gext@rmngml@ét andonigkg) aat ihzgh tena)etaamgeun floweng

o Wl R8s eGSR 5G] S, oAt D ©

parti chaporaatiah pdisbyat Be folldvedd ©NE secdfd phlReds Vtab@ﬁﬂd thé Qar% enére Ql\MfBﬁnly
nanot ube structure. By varying the growth tenperature, e cataly

15conpddietyserpl twacsusedssive dasse Pylsen aHAMRIERS, he amount oEpaihen ﬁgmﬂtecbes Q‘P%tmet er
end 5 el SO0 ARy i BRI RGO P 50l AR b (D
pr oc eedntohtheugfowihg lﬂiInBﬁIhEI stiuoture. 0ByC aadyary cleengeowth n@gmipetatare) else catalyst
15 composition, and other process parameters, the average nanotube diameter and size
distribution can be varied.
[0047] Chemical vapor deposition (CVD) can also be used to produce the CNTs used in
the present invention. It can proceed through the dissociation of carbon-containing molecules
catalyzed by transition-metal such as nickel and cobalt. In thermal CVD, a carbon-containing
20  gas mixture is heated by a conventional heat sburce such as a resistive or inductive heater,
furnace, or IR lamp. To initiate the growth of nanotubes, a process gas such as ammonia or
nitrogen and a carbon containing gas such as acetylene or methane are bled into the reactor.
Nanotubes grow at the sites of the metal catalyst, whereby the carbon-containing gas is
broken apart at the surface of the catalyst particle and the carbon is transported to the edges
25  of the particle where it forms the nanotubes. Plasma-enhanced CVD (PECVD) modifies this
method by the application of an electrical discharge ignited in the gas mixture.
[0048] The number of shells in a carbon nanotube can vary from one, i.e., constituting a
single-walled carbon nanotube (SWNT or SWCNT), to as many as 50 shells, in which case it
is termed a multi-walled carbon nanotube (MWNT or MWCNT), each pair of adjacent shells
30  in such structure having a spacing between layers that is on the order of ~ 0.34 nanometers,
wherein the shells may be concentric. Examples of carbon nanotubes that can be used in the

present invention include, but are not limited to, single-walled carbon nanotubes, double-



catal yzed by transition-netal such as nickel and cobalt. In thermal CVD, a
carbon-containing 20 gas mxture is heated by a conventional heat source
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ex£@r niclydespyhare aptclimifed t9e ap acrylig Fgsin, @p €peX0IssIHedininsatusIted PelypsigTEliNG

Waves ﬁtb?lgn(ﬁﬁ'eﬁﬁ,t%a\ﬁk?hﬁiarﬁihy}esld,g%&)yﬁéﬁml resin OEI sﬁc&&"t%glgoi?giétﬁ% r%ﬁﬁ,i n 20
i nclude,” but are not Timted to, ’an acrylic resin, an epoxy resin, an
unsat uoat edmpohtiestiereafesi n, a phenol resin, an urea/nelamne resin, a

pol yur e resin, a si].icon resin, an oxetane resin, or a conbination
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sel ect ggndidi 6t CYEPHD S Zép%&yﬁﬁtx@f efters YRIHR1e? Bl ifalei iR Yond MikrufeSt er.

pol yi m de, bismal eif m de, a mxtur _
25  thereof. In various embodiments, the thermosetting resin is a cyanate ester. In various

embodiments, the thermosetting resin is an epoxy. A cyanate ester refers to a compound
having the functional group -OCN. It is generally based on a bisphenol or novolac derivative,
in which the hydrogen atom of the phenolic OH group is substituted by a cyanide group.
Examples of cyanate ester compounds include, but are not limited to, “HF-1” which is a
30 cyanate ester of a bisphenol A type (manufactured by Shanghai Huifeng Technical and
Business Co. Ltd), "PRIMASET BA200" which is a cyanate ester of a bisphenol A 60 type
(manufactured by Lonza Corporation), "PRIMASET BA 230 S" (manufactured by Lonza



25 thereof In various enbodi nents, the thernosetting resin is a cyanate
ester. In various enbodi nents, the thernosetting resin is an epoxy. A
cyanat e e¥0@p1V@PBPs to a conpound havi ng the functi onalPCEHSGAMIAGON [t is
general ly based on a bi sphenol or novol ac derivative, in which the hydrogen
atom of the phenolic OH group is substgtuted by a cyani de group. Exanples
of cyanate ester conpounds include, but are not limted to, "HF-1" which is

a 30 cyanate ester of i sphenol A type (nmanufactured by Shanghai Huifeng
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tehds CHCHUCEPPXYISEINSToget her, the epoxy and cyanate ester resins provide a
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cross- 20 l'inked network. The wel ght ratio of cyanate ester to epoxy can be
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bet ween, ahout, 3:.1 to. about, 1:1. Alternative t he cyanate ester resin can
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anot her exanple, a release agent such _as a wax, .a higher fatty acid, or a
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Apart heaRddag aB80aMe: f webhLongl additives and/or nodifiers, the
thernosetting resin can also contain a colorant including carbon bl ack,

redsir 600dyi ddherthermesétithe resin cin cataiben addicde boa maelifidresich apurtpagheser Ot her

;%Eifo(égg)gg %F%@B%Og&fg%lf & Ipcrigcré:tséabfllt)rl eanr (}ralgegﬁ)%anc\:/g) of the resin. For

example, a toughener such as rubber or a thermoplastic can be added to the thermosetting
resin to improve the toughness of the resin. As another example, a release agent such as a
wax, a higher fatty acid, or a metallic powder can be added to improve the processability of
30 the resin. Apart from the above functional additives and/or modifiers, the thermosetting resin
can also contain a colorant including carbon black, red.iron oxide or the like which can be

added for aesthetic purposes. Other types of additives may be antioxidant, fire retardant



additive, plasticizer, conductive filler such as carbon bl ack, cost
reducing fillers such as cal cium carbonate and reinforcing fibers. [0055]In
a et hod wo 2di1gpes3sse t he carbon nanot ubes i n the ther noPETISIGRQ 1108EISN
according to the present invention, the carbon nanotubes may first be
contacted with a dispersant in a 5 sqjvent to forma dispersion mxture.
The sol vent can be a non-polar solvent, a polar solvent, a mxture of two
or nore _non-p g'r sol vent s or m xture of two or nore polar solvents. A
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di met hytHeprdboto fbem(dnl¥H)4-adiostask. ment hy| suI fOXI de (DVBO). [0057] A pol ar
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glycol, butylene glycol, hexylene glycol, 1,3- propanediol, 1,4-butanediol,
1, 2, 4- thavendissoasble H' Bomeﬁnamﬁ@l ofla, polarapheticasedetnbinchde, Hut Gre sl amitsad to] |

e e Lo e
1, 2- di gRiMP)0etdiaite. suchOag 056&&1%9 3QRAT /e85t OktbAO UAG 7 methy! isobutyl ketone,
20  acetonitrile, dimethylformamide (DMF) and dimenthyl sulfoxide (DMSO).
[0057] A polar protic solvent, on the other hand, refers to a solvent that has a dissociable
H' ion. Typically, the solvent carries a hydrogen bond between an oxygen such as in the case
of a hydroxyl (-OH) group, or a nitrogen such as in the case of an amine (NH;) group.
Examples of a polar protic solvent include, but are not limited to, alcohols such as methyl
25  alcohol, ethyl alcohol, n-propyl alcohol, isopropyl alcohol, n-butyl alcohol, sec-butyl alcohol,
t-butyl alcohol, isobutyl alcohol and diacetone alcohol, glycols such as ethylene glycol,
diethylene glycol, triethylene glycol, propylene glycol, butylene glycol, hexylene glycol, 1,3-
propanediol, 1,4-butanediol, 1,2,4-butanetriol, 1,5-pentanediol, 1,2-hexanediol and 1,6-
hexanediol, formic acid, acetic acid and water.
30 [0058] In some embodiments, the solvent used are N, N -dimethylformamide, N-methyl-2-
pyrrolidone, and 1,2-dichloroethane.



11 [0059] The di spersion m xture contains a dispersant. The term

"di spersant” as used herein refers to an agent that disperses, i.e.
suspends WO20hgW¥3e in a nmedium For exanple, in the c®6TEGR01A00905
present application, the dispersant can di sperse or suspend carbon
nanotubes in a mediumsuch as a solvep{. Using the dispersant, the carbon
nanot ubes can be di spersed i nto 5individual nanotubes or small bundles,

instead of being in an entangled nass. [0060] The dispersant can be a graft
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Shn e boier vl gl or Hork eries Bt BbcRecoTeRERiE e pebRBR I e bt
ar e notchhinglith@side @haiﬁs)h%ﬂtﬁ% ¥bistitutioR8ll orevhAkuraROhaY feinetes thaPhiYfel FoPMBse
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backbo e ﬁ@%@%ﬁ&l&%n@? Tl'lf? it ‘% R BckBorde” Mfers Brthﬁ éﬁ'{ﬂé lcﬁaigttg' Shic

pol ymeric one can conprise-a polycyclic aromatic carbon such as
ant hr aalinetherc ciaimsemay hedregardeti easy edme peradanb dlied polymanb thhekbone ,cap\eaziyne,

pyridazi ne, or rimgdine. In some enbodipents, the 25 pol yneric backbone
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The term™si"de chain” refers to an oligoneric or polyferic offshodt Troma
macr ongstetsupalyvotyhibalides, golystysenso pglyemiyt alvabélh polyaniyad acids, pohenpypdridesy s of

e ISR BRI, PR oTRORhI D | Bl SR BRBER S,
may it gelychideoptent) polfRdarboRA@ dndeddrVARO& i €dpoP¥mers thereof. The polymers may
20  also include various substitutions, additions of functional groups, hydroxylations, oxidations,
reductions, or other modifications routinely made by those skilled in the art. The polymeric
backbone can comprise at least one aromatic ring. For example, the polymeric backbone can
comprise a polycyclic aromatic hydrocarbon such as anthracene, coronene and triphenylene,
carbazole, naphthalene, pyrazine, pyridazine, or pyrimidine. In some embodiments, the
25  polymeric backbone is a functionalized polyimide, a poly(phenylene ethynylene), a
poly(phenylene vinylene), a polythiophene, or a polybenzimidazole.
[0062] The term “side chain” refers to an oligomeric or polymeric offshoot from a
macromolecular chain, e.g. the polymeric backbone chain of the polymers of the invention.
The side chain may be any composition that can be grafted onto the polymeric backbone. In
30 some embodiments, the grafted side chain may itself be a polymer, and the composition of
the polymer of the side chain may be the same or different than the polymeric backbone. The

side chain may comprise any number of monomeric units having any molecular weight, for



the pol yner of the side chain nay be the sanme or different than the

pol yneri c backbone. The side chain may conprise any nunber of nononeric
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exanpl e, between 1 and 100 repeat units, One or nore side chains, such as
two, three or four side chains can be g}%lfted to the polyneric backbone. In
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| east ongjgehgnpl fsgrm&iuﬁ% tHE ley?rEE'f'FerHl%kkKoxﬁ{] EHthl siE_é”’chzﬁii%Hiﬁ’blémplti&eth%'sgﬁe%a' n

may be phenol itself or can bé an al kyl phenol with 1-3 al kyl groups each
of 1-10 diHfdreont combimatiosod memmesichyits. Ehchsile chaipmaypld obany keegthi dependiogy| .
In so e di nents,. th rafted si.de chain is diglyceryl acrylate or

gl yceryl Og?ﬁeogﬁ@? Btwungqegé’ TOPRTYOC 80 enbodi ments, the diglyceryl
acryl at e [0Gb3pi SAMERRIe chafli iy &dhipHse A€ lekbtain@ phamslict Si6uperdispRemid grethpeori S
gl yceryl "4-nonyl phenyl ether. Alternatively, the side chain nmay conprise
f unct i ongkamelg, e sidgtahaingnaiupe parehitspdf eragsntbeaanelyd pheral vickAdiatkyl groups
pyrenic u T ted side chai alsq | u f UpGLi.gn roup
o Feaot St Bt ¢ et oG R AAnTEbaRL Sab g B Rridl OB B

i ncl ude, embbddiehts)ete drafdd Gde EHain RYAIFIPESryl ARY1BR, or @YaB6] 4 onephenyl etef. Mhat e,
met hacryl ate, mal ei m de, anhﬁtoclri de, and nitro groups. The side chain my

al sol® ncreme smhadinents, st dighicriyhacrdyg s Riprhenel Ay diglyesmdl agylaigpand the
hydr oxyl at i peat .o 1C1 r h i fLi.catlQap. I i y
made by TpagRenP AR |0 et B R gy onlt UIRRENENC I QR CRM . BRY
pol yner haspate fusetsinabinel aromatiggtoags puathtas aaphthalesiocintlamcenia, anggaepittgroup.

el ectron,_densi 0 | ectroni.c charge .be . del ocal i zed and conducted 20
21 ong ¢ hADE Grptilete Shads eresEieq feBui BRI RS, i gulty e b msHEng
conj ugat edid Hx¥ABlesioT kbt bhalssbeiaRtLas, Bat atd ndflinkiRQ BOhYIEEy, Gni@s khane i s
conj ugated. Each p-orbital that are conLugat ed. can overlap with ao’lj acent
conj bgat epPxy, eetylate | rsethaanylated aadaimidez adhwiridge ang aitrot greupst dde sisigscham mag

BT T Gy LSBT PR TR A B G B
(pi - bondyedabtidig] vestherthedificit doe AdutdtyfRadd H0hOd skilkane tiedendi ments, the
di sper sa[](')[%(‘:‘i)r’rpliril ggl?le %m%gli%{nngll’;si, (%heb gfalﬁb&?lgm%? gapsr iatsliegsq one conjugated portion. In
such an arrangement, electron density or electronic charge may be delocalized and conducted
20 along the conjugated portion. In some embodiments, the pdlymer can be a conjugated
polymer in which substantially all of the polymeric backbone is conjugated. Each p-orbital
that are conjugated can overlap with adjacent conjugated p-orbitals. In a delocalized
structure, the electrons in the p-orbitals may cover multiple atom centers, such that the
- electrons in orbitals between adjacent atoms are shared, creating a chemical bond (pi-bond)

25  between the adjacent atoms.
[0065] In some embodiments, the dispersant comprises a polymeric backbone comprising
at least one aromatic ring. In some embodiments, the polymeric backbone comprises at least
one imide group. In various embodiments, the polymeric backbone comprises at least one
imide group linked to an aromatic ring. In sbme embodiments, the polymeric backbone is

30 selected from the group consisting of polyimide, poly(phenylene ethynylene), poly(phenylene

vinylene), polythiophene, and polybenzimidazole.



at |l east one aromatic ring. In sone enbodi nents, the polyneric backbone
conprises at |east one imde group. In various enbodi nents, the polyneric
backbone WORprvwes9at | east one imde group |inked to almCRSGA8L1080057 ng. I n
sonme enbodi nents, the polyneric backbone is 30selected fromthe group

consi sting of polyimde, poly(phenyleng ethynylene), poly(phenylene

vi nyl ene), pol ythi ophene, and pol ybenzim dazo le. WO

2011/0 PCT/ SG2011/.0Q0057 0066] 1 n sone enbogdi pents, .t he di.sper sant
corpr | U8 o 18 PE CEIAGIRTeD (e SARRILH RS Ca e B b FTEPER B or

bi sphenglst ndpridlic 'gﬁ)\fpoé’faoi%ﬂéﬁgl'i@@%hﬁ., Int RehOERbI Blests dfe GRAHD st @alnses at

| east one hydroxyl group or carboxylic acid group. In various enbodi nents,
t he grabmpdses aldeashenamhysyoxyligsesp ofi @ryoxeliy Acid @rgupaie vatouglepbedinents, the

4- nonyl L. ether. 5.71006 ln so il llustrated odj nents, the

i sper LA cqmatises defdond afdlfy orergy CLEPRRN M pi - Bon)
whesei 00478 Pah YsdRie HlubRSkd MRdodimaMd, thedierast ishgolgindls-echrshidshenbRiAN | S
bi sphenol di gl yceryl acrylate. The chem cal structure of the di spersant

Pl BDA idiglzessyincrylate (FInBD &), agherqin theopalyinetic backhooe issprdpiaide ands thet grafted
di t o Vi ft- x | phenyl Pl.- GNE i
CheP oAl BRSPSt REDKRL MBI g by gt el

gl ycer BDA-ifisiyipineFighre2 () In sbhe illh@ritaicdmbddimedts the dfspérSant dé pelomsidet
PI-GNE is shown in Figure 2(b). The nunber of repeat unit (n) 1n_the

cheni c&afsehygeml Aaomylpheayl gahdr (BN, phereopthsawlymerimbackboneoin ppbomids
80,QR00,, . Qra.fr 0, Vi : 1 800 - F QUS
e ndad epRelchlad Shall i Wycelll ROy BnfE A cnenER Pk FbE e

chem calispstsantcP LGBRE Bshetvavin Kigurei 2(b).€T1R0Onurh B G [repdae upio l(y)narthe chanichione of

t he di spersant can bi_nd t he cgrbon nanotubes. The t ~of_ bi ndi

bet meﬁPWﬁ&redr%%a#PﬂaL@O 00 o rish S &h?@%m Ociit frgm W@ﬁoéeg’ﬁpem.
| n song, grprdg@NitoSeoot he pol yneric backbone can form a non-coval ent
interaction wth the carbon nanotubes. The non-coval ent interaction can be

a 7-7 i[0@68] actlh oreriohy ¢nhgdiméntsydhe aisperastsaangéort palymene backbones comprisea

di pel-e-di pol g .interaction ar van.der Waals interaction. In sone

_enﬁgdi r?gﬁ[gbcfﬁitﬂlg&_ﬁﬁ %ﬁr‘f‘bﬂ"@ 155@&382’8‘ binds to the carbon nanotube by 7-7

i nteragooey). TThé goNRERE badkBEn@bEtHeadisiRekaRY cdnbifd 1B ieCHrdn RuRhIRPPTIRY Of
p-orbitals in 7r-conjugated systens, and becones stronger as the nunber of

7- el ecttyrsref hinding hewisen fhe dispessant andbthe apeiibes qap belsevalentiss mongavleiel  t he
di b face the 25
| Sper ~°sf3‘1@1teoet i ggﬂé%o%ibo%ﬁge&eb {kggﬁég{:%]gf’o h %6 coPhe etﬁgxhe?&bglgg%tﬂhe €

car bon "nan gra chal n nay prev regation of
t he cardafhonranofubése SThehn-valeat titeradtonséanebech ai-n irftérattions hgdmitedond) 4 he

poléismeri c backbone can. inpart repul sive forces to_ the carbon panotubes via
st

ePi c hrnga raneier Inforagtionya fmolretippiednigEigren at BN ¢ Weals tderRgionnlmfves.
Thi's camyoBits, ithe HbISRRHE HABKYYne WifistB RO BarBBR AbtRESe by 7-7 interaction. w1

interactions are caused by intermolecular overlapping of p-orbitals in m-conjugated systems,
and becomes stronger as the number of 7-electrons increases. As a result of binding to the
carbon nanotubes, the dispersant can adsorb to and be present as a layer on the surface of the
25  carbon nanotubes.
[0070] The grafted side chain may prevent aggregation of the carbon nanotubes. For
example, the side chain that is grafted on the polymeric backbone can impart repulsive forces
to the carbon nanotubes via steric hindrance, thereby preventing aggregation of the carbon
nanotubes. This can result in dispersion of the carbon nanotubes.
30 [0071] The dispersant can be contacted with the carbon nanotubes in the solvent. The

amount of dispersant added can depend on the type of dispersant, the type of solvent and the



30 [0071] The di spersant can be contacted with the carbon nanotubes in the
sol vent. The anount of di spersant added can depend on the type of

di sper sarwQ 20t1e09p9pe of sol vent and the WO 2011/ 099939PCT/SEGRANMWBO0057 14
extent of dispersion required. Generally, the weight ratio of dispersant to
carbon nanot ubes can be between about {1:5 to about 5:1, or about 1:2 to
about 2:1, or about 1:1. [0072] The nmethod to di sperse the carbon nanot ubes

in the the etting resi cor to t i nventiqn ses
d ng eEHFB PhARHSERFRG e CeR Y e rittarts GF SRpsssthtas 8 TGRRIASS osi n
bl end. c&ﬁb&h@tw%@ﬁla%htﬁ%td%ﬁ%@a&é%uﬁl§l@@ﬁl§(ﬁ1@211¥o$%u@|ﬂqpersa”t in the
di spersion mxture, when a thernpbsetting resin i s added to the dispersion

m xt ur éOQH]f orFheanetbed to Bisperse therrartmar poatubasn i the dermasettns eshcacgomlpe sed

: nt as,. individual nang bundl| es t he. t her ting
Fesi n” S E HroRhi PSR ie B8 reheBiReding WOl B3ph ispdSenaSeaPe
nangt ulfermt @ feRmMbRniAYEr thencattiln s@ideahies NaRObd dRperdbd 6F ®maNigERaAY & e 10
conpati bility between the nanotube and the thernosetting resin. In sonme

enbodi iSPEEsion mixtyiedwhem aithergrosettag dpsipés adad to dhecdispersiom miraire toeformget ti ng
resin, rggnﬁ Bgng Hle {J%%Hlll Banjxo[{lltlt%s QN 9fsb bI Ql% gs%gf ‘ ler%%%'tdz%slq dlg é\f o%ulggs &4 bon

nanot ube an er nose resin.

enbodi IﬁﬁmIISbunﬂIEE uemrthénﬁloséﬂﬂmg desipeTisapdlyméri PbadBbéne N‘ﬁ’lhe hls@&fﬁmﬁlﬁﬁ‘%lnd
pol yi m de (Pl ynmeri c backbone and a bi sphenol A d| IF%geryl acryl ate
(BDA) 1% the gar eﬁﬂaﬁo'@éﬁtt%fm‘ﬁgﬁ YRy @R g | carb oeH}ang Bp WhigheCqaomRraY ¢l Ehe | )

poh yner, t

e p g bayeaf il fiRohe i (GE URRRONANGE HRES I fing SR the

di sper saietclmmwoﬁmhe\dnspersanteneans mmduhanhmmtoeettdn@rasar lndiichneamotenlie, sttdngereby
resultlnggj db%ﬁ ion of_ the nanotubtgj'r n a thernosetting resin of
cyanatén ?‘é?l IngrpebsRothe carban nggey 3(5‘& DenpEingrFiN- OH group on the
si de chen7310f 1hNRendl iBRFAEN EmGadinddts, ?&C&xa‘ﬂlﬂlé‘ tB@%xs EXshhtGis GUIBOA, Wi'ﬁ‘ch
cyanat € ester to forma coval ent bond between 't he d| spersant and’the

cyanat @oemnecrs %dhgsd@ &lhpemne@@rhﬁckbmgnétae@sphmol A diglyosrgleacrylateBME) al
h? rodiry PR REEoT G, BRRS. TRE PoBRgid R DR AL BRBhrs o ubes

VI at hemﬂ tobhe kadda nahSRB4] vidhnrelhles: mesadtidngch 8s rhitinkragdn! whily e i on
can further conprise horm%enl zing 25 the dispersion mxture to forma

homogesilsudain ep shesdispersat wan propde sterie dindranasgotthe cetben mesetubesagharedsin to
the di %@s%itﬁ{ggﬁ AP eidPBs £ % Jaﬁ&t%‘oé‘s. r\ﬁﬁ%x{'a %ﬁﬂgsetﬁﬁ%?écﬁmfzdggr?at«% B&ed iR r5| on

m xt ur e can rried ou or exanple a I'ng’ suc

st i 11 i rRgmdridesshaION) gronpnis @dtéd)ghe eOH gtup g, the GlleSdhain D dispesdhiedt s
Spdl spersi.gn m xtow%s honogeni zed by sonicating. 30 Soni catl on refers

he TeshI ikt m QR OBr thy| YRR Ftr dAPEY & aoﬁ?rftaw aPLURH &€ Thi s
Can be JpeEfQRRA (HE LRt dsiecP. TROLSAIG] bBAd ﬁ%‘laﬁ@stlﬂfo épﬁfd?lger ineefatR] by can
be car r| d out at any tenperature, such as about - out 100 C, or
about -betveentthe dispersedsCartipn uancm;imstand the cyanate ester thermosettmg resin, since the
dispersant is bonded to the carbon nanotubes via the PI backbone.
[0074] The method according to the present invention can further comprise homogenizing
25  the dispersion mixture to form a homogeneous dispersion solution prior to adding the
thermosetting resin to the dispersion solution to form a resin blend. Homogenizing the
dispersion mixture can be carried out, for example, by mechanical agitating such as stirring
and shaking, sonicating, or heating.
[0075] In some embodiments, the dispersion mixture is homogenized by sonicating.
30  Sonication refers to the application of sound or ultrasound energy to agitate a sample. This

can be performed using a tip sonicator or sonicator bath., Sonication can be carried out at any

temperature, such as about -10 °C to about 100 °C, or about -10 °C to about 50 °C, or about -



WO 2011/ 099939PCT/ SG2011/ 000057 15 10 C to about 25 C. In sonme enbodi nents,
sonication is carried out at a tenperature of between - 10 Cto +10 C

Soni cat i omocanv/deg3earri ed out for any length of time, dep&rsdi2eng/00005t he type
of sanple and degree of honobgeni zati on required. For exanple, sonication
can be carried out for fromabout 1 nmyaute to about 120 m nutes, from about
1 minute to about 60 5 mnutes, or fromabout 5 mnutes to about 45

mnutes. Jn some nts, so .cation is carried out using a tip
soni caﬁ& ‘%n &% atr%f'%@b&gﬂs oM FP m%ts,ar?er&angr) i FHTed Qut gt a éqm&ratsrerﬁ%ut es
t 0 abohtwlddn i (H4€S +10 *BORBnE RN Sirri GOSN G5 Adénleh hQﬁrtfrﬁee‘E!Ieﬁ’ ing a

soni cator bath for fromabout 10 m nutes to about nut es, o about
25 mi nwndke type absamplg@ndidegree sf haogdadza6n ﬂ'dqalrn(htﬂmodxeanme,rawnrcgtxomcamm

present i nventi.on.can,further caonprise _honpgeni t he resin bl end, which
P be cabieH sl ST SoHE ROBV S PP HeORBROTER, F o AbGHObSRRYE S b 60
di sper shigites ot fdrR-abbP0F Alihited ts R 45 3RIRAEE . Int D PrRERIthents VRIS, [Lf ers
to a conposrtron conprising: a thernosetting resin;, a di spersant for

di sper shmigd it bl@mgrraahptsgmestor fort ffnerntabeuhibsmnmemg) abaitr30 miutdse peabout e

di spersant [ mer, conprisin 0 c backbone and.a side
Char ' Bkek do CaabRa o, BROHET |1 SR shivainSkafl Bl e aco R Bife - a
third asmesbs bithefof)fr@ﬁﬁﬁﬁout NY eihLes té eb&it $OLRinu&s, 6f frémUibsRELS AutéPlo

di spersi ng carbon nanotubes in a thernosetting resin, wherein the
di sper aheut 30gnimutesaft pol ymer conprising a polymeric backbone and a side

h d
conlr; 0676126 148 hotfo Becbliinh & B8 BEREInyaton Sl Rhunk Folbiie nfiatiBhne,
backbonie sin Htiend] @fhldflﬁdarﬁbe edrfied usih® AG0¢thd & deseﬂbahmsmefﬁr hymbgenizifig gent

invention are specific dispersants that can be used in the nethods of the
i nvent (9SRESIIRNBWEent i nvention is thus also directed to polyim de-

f I I
graft- lr%wenq Aé&bﬂu i thf‘%é’sleﬁtt v@xﬁ%npekéfg%%et eﬁ{o shtiodl dnFnking: a

4- nonyl{ t her. ourth aspect resent I nventi on

r ef ers themmaset'emgrmmmfa qlsmnmnt frg chsm:mmpg)sarbm harbmubehamthagthemndsemngamin ubes
ers dthﬁﬁeé As used theterm"flber elg‘ers t(g nerally
gal eI Bt B8 PG RPIORTIS gL BOREEP ParkbopeRnda Sl PR The

term " GRITRA%S tIR: Jd1PRRErNc baRkBbSe; hAd BarbbPRindnliRE. is made up of two or nore

different material. For exarrpl e, a conposite fiber can be a fiber that is

made up0®#]t wdn orthird espezt the pfeecrénnvqmpy wefers. toLpe®F p dispersant foo dispersing
pomr ! SERERTIARkI. hIF GERRRAABTALIDS ALyl BESRSERAT s | SRNEM 1O

orma dispersion mxtl |spersan
COFYDF | sbm@rising a polymeric backbone and a side chain grafted to the polymeric backbone.

20 [0079] The graft polymer comprising a polymeric backbone and a side chain grafted to the
polymeric backbone can be defined as above.

[0080] Also encompassed by the present invention are specific dispersants that can be
used in the methods of the invention. The present invention is thus also directed to polyimide-
graft-bisphenol A diglyceryl acrylate and polyimide-graft-glyceryl 4-nonylphenyl ether.

25 [0081] In a fourth aspect, the present invention refers to a method of preparing a
composite fiber having carbon nanotubes dispersed therein. As used herein, the term “fiber”
refers to any generally elongated member fabricated from any suitable material such as
polymer. The term “composite fiber” refers to a fiber that is made up of two or more different
material. For example, a composite fiber can be a fiber that is made up of two or more

30 different polymers.

[0082]  The method can comprise contacting the carbon nanotubes with a dispersant in a

solvent to form a dispersion mixture, wherein the dispersant is a graft polymer comprising a



WO 2011/ 099939PCT/ SG2011/ 000057 16 pol yneri c backbone and a side chain
grafted to the polyneric backbone. A thernobsetting resin can be added to
t he di spewei20H/We83ati on to forma resin blend. The net h@GTE&AIIOMHST se
evaporating the solvent in the resin blend to obtain a conposite of the
di spersant and the thernosetting resinghaving the carbon nanotubes

di spersed therein. 5[0083] Evaporation the solvent in the resin blend can

t ake place under roomt erature a conditions. A ternatively, .
evapor HOVGRETGN DASPOBNEN] AOHIY HEAT EEFIFALIoCRE RO ReRARGE. f desknarrine
appl i cgtdiRRaPbe &R th hd Jﬁﬁg&rﬁ%h RolRli6AEh fori £RSiIA Herdd@The ﬁle'ﬂﬁ)td%aﬂfcompris%ot

evaporation is required. ating the resin blend can take place on"a

pl at e @vaporating theusodvent ém thedegsanbliend tombtalire atoppwposite p€ diendilsparseht ahdthe
exanpl evaparation of the solvent can take place at different 10
terrperi{lwsgtﬁﬂngfSl&n]i’wg&‘ﬁcg%ﬁBnéﬂ% 'SrfﬁWESFRé%?}BT ation of solvent is
car 5i eqogsH] byEapatatibs thdsolv@siim ) B BéndcnBREpREL 18R rosAthpddudl0 C.
I n various "enbodi nents, evaporation of solvent is carried out by heating

t he redgind conditidnstAltermagivply avapotation adiselyentditom tixO@sia, bl¢nd eaprabsoctakoplacent s,
evapor ati.on of. sol ve [ses ati.ng the.resin blend fgr about .0.5 - 5
hour s. Lﬁnrqgrvag)rplhggtéone?g%%a?%%n esr,eglélvbgg%r’ at ?% abfasgef) F%}S o ."'X%R%?%F’é‘elé TRMEfng t he
15r esi fHéakiﬁg thed REinaeid cad. take pldcd o b hot plAREA]iARAEudh@vER IDepehdihg on the
evaporated fromthe resin blend, a conposite of the dispersant and the

t her nod¥Re Phgesivdilendn 01 syample. exanosionaelothepedvant sgartaksy plaserasi differsat be
obtgi n i i : Si i.her j .car ubes
i 4er e efieRd ahaBs SHID IR e LB SRIRAS ehdolde il oM RLIR (SRR JRNY

ext r usiheatingrthediresgn diendpatnaitagpédamre @fpaout 80200i 7C.als paritusngmbediinesats, The

conposite fiber s usually formed in the formof a cylindrical_ thread. In
sone erfYBRATARGR %% sofyrat ISHepes 318 by safing @eﬁeﬁlﬁhkfnwt eIARFIHE afirbovtdtfyosi t e.

I'n song gm0 TEAL ImbbBfn RO dr&idd Heordedt E&ﬁgiﬁ%s B¥atSi @3&% blMd for

conposite. Paraneters such as rate of spinning rate o I spensing the
conposiabeutc@f -b% hearsi &d varoushamtydiméess,divaporsiionef selgént asnipeisest heatingl the

di ter .of, t fibe 25] 0085] The thernosetting resin in the conposite
fi gg‘rE 65%\“[35‘153 rﬁoﬂéo'éiﬁ)lé(?%@ the conposite fiber to an U lanp of in a
convect[pegy)oV efifterAfie 861VERGY evEpREAtENBEIMNAE sth blekd, | \ebneRitd 8f ARY didpRebafiUt
usi ng heat, light, electron beamor el ectromagnetic waves such as

ul t r aviasfl dke theunosetling reginciavingethe rarbasseanpiubes dispérpedtigree cambe pb@ingdt on

t he t hern tti f. re.0f Limes, .faor anpl on ine, or

Fopeat P S ibel R, AEORBIRE AL B TR e RipsRSARR) Fon @R heilBredibe 4 on
t he tydemedd. Thecompedite fitger Rae be fdrnied Byh&xti@eiBROBbIdng dloPinnih©OBabhiposiTe
enbadi nents, the thernpsetting resin in _the conposite fiber is cured by UV.

ThéOuv ipaveaning leyicea by parapaste fiher is syl foamed ipdhe Bymestgaslingrieah ghread.

conposigh %ofniebé?ﬁbotd(ﬁnents, the composite fiber is formed by extruding the composite. In some
embodiments, the composite fiber is formed by spinning the composite. Parameters such as
rate of spinning and rate of dispensing the composite can be varied to change the dimensions
such as length and diameter of the fiber.

25 [0085] The thermosetting resin in the composite fiber can be cured by exposing the
composite fiber to an UV lamp of in a convection oven. As already mentioned herein, curing
can be carried out using heat, light, electron beam or electromagnetic waves such as
ultraviolet (UV). Curing of the thermosetting resin can be carried out on the thermosetting for
any number of times, for example, one time, or repeated two, three or four times. Choice of

30  curing method can depend on the type of thermosetting present in the composite fiber.

[0086] In some embodiments, the thermosetting resin in the composite fiber is cured by

UV. The UV waves can be applied to the composite fiber by exposing the composite fiber to



WD 2011/ 099939PCT/ SG2011/ 000057 17 an WV lanp or in a convection oven. In
sone enbodi nents, UV curing is achieved by exposing the conposite fiber to
an UV | angof2oomoasout 5 to about 100 miWcnR. In sonme enBO@ISGROMIHO00ET curi ng
is achi eved by exposing the conposite fiber to an UV | anp at about 30

MmN cn2. UV curing can be carried out figr any length of tine that is
sufficient to cure the 5 thernosetting resin. In sone enbodi nents, W
curing is ried out for about 0.5 to abou 0 hou | n sone _enbqdi nent s,
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of time that is is sufficient to cure the thernosetting resin. In sone
enmbodi menss In spaeg enabedimgnissUYaguringds eatied ot fabahout 8bowssnut es t o about 48

hour s. 0 e dj . e ring.,.is carried t f.or .about 30 .m nutes
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practiced jn the absence of any elenent or elenents, lim.tation or

i i t atbier any e‘%‘é&?ftf%ﬁ‘@li} ‘ailédug%ﬁ?tﬁerfé%fﬁt eriRESmOseHng K55t | 18, same
terms " GuRih&itdltheat chrittd WitdMed ouf Rt Aol B minkfes to 38R 4PRodr82 some
expansively and w thout Tintation. Additionally, the terms and expressions
enpl oy ethbodime¢nts, hestecubiog s easaetl et forahout 30 mimges topbpatrR4dmairnot  of

i m.tatj a there,i s,no.ntention in the use of such ter and
expreadP B orhesBrnie A% oanybat iRt Bn st comeriFe By ipediars i dingfion
descri hggthRé tdd i @ﬂ@m_bgareeag dispetbioh tsolubioh PEOH R ZRTkidet th¥ Rédi®WRend. The
nodi fications are possible wthin the scope of the invention clainmed. Thus,

it shounethesk ag riessrihed depreinaganafurther gampree hpwogenizing hetrpon thend pdemto
speci fi - di scl hy, efqr i optil O .
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di scl osfd resaryblsfld heve dttady bekrt disdugsdditesein.skil l ed in the art, and that such
nodi fications and. variations are considered to be within the sceﬁe of this

i n#@nt i[BW0] wATsony PRy St S oiPsTsd oRFFeIRgMRY (VM EDS RIASHESDIP 3% been
descri bggkne fodz!uﬁl anRtheHLRETAGRLUIY, MASdY oEXtaBbnd, Nfot specifically disclosed

herein. Thus, for example, the terms "comprising”, "including", "containing", etc. shall be

—

read expansively and without limitation. Additionally, the terms and expressions employed
herein have been used as terms of description and not of limitation, and there is no intention
25  in the use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the inventions embodied therein herein disclosed may
30 Dbe resorted to by those skilled in the art, and that such modifications and variations are

considered to be within the scope of this invention.



narrower species and subgeneric groupings falling within the generic

di scl osure also formpart of the invention. This includes the generic
descri pt iwo 20f1/mb89i nventi on with a provi so or negat i vePCIT/SiGRat1i000057 enovi ng
any subject natter fromthe genus, regardl ess of whether or not 5the
excised material is specifically recitgd herein. [0091] O her enbodi ments
are within the foIIovm ng clainms and non- limting exanples. In addition,

N ks 00 ot i EHIRE e b escBSLRSRyy g GERTHADE e AR Pt i on

i's al sQatiferByeciRSHd MBFeddict @rbﬂ%g FARY wmﬁﬂ/uﬁ neﬁ@@R%rosefe A4Pesaup of
menbers of the Markush group. AL SE 092] Exanple 1:

Mat er i @y of [thOB®Enty3 ThisDnblpdesothy gtmano dhsqmptmtﬁfph@nybnt(dm&ﬂl QYo vivmer

purchased fr 0 _Chemni cal dust r cr te term nat ed

D phertg e EH oS eady b e St Fonr ierseati s p/a ket o

ol sculﬂaée;yaﬂeamataialmemmydmahe@ﬂer@ﬁl Ebecryl (r) 3605 from UCB chem cal s
freeze-dried at -55 C for 2 days before use. 4,4'-

(Mal aym&&a1 It was
Oxydi pth@0flli c Qtheryembedemempr_k wisligthe fpllogiing elniphseandmon- hyniting w@n(pllwmm

9% , HT h r e I bonat e
(NaHCO%Ha%‘Qg ﬁereﬁaﬂ%é’ é‘%rég‘% g@‘&‘%ﬁ%?"/?‘?ﬁ&%g‘# “?{er‘?gg SHMiE glgr%lﬂ’ls’f oxi de
( DMSO) thd¥eNKkillediinetidart fxall Iﬂ&fo@hlde 2 thdOMventida iy Gﬂsd)theréb)ﬂ@é‘sihbélﬁﬁ)’ﬂen@i ber
(GNE, technical grade, Figure 1(d)) and nethanol were obtained from
Si gma- AnYindividughpembes @r %mnamb@rmomw Mekpshegioep.um hydri de and xyl ene
ovgp sodiumw re before use. Al other chem cals were used as received
unl ess ot herw se specified. [0094] Bi sphenol A cyanate ester resin (CE)
shown in Figure 1(b) was puENPERIMENTARSEGQEIONai Hui feng Technical &

S’tjrs];pei&%ﬁenmmg& E:E:D)na)Sh\(/)\n\A;]hi ;hgi trade nane HF-1. Diglycidyl
gure 1(c), was purchased from
(super o P e A A s em P o on )
and welGhenserd Iadustec en-(Hycidy i RGO yENTisrminated dnd;ghemsled {@AB) heith\étructareNl R 30
ig ahg‘gnch guCrE: elr(zli)zzf};[dI v?/pth aFr%E)lecu ale I’wetxgehsttosf 45t()hv(3as suppﬁexgg %b@éjr@l%h?go%d from
from UCB chemicals (Malaysia). It was freeze-dried at -55 °C for 2 days before use. 4,4’-
Oxydiphthalic anhydride (ODPA, 97%), 4-(dimethylamino) pyridine (DMAP, 99%),
butylated hydroxytoluene (BHT, 99%), sodium hydrogen carbonate (NaHCO3;, 99.5%), N,N’-
dimethylacetamide (DMAc), xylene, dimethyl sulfoxide (DMSO), N,N’- dimethylformamide
20  (DMF), Glycidyl 4-nonylphenyl ether (GNE, technical grade, Figure 1(d)) and methanol were
obtained from Sigma-Aldrich. DMAc and DMSO were distilled over calcium hydride and
xylene over sodium wire before use. All other chemicals were used as received unless
otherwise specified.
[0094] Bisphenol A cyanate ester resin (CE) shown in Figure 1(b) was purchased from
25  Shanghai Huifeng Technical & Business Co., Ltd. (Shanghai, China) with the trade name
HF-1. Diglycidyl ether bisphenol A epoxy resin (EP) shown in Figure 1(c), was purchased
from Wuxi Resin Factory (China) with the trade name E20.
[0095] HiPCO SWNTs (super pure grade) were purchased from Carbon Nanotechnologies
Inc. (CNI) and were used as received. HIPCO SWNTs were only used for the UV-vis-NIR
30 absorption characterization. For other tests, the SWNTs were purchased from Chengdu

Research Institute of Organic Chemistry (China); they were produced by the chemical vapor



Research Institute of O ganic Chem stry (China); they were produced by the
chem cal vapor WD 2011/099939PCT/ SG2011/ 000057 19 deposition (CVD) nethod
and have WP2087@PB90f 1-2 nm | engths of 5-30 um and puPCTEGEI1109@%7 [ 0096]
Exanpl e 2: Synthesis of Hydroxyl Polyimde (Pl) (Steps 1 and 2 of Figure 2)
[0097] Figure 2 shows the reaction sche used in the exanple. In Step 1 of
Figure 2, 5 3,3 -D hydroxy-4,4'-di am nobi phenyl (HAB) (1.080 g, 5 00 mml)

was dis olved of fresh distilled N, N yl acet a
Ay ot ey Fgfbkoduﬁu*ebavar%% A det | B gt 180 1501
cool ed @ho0 C for 15 mm 4, 4" - Oxydi phthalic anhydr| de (ODPA) (1.550 g, 5.00

nmol ) was added to the soI utlon wth vi gorous stlrrlng The m xture was
t hen wdo086] t Examan hesis 0 € Hyddoxyd & Al Stepsy Band 3rof Figure?) s under

5" 90N Mg ™S P %, edewﬁ(é eé"ﬂ%ﬂ%@h*g%t&}g%?@%gﬁoh ble L Ak FERre Poq

1605C f303°- 13111 @MB{? 4143 cﬁbmmoB%@nmﬂAy@t@rosbog MEEL hfdl)'®aé BsSd1¥& 1040 mL
react.i on. er cooling to roomtenperature, the reaction mxture was added

dr opwi $& frqshld distiliadghl, Mxdimpthydiceramile (BMAQ ipr @ coyidtbotiont Aeskpunder gt (Pl ) .
Th t at f |t d d h t
Ly I R G e s W T A

was dri(ethrat) (3350 gy sderminatuuas dded 24 tHeGehtion Wieh Vigbtois $a&ing. PHOnGx 1GR3 %

yield). [0099] Exanpl e 3: Synthesis of Polyim de-graft-Bi sphenol A
D| gI y cé¥ap| theg pxarmed to pp@pAFmpaeBise 3ad émagnpéwlé! spiyred|[fgp 2ddjournusies grgw of

was added as the 20 catal yst
butélTl {b égh éljgfi%/ lt}g%llg %ﬁm&g\/\y%@id to prevent honopol yneri zation
of acr ybeass ddﬂlSk@ boﬁﬂxgmre Eh&ybnyiaqnlaqm@knm whsgidyle@tqltheaoruylbﬁtaﬁd(sﬁﬁéd atsi de
chai n. ol y] mde Pl) 588 g,.1.20 mmol of repeat unlt was
di ssol Jéé'% nfél %HEgdP eh twa}?r fopmedin the lwmna%acaen@ 65 cgol mg to

round- 995&%@&@%& Whd reaen&@wmfeqp&e%@gg d%%g ﬁwgnmga @&Qbsgﬁxetléf]§

di ssolution o di met hyl am no) pyri 25 a
sol uti dm poefclmta@ t}nmpwﬁrmdf— ay). yTlart;a'ectlmtata maisefdtebedsqutdenwbatﬁly ®aBhed With&8 g,

gt e GMREALP neaahaet Gt et AT T SR MR ¢ e

at 100 wasfdeled 488°C ﬁfl&&rvaéﬁﬁﬂ‘f@l 240fous Mae PMROWEL b D40 gl(@3R1Nel@) apor at or, the
m xture was added dropvm se into buI k. rret hanol with vigorous stirring. The

preci pil0eA9 wdsxample thesis o e H aft-Bisphenold Diglgcervhaerylate (PI-

hydroclﬁﬂ&j ﬁlafl’%w@“ gi hen wi t h 5 % SOdI um bi carbonat e (NaHCOB)
sol uti wat er. The side-chain grafted polyi mde
(PI - BDADO100q oducStervas @Flgdreumd@(dlmﬁlyﬂlﬁﬁlﬂb) potdine AR Was atlaed 48 teour s.

The yield wa }(1 % vyi el
20 catalyst and butylated ydroxytoluene (BHT) was added to prevent homopolymerization of

acrylate double bond on the bisphenol A diglyceryl acrylate (BDA) side chain. Typically,
polyimide (PI) (0.588 g, 1.20 mmol of repeat unit) was dissolved in 40 mL of dry dimethyl
sulfoxide (DMSQ) at 60 °C in a round-bottom flask with a water condenser under argon
atmosphere. After dissolution of 4-(dimethylamino) pyridine (DMAP) (0.293 g, 2.40 mmol),

25  a solution of a-Glycidyl-w-acrylate terminated bisphenol A (GAB) (1.188 g, 2.64 mmol)
together with butylated hydroxytoluene (BHT) (0.018 g, 0.08 mmol) in 20 mL of dry DMSO
was added, and the resulting mixture was stirred at 100 °C for 48 h. After removal of some
DMSO with a rotary evaporator, the mixture was added dropwise into bulk methanol with
vigorous stirring. The precipitate was filtered and washed several times with 0.2 M

30  hydrochloric acid (HCI), then with 5 % sodium bicarbonate (NaHCOs3) solution, and finally
with water. The side-chain grafted polyimide (PI-BDA) product was dried under vacuum at
room temperature for 48 hours. The yield was 0.850 g (51 % yield).



WO 2011/ 099939PCT/ SG2011/ 000057 20 [00101] Exanple 4: Fabrication of Fibers
[ 00102] Figure 3 shows a schematic di agram of the processing route used for
fabri cat ig0 20f1/09p89 SWNT- r ei nf orced CE- EP conposite fi beP€T/SGRUIOBJ0SEt ep 1
depicts purification of pristine SWNTs as also outlined in Exanple 5. 5
[00104] Step 2 depicts preparation of ,§WNT/ Pl - BDA di spersion as al so
outlined in Exanple 6. The resulting stable and honbgeneous sol ution had a
SWNT C?E@ﬁmra i on of /rrL. p]Q 05] Step 3 depicts addition of CE-EP
mat ri x Pl - BDA di spersion to produce

precur g0 I VANES @Q@é{ gwgg 1etalaes)

fi bersf’[v\g)l[(%?d:l? g{b?nfﬁos“g\/\NT Iélggtllngs fg{%g Outﬁrﬁé‘gg@?ﬁ(s%%o#g e 7. 8?8%106]
Step 4 thiepWNErgnfopead{fE-GF eommevrerfilérs BDA/ R bl end as al so outlined in

Exanpl 7]. Step.5 .depicts tio conpo er as al so
ot T ndaf103) T dkies iR Rt iSRG SRAL A Ao B SRTBR Bahple £

CONMPOSIi[0@1 (4] be’te;ﬁQ @Eﬁx@tsoyfebhﬁﬁﬂnldf ExaepipeBA diSpdr§6d OR] alls:efadmlhx?ed%
Purification of SWNTs ggll of Figure 3) [0011 SWNTs were purified

with t Hxamale 6lemeisldﬁng ssbleanddromogeserus sohutignrhiad faot Wdlde cortepnteation of 1
treat rrg%(%efl uxing in 6 Mhydrochloric acid (HC1) for 12 hours) before
use. Hi VWNTs (super pure grade) were purchased from Carbon

Nanot e¢o0d5pgiSeep 3 depicts Gilltioand CRER nudad tdfeiRe& yindtitiéd m&wlslsmr e
only used for the UV-vis-N R absorption 20characterization 00111] Exanple

6. Pr e;sla%pa{%h tQy foresines IEF%‘EWsFQ%H%OI{SS?%WéN&/P#B@ﬁ/@SBy (SYO6lsPABRA/RY epar e

S/ Pl 1%!3'3‘5 {EYRIT
p\(;\lpi?l-l m e graf %?g ghfo%glk Iylgg(?l%é acry ﬁn@ﬂ%%%%&mere first added
i nto 1Q00A06df Stbp\ltl depinﬁsqirmakdtmnmfrﬁWNNMDA/KMdtdsalsm otitliried indBxafply cat ed

with aghi gh power tip 25 sonicator (500W 35% Vibra-Cell, Sonics) for 10
mn fol°rowed by further sonication in a | ow power sonicator bath (60W

S30H, Ebomy7) atstéh Saékts pRepBiafion b €oﬁlﬁ§§~fﬂetﬂb@9 asg&l %b&hﬁmnw §Oous

sol ution had a SWNT concentration of ng/ nL (the mass rati o of SWNTs/ Pl BDA
is 1:1)00108] stStered msmmp@mlsn@ﬁcumdmdﬁpmm firee praledowinedhin Saamplpi @cedur e

on, the SWNT/ PI - BDA
solg 39]613%] et d : to renmove any free
sur f actet10] armVNrre w&&yﬁﬁﬁé& wnﬁ\m&mwaﬁlddﬁéxﬁ@so °C for 2 hours in air) followed

by acid treatment (refluxing in 6 M hydrochloric acid (HC1) for 12 hours) before use. HiPCO

SWNTs (super pure grade) were purchased from Carbon Nanotechnologies Inc. (CNI) and

were used as received. HIPCO SWNTs were only used for the UV-vis-NIR absorption
20  characterization.

[00111] Example 6: Preparation of SWNT Dispersions (Step 2 of Figure 3)

[00112} To prepare SWNT/PI-BDA dispersion, 10 mg of purified SWNTs and 10 mg of

polyimide-graft-bisphenol A diglyceryl acrylate (PI-BDA) were first added into 10 mL of

N,N’- dimethylformamide (DMF). Then the mixture was sonicated with a high power tip
25  sonicator (500W, 35%, Vibra-Cell™, Sonics) for 10 min followed by further sonication in a
low power sonicator bath (60W, S30H, Elma) at 0 °C for 30 min. The resulting stable and
homogeneous solution had a SWNT concentration of 1 mg/mL (the mass ratio of SWNTs/PI-
BDA is 1:1). Pristine SWNT suspension in DMF was prepared by the same procedure
without the addition of PI-BDA. For Raman characterization, the SWNT/PI-BDA solution
30 was filtered and washed thoroughly with DMF to remove any free surfactant, and the

resultant powder was dried.



WO 2011/ 099939PCT/ SG2011/ 000057 21 [00113] To prepare SVWNTs/ Pl -BDA sol ution
for U/-vis-NIR analysis, 2 ng H PCO SWNTs and 4 ng PI-BDA were m xed in
10nL DMF,wearrdiirdeeo3m xt ure was sonicated with a tip soni earsG261ar00d3m n

foll owed by sonication with a bath sonicator for 30mn. (H PCO SWNTs were
used in this part of the experinent bgi:ause Chengdu SWNTs used for the 5
conposi tes measurenents bel ow do not have distinct UV-vis-NR peaks.) After

Char ac kB0t e Msnprasare SHVES PEBRA SARRSRCtr LBV ofo BIE,BrEts. v ?msNéﬁgcpl ey

i n D20 AR TS5 4Rk ppm %tmlﬁd% rrbhﬁrnmweﬁ&'tﬁeemlxt&waélsoﬁé&em?
Preparation of S AJR D spersions (Step 3 Figure 3) 00115]

SVNTs/ Pip- #Dicasws] for |1@m1(1 Ifngo@w\ﬂﬁs/snnbcam withr g tbafhr spacatet for 30he BPEOIS

d th | Bi_spheno] t
a1 x RN TSR BT (R AR e ORI o) DeAi L Er s oag VO oo fé%%r 30
mm sA %Dﬁl BﬁfefsllﬂéhsﬁtfenQﬁtsﬁ%lmtd'b' ﬁbt\tﬁse a;tqﬁ@t UV-ARAGRREKAUARE! b

gRSp&d
SWNT/.PI - BDA di spersion to produce precursor solutions of 'SWNTs/ éﬁ EDA/ resin
( SWNTs cPutriBipatiey, hemppeinatant waensedwfor 1Y isNIR e:hemteswtmnl bedlrorgparisp00116]

i tor SMTRePBRoR i GRag, Bib SOLLPRYA R 4 e bedidl B Gamiet ont o

gl ass gpuhzlieiRt es, which were placed on a hot plate at about 50 C for 1 hour
to slowl(%/ renpve m)st of the DI\/F The Iass substrates vvere then
t r ansf ¢091dd] t Example 7; Rrepa gf S A/R : y (B hour

(S10p R08iISE StRTg %f%%"s%é%‘og&t@?’émsﬁ zftttn»% targﬂc?;t%’tﬂe hababers
t he gl ates:rmudbsh reaé %oaﬂ@xmhelebuhtsbemdhm e:yam\eeuér-aﬁoxyg((aE “FRY thatriewess (110

C for 15 mnutes). The end was subjected to a pre-polynerization reaction
2t 310 Peemmis bRing O T e oot EEHPEIY ) S0 0af Bro0sbe s & BOSIOR PEh e

exper | EnER! i oh &l Fqahol Aefrealyilifies ¢ sWier/pLash Yé?sge&%“to”ﬁr%ﬁgev, ce.

fabricate SV\NTP BDA/ R conp osite f1Dbers using a react SpI nni
[00120]pré?:iugmr solitiohe v SWTS&HBDMeSlpl (WNG sﬂ’éxBWR.)seﬂnpqsitevﬁbew wih) a

ph (%&ﬂj %I ce, (B) schematic diagram of the reactive spinning
198BS of SWNT(1 Wt %/ PI-BDA/R fiber collected on a takeup

dr Um lft)@t 1@9' YRMAES: PE§iatatis of SWIH/PI-BDA/R blend (Step 4 of Figure 3)

[00117] After sonication in a sonicator bath for 10 min, the solution was cast onto glass

substrates, which were placed on a hot plate at about 50 °C for 1 hour to slowly remove most
of the DMF. The glass substrates were then transferred to a vacuum oven and dried under

20  vacuum at 90 °C for 1 hour and 100 °C for 2 hours.
[00118] Example 9: Preparation of composite fibers (Step 5 of Figure 3)

[00119] Subsequently, the blend was collected from the glass substrates and the bubbles
were removed using a vacuum oven (110 °C for 15 minutes). The blend was subjected to a
pre-polymerization reaction at 110 °C for about 30 minutes to achieve a suitable viscosity,
25  which was experimentally determined to be 50-80 Pa.s. The blend was then used to fabricate
SWNT/PI-BDA/R composite fibers using a reactive spinning device. '
[00120] Figure 4 shows the reactive spinning device used, in which (A) a photograph of
the device, (B) schematic diagram of the reactive spinning process and (C) a spool of
SWNT(1 wt%)/PI-BDA/R fiber collected on a takeup drum. Pre-polymerized resin was filled
30 in a syringe which was wrapped with heating tepe to control the temperature. Fibers were
extruded from the spinneret by syringe pump, then air-cooled, and finally drawn under

tension by a rotating Teflon drum located about 20cm from the spinneret. The spinning was



30 in a syringe which was wapped with heating tape to control the
tenperature. Fibers were extruded fromthe spinneret by syringe punp, then
ai r- cool a0 28an@9993Mal | y drawn under tension by a rotati RGT/BSRO1AA0STUM

| ocat ed about 20cm fromthe spinneret. The spinning was WO

2011/ 099939PCT/ SG2011/ 000057 22 condugted at an injection rate of 80 niL/h
at 110 C. The fiber dianeter rreasured y optical m croscopy was

approximately 90 Am [00121] Exa . Preparation of cured corrp05| te

fibers contugiedsatam ipjegionrass be ﬁ@mLzﬂz]at A%Q &- Kl Hibgrthametprameasyrsdsbyentical

pre-cur lanp (intensity of 5 30 nWcn2, with

on/ of f x@i&ﬁs?&pﬁw%&ﬂﬁoﬁ%@%&x% hich was filtered with a dish of water for

6h (wi t[a0m1) ofExarmheﬂoPre‘lﬂthtiéx_iBfri:umd cami)otsnloeﬁbéusr(smm difrlagmsd 3)xcured at

100 C f under . vaguu ol | owed 20 C for houy 150 C for 2

hours, [8%?@ C Rt spinmisg, the @r?a wsgetpre&v eflJors Hows uadergrUY lian Gsteggity of

at m9s phey %y BLESSH 6n/ofQ9ER 15 il émgr lapwagﬁ tell%ti%&g& aﬁh%f%éﬁ\f%\ff (0.5
w% /Pl-BDA/R’fibers heated at 10 mnutes (A W

UV- cur iahg(wittByn/vfftdycle\eiciiming Sanu), (am) theeit @rthproﬁlbﬂml rauregl, atAH)Oc“&]'l fdJel éage n

cont actURiFR FeGPRPTTELPY 120 Serlsr dtibra SBF 4oF 2ripirad 87 cCapr 1360 w4

their o@ﬁ&uﬁ%@flzooat@Mﬁ@u@%ﬁﬁ%sﬂhéﬂcw&aﬂe Cormaratlvely, when the spun
fibers are UW/-cured, the fibers did not fuse and retained their round

cr oss- 4681230n Eigurers ﬂmnmm Idmtci)g:g)lamf YN @ur W) (PEEJaAB fib¢Bheatsdiad

1 S-rej d fibers
s Gelbs N s GOLMABS G S i RRE B0 IR Ui SR aL T e ben .
Verl fylmsgczixhﬁe Be@ﬁﬁbﬁﬂthﬁirWESE(A) PipuBDHb et GvifBout m@ Zbturiy AREd fay pdintdof
Fourier transforminfrared sPect roneter (FTIR), e addition 20 react I on

bet weerFORtpgr With othgr Sibgrs(at thg thepme) copprenyperafusernf 1@@5 shanbthein cegssrigétionakt er
CE |
(CE), }1?%%8 gh%%gﬁ‘_l( égénﬁgratl%ly)er g?nst It?o%)lﬁ{ ﬁﬁlér§ 2t q:ul'é?i Mehﬂibe{s did not

di met hy en se wer e ca ont 0 assi
b r om deugeBid)refasriet] elieir rbinad Diss-wasionefiter thdrmial dering andi paost aﬁuﬁg)(l(i‘glins 5@3}1 ours.
n the s%rg;l e was characterized by FTIR before and after heating at 120 C
o verify the reaction using Il NWVR, Pl-BDA CE blend 25
(30/ 70 (082 Wacat GESEP! isds 'aHd et 8WAITdlBbR%h et O WRITERYBRRA G50 and
11-1 NWVR spéctra of the sanple were collected before and after heating at
120 C fpoepatedwmung a §igGlapiietliodanpl e 12: Characteri zati on

[00125] Example 11: Verifying the Reaction between PI-BDA and CE

[00126] To verify with Fourier transform infrared spectrometer (FTIR), the addition
20  reaction between hydroxyl group (-OH) on PI-BDA with the Bisphenol A cyanate ester (CE),

PI-BDA/CE blend (30/70, w/w) was first dissolved in N,N’- dimethylformamide (DMF), then

several drops were cast onto a potassium bromide (KBr) pellet. The DMF was removed under

vacuum at 80 °C for 2 hours. Then the sample was characterized by FTIR before and after

heating at 120 °C for 1 hour. To verify the reaction using 'H NMR, PI-BDA/CE blend
25  (30/70, w/w) was dissolved in deuterated dimethylsulfoxide (DMSO-dg), and 'H NMR

spectra of the sample were collected before and after heating at 120 °C for 1 hour.

[00127] Example 12: Characterization

[00128] 'HNMR spectra of PI, PI-BDA, and PI-BDA/CE (30/70, w/w) blend were recorded

on a Bruker (300MHz) NMR instrument using deuterated dimethylsulfoxide (DMSO-dg) as

30 solvent and tetramethylsilane as reference.
[00129] Fourier transform infrared (FT-IR) spectra were obtained on a Nicolet 5700 FT-IR

instrument equipped with attenuated total reflectance (ATR) accessory. All measurements



[00128] 1HNWR spectra of PI, PI-BDA, and PI-BDA/ CE (30/70, ww blend were
recorded on a Bruker (300MHz) NMR instrunent using deuterated

di met hyl s\WpR0K/ge93p DMSO- d6) as 30sol vent and t et r amet hyPETIS&2¢11480057
reference. [00129] Fourier transforminfrared (FT-1R) spectra were obtained

on a Nicolet 5700 FT-IR instrunment eq ?pped w th attenuated total
refl ectance (ATR) accessory. All neaslifrenents WO

2011/ 099939PCT/ S&2011/ 000057 23 were nmade over fhe wavenunber range
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G ass-transition tenperatures (Tg) of neat CE-EP and its conpositées were
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20  the midpoint of the change in slope on the second heating run.

[00133] Raman spectra were obtained with a Renishaw in Via Raman microscope with
helium-neon (HeNe) laser excitation wavelength of 633 nm. Ultra violet—visible-near infrared
(UV-vis-NIR) absorption spectra of the nanotube solutions were recorded on a Varian Cary
5000 UV-vis-NIR spectrophotometer.

25 [00134] Optical microscopy characterization of SWNT-(0.2 wt %)/R and SWNT(0.2 wt
%)/PI-BDA/R composites was carried out on an Olympus SZX12 microscope at a
magnification of 144 x.

[00135] Transmission electron microscopy (TEM) measurements were carried out on a
JEOL 2100F high-resolution scanning electron microscope operating at 200 kV. Pristine or

30 PI-BDA functionalized SWNTs dispersed in DMF was diluted and drop cast onto a carbon-

coated copper grid followed by solvent evaporation under vacuum at 50 °C.



30 PI-BDA functionalized SWNTs di spersed in DVF was diluted and drop cast
onto a carbon-coated copper grid followed by sol vent evaporation under
vacuum atwe@os/0999® 2011/ 099939PCT/ SG2011/ 000057 24 [ 00P8®|SGFd/0d00sper si on
of SWNTs in conposite fibers was exami ned with a JEOL JSM6700F

field-em ssion scanning el ectron mecr ggcope (FE-SEM . Uncured SWNT(1 wt
%W/R and SWNT(1 wt 9% /Pl-BDA/ R spun fibers were redispersed in DM with
only mld shaking followed by filtration through a 0.2-am alumna (Al 203)
menbr aB80E36d Wihsrdispgrsieny of AV Ts jinsemppsite fibary Wag gaamined eytior JERE YSMr enove
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orter " 3000 Bl mis AR b U b LM E Wil LS BV LS PR,

f ract uraad SWKaClewt &6)/RIBPASR spn fibére wereredispersé®it DNMF with @nb/l aild eloekirgd Wi t h
gold far FE-SEM gbservation. [0Q137]  Tensi| roperties of neat CE-EP and
conposiPRowsdyay Silifatien ggpaﬁman‘gg-%%iaﬁgmaﬁ (AR horehrans aBd vswoEReLHahi cal
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commerci al super-glue. The gauge | ength was mm and the di ameter was
est i matveth gold o spugtering or osleoysup@tepsipurfac82kar2ing ohfetGnk edxamchedetith BBd a

d of 2.54 ' re used to do the testing., At | t 5
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Synt hegrssERNLHsBaha6h eri zation of Pl and Pl -BDA [00139] As outlined in

Exanpl e 2, hydr o;iﬁl polyimde (Pl) was synthesized via pol ycondensation of
st oi chil8&E(7] i cleastruptoperties off anatnCE(HEAB)d eamaipasitadibptsr Were detammined Sus{n@BRA) .

Th d h he, Pl backhb i its sol ubili d
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acry| atfeanidsDfkh Sbaencedial Agper Glwe rnlec%mb dexgtly veisafd 8fin taad tthe dRimdedckione by

reacti on between the pendant hydroxy rougs on Pl and eg%é groups on GAB
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such agedilitt welMAeragadSO and NMP 25 [00140] The structures of the

synthesi zed Pl _-and Pl-BDA were confirmed by Ili NVR spectroscopy. The

conpl etlB0L84; Example 13: Synthesis and Characterizationof Bl and PEBDA o 6. " | the 11-1
NVR spgad 13 s Rlutiideags e eMipleChanaat islgd'l inBEAKP TP fwds yiheRRhl ¢ia OH
and argmati (ﬁ:n prsotons are shompgt B%.(ﬁ(&(a g‘nd 7‘??)8\% S( bylg) ;l)prn @
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20  were covalently grafted to the PI backbone by reaction between the pendant hydroxyl groups
on PI and epoxy groups on GAB (Example 3). DMAP was added as the catalyst and BHT
was added to prevent homopolymerization of acrylate double bond on the BDA side chain.
After grafting of the BDA side chains, PI-BDA dissolved well in polar solvents, such as
DMF, DMAc, DMSO and NMP
25 [00140] The structures of the synthesized PI and PI-BDA were confirmed by 'H NMR
spectroscopy. The complete assignment of the proton signals is shown in Figure 6. In the 'H
NMR spectrum of PI (Figure 6A), characteristic peaks of the phenolic -OH and aromatic
protons are shown at 8 10.1 (a) and 7.1-8.2 (b-g) ppm, respectively. In the '"H NMR spectrum
of PI-BDA (Figure 6B), the phenolic OH signals completely disappeared while the aromatic
30 protons of the PI backbone appeared at 6 7.0-8.2 ppm (b-g). New peaks at § 6.7 ppm (k) and
6 7.0 ppm (1) are attributed to the aromatic protons of the grafted BDA side chain. The peaks

at 6 5.8 (s, CH,), 6.1 (q, CH), 6.2 ppm (r, CH;) are attributed to the -OCOCH=CH, terminal



at 0 5.8 (s, CH2), 6.1 (g, CH), 6.2 ppm(r, CH2) are attributed to the
-000CH=CH2 term nal WO 2011/ 099939PCT/ S&011/000057 25 group. The peak at
(d 1.5 ppWOm1/a9893attri buted to - CH3 groups, while the PERRS2011/00e)5B. 0-4.5
ppm are assigned to the aliphatic protons of -OCH (i and o) and -OCH2 (h,

j, nand p) in BDA side chain. The cogﬁ)l et e di sappearance of the peak at (d
10.1 ppm (a) and the appearance of neW resonance peaks (h-s) confirmthat

BDA is 100% %rafted on every [))endar_lt -OH of PI- 5 BDA. The nol ecul ar
wei ght €rqupn Thepego piy@kiScrrie i(e) (paitbutertoriChrgroues; avhils 4be peaks 9y 6e0-4.5
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[00141] Exanple 14: Solubility of Pl-BDA Functionalized SVVNTs [1300142]
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20  after sonication. The SWNT concentration of Samples a and ¢ is 1 mg/mL, and Samples b

and d is 0.02 mg/mL. Suspended nanotube aggregates can be clearly seen in pristine SWNT

solution (Figure 7A, vial b), whereas the diluted SWNT/PI-BDA solution appears free from

 SWNT aggregates (Figure 7A, vial d). After 7 days, pristine SWNTs completely settled at

the bottom of the vials (Figure 7B, vials a and b). The SWNT/PI-BDA solutions were very

25  stable and did not precipitate after 7 days (Figure 7B, vials ¢ and d), or even after six months

of standing at room temperature. These phenomena indicate that PI-BDA significantly
improves the solubility of SWNTs in DMF and provides long-term dispersion stability.

[00144] The dispersion of pristine SWNTs and PI-BDA functionalized SWNTs in DMF

was also examined by TEM (Figure 8). As shown in Figure 8A1 and A2, pristine SWNTs

30 are highly eﬁtangled with each other and the bundle size (about 30nm or larger) is not

uniform. Figure 8A3 reveals that the SWNT surface is very clean.



[ 00145] After functionalization wth PlI-BDA, the bundle size becones nuch
smal l er (Figure 8B1), and nost of the SWNTs appear to be di spersed as

i ndi vi duaWor0béw9sp very smal|l bundles (Figure 8B2). A RCHISG20MAH8@BUL i on
TEM i mage (Figure 8B3) reveals clearly that the SWNTs are covered with a
| ayer of coating, which is believed t? be PI-BDA wapped 5 on the SWNT
surface. It should be noted that the ﬁickness of the PI-BDA | ayer is not

uniform A lower magnification TEM inmage as shown in Figure 9 shows that
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absor basioep R THEHIPED/$1HE w%\é'\xréoP&enﬁggg&{fgg%g)?ﬁggl %&&ﬁpgﬁbio@%%r 4h);

di fferent concentrations was neasur gure hots
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increased to 0.083, indicating fewer suspended carbonaceous impurities at this higher

30  centrifugation speed so that the ratio of individually suspended SWNTs to total suspended
carbonaceous contents increased. However, the A(S)/A(T) of HiPCO/PI-BDA with
100,000g/1h (0.092) was still higher than that with SDS at optimal condition (0.083) and the



agai nst SWNT concentrations (inset in Figure 11A). The linear-I|east-squares
fit to the data gave a slope of 37.60, which was used to cal culate the
extincti oNOoEfWPBPent (i.e., E=37.60 15 nL ng-1 cm 1) POA/SGR0EH0M0ALI on of
SWNT concentration. Figure 11B shows the extracted SWNT concentrations of
SWNT/ PI - BDA di spersions prepared usi ng,/di fferent PI-BDA to SWNT mass ratio
from0.125:1 to 2:1 in different conditions: (1) inmmediately after

soni cation; (2) after standing for 3 days, and éS) after centrifugation at
6000 r pERisovere megrdistingt ¥olbthepfrsuitasntimathateR-BRA; 18 sqre gifegtive thpSDS,
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i mages gest that the nanotube/matrix interface between Pl-BDA
functional'i zed SWNTs and the CE-EP matrix is stronger than that in SWNT/R
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spectra of (a) pristine SWNTs, (b) SWNTs/PIBDA, (c) SWNT(1 w 9% /R fibers,
and (d) SWNT-(1 w % /PI-BDA/R fibers. It is known




WO 2011/ 099939PCT/ SG2011/ 000057 29 that coval ent functionalization can

i ntroduce defects into CNTs, leading to increased intensity of D-band (at
about 13300cm /9930l i ke coval ent functionalization, noPSITHGR0TIHANNST
increase in the peak intensity of D band was observed in SWNTs/ Pl - BDA (b)
and SYWNT(1 w % /PIBDA/R (d), indicati Q9 that the nanotube graphene
structure was well preserved after non- 5 coval ent functionalization with
Pl - BDA. Corrpa ing the G band of SWNTIs/Pl-BDA (b), SWNI5-(1 wt % /R(P and
SWNTs ( 12lygraingy( Nz@g BoKIREg) Prigtinens WY hssform darggpgeresatenFigurs) 12A1) sthilet é of

about 1 ‘x,ﬁqge t in
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attri buéed to the 7r- .10_stacki gghof CE- EP resin nol ?cul es on the
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and NWVR [00157] To increase detectability of the reaction between PlI-BDA
and CE, thepugh@ dheopatrik Arthee pbvlg@?aaﬂrwtﬁst\*f%gbs&fvemw-;\e {3BXE (30/ 70, W w)

Spoct 40P o) I RRIE BRI e ol oF SRR BEMindal®e Bl

vv/ w) ( a:)odse;éarcmsaufcsww)r &t tvar%Radnd SWANT(1 24 %)/PBBDA/Raisimpodite fibers a&ei r um
3% tthe band at 1678 . cm 1, attrlbuted to the fornmati on of new
0-)

englletesiag, wore examined: Wit FEsSRM (Eigunenkd) sIndWAN T AL Wi daY R Fopwposite ¢
( for D'\fﬁ)e'iseigﬁ%% afeb tv@i‘ih %Pz%& i Bbout™ t Gh Jaﬁrﬁé"gfem}&?%@édqgn@cat#%o?&l {ififorn hoUr

(spectrum he relative intensity of - 1678 cm 1)
i ncr eashspermrg@ﬁgulmljmh eircked Nary SWNilisraze padiedgruupaving holes OCMie shibface

d intensities of the bands.at 1369 5
For mat 1ETEUTD AT BHE A Ry iRt e ot pheath PR e TS o
per f or g ihe OBIEH ni#ie_GF WhitAOUPT-BDBRmiRAIRRISWANKS hlReRAGnYRSchRly

difference. in the FT-1R spectra of the pure CE treated at 80 %2 hour and
12@0C/ Misigbwted mf@oﬂﬁ-ﬁﬁgwgpcwxmglqwom%mg@get@eJiigurfhylﬂ@acﬁqm

bet ween Pl - BDA and f I 150
ot v 1 B 00, P 3 b 9 Ay i
bef or e SIWNTafib @i’gnﬁﬁ&htl?@e@icedlﬁldﬁ:afe@’b)ﬂ.scﬁhare‘éflheFlghﬁﬁMBD anld Bi)occﬁilffa@éd 1 h

(spectrum ZZC(b)%‘ t he |nten3|tKHf t he peaks at around 9.2 ppmresulting
f rom t Heitinesiage hes nangiubenare Prefeniancthe suace fad dhssends are

Sy S 5 ks P B R

pealés dimagésosuggel} thatdtha manstiube/matrin mterfacn Hetw&DAP [-BPapAntiivmliggd SWNTs i nt o

two or 0 whi ch can be attyi but unconsyu CE, and adducts
bet wee tﬁ%ﬁ%a Eﬁd“@f@"( 15y stromger, thap that;ig /Rsognosite s . SUQNE IPPF ga

conf i r ol cal? D AEQBRBLOHRN o EFTEER: r(i))%n%ﬁ%?rl £dictRNdwdd Mnbfibe Gha IOUPS
on PI-BDA di'spersant to form-0C(0-)=NH bonds.

backbone of PI-BDA and (ii) the compatlbility and covalent reaction between the BDA side

chain and the matrix.

30 [00155] The 7w interaction between SWNTs and the backbone of PI-BDA was verified by
Raman spectra. Figure 15A shows Raman spectra of (a) pristine SWNTs, (b) SWNTs/PI-
BDA, (c) SWNT(1 wt %)/R fibers, and (d) SWNT-(1 wt %)/PI-BDA/R fibers. It is known



[ 00159] Exanple 16: Mechanical Properties [00160] The tensile properties
for neat CE-EP, SWNT/R, and SWNT/ Pl - BDA/ R conposites with different

nanot ube woadiwgsodare sunmari zed in the table in Fi gurePCT/S&ad1ogire 18.
Representative tensile stress versus strain curves are shown in Figure 18A
15 Wthout adding PI-BDA dispersant, ?g\NTs/ R conposites show limted
increases in tensile properties The highest increase in tensile nodul us
(E) is 33% (from 2.61 14 to . 3.47 0.18 GPa) at SWNT |l oading of 1 w %
and t hdhaticgralent ﬁw}o@a%%aﬂpﬁ %Hgmdé%@erf%ﬁ@tmo FA\STS. keadiggq mﬁaﬁ@anmmgf 3to

107. 0 oFp BAR d"liat QBOIEWO c g GHIIQJ C(Rf_Fﬁe Y"rﬁ]\néhm@ﬁzﬁﬂﬁ{ nb%?%rg@&?}i reasd

content inpairs tensile properties ongation a ecreases
cont i nulneipéak iACenkity of B-BandOwds dlosePued in(BWHTaPTBBA (bpadi BWNTArea%9PL1f rom 0

to 1.5 w nd the to hness has .no significant rrprove Wth
SWNTs &}%@ i lltf{)carsmg é%%? RARRSRG SEBEuE oMo HEll hesred e ng- o
! eags tc@vﬁeﬁoﬁﬁlbﬂbipallﬁ%aﬁd}f: WSFI BDAPO&*)}nf)ﬁrgg e G‘H&HHU& mﬁwmhh(b),%r

WNT (1w %/ P A/ R conposite, the t e nodul us and strengt
| ncr ea§éMNB"y (BWt%HRo(cY(hn%SWé@‘pélcwt VelRI;BDAGRN(P). 16 Ithe Pridtthet SWNTAGanmPle24 GPa

d 25 4 | at to peat EP 5 w %
SURTer 60 Epti e O PR 75 At &Rl RGeS, SHEINSE LS T g Kb Bh can
be att rgWNreq1 tvx dohyR ﬁ@% Hit0 privfinSYNRS TR 8a)r &id @&tzes&nflr H@m&oﬁ hift
pul | ed- out SWNTs on t fracture surface of the SWNT(1 % / I-BDA/R

corrp05|StVEN@ Fi(bomt §0)1RIy BDAYRddscampased tol %WMS&H Blaét(blcambe m@mﬁap the it %)
ﬁi nS Soltlf(f]édﬁi)erg%? Eno leecn eléro% tfxgggnr% befs thet I‘ E ?nu beaman np?sy Auesto "i)he

eralus 1 on da Na

diffi ClFIIBIBA (bompaing Etec, vaaa tbi t6 &) didtOthal dREdRohie Jenw&or%emfof SWWNTThI S
theoretical estimate is consistent wth our observation. The el ongation at

br eak &prissgps shamsd/after SrsHenalization wh SEBDA; withor yithputAREP magias. Jdis \Wo
2011/ 0 7%

and 1 hot oA el o KE e el ik’ adhighogoifbetit HRlRoobinghed SYInE. i B

[ 00161]PIBDA be&W{tPhrgﬂméhRncommmlaﬁeﬁnga th SWNT | oadi ng ranging fromaOo. 2
to 1.-5 % S her. t ness thap neat CE-EP res creases of 100 %
and3sa [99156) hﬁmgh%eé’éea@@ eﬁ%s%nﬁvtewe|&9ae.lﬂt5rfla?lab 0% BEHCSR w0
r espectgwRITYPIAD Aehi @S Epdnhtixt T8e BD OEMe! thaf! QAR bidhenBE AHNEH( diemt

% /Pl -BDA/ R conposite (Figure 14B1), well-dispersed s and st rong SVVNT

mat ri x tlmndn iy efahatetesterhnd emsiygesing evmdomagiamscshe gimpatﬂudks add mls:gblhty
def i fract t . Th t
ef oot PoP R N PalP RS e E S ool 8 PRGOS st et Bl SRl o
nanot UQﬁﬁ rédet Wil -OCNBtSupXofaE t9dHn infth6¢desiat) (-OC0HINHY DoHis@igHadl6

previ ousl¥h This is corroborated by greater |gFFroveme pts of the tensile
¢

moddl udB) forgation ghiminecaghenateswas canfismed winbdi T-Bsand thNMR. Pl BDA
absol ul 0P Ths s Wi Mool Teigioh hRebhAIRRASESe (R , 4
0. 24 GRanairinglarger4itoportionOoMPRBDA to CE (30/70, w/w) was heated and analyzed with
FT-IR and 'H NMR. Figure 15B shows the FT-IR spectra of (a) neat CE before curing, (b)
PI-BDA, and PIBDA/ CE (30/70, w/w) (c) before and (d) after heating at 120 °C for 1 hour.
25 In spectrum 15B(c), the band at 1678 cm’’, attributed to the formation of new -OC(O-)=NH

bands, is present but small as the sample was heated to 80 °C (for DMF removal after
casting). After further heating at 120 °C for 1 hour (spectrum 15B(d)), the relative intensity
of -OC(O-)dNH band (1678 cm™) increased, suggesting the reaction of more -OH groups
with -OCN. The increased intensities of the bands at 1369 and 1567 cm™ imply the formation

30 of some triazine structures. A control experiment was also performed in which pure CE
without PI-BDA was used, and there was no difference.in the FT-IR spectra of the pure CE
treated at 80 °C/2 hour and 120 °C/1 hour.



15 are higher than those of nobst other CNT reinforced thernoplastics and

t hernosets, including CNT/CE and CNT/ epoxy thernosetting conposites.
Because tWeOre11e9138 wor k about CNTs rei nforced CE- EP coRpasiGRe11/000087
conparison is nade with that of solution-processed CNTs reinforced epoxy (a
typi cal thernosetting matrix) conposi Bﬁs The detail ed conparison is

summari zed in the table in Figure 20. I't should be noted that the

conpari sons are only 20 approxi mate as the nanotubes used, matrices,

pr ocesdPA & e cHsi 1gactionebgiweens Bl-BD A andiGl Mgs wisosewafiomed b]lz/ ’II’iLNMi@ ppecirac. |
bt Goe 1 . '
o ngl e MEe B Shoy HOH RAR bliLor rRBPRLRGoHIRAGP MRt DMSO-ac o

t hat nusfort end after hzatipeat 1265°Gifee 1rie Pofdr @@atingy atl 100/ °CNdr € aspitram(ZBoeL)), 1 w
% as the. nechanical properties usually deteriorate with higher | oadings.
Wi | e ttheindensity of ghg praks sbaround Py prom ssuliang fom dessNHoprotoss o SPEEAJTENH a)
andgno - B - - . hvel rted
nangt u%le&gﬁssg rg‘?%rtﬁﬁg%gﬁ%%g' % g@@ﬂ?ﬂ%ﬁfﬁfﬁ%&’%ngff‘t%{egh\éi 'nC\Bf/{d’I é/rééﬁ%g)%a ent
f unct i anandzlaé ppm} and AOHBREL pEaks (abd 6.7t 2 ppm) uEEEdodkrhappakwith theceaksdse f or

both tensj]le strength and nod chieved with 1 wt% of SWNTs/ Pl - BDA
(o4, 70 “bHs A EAET RIS g LA TR cresBeripely) ol 37 (yo gpamors Gughn el )
are hi ghgrpet fafhutdietd ahdbRdd '(f!?,rﬁﬁlSE&iufcg[ ?éw@sm PRBHUA Caﬂda%g U5 d@ldine | ess

than 30-40 % The tensile reinforcenent, I cacy can al so
quant i tadigomet)\(Figuak 168 dABythesalconfiom ithag -0 Sfoupgos Clodatriyscoxaldntyereact e

strength unit wei raction 2 )C PCT/ SG2011/.000057 32

(d dmﬂﬂt‘ﬁ%ﬁ&iﬂ“&é\ﬂ‘fﬂ'ﬁ[k&t‘iﬁﬁ%fs@?ﬁa&g%%l‘é(ﬂ%%%iﬁg’% § dWNT reach to 252 GPa
and 8’12{@01\93?, Eﬁ@@tﬁyme\éha@&a@@pﬁﬁ/@sof SWNTs and to 209 GPa and 5860MPa
at 1w %o S. These values are also superior conpared to the results
of CNT/[E®) ddwpdensiles prapssiasedon mept t €EdtRir SWRTAur end 0 WNHRBI-BIYXRf i cant
mechani ) ' ' 3 e aftributed.tq.the () high
aspect-cﬁéa P(S)%%gsp ! s&%ltta%%g\é\gl?é ??%Jrhz‘{s%%ra\?%g%g%“%ﬁﬁg{h‘él %‘Fgﬁ@? aF 3‘%“Jfflglc%"ddue to

non- coEkigwmret 18 URepresun@dtivaatehsile; sttdsh )veRsngaie ous esliatdd el in Higt\dNI$A Pl - BDA
in CE-EP. matrix; and%llg]i I1) strong. 7r-lr interaction between SWNIs and the
badRbon¥itaeut pdding L 1-Blah @m*a@htsqwéféﬁ EeMPpRNiGe shpvPlinpiod 1pgreases yhigasiEnd t he
CE- EP ' A i: is 3304 MRQSi4d g5

rei nf oﬁ&eﬁﬁmesf %ﬂ%ﬂl sgc%lﬁr-gg% %ﬁggélkﬁggaﬁgpgé&tsggﬁgﬁo%% 19)c$)1r4t g’o%fﬁ%éh Ite

r ei nf orcEAGRa)tdt SSWINT tloalingjof tl wit B end thd i@ Inctiase m ténsilefstrgngdth (o) iaB8%1 Vf)

FZ)I)I yrlrgkggé?ﬂ;(‘ﬁ"%eto%l&‘ E!:’ lle}(gﬁgng)Dataé&’I\}”lh?oa%?nrg)gts th ev’vt %h%uptﬁgrofnlélt)egée fr‘lnd the
SWNT content impairs tensile properties. The elongation at break (¢) decreases continuously
20 from 5.0 = 0.4 to 2.5 =+ 0.4% as SWNT loading increases from 0 to 1.5 wt %, and the
toughness (T) has no significant improvement. With SWNTs dispersed by PI-BDA,
increasing nanotube content from 0 to 1 wt % leads to a continuous increase in both tensile
modulus and strength. For SWNT (1 wt %)/PI-BDA/R composite, the tensile modulus and
.strength increased by 80 % and 70 %, reépectively, from 2.61 + 0.14 to 4.70 + 0.24 GPa and
25 83.7 +3.3 to 142.3 £ 6.9 MPa (relative to neat CE-EP resin). 1.5 wt% SWNTs/PI-BDA
resulted in decreased tensile modulus and strength, which can be attributed to the poor
wetting of SWNTs as reflected from more pulled-out SWNTs on the fracture surface of the
SWNT(1.5 wt %)/PI-BDA/R composite (Figure 19). Others have calculated that 1 vol %
(about 1 wt %) of SWNTs is sufficient to ensure that all of the polymer molecules are within
30  one radius of gyration (5 nm) of a nanotube, implying difficulties in complete wetting of high
loading (>1 wt %) of SWNTSs. This theoretical estimate is consistent with our observation.

The elongation at break of SWNT/PI-BDA/R composite increases initially at SWNT loading



strengths, respectively; r is average SVVNT radius; If is average SWNT

l ength; Vf is the SWNT volune fraction (estimated fromthe SWNT mass

fracti on,WORe11@89Bdensity (1.5 g cm 3), and the matri x PEEMSS20M/00M052 ¢
cm3)); and r is the nanotube-matrix interfacial shear strength. Based on
the values af = 30 GPa, am= 83.7 MPagyr =5 nm If =5 pm and T = 150 20
MPa, the theoretical tensile strengt hs of conposites vm'th SWNTs | oadi ng of
0.2, 0.5, 1.0, and 1.5 ww% are 129, 311, and 425 .. respectively. By
conpar i H§-2w e (ff%n Pk A& 1P \Pe? ﬁ@a’]s/a)r@’fﬂl %‘F‘P @‘?f‘@?%esv&laﬁ‘@élydf’ 31/7H04% forthe 124 3
2.2, 142: 30 124.8 9.6MP a, the neasured strength is very close to
t he caﬁlc%ﬁ’ééeg%\?a?lgg only for SWNT (0.2 wt %/PlI-BDA/R The neasured
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to the atom cally snooth nanotube surface may be another 5 major challenge
that nd¥dd diepaiover come. Also, it will be ideal to have a matrix that is
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glass transition tenperature (Tg) and deconposition tenperature (Td)) of

the SWEinRircRDAEFER compssitee thevameparispn tvwade withdhat dfwpluboSpiokerked SRPbsi t es

or neat_r SI n e 1l 00170]...The val ues. of nea and. SWNTs

et nf orealPreBh it LS opoas RpENE el Fotidid. BEN el G Bur e 21
and i Sshﬂﬁlndrﬁe& he thekitte Sh RiButen26i BUheullibe hbed thﬁstﬁetdoﬂ‘lf'p%h%rﬁrbre only
tenperature of neat CE-EP is 167C. For SWNTsS/ R conposite bers (b-e), as

t heOswKpsraxémaateray thaciasabss mpesinmatricesy PIOGsssipgdechiguy ge- e cobHigagmixing

contin Vi Y fEeases
to 175 %‘Ls regyé&vﬁ %&? gp%%&g %Rts% ﬁ'sed%é:rd Ea%esfeis\ﬁg%n |n€%g§“1° fZibeyond
that t Qnﬂ@@w@lltﬂi tdoublebwullddy 20 nfuivallddl FRIDA Figire 200 ovecannade Tigat infost tensile
SWNTs/ Pl - BDA/ R conposi tfes over neat CE- can be ascribed to the goaod

nanot uBORArEsReR1E  TErOTERator dew (i EtcoBieniseiaRedn! it “mops thsdneshanigpl IRPFTHSS ri ct s
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SWNTs/ PI BD oading"w % can be ‘expl ai ned two possible
f a@bor dhavé |s)rengtb ()] emdvmbdutes f(Epof |ab0|ut| 6-0e MBs and t2h3 SVN[ gespeativalgsThevhi ch

i ncreases e se msnt nmobi | it 25 thu | egds to decr.eased
SVITSs rfﬁBP‘iﬁgs PR negReh %P%gdfﬂ&t%r Yt SRR P, 1 aac?og(ale§me
effectlﬁdgct%gﬁﬁllohglk denS| ty and leading to Iovver Tg. This behavi or becones

more significant at high SWNTs | oadings. [00171] The deconposition
t enper a{Om(éé ((M) ahgolute welties ard porcert] increpses Sanpptbstenssicestutagtbrandrmdddlnom

their T t i re 17 \S rved

30 t hatctiee] HEBrpar 4Rt SWATS AR Fet B ad Bra % indficbind TR0  he

t hgomal6.$thPA b 70% increase)) are higher than the tabulated increases for E and o which are
usually less than 30-40 %. The tensile reinforcement.efficacy can also be quantitatively

evaluated by calculating the Young’s modulus and tensile strength per unit weight fraction



but SWNTs/ Pl - BDA have a stronger effect than SWNTs. The maxi num Td anongst
the conposites with and without PI-BDA, i.e. of SWNT(1 w%/PI-BDA/R and
SWNTs( 1. SVOM 1202989 099939PCT/ SG2011/ 000057 34 wt %/ R r e 2PESG2418100005Ar e

hi gher by 18 C and 13 C conpared to that of neat CE-EP resin. The inproved
thermal stability with addition of naggtubes is postulated to be due to a
nanot ube barrier effect which preventS the volatilization of polyner

deconpaosition pro ts,. and the higher heat capacity of carbon nanot ubes
conpar ééE T]ETOWSWHT)&‘ il thigafgey %f'/-d“éﬂmﬂ Ao Viyir treach g 120 2 (@hananda B1 20

i npact \gp,t Jeﬁpécg%ly,%t Blsaidy 6tystN§EaEcP td p@a. @fé YRG 193B0RIPaZ8H SUSof
because of the better dispersion and interfacial reaction between the
mat r i x SAMNTRI TBSA vahes are slsoisoparidrivempagmietot tht resvdts @ff (N T/EhoxXyRecomposited es as

conpared wi th SWNTs wi { hout dispersant. [00172]. Good nanot ube di spersion
and i nt'&RYLE i‘_ﬁﬁ‘t?ré%? i(gﬁuﬁ‘é eﬁ’e(ﬁgwg‘f:?‘{tgnﬁfg‘a}”fgo epiengpchicyed fegg s t he
segReNtg@h H@Bﬂtﬁlﬂn@d tSRhERIgBCdRE: 28 RWNDs | Wit SAdEStedGved BRaphEHUCT i ON

in Tg with further increase in content may be possibly due to SWNT
di sr uptstroetursf sutfiagcec dess 4o | namkéavglene thmmtienalizatiig (9t homoganeowsd dspersiva of

ffecti -1 i nk ity.. The, i.nproved thernmal. stabili ith dition
of rancENIERT DA I (HERR Y] A% (R SEo m e titioR b resh SIS a1,
ret ar dpatiRny Wfapi- BD2AddNchfaldd® lryd¥Ebn GREABAOPI BDAN dRpadMitsnd the @pgpt he
hi gher heat capacity of CNTs conpared to polynmer matrix. [00173] Exanple

18: Prépdfiation of PI-GNE [00174] In a typical procedure for synthesis of

Pl - GNE, . 1. f at .unit). was . di d.in 40 f dry
oD OB e s saEnd B GRet BRRR LB sl SN S s e fenser
and an byragandaid @bde fof &@mpokhe FeibARd M th2d3ridlighediibérrol ) 20 was added
under argon protection. After DVAP was conpletely dissolved, a solution of
GNE (0.730 g, 2.64 mmol) in 20 nL of dry DMSO was added, and the resulting
m xture was stirred at 100 C for 48 h. After renoval of sone DMSO by rotary
evaporation, the m Lur ecmis pour egl Lg)s) a | arge anount of nethanol with
stirring. The fC@i i'tabes Kcbfrect€d by filtration and washed
succesgP¥ESY with 0.2 M HCL solution, 5 wt% NaHCO3 sol ution and DI 25
water. Finally, the side-chain polyimde (Pl-GNE) so obtained was
vacuumdried at 60 C for 24 h. The yield was 0.778 g (62%yield). The
weilght -[68E6hgevhend eeubgrandedghte thgomposite, tbe mahgtdbe; padsthe ypolymlexma@Rl ) of

P AL SRR O TS SR LoD, SRR 5108, o/ o
[ 00176]s VoMV dRhm &MaEcEld:S RATMafAST N e SWAPRERGs Rictidhe W NI SGRHAY(ESigh
Exanpl e 7, by changing PI-BDA to PI-GNE . o .
cm”), and the matnx density (1.2 g cm™)); and 7 is the nanotube-matrix interfacial shear
strength. Based on the values o¢ = 30 GPa, 0, = 83.7 MPa, r =5 nm, l=5 pum, and 7= 150
20  MPa, the theoretical tensile strengths of composites with SWNTs loading of 0.2, 0.5, 1.0, and
1.5 wt% are 129, 197, 311, and 425 MPa, respectively. By comparing with the respective
measured strength values of 120.1 + 2.7, 124.3 £ 2.2, 142.3 £ 6.9, and 124.8 + 9.6MPa, the
measured strength is very close to the calculated value only for SWNT (0.2 wt %)/PI-BDA/R.
The measured strength values diverge from the calculated data as the SWNT loading
25 increases beyond 0.2 wt %, which could be due to limited alignment of SWNTs in the
composite fiber, relatively weak interaction between SWNTSs and PI-BDA, inevitable SWNT
bundling, fiber defect, and so on. It is believed that the adhesion of the matrix to the nanotube
at high nanotube loading is relatively poor with this dispersant since the interaction is non-
covalent. These negative influences become severe at high SWNT loadings.

30 [00167] To make better improvements in the mechanical properties with nanotube,

especially at high loading of the latter, several criteria need to be simultaneously achieved:



WO 2011/ 099939PCT/ SG2011/ 000057 35 [00177] Exanple 20: Alternate procedure
for preparation of SWNT/PI/CE. SVVNI/PI-BDA CE and SWNT/ Pl - GNE/ CE

conposi t ewDiI2bn®994390178] An al ternate procedure to that POTSSom1®d0SN
Exanples 8 - 10 for preparing SWNT/PI/CE conposite filnms is as follows: 0.1
g of CE which had been pre-cured at 189 C 5 for 1 h was first dissolved in
0.1 nL of DMF. Then the CE solution waS mxed with neasured quantities of

SWNT/ Pl di sper5| on Erepared as above. After sqnication in a sonic bath for
10 mi n 8op#h&aBIIps WsHing andyfispassipmEopnnanptube dedect anotyhe @lignmenti ssheead gl ass

slide R¥le rHE‘%: ‘ﬁﬁr% Cto
sl ow y(gr?rgsﬁn%gﬁ%st of E%Epé#%] the %‘?P}éﬁgdwg%b?r} g%{sthm téﬁt olaréleégscuum
oven arnd aboutd® nmmdhe theacaticah 1iHit af n&ﬁmﬁbe cb€enCfandod 2@ttngfisaratink 30 atits.

Fi nal | the fil were ¢ nacon ection oven. The_curing cycle was 3
h at 1865¢MS gﬂogtg"?‘éo“@séﬁ&"zt f alqmisally gmogiheningihensatace mayhae agather i ng

Fi 1 51 aga;ahQialledfd R nddBARMEEG fbdnle. A 15O HAf Géli%ieQ' elhraaé a o ma ;9 t RatsoNeat

CE films and CE tonposite filns reinforéed wth SWNTs , Pl -BDA
f unct i cmlaad)mbedlsmrﬁg w@wr/lﬁwolmg/ Chisperaard d| sumBaxhtmhat lSOdlﬁferm‘E(ﬁOﬁV\ﬂﬁEs

canp! S5 8 heopatGlBeEY JrRmPhEl Shd it ubplhedi Brphafienr Soare
( Pl G\E)exp1otiap s3Riedf thb@Ufato in P80 ]imptdve! tﬁé_ %\Ieﬁ'tli@ (%’ﬂlinbﬁl%bfrelﬁfor&d' BDA

as discussed in Exanple 3, the synthesis of PI E was realized via
react i ¢ampesiigsen t he pedant hydr oxyl groups on Pl and epoxy groups 20 on

IIE%NI[ @gka S ¢ t St 03brtof Figure 2 shows the synthesis route of
E TI R- ATR spectra of PI, GNE, and

PI - GNE[001%9] s pRith additioh oENie BRBDR 8i3pdradit cthe ShdrmaPplertied (ppeiivalyy Mug at
917 cm 1. The peaks at 2871, 2927, and 2957 cm 1 are identified as the GH

st r et clapgtinp demperavss i) Addesempysitine teppaipre (he) ghéhet WA DFI-BDACRE
shows E};Qﬁ’lg%]%r %rrg Hl {/gd (P&/Hh YSWE% %rﬁﬁésu@: or eafreigég}gzl%g é§1699 25

and 13 corresponding to the 1m 1502,
1475 cf®dl,70¢ orfhesforatlies @f meatt(DE-Ei’r mniaSWNT@q@inlﬁaneBs cordpdseres gerf ddterthifidde GNE

i _ i . 924, 70 1 th t
ahiSn” A BSCerials Soutan Flenre D) et Sincht dun showat I Blasra s The Bag oups
'n t he yGhGrish nshauR ofhdaf @EdEﬂ‘)?é‘%?@b 28OS W NFIR 31 ggmferrﬁﬂerg EN8s &R:ect rum

of PI-GNE is attributed to the -OH group generated 1 n the ring-opening 30
react i ®WNT's elpadipg ginowepses  fiomc Adr &xtled ivethh,cthoedk d@f:reemxgongmompsls( With cm 1)

cpbeg! SyTUAR SRR Lillbofhh [O5SRST AT SHSESEE o 1 SELAR 65 S onee
G\E. \WOVRG/PI-BIN0 INEChes@20Rehid0 v Ausly beyond that to 160 °C with 1.5 wt%
20  SWNTs/PI-BDA. The increased T, in SWNTs/PI-BDA/R composites over neat CE-EP can
be ascribed to the good nanotube dispersion and the reaction between PI-BDA and CE, which
restricts the mobility of CE-EP chains. The reduction in Ty in SWNTs/R and SWNTs/PI-
BDA/R (when CNTs loading =1 wt%) can be explained by two possible factors: (i) the free
volume fraction increases with SWNTs loadings, which increases the segmental mobility and
25  thus leads to decreased Tg; (ii) SWNTs may disrupt the cross-linking network of the matrix,
reducing the effective cross-link density and leading to lower T,. This behavior becomes
more significant at high SWNTs loadings.
[00171] The decomposition temperatures (Td) at 5 wt% loss of all the samples were
determined from their TGA curves and are listed in the table in Figure 17. It was observed
30 that the incorporation of SWNTs with and without PI-BDA can improve the thermal stability,
but SWNTs/PI-BDA have a stronger effect than SWNTs. The maximum Ty amongst the
composites with and without PI-BDA, i.e. of SWNT(1 wt%)/PI-BDA/R and SWNTs(1.5



[ 00182] Exanple 22: Dispersion of SWNTs in DVF [00183] Figure 23a conpares
the dispersion stability of SWNTs, SWNTs/PlI, SWNTs/Pl- GNE, and

SWNTs/ Pl -\BDA0iwmIBNE, at different standing tinmes after ®OmMSGAT100005Pri sti ne
SWNTs aggregated and settled within 10 days (Fig 23a-2, vial A). SWNTs/PI
partially 5 aggregated but renmained ig suspension at two nonths (Fig 23a-3,
vial B). SWNTs nodified with Pl-G\E an%l Pl - BDA were still well-dispersed

and suspended at two nonths (Fi g 23a-3, vials C and D). These results

i ndi catB dRaresperdiveivaareckighsr By 5§ e qng 3t e corapapd e thet of peat BE-ERyewn.

i npart t: S| : £S : - -and.. - i I, i

hi ndr a?é%, hﬁg%egr f;ﬁ?ﬁ%&%@#&fﬁ)&t %%ﬁﬁl(g]\r?g?ﬁaagﬁmﬁ%ep gﬁtlg%ygttéb% ?§§ tﬂ())]?a t he
funct i oaadtuebarSHNTSect whilFpreténts-Hthwexodatilizatiear ef pegmeodeebmipositon pfodactence

bet ween e SVWNT/ Pl - GNE and SWNT/ PI - BDA suspensjons. [00184] The efficacy
of PI, @?@E\Qﬁg&q@f capaeily Of Carbop daBptBesSRRArGth o BRIMIET Mgty SWNLYREar ed

usi B9 PPN OLbaREE FBAS B -%quiggr o icghgbs gdef i ned
as A = dc[?{ \%%P% % is the ablg%)?ét)rgﬂ{(?g&g?ma% xtlle-l vvavgtlaié%g{ h(?qh |}53Pe>t<l?d|%ncti on
coef f i enémctionalized S WENTEbdcagsetofitbe bettee digpérsiph andnirftenfacdal reaveibh petwaeani the i s

th tub t] . The extinctjon coeffigient (0, which is
St ong AR gBR S gh RebaisieR firescewgivbMotEf Chtamsieile o Smeerd
neasuraqmwmm%utbggegﬁgn determ ned to be about 37.60 nL cmd at 500 nm

for SWNTs in DMF. [00185] Figure 24 shows the nanotube concentrations of
SWWNT/ PILOOISANT Cood Genotabr dispessiomNBng| int@fisiali wpetian betveena€E meatiio aid SWNTs

t o,Rol i . ) in. indiffer ondi ti,on det.er.m ned, hy
rolB0 1 SRERTARA (el ol enldbidl ASton PR HMA A Tenalr ity B,
soni catThenedwtibn Gh T,heith faRBerCinsieedeSinOONTSER BN FAITEE POsLshly ANE 16 BNENTN
initial _ suspended S\f\NT concentration of about 20 ng/L. After standing for 3

days, demntionyghtheoprogs-lisime netwprkopf they maimy te aduder thgaeliestivatcrassdmd r pm

for | hg.the SO r aly: U - . .0 ny/L,
res pectdfélgléﬁ%'yé angli éﬁ%ﬂ%ﬁéﬂég&%’iﬁxg ar11d4 g{r %%b%%?réoss pe%?(?goglpe%h?eat(rge

qui t e simnbdtabe bavhier bfféwd wehiel retards theotoldtilighton 6fhmityrhéradecomp&fEH poducts,

di sper si (,18.7, 9.9 and 5. /L, respectively). This observation is
consi s@B‘EH‘e\H‘ r heat CP%%%WP?@Y%W“&B?@WW“&W*[ 00186] In order to

i nvest :Lgﬁt@ t R} afini® $8:SPARB i tiocV I TP-GRYNTS/ Pl , SWNTs/ Pl - GNE, and 30

SWNTs/ Pl - BDA imn matrix, ynmerized CE (180 C for 1 h) was
added {@0124hl Imh tywipral/idhveeduod forisynibesis ohEBMNEtRIAA. 588 gp d.28tmmd] af rapeati.,

S DRl e AT B il i By B0t he 66841 T0B(HL RIREDORSH fidkee

equipped with a water condenser and an argon inlet/outlet. Then DMAP (0.293 g, 2.40 mmol)

20  was added under argon protection. After DMAP was completely dissolved, a solution of
GNE (0.730 g, 2.64 mmol) in 20 mL of dry DMSO was added, and the resulting mixture was
stirred at 100 °C for 48 h. After removal of some DMSO by rotary evaporation, the mixture
was poured into a large amount of methanol with stirring. The precipitate was collected by
filtration and washed successively with 0.2 M HCI solution, 5 wt% NaHCO; solution and DI

25  water. Finally, fhe side-chain polyimide (PI-GNE) so obtained was vacuum-dried at 60 °C for
24 h. The yield was 0.778 g (62% yield). The weight-average molecular weight (M,,) and the
polydispersity index (PDI) of PI-GNE measured from GPC based on polystyrene standards
were 5.5x10* g/mol and 1.35.
[00175] Example 19: Preparation of SWNT/PI-GNE dispersions

30 [00176] SWNT/PI-GNE dispersions were prepared by the same procedure in Example 7 by
changing PI-BDA to PI-GNE.




WO 2011/ 099939PCT/ SG2011/ 000057 37 all sol utions appear honbgeneous except
for the SWNT/ DMF sol ution, in which there are obvi ous aggregates,

i ndi cati yopowoIe38persibility of pristine SWNTs in DVFPCEIS§291d/02BKT 2)
shows the solutions with added prepol ynerized CE after 15 minutes. The
pristine SWNT solution is unchanged, t the SWNT/ Pl solution shows

coagul ation or aggl oneration of the 5 Suspended nanotubes. The PI-GN\E and
Pl - BDA bgﬂﬁi onal i zed nanotube sol utions show no change in this inmage. In
dat a n& XaINPp1g | Altexnate RDERE ! T/RIACE

SINT! Pl Epal e g SO OREEE e =) | 220 nanot ubes shovec
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no Vi Si —h. The dramatic vari ation
i n behd00BRB]i A1 waltehmte gvoctdmeeta Kbt priesenpededn Fexanmplesr 8 of 10t fr piegarigghai n

is i in.the desi f I 0 tants .to di sperse carbon
nanot ueOURTPLCE GPGagste s L RUGES 0 Stk G e ieen pr B R iBr-G he
Pl - BDA £5¢ deh GRAl firsk 9id¥Bv@d Shnd.L ahLt o Bt Neferd thet O QiatEwab dgixedalihy Thi s

hi gher conpatibility between the BDA side chain and CE matrix results in
hi gher nedasuig apveytitids ¢ SWDA/Phdisp@bio@yEepaned]as pvei Adten sorvtativesini ansoBic

sol utiqQn ot he PRl - BDA surf B ostul ated that there is. higher
ort 1 ci i ool e o RN Glan PME 53 Bal gBfo & Pz fass Fude

gr af t eq2@Rimx1anBl1 hadklraeelidd Wad KatmExanp!tet 3Rte Ess@mit@@lov&{?&ah@&@gy
and Interfacial Bonding of SWNTs in Conposite Filns [00188] Optical

ni cr ogr2gsh of terDMHL hem ghaslide gxasdransterged do afvaenien dvepandsdrigd wider wecusar bon
nangt u h Bt e r.enr -ak | tical _mcroaraph of SWT/CE
ConBosti 8056 [ SGelF b e chofn R SREDh L ke Vit e Ll PR el
suggestThegunag wptleora®n 3 hpa86i°AN2Af atIWMTE ardde MaTHOHTS THeARKHESO Df \WRS
improved with the addition of Pl functjonalized SWNTs, though some SWNT
aggr egdtWHing film yasaboyk 49 4y dmeasured withnadgw t9eaue) diartalymiceemeter-iNpat EE25B) |

I n SWNH RS AfNEFCE ARAE HMO Sdikfrdl vt ﬁ\@ﬁ‘@ qsﬂﬁ@ﬁ/%éit égﬁﬁtn ﬁ?ﬁ@&n@@ﬁff}”

apparent but the aggregate size 1S nmuc er than Pl / CE
conposiSVENTE F SWINT B4/ Clc land il GMEdfuBvidhatizat SMEN B (S BIN TR IRENEACIE),

SWNT/ Pl - BDA/ CE co site show honppgeneous di spersion of SWNTs t hroughout
t hd> mat¥i&2 S%Rﬁpﬁﬁrzﬁg’é'\ﬂ%@awogggregat es were observed (Figure 25D).

[00189}L0(’ﬁr7t9 tH@nkfe Wit %@h&éisnsﬂPoiﬁnﬁ«fe-%gf%yééﬁi 4 Hehy (e R TPI-
SWNTs/ Pl - BDA have simlar diSpersion in , DU € disp T
SWNTs/ ENE){Step 3b ef Kigure2) er t han 30 that of SWNTs/PI-GNE in CE matrix. It
is beli t : | f enc i biljty between PJ-, BDA and Pl-GNE to
ai spor L& Sthiki® BesyhERGRBRR  dle b ERAuPls T FbY WA oLy eo
of theiGNEiwie redized Via teactich Beweayed geliait hydfoxlyhgrotps bk PURRd epoyl grBigp si de
chain is WO 2011/ 099939PCT/ S&011/ 000057 '
20 on GNE with DMAP as catalyst. Step 3b of Figure 2 shows the synthesis route of PI-GNE.
[00181] Figure 22 shows the FTIR-ATR spectra of PI, GNE, and PI-GNE. The spectrum

of GNE shows characteristic peaks of epoxy group at 917 cm-1. The peaks at 2871, 2927,

and 2957 cm™ are identified as the C—H stretching mode of methyl and methylene groups.
The spectrum of PI-GNE shows the characteristic peaks of its precursor PI, i.e. at 1772, 1699,
25 and 1373 cm’, corresponding to the imide group, and at 1604, 1568, 1502, 1475 cm’,
corresponding to the aromatic C=C bands. After grafting the GNE side chain, new peaks at
2956, 2924, and 2870 cm™ appear in the spectrum, which can be clearly assigned to the C—H
stretches of —CH; and —CH3; groups in the GNE side chain. A broad band at about 37003100
cm-1 in the spectrum of PI-GNE is attributed to the —OH group generated in the ring-opening
30 reaction of epoxy groups. No characteristic peak of epoxy group (~917 cm™) appears in the
spectrum. All these confirm successful grafting of GNE onto the PI backbone via reaction

between —OH groups on PI and epoxy groups on GNE.



38 nore simlar to that of CE nononer than is that of PI-GNE, this
conpatibility between the side chain of PlI-BDA and CE matri x reduces the
| i kel i hoosloah11@39B9BIaggr egat i on during fil m preparati on. PEIsGoNeduwsed
aggregation and i nproved di spersion can correlate with reinforcenent
efficacy of the filler, side chain coggatibility with the matrix is an

i nportant 5consideration in the design of effective SWNT-functionalizing
material s. [00190] The fracture surfaces of conposite filnms after tensile
testindO0kt2d dxample22; Dispersiom of SWRELs in DMEWT(1 wt 9% / CE nanoconposi t es,
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and pulling out of thé surface, although other SWNTs are found to have
br oken vary trhgortant fathe. loRgdene dizpasioo| stability of thevfunntiopaliyied SSVINTs b BIVESs

B 0o 865 iR tuBbShdisnodueiogt s AR ENE i TP B g

nost ofsufgeasioad.e broken or only slightly pulled out fromthe surface

(Figure 26D2 and D3). Figure 26D3 shows the diffuse character of the edges
of the [PeRHi dhsl qfﬁ%yaﬂ%‘f PI-GNE adnll- BiHbeudiseersing B WINSs sigd apantitatiygly t he
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SWNT/ PI \ﬁ\@%/ CEPWDOSi te 30 filnms. The peaks at around 1330 and 1590 cm 1
cor r espond 1o & ‘def ects- and di sorder-induced nodes (D band) and the
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pristine S no significant increase in the G D (graphite/defect) ratio
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it o st deren MO detepfine e SR Bince o 105" i g AP AN

si nce tihe. BirspdiateRniferisohiehier, allastany trendisyervohd séeheh&MbE eyl ahd1Bave
soni cat i o_n,%ipl ied for _conposite preparation is not very severe. The intact

SWNT s BiEd suspenderh ¢ WNd nenserisiion; ofyakont 20 mgd. A Beraptapdipg dpiogedayses of

(1585, con oGkt R T80 by 9 co et AEAORO TR for b e Sy

SWES/ PlcoBiabtraborn(s160 SWART/PI-GNEt(h8.8ndar ST hgA3TespectiyelyupashSWNTAI- 3, 5,

6 and 7,cm respectively, were observed. The 3 cI upshift of, G band in

SURTT) IR0 SR & il 5 RarEviRT Greoits SH . WEIEh heYRE a2 oemaaey | x
than that of SWNT/PI dispersion (18.7, 9.9 and 5.1 mg/L, respectively). This observation is

consistent with the results of direct observation.

[00186] In order to investigate the dispersion of SWNTs, SWNTs/PI, SWNTs/PI-GNE, and
30 SWNTs/PI-BDA in CE matrix, 100 mg prepolymerized CE (180 °C for 1 h) was added to 2

mL of SWNT/DMF solutions (concentration fixed at.0.2 mg/mL, with surfactant/SWNT

mass ratio of 1:1). Figure 23b(1) shows sonicated SWNT/DMF solutions without added CE;



10 which contains a |arge anount of triazine and benzene rings. The 2-4
cm 1 higher upshifts in the SWNT/ PI/CE, SWNT/PI-BDA/ CE and SWNT/ PI - GNE/ CE
conposi t e¥0onEPBd t o SWNT/ CE suggest that the el ectr oRCE/SEAVI1000FENt Of
the SWNT surfaces al so has changed by the polyneric dispersants, which is
believed to be due to the 7r-R interggtion between the SWNTs and the

pol yi m de backbone of the dispersants. Pl-BDA funct I onal i zed SWNTs 15 show
nor e up ts than SWNTs/ Pl and SWNTs/ Pl - GNE, which nay be attributed to
thei r BBtOBRIOgS $pRsashomaeeRsus exgent rfOHH}eeSWWPME éolitlﬂ%rlacwhlﬁlil therepre

e %2?%%8%%5%%? PR PR Car iy B PR SRR R A el e

conposish@sgs tﬁeasnlutmrﬁmm @Edﬁbppapelytnmrizsd diE after pominetes. CThb p@ing 8WNT

adsor bed an nano ube S ot 0 20 i pprove the conpatibility
Dt weo TOMARB Ly e amEr s SIATT A GolRlonchoVs Foneelitipn or AaSlomeenion i tisnt
reasti QiisgeRdédRdoAftils. R PRENEE AT ppnmerfumanal@th AR T 1 GRE A5 RMo> and
-OCN group on CE matrix. The stronger interfacial bonding in SWI/PI-BDA CE
t han i sh8\wkiin Fhis GBagn dn SuTHAPIShGNE/ dfer ehouttfehaurs finbaggregdtes sfpeatedtin ¢he

di i DA, h t rf t,
ot o pa Pt NERGE, o v B2 S B R A e BRet B R kil o
Proper el Ren&d ofSprneSidefedatibiattel QQlﬁSIIhaF hﬁaﬁl@tlfbs wheatﬁyhoaﬁb&na%r ll(snﬁhﬁey ng

Young's nodulus (E), tensile strength (a), elongation at break

t oughneyisence) thet theoprectse, namfome SSlenTiLn ACEmpENT /ip the @ﬂagn:@fapniym

S /PI 0 te erent oa as.ar d 30 in
tx\gﬂ-t abt IEP(?A%&\E g J@)%%? [ gﬁ&gg%m E %O%Imerzélﬂ Ei‘now%set he )rg ?fl}:\ ive

t ensi | etradtiRsst tuePBBDAs Elﬂalcﬂalﬁ ¢ #@se Similaett CEkhamng tHeOPPONIE fide M»iahh TRIWNT
| oading . of 1 wt% .The Young's_ WD 2011/ 099939PCT/ S&011/ 000057 40 nodul us,
t ensi | Bigher eorgpafibiliy dishueenahe BDA sidsichaimrnddoly mas respits ehigherteffidiengye 3. 08

0.14 Gpa
00106 B ours O AN diderhg ndo ity n CF ol edP e pERTPEhiiint
Young' st ispdsthlated(tEt there ielhigber efficichey matiggersingg CNAd iim GE matrieefoelohpermside t o 5

wt t he percent es differ. Conpared with neat CE (E = 3.08
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(tO 3. 4601891 13xGR ol AierAdiaf ﬁbﬂdiﬂ Fa) ,

respectively, Tor SVWN
corrposﬁmm%xﬂ%of nanot ubes. As shown in Fi gure 29C—E SV\NTs wi t hout
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nanotube in the CE matrix. The representative optical micrograph of SWNT/CE composite

20  (Figure 25A) shows many aggregated clusters of SWNTs, suggesting nonuniform dispersion
of SWNTs. The nanotube dispersion was improved with the addition of PI functionalized
SWNTs, though some SWNT aggregates with sizes as large as 10 um can be clearly seen
(Figure 25B). In SWNT/PI-GNE/CE nanocomposite (Figure 25C), dense aggregates are still
apparent but the aggregate size is much smaller than that in the SWNT/PI/CE composite,

25  indicating much improved SWNT dispersion. By comparison, SWNT/PI-BDA/CE composite
show homogeneous dispersion of SWNTSs throughout the matrix, and no obvious SWNT
aggregates were observed (Figure 25D).

[00189] From the results obtained, it is noted that SWNTs/PI-GNE and SWNTs/PI-BDA
have similar dispersion in DMF, but the dispersion of SWNTs/PI-BDA was much better than

30 that of SWNTSs/PI-GNE in CE matrix. It is believed that the differences in ability between PI-
BDA and PI-GNE to disperse SWNTs in CE matrix can be attributed to the different
structures of their side chains. It is believed that, as the structure of PI-BDA side chain is
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over the neat CE, respectively. Further increase of nanotube | oading
inpairs tensile properties. [00197] V\itggh t he addition of SWNTs/PI-G\E, the
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30 films. The peaks at around 1330 and 1590 cm™ correspond to the defects- and disorder-
induced modes (D band) and the in-plane Ej, zone-center mode (G band), respectively. As

compared to pristine SWNTs, no significant increase in the G/D (graphite/defect) ratio was



25[ 00201] Exanpl e 25: Conparison of experinmental results wth theoretical
val ues [00202] A conparison was made for the experinental results with the
val ues prei2et1g@943om t heoreti cal nodel s. Young's nodul BETHGReI108WSDe

anal yzed using the Hal pin-Tsai nodel. For randomy distributed SWNTs in a
pol ymer matrix, the nodified Hal pi n-Ts%i equation is witten as: [3 1+ 20f
[ )riyf + 5 1+ 2777.T/flu) 30[ 00203] c=Ep 81 -77L Vvf8 1-77vV1l WO

20117 0953 eh 00 8% elira 5t SRACERL ‘St ORE MG SR T LB S A2 Ribiating ot +2
few defects were introduced into SWNTs and the nanotube length was well preserved. This is
expected since the dispersants interact noncovalently with the SWNTs and the sonication
applied for composite preparation is not very severe. The intact SWNT surfaces and long

5  length contributes to the mechanical properties of the nanotube reinforced composites.
[00192] Comparing the G band of SWNT/CE (1588 cm'%), SWNT/PICE (1590 cm™),
SWNT/PI-GNE/CE (1591 cm™), and SWNT/PI-BDA/CE (1592 cm) to the neat SWNTs
(1585 cm™), upshifts of 3, 5,6 and 7 cm™, respectively, were observed. The 3 cm™ upshift of
G band in SWNT/CE composites is due to the interaction between SWNTs and CE matrix

10 which contains a large amount of triazine and benzene rings. The 2—4 cm™ higher upshifts in
the SWNT/PI/CE, SWNT/PI-BDA/CE and SWNT/PI-GNE/CE composites compared to
SWNT/CE suggest that the electronic environment of the SWNT surfaces also has changed
by the pdlymeric dispersants, which is believed to be due to the 77 interaction between the
| SWNTs and the polyimide backbone of the dispersants. PI-BDA functionalized SWNTs
15 show more upshifts than SWNTs/PI and SWNTs/PI-GNE, which may be attributed to their
better dispersion resulting in more chance to interact with CE matrix.
[00193] It is believed that the stronger nanotube-matrix interfacial bonding in
SWNT/PI/CE, SWNT/PI-GNE/CE and SWNT/PI-BDA/CE composites than in SWNT/CE
composite is due to polymeric dispersant adsorbed on nanotube surface, which not only
20  improve the compatibility between nanotube and matrix but also react with CE matrix. The
covalent reaction is realized via the reaction between —OH group on dispersants and —OCN
group on CE matrix. The stronger interfacial bonding in SWNT/PI-BDA/CE than in
SWNT/PVCE and SWNT/PI-GNE/CE can be attributed to the better dispersion of
SWNTs/PI-BDA, which enables more nanotube surfaces to interact with the surrounding CE
25  matrix. '

[00194] Example 24: Mechanical Properties of Composite Films

[00195] The tensile properties, including Young’s modulus (E), tensile strength (0),
elongation at break (¢€) and toughness (T) of neat CE, SWNT/CE, SWNT/PI/CE, SWNT/PI-
GNE/CE and SWNT/PI-BDA/CE composites with different SWNT loadings are summarized
30  in the table in Figure 28 and Figure 29. Figure 29A shows the representative tensile stress

versus strain curves of neat CE and composites with SWNT loading of 1 wt%. The Young’s
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modulus, tensile strength, elongation at break and toughness of the neat CE are 3.08 + 0.14
GPa, 101.1 6.0 MPa4.0+ 0.3 % and 2.1 £ 0.2 MJ m'3, respectively.

[00196] Figure 29B shows that for all the four kinds of nanotubes, the Young’s modulus
(E) increases as the nanotube loading increase from 0 to 5 wt%, but the percent increases
differ. Compared with neat CE (E = 3.08 + 10.14 GPa), the highest increase in E is about 7%
(to 3.29 £ 0.11 GPa), 13% (to 3.48 = 0.18 GPa), 24% (to 3.81 + 0.15 GPa) and 41% (to 4.33
+ 0.14 GPa), respectively, for SWNT/CE, SWNT/PI/CE, SWNT/PI-_GNE/CE and SWNT/PI-
BDA/CE composites with 5 wt% of nanotubes. As shown in Figure 29C-E, SWNTs without
dispersant lead to continuous decrease in g, € and T as the nanotube loading increase from 0
to 5 wt%. For SWNT/PI/CE composite, composite with 0.2 wt% of SWNTs/PI shows the
highest values of 0, e and T, i.e. 6 = 1083 + 7.7 MPa, e =43+ 03 % and T=2.4 + 0.3 MJ

m>, corresponding to 7%, 8% and 14% improvements over the neat CE, respectively. Further

increase of nanotube loading impairs tensile properties.

[00197] With the addition of SWNTs/PI-GNE, the composites exhibit an increase in ¢ at
low CNT loadings and a decrease at high CNT loadings. The SWNT(1 wt%)/PI-BDA/CE
composite has the highest strength of 122.3 + 5.6 MPa, corresponding to a 21% increase over
the neat CE. The ¢ and T increase initially at SWNT loading of 0.2 wt% but decrease
continuously at higher SWNT loadings. The highest values of € and T are 4.9 £+ 0.2 % and 3.1
= 0.1 MJ m-3, respectively, showing 23% and 48% increases over the neat CE. The
SWNT/PI-DBA/CE composite films exhibit very similar increasing tendency in ¢, € and T as
SWNT/PI-GNE/CE composite, but SWNTs/PI-BDA is more effective in mechanical
reinforcement. The increase of ¢ continues up to 2 wt% of nanotube loading, the highest
tensile strength at 2 wt% of nanotube is 148.1 + 7.6 MPa, which is a 46% increase over neat
CE. The highest increase in € is 93% (from 4.0 = 0.3 to 5.7 + 0.3 %) achieved at SWNT
loading of 0.5 wt% while the highest increase in T is 90% (from 2.1 £+ 0.2t0 4.0+ 04 MJ m’
%) observed at SWNT loading of 1 wt%. The mechanical properties of SWNT/PI-BDA/CE
composite at nanotube loading of 2 wt% is relatively very high as compared with other
reported CNT reinforced thermosetting composites.

[00198] The poor reinforcement effect of SWNTs and SWNTs/PI can be attributed to the
relatively larger size of the SWNT aggregates and the weak interfacial adhesion between
nanotube and CE matrix, which have been discussed in the previous examples. The use of PI-

GNE or PI-BDA functionalized SWNTs effectively enhances the mechanical properties of

of



E p Ec, Ef, pol ymer matrix, respectively, /f is average | ength of
SWNTs, df is average dianeter of 5 SWNTs, and Vf is SWNT vol une fraction.
The SWWNT weass11fiaesbi ons can be converted into vol une fr&CriSecaougneng7t he
relation [00207] [00208] 1 V f where (pl-i- )(nif + 1 (4) volune fraction,
nf is the SWNT mass fraction in polymari PPMf Vf is the SWNT

CE matrix. The superior reinforcement of CE matrix with SWNTs/PI-BDA as compared to
that of SWNTs/PI-GNE is attributable to their better dispersion in CE matrix and stronger
SWNT-CE interfacial interaction (and, consequently, more effective load transfer), as
demonstrated by FE-SEM images of the fracture surface of composites (Figure 26) and

5 Raman spectra (Figure 27). Unlike conventional fiber-reinforced composites, in which €
usually drops dramatically when short fibers are added as ﬁller? the SWNT/PI/CE, SWNT/PI-
GNE/CE and SWNT/PI-BDA/CE composites show increase of € at relatively low CNT
loadings. This is possibly due to the particular high aspect ratio and highly flexible elastic
behavior of SWNTs during loading.

10 ~ [00199] Further, the curved SWNTs embedded in matrix can be continuously stretched.
The increase of € is very usefully for improving the fracture toughness of composite. Both
SWNT/PI-GNE/CE and SWNT/PI-BDA/CE composites show significaritly increased
toughnesé as compared with neat CE. This can be attributed to the homogeneous SWNT
.dispersion, which prdvides more nanotube surfaces available for interaction with CE matrix,

15 and the strong nanotube-matrix interfacial bonding, both of which would resist the
propagation of cracks during deformation, leading to increased fracture toughness. Increased
toughness for CE composite is very useful since the application of CE is sometimes limited
by its brittle nature.

[00200] Decrease of o at high nanotube loadings is observed in the composites obtained

20  through a method of the present invention, which has also been reported for other
nanotube/polymer composites. One of the reasons for this could be the poor wetting of CNTs
at high nanotube loading, which leads to weak interfacial bonding. Another possible reason
could be that CNTs may inadvertently affect the curing of thermosets and alter the network of
cured matrix, especially near the interface between CNTs and matrix.

25 [00201] Example 25: Comparison of experimental results with theoretical values

[00202] A comparison was made for the experimental results with the values predicted
from theoretical models. Young’s modulus data can be analyzed using the Halpin-Tsai
model. For randomly distributed SWNTs in a polymer matrix, the modified Halpin-Tsai

equation is written as:

1+20,/d, v, 5142,V
30 [00203] E,=E,|> brd | 5127,
8 1-nV, 8 1-n,V,

0))



matrix and pf and pp are the densities of CNTs and pol yner matri X,
respectively. Based on the 10 nunerical values pf=1.5gcm3, pp=1.2g
cm 3, /f WOR011d09938 nm Ep = 3.08 GPa and Ef = 640 GPa, PTGttt ed
nmoduli are 3.44 GPa, 3.97 GPa, 4.86 GPa, 6.66 GPa, and 12.10 GPa for
conposites with SWNT | oadings of 0.2, 4.5, 1, 2, and 5 wt% respectively.
At low SWNT loading (i.e. 0.2%, our experinental results (3.30 and 3. 35
GPa for SWNT(0.2 w%/Pl{GNE/ CE and SWNT(0.2 wt % /Pl - BDA/ CE conposites,
respectively) are ve/ﬁfl I_(?se to the 15 predicted nodulus (3.44 GPa),
suggesti ng excel l ent| B\WWTs di spersion in the case of | ow nanotube | oading.
As thel 1l o (2X he experinmental nodul us data diverge from
the predicted val +[j{p2199) The tensile strength of CE conposites
reinforced wwth S cad bé predi cted by a standard equation ac = crfVf +
an, (1-Vvf), where ac, af, crp are the conposite, the nanotube, and 20 the
polymer matrix strfefgfhs, respectively. Vf is the volunme fraction of SWNTs.
Using this equati gV th crf = 30.0 GPa, am = 101.1 MPa, the tensile

st r engt[bo205]Cey.co {QByeinforced with SWNTs is calculated to be 148.9
MPa, 220.8 MPa, 34&,8 MPa,” 581.4 MPa, and 1309.1 MPa for CE conposites with
SWNT | oadi ngs of E% .5, 1, 2, and 5 % respectively. The experi nental
results obtained aré’l ower than the predicted values, and the 25 difference
beconmeq0dzo6jerwiase the FV\BHA | Fyastentie | téfdiRamO8uli of\Bhe composite, nanotube, and
2011/ 099939PCT/ SG2011/ 000057 43 [00210] Possi bl e reasons for the | ower
exper i rROB{BGT MakX, respeRtyely:hisdf veiege longthef SWWNTsnk dgl@vernge dinmaterapf e

nanqt u dlidg. is 'SSURE S\ﬁ!ﬁ%q erfaci. i -
nongova ent S/Hdu%clts i onaﬁi%gﬁdx %Wﬁtsl@n -1n %g{i f?a%g]!lsr%r?rle%r%t%y Iﬁ?'{%iemﬁoetwor Kk
of cur esdhithe fraciva ustigtheledlstains i n conposites, and so on. It is believed
that better nmechanical 5 inprovenents can be achi eved by optim zing these
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[00208] where Vris the SWNT volume fraction, my is the SWNT mass fraction in polymer
matrix and pr and pp are the densities of CNTs and polymer matrix, respectively. Based on the
10  numerical values pr= 1.5 gem™>, pp=1.2 gem?, It =5, d;= 5 nm, Ep = 3.08 GPa and E; = 640
GPa,” the predicted moduli are 3.44 GPa, 3.97 GPa, 4.86 GPa, 6.66 GPa, and 12.10 GPa for
composites with SWNT loadings of 0.2, 0.5, 1, 2, and 5 wt%, respectively. At low SWNT
loading (i.e. 0.2%), our experimental results (3.30 and 3.35 GPa for SWNT(0.2 wt%)/PI-
GNE/CE and SWNT(0.2 wt%)/PI-BDA/CE composites, respectively) are very close to the
15  predicted modulus (3.44 GPa), suggesting excellent SWNTs dispersion in the case of low
nanotube loading. As the SWNT loading increases, the experimental modulus data diverge
from the predicted values. ‘
[00209] The tensile strength of CE composites reinforced with SWNTSs can be predicted by
a standard equation o¢ = 0Vt + 0(1-V5), where dc, oy, 0p are the composite, the nanotube, and
20  the polymer matrix strengths, respectively. Vr is the volume fraction of SWNTs. Using this
equation with or = 30.0 GPa, 0, = 101.1 MPa, the tensile strength of CE composites
reinforced with SWNTs is calculated to be 148.9 MPa, 220.8 MPa, 340.8 MPa, 581.4 MPa,
and 1309.1 MPa for CE composites with SWNT loadings of 0.2, 0.5, 1, 2, and 5 wt%,
respectively. The experimental results obtained are lower than the predicted values, and the

25  difference becomes larger as the SWNT loading increases.



What is claimed is: 51. A nethod of dispersing carbon nanotubes in a

t hernosetting resin, conprising: (a) contacting the carbon nanot ubes
with a digpensd?I3Pn a solvent to forma di spersion m xXPOTSG20MANESH t he

di spersant is a graft polynmer conprising a polyneric backbone and a side
chain grafted to the pol yneric backbopg, and (b) adding the
thernosetting resin to the dispersion mxture to forma resin blend. 10 2.

The net f claiml, wherein the polyneric backbane of the dispersant

bi nds t@%ﬁ’i J%P%%ﬁ] ISATPSYE %é%‘?e lover gs)(pgprwgn%{%gﬁs gl?anc‘i ?rﬁflialo‘ia? S MPer ei n
the grahdleek dRevefaBlchanbRbe %ﬁdﬂ%&@gﬁv&él? ek SWIRTICE GRelRMRAGhEREs. 4
The nmet hod of any one of clains 1-3, wherein the nethod further conprises

honogemoriayglently TanciioankizedrS WiNdisu S&V N 6-indicad ampairenesoh o6 the nhitepekr ofi cuned
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Thes netigebveenld tad be acHiewdddy@ptinidingWhee gadorkhe t hernmosetting resin is
sel ected from 25t he group consisting of a cyanate ester, epoxy, vinyl
ester, polyimde, bisnmaleimde, and a m xture thereof. 7. The nethod of
any one of clains 1-6, wherein the polyneric backbone conprises at | east
one aromatic ring. WD 2011/099939PCT/ SG011/ 000057 45 8. The net hod of
claim7, wherein the polyneric backbone is selected fromthe group

consi sting of polyimde, poly(phenylene ethynylene), poly(phenylene

vi nyl ene), pol ythi ophene, and po |ybenzi m dazo le. 59. The nethod of any
one of clains 1-8, wherein the grafted side chain conprises a group

sel ected from phenolic, bisphenolic, naphthal enic, anthracenic, pyrenic,
and a m xture thereof



10. The method of claim9, wherein the grafted side chain conprises

di gl yceryl acrylate or 10glyceryl 4-nonyl phenyl ether. 11. The nethod of
any one OVOQDPHIN98932- 10, wherei n carbon nanot ubes conpri PETHSRAM1I00@STar bon
nanot ubes, or sem conducting carbon nanotubes, or a conbination of both.
1512. The nethod of any one of clainsg44-11, wherein the carbon nanot ubes
conprise single- walled carbon nanotubes. 13. The nethod of any one of
clains 1-12, wherein each of the carhon nanotubes has a di aneter of about
0.3 nmto about 50 nm 20 14. The HBY of any one of claims 1-13,
wherein each of the carbon nanotubes has a I ength of about 0.5 pmto about
100 pm ) 15. The nethod of any one of clains 1-14, wherein the sol vent
i s sel S¥ha@ds elawpgd e group 25consisting of N, N '-dinethyl formani de,

N- et hyl - 2- pyrrol i done, and 1, 2-dichl oroethane. 16. The met hod of any one
of claims 1-15, wherein the dispersion mxture and/or the resin blend is

honmdgeni zedmthod @Tidéspeisiify carbin rAdbeORBAERIdsSEA0 1dsid) RBprAsiAg: 18. The
met hod of claim 17, wherein sonicating is performed by using a tip
soni cat or (®rcosgastinatths carhem nanotubepgwitirpadispersaniding? salvet e form atskispetsion

: C . oy ot . i i hut
o abort gt tkrfin P SHREA Vs GRRRH RS, SRMERY ffohBerBittond AR Y "3
soni catsiie chaintpraftedonitsepolymetic backbgné;amdabout 10 minutes to about 60

m nutes. 10 21, A conposition conprising: .
‘ ](b) ad%hng the thrgprmosettmg resmr{B the dlspgerswn mixture to form a resin blend.

10
2. The method of claim 1, wherein the polymeric backbone of the dispersant binds to the

carbon nanotubes.

3. The method of claim 1 or 2, wherein the grafted side chain prevents aggregation of the

15  carbon nanotubes.

4. The method of any one of claims 1-3, wherein the method further comprises
homogenizing the dispersion mixture to form a homogeneous dispersion solution prior to step
(b).

20
5. The method of any one of claims 1-4, wherein the method further comprises

homogenizing the resin blend.

6. The method of any one of claims 1-5, wherein the thermosetting resin is selected from
25  the group consisting of a cyanate ester, epoxy, vinyl ester, polyimide, bismaleimide, and a

mixture thereof .

7. The method of any one of claims 1-6, wherein the polymeric backbone comprises at least
one aromatic ring.

30



a thernosetting resin; a di spersant for dispersing carbon nanotubes in
the thernosetting resin, wherein the dispersant is a graft polyner

conpri si nyoaopaloyser i ¢ backbone and a side chai n graftes#CrsGrimg/op@syneri c
backbone; and 15carbon nanotubes. 22. The conposition of claim 21, wherein
the pol ymeric backbone of the dispersaft® binds to the carbon nanotubes. 20
23. The conposition of claim?21 or 22, wherein the grafted side chain

pr event s 8agdhegadth@mhobdtlaithe7, cahdrein thapolymai backblde isThdedta@infios thHeogroap any
one of clains, 21-23, erein the thernosetting resin is selected fromthe
group cofssngg ‘H? H‘%’V’é‘ﬁ&t e Pal{RIEnylepe x thypylepe); esR‘l%Y(Pﬁ‘EBII%Fiem waylene),

bi smal ei @ ; b A reof 25. The conposition of any one of
cl ai s 2??%%?%&%@%@?%??%2 polgﬁ%gﬁb backbone conprises at | east one
aromatic ring. 30 26. The conposition of claim?25, wherein the polyneric

backb i | egt ed f th [ i Sti | yi m.de, | h |
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of any one of clains.21-26, wherein the grafted side chain conprises

group sethetaoéd from phenolic, bisphenolic, naphthal enic, anthracenic,
pyrenic, and a mxture thereof. 5 28. The conposition of claim27, wherein
the grafted side chain conprises diglyceryl acrylate or glyceryl

4- nony! ph@nYhe gieh@f-of claim S9whetéif tEOpRASE siderthain @mprReedilycehydiabflad 028,
wher ei n carbon nanot ubes conprise 10 netallic carbon nanotubes, or

seni bndakesiibd-semppliensbetBerubes, or a conbination of both. 30. The
conposition of any one of clains 21-29, wherein the carbon nanotubes
conpri se single-walled carbon nanotubes. 1531. The conposition of any one
of cl ai nbl.2ThSthetholdesfeany emce b f @faimi d - arwisnein anacionbesmobhites @othpAseE hrtallid

about 0.3 nmto about 50 nm . L
carbon nanotubes, or semiconducting carbon nanotubes, or a combination of both.

15 12. The method of any one of claims 1-11, wherein the carbon nanotubes comprise single-

walled carbon nanotubes.

13. The method of any one of claims 1-12, wherein each of the carbon nanotubes has a
diameter of about 0.3 nm to about 50 nm.

20 |
14. The method of any one of claims 1-13, wherein each of the carbon nanotubes has a

length of about 0.5 um to about 100 um.

15. The method of any one of claims 1-14, wherein the solvent is selected from the group

25  consisting of N,N’-dimethylformamide, N-methyl-2-pyrrolidone, and 1,2-dichloroethane.

16. The method of any one of claims 1-15, wherein the dispersion mixture and/or the resin

blend is homogenized by sonicating.

30 17. The method of claim 16, wherein homogenizing the dispersion mixture and/or resin

blend comprises sonicating the dispersion mixture at -10 to +10 °C.



32. The conposition of any one of clainms 21-31, wherein each of the carbon
nanot ubes has a length of about 0.5 mto about 100 gm 20 33. Use of a

di sper sanwof20r/@p%sper si ng car bon nanotubes in a ther nos@CTISGFOHEI057
wherein the dispersant is a graft polynmer conprising a polyneric backbone
and a side chain grafted to the pol ymggi ¢ backbone. 2534. A nethod of
preparing a conposite fiber having carbon nanotubes di spersed therein,
conpri sjing: a) cont.acting,the carbon nanotubes with a djspersant in a
ol vent! % oTeqmafhd o SHRCH b ot SR ne PR JOPE nfiD ROMEEGF gt

pol ymersoaRRAer bsthnNg a pol yneric backbone and a side chain grafted to the
pol yneri ¢ backbone,; 30(b) adding the thernosetting resin to the dispersion
m xture to forma resin blend; W) 2011/099939PCT/ SG2011/ 000057 48 (c)
evapor at, the. solvent ip the resin blend. tq. obtain a conposite of the

i sper ot theep ot fdim i et B Pt R0k hreRbRer BuRiim souibude for

di sger spdut hehimités toaBdut 30 midtesf orm ng the conposite fiber. 5 35. The

met hod of claim 34, wherein the nethod further conprises the step of

honogeni zi ng the di spersion m xture to form a honogeneous di spersion

| ut i . (B). 36 . The. d of .claim34 or .35 wherein th
et hoo 2o Pisabehy S Fish 1 wrBpin0Fic AR B My 8 e CorblmsiR spilRRlng

st ep ( cpoutl® mihltes thabomtdoadinafesany one of cl ai ns 34-36, wherein the step
of form ng the conposite fiber conprises the steps of extruding the
conposite fornmed in (c) to forma conposite fiber. 38. The net hod of

any oone 10f, ¢l - 34 herein the method further conprises the step 150f
curing the t#epﬁﬁgé%é¥EF¥@§in in the conposite fiber. 39. The method of

any one ofathérmasettidd 1&8n; wherein the thernosetting resin is selected from

: amstiag - QI cct e
e O g O 2 2h STt RO e i, BT

dispersanf is a graft polymer comprising a polymeric backbone and a side chain grafted to the
polymeric backbone; and

15 carbon nanotubes.

22. The composition of claim 21, wherein the polymeric backbone of the dispersant binds to

the carbon nanotubes.

20  23. The composition of claim 21 or 22, wherein the grafted side chain prevents aggregation

of the carbon nanotubes.

24. The composition of any one of claims 21-23, wherein the thermosetting resin is selected
from the group consisting of a cyanate ester, epoxy, vinyl ester, polyimide, bismaleimide, and

25 a mixture thereof.

25. The composition of any one of claims 21-24, wherein the polymeric backbone comprises

at least one aromatic ring.

30 26. The composition of claim 25, wherein the polymeric backbone is selected from the group
consisting of polyimide, poly(phenylene ethynylene), poly(phenylene vinylene),
polythiophene, and polybenzimidazole.



20 40. The nethod of any one of clainms 34-39, wherein the polyneric
backbone conprises at | east one aromatic ring. 41. The nethod of any one
of cl ai rewB4etid99ssher ei n t he pol ynmeri c backbone is sel eeCe®G281f100005T he
group consi sting of polyinmde, poly(phe,ylene et hynl ene), pol y(phenyl ene

vi nyl ene), pol yt hi opene, and pol ybenzi ftdazo | e. 42. The nethod of any
one of the clainms 34-41, wherein the grafted side chain conprises a group
sel ected from phenolic, bisphenolic, naphthal enic, anthracenic, pyrenic,

and a m xtu 30 thereof,. WO 20 099 PCT/ S&G011/0 57. 49 43. The net hod
o any 0N S CHHPORCSLLERY QTSI b 2, APEER BF SPIH s QBifrsess

uncti onglorseidpe! q'ro'h? o‘ﬁ'b S ﬁol ShLpRALELL Nhti8Sd, piR&iEECiald xture
funct at | thispHaRoid) k& Lhfi

functional group Is se d fromthé group consisting of hydroxy, am no,
cyano, eplexepf acryl ate, nethacrylate mal ei m de, anhydride, and nitro. 5
44. The nethod of any one of clains 34-43, wherein the grafted side chain
conprises diglyceryl acrylate or glyceryl 4-nonyl phenyl ether. 45,

The net hogl 9fie @B Qﬂﬁo@fofcmmﬁ%feﬂemvmgr@ﬂflecp@fdb%haﬁa@@ﬁq?lq% GigREryS e
metallic 10 carbon nanotubes, or sem conducting carbon nanotubes, or a

conbi nat rewlatsfortghtaeryl 44 nyiphenyhesthesd of any one of clainms 34-45, wherein

t he carbon nanotubes conprise single-walled carbon nanotubes. 15 47. The
nmet hod of any one of clainms 34-46, wherein each of the carbon nanotubes has
a di anmet 29. The ab@pbsiflors ofnarty0 oad @it c1BithsnP1-288 whikein rEefboadnGbtidRy ORPried
clainms 34-47, wherein each of the carbon nanot ubes has a length of about
0.5 H t omstsdlin caripm nRetubes, on semivprdusting eaTben nafeyubspeorGcombinaten 94 both.
wherein the solvent is selected fromthe group consisting of

N, N - di net hyl f or mam de, N nethyl-2-pyrrolidone, and 1, 2-di chl oroet hane.

50. The 3@t T cahpasityonoofawf ond af khiB4 2429, wherei thet teebali sgetshes compxitelr e

and/ or tgggéqahﬂd%gbghgggnmgmhonngenlZ|ng by soni cati ng.

15  31. The composition of any one of claims 21-30, wherein each of the carbon nanotubes has a

diameter of about 0.3 nm to about 50 nm.

32. The composition of any one of claims 21-31, wherein each of the carbon nanotubes has a
length of about 0.5 um to about 100 pm.

20
33. Use of a dispersant for dispersing carbon nanotubes in a thermosetting resin, wherein the
dispersant is a graft polymer comprising a polymeric backbone and a side chain grafted to the

polymeric backbone.

25  34. A method of preparing a composite fiber having carbon nanotubes dispersed therein,
comprising:
(a) contacting the carbon nanotubes with a dispersant in a solvent to form a dispersion
mixture, wherein the dispersant is a graft polymer comprising a polymeric backbone and a
side chain grafted to the polymeric backbone,;

30 (b) adding the thermosetting resin to the dispersion mixture to form a resin blend;



51. The nethod of claim50, wherein honbgeni zing conprises sonicating at
-10 to +10 C 52. The nethod of claimb50 or 51, wherein sonicating is
per f or mredwOosnng9ge3pi p soni cator or in 30a sonicator bat RCT/SG2011/000057

2011/ 099939PCT/ SG2011/ 000057 50 53. The nethod of claim52, wherein
sonicating with a tip sonicator conpri$8s sonicating for about 3 minutes to
about 30 m nutes. 54. The nethod of claimb52, wherein sonicating in a

soni cat or b@} bvaporgting SESsoiasmt dthengsif btend tabbuatn d Composite ©f theodiggedant &kl
mnutes. 55. The nethod of any one of clains 34 to 54, wherein evaporating
the sol VBathesmassttingiesindaygh et%ébcrrb%qnﬁﬂ@%ﬁwera@ th@emwéi met hod of claim

55, mherel §ﬁ£hﬂ§t | end conprises heating to a tenperature of
about 60 to g out 6%Q§@&§§kq#ﬁe met hod of claimb55 or 56, wherein heating
the resin blend conprises heating for about 0.5 to about 5 hours. 15 58.
The net hod wherei n hea resin. blend

f f cl h
T oB 190 DiamhodoRehim St Ie Belat SR oRPrSc the Sgp O ThICRSTIRAE of
any one gf dfé#;é}’sf?ﬁﬁ mi% &Qtéf%m%shﬁ; BndoRs msﬁgrsm%ofﬁﬁwgﬁbﬂ%sftép%kﬁﬁ 20

conpri ses spinni ng t ne conposite |n a spihning devic e nmet hod of
any one of clainms 34 to 59, mhereln the thernosetting resin is cured by

exposi n os| Lbe or nvection Qpen

The et s e GO0 86 of, B e ghe chabid JudEFtyrasrgs T Siereot
corrp05|t}@,rﬁdglgﬁirzu%qh@fbsg\zblgmﬁrrt@)gﬂegtqgut 5 to about 100 mWcnR. 62. The
met hod of clai 0 or 61, wherein curing conprises exposing the conposite

fibdb to UV lanp for about 0.5 to about 10 hours. 30
37. The method of any one of claims 34-36, wherein the step of forming the composite fiber

comprises the steps of extruding the composite formed in (c) to form a composite fiber.

38. The method of any one of claims 34-37, wherein the method further comprises the step

15  of curing the thermosetting resin in the composite fiber.

39. The method of any one of claims 34-38, wherein the thermosetting resin is selected from
the group consisting of a cyanate ester, epoxy, vinyl ester, polyimide, bismaleimide, and a

mixture thereof.

20
40. The method of any one of claims 34-39, wherein the polymeric backbone comprises at

least one aromatic ring.

41. The method of any one of claims 34-40, wherein the polymeric backbone is selected
25 from the group consisting of polyimide, poly(phenylene ethynlene), poly(phenylene

vinylene), polythiopene, and polybenzimidazole.

42. The method of any one of the claims 34-41, wherein the grafted side chain comprises a
group selected from phenolic, bisphenolic, naphthalenic, anthracenic, pyrenic, and a mixture

30 thereof.



WO 2011/ 099939PCT/ SG2011/ 000057 51 64. The nethod of claim60 or 63,
wherein curing the thernosetting resin in a convection oven conprises
curing fovo2BOWMIBY m nutes to about 48 hours. 565. ThePR#ESIGR1ODIEHY one
of clainms 60 to 64, wherein curing the thernosetting resin conprises
repeating the curing process. 49

43. The method of any one of claims 34-42, wherein the grafted side chain comprises a
functional group to react with the thermosetting resin, wherein the functional group is
selected from the group consisting of hydroxy, amino, cyano, epoxy, acrylate, methacrylate,

maleimide, anhydride, and nitro.

44. The method of any one of claims 34-43, wherein the grafted side chain comprises

diglyceryl acrylate or glyceryl 4-nonylpheny! ether.

45. The method of any one of claims 34-44, wherein carbon nanotubes comprise metallic

10  carbon nanotubes, or semiconducting carbon nanotubes, or a combination of both.

46. The method of any one of claims 34-45, wherein the carbon nanotubes comprise single-

walled cafbon nanotubes.

15  47. The method of any one of claims 34-46, wherein each of the carbon nanotubes has a

diameter of about 0.3 nm to about 50 nm.

48. The method of any one of claims 34-47, wherein each of the carbon nanotubes has a
length of about 0.5 pm to about 100 um.

20
49. The method of any one of claims 34-48, wherein the solvent is selected from the group

consisting of N,N'-dimethylformamide, N-methyl-2-pyrrolidone, and 1,2-dichloroethane.

50. The method of any one of claims 34-49, wherein the dispersion mixture and/or the resin

25  blend is homogenizing by sonicating.
51. The method of claim 50, wherein homogenizing comprises sonicating at -10 to +10 °C.

52. The method of claim 50 or 51, wherein sonicating is performed using a tip sonicator or in

30 a sonicator bath.
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53. The method of claim 52, wherein sonicating with a tip sonicator comprises sonicating for

about 3 minutes to about 30 minutes.

54. The method of claim 52, wherein sonicating in a sonicator bath comprises sonicating for

about 10 minutes to about 60 minutes.

55. The method of any one of claims 34 to 54, wherein evaporating the solvent comprises

heating the resin blend.

56. The method of claim 55, wherein heating the resin blend comprises heating to a

temperature of about 60 to about 200 °C.

57. The fnethod of claim 55 or 56, wherein heating the resin blend comprises heating for

about 0.5 to about 5 hours.

58. The method of any one of claims 55 to 57, wherein heating the resin blend is carried out

on a hot plate or in a vacuum oven.

59. The method of any one of claims 34 to 58, wherein forming the composite fiber

comprises spinning the composite in a spinning device.

60. The method of any one of claims 34 to 59, wherein the thermosetting resin is cured by

exposing the composite fiber to an UV lamp or in a convection oven.

61. The method of claim 60, wherein UV curing is achieved by exposing the composite fiber

to an UV lamp from about 5 to about 100 mW/cm®.

62. The method of claim 60 or 61, wherein curing comprises exposing the composite fiber to

UV lamp for about 0.5 to about 10 hours.

63. The method of claim 60, wherein curing the thermosetting resin in a convection oven

comprises curing at about 80 ° to about 350 °C.
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64. The method of claim 60 or 63, wherein curing the thermosetting resin in a convection

oven comprises curing for about 30 minutes to about 48 hours.

65. The method of any one of claims 60 to 64, wherein curing the thermosetting resin

comprises repeating the curing process.



