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| MPROVED CARBON NANOTUBE BASED SEM CONDUCTI NG DEVI CES
AND METHODS FOR THEI R PRODUCTI ON The present invention

devi ces and net hods for their production hi

particular, the present invention relates to a nethod
wher ei n carbon nanot ubes are conbined wth a sel ected
sem conductor organic material to forma conposite
material. It should be noted that in this application
carbon nanotube (CNT) is intjended to nmean single

wal | ed conducting, or sem -conducting carbon nanotubes
( SWChfHrovED | darevm INAsdTURET BrrEDNamaicobEscTO MANENT crr  a

m xture of boa¥p METHODSOBOR] THETR® HREDVORIOW t hat this
invention is not restricted to any particular |ength

or diameter CNT. Furthernore, since carbon nanotubes
may be synthesised by several different nethods (e.g.
chem cal vapour deposition (CVD), arc discharge and

| aser aplation nethods) it should be noted that this
appl i c g BgS§n iyERtiqY TR atesdoiBPEgYpd phetorelirigror dighh emiting
car bon nanot ube production. It should also be noted

t ¢hytces rﬁnﬂﬁn@th%ibpﬂ%r heini pieduetipani b partieulss, ithe presenh degntion
mean organi ¢ sem conductor of nolecular, oligoner or
peslageseta e msthed erhemny caibri uraeotihes awef conflumadhwithor selected
the organic matri x nmay al so nean one or nore organic
semiicaniduot orgahin neaedral wafbima ceinpbsikigatatal.nor e

insul ating organic material. A great deal of research
and dekedhopldery nbes thaeh G hpfidafét chrBod RBn@AIBA (CNT) is

intended to mean single walled conducting, or semi-conducting carbon nanotubes
(SWCNT), multi-walled carbon nanotubes (MWCNT) or a mixture of both. It
should also be noted that this invention is not restricted to any particular length or
diameter CNT. Furthermore, since carbon nanotubes may be synthesised by
several different methods (e.g. chemical vapour deposition (CVD), arc discharge
and laser ablation methods) it should be noted that this application is not limited
to any particular method of carbon nanotube production.

It should also be noted that in this application organic matrix is intended
to mean organic semiconductor of molecular, oligomer or polymeric type or any
mixture thereof. Furthermore, the organic matrix may also mean one or more
organic semiconduc;cor in combination with one or more insulating organic
material.

A great deal of research and development has been carried out in the area

of carbon nanotube production. The applicant has previously filed patent
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W@ a00bom3aanot ube producti on.

of carbon nanot ube production. The applicant has
previously filed patentapplications associated wth

(PCT/ GB02/ 003438 (WDX03/011755)) relates to the
production of carbon nanotubes at |ow tenperatures

i nproving conpatibility wwth organic materials such as
plastics. A large anmount of research and devel opnent
has taken place into organic sem conductor materials
and devices. The applicant 2has previously filed a
patent application associated with conposites of

B $ns SREV SRR AR QEDoRREnARELRRIRGRAL UDRSschpFiad-e6h
IglﬁicatsioncNo 0514038 9), relating to a n%thoml;ma

B CHeBbo s NONTLOBSH RIS BeTe RAELAL ! Elhoon
Igz?nc?lbe pr oceggrzl ugratu%s 1F1 pOVfll’Il népﬁt%?lﬂkl%l&e %}gaﬁ{&dlﬁgt%8£l§
t egperat ure usi ng spin coat ng or printing techniques,
Wﬁggﬁ ? %hwat{rgctPLe as tkegba3|g ;orllgM/costhu

electronlc devi ces, as |ar cells_and
| i ght 8nlpteeiampuat %f@gear%ﬁpﬂ QFV PryagHt gaﬁr fal it plac nfq prganic
di odes have now entered the market Elace in niche

sgspicondaeiop mpteriafreand| deviges: elhgampliepnt hag pyevignea filpdamaggng
and white |light sources for general illumnation
epmicatiorh esspeiateid swith whnhenifies ol rorgrmic sempicondnetoms 9nd arbon
devi ce performance. |If organic solar cells are to
anfitdes (ke iRatquotigmlicationaSoa 061408R.9),owlamgt toemenegthiod of
sol ution the power conversion efficiency and

pRAnéhE anRin AHASf driginic SasitotdRclorPhBUBEiormiy disfersed carbon

retaining the cost advantages of sol ution processing.
WhiodkfHes GRDYGRE s PRBEpoRitinoGath S@idfilngel | s exhi bit high
Organic semiconductors can be processed into large area thin films at
room temperature using spin coating or printing techniques, making them
attractive as the basis for low cost electronic devices, such as solar cells and light-
emitting diodes. Whilst organic light-emitting diodes have now entered the
market place in niche applications, the ultimate goal of large area displays and
white light sources for general illumination cannot be realised without further
improvements in device performance. If organic solar cells are to achieve their
potential as a clean low cost energy solution the power conversion efficiency and
operational stability must be improved, whilst retaining the cost advantages of

solution processing. Whilst conventional silicon solar cells exhibit high

efficiencies and device durability, the fabrication costs are prohibitively high. In

One such appl i cat POTYGB2006/004908
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wQ@b@bar43seed for clean,

efficiencies and device durability, the fabrication
costs are prohibitively high. Inview of the urgent

solar cells are one of the nost inportant potenti al
appl i cations of organic sem conductors. It is widely
known t hat carbon nanotubes quench photo-| um nescent
em ssion fromorganic nmaterials when conmbined to form
a conposite material. That is, the photo-|um nescent
properties of organic materdials are di m ni shed when
conbi ned wth carbon nanotubes to forma conposite. It
URwKITOM b Bate1 ST R (BRANEAHI RRS caAE Bnerbpéditfons, solar cells are
phot o-1 um nescent nmaterial s when excited with coherent
L . : L cient |
bhASGhd moktﬁﬁfiaort%ﬁ?E)fehé?lsa?)g*%?ggwgééf@@&nﬁwﬂd%t%& y

tra-vi ra-red |1 ght

causi pg. th to emt,visiple |i . ' I
ener gg i Wﬁ%iey 3%%%? o3 ?rg‘#ﬁ nﬁgglgg?eéa%%e?l!clg {:}llr(%YOt-&lg‘ﬁnescent
emtted |i ht..I—Iovvevgl(ra, it isbal ssible that t e
SRy Tovn PrienisBBEHaY Tkt B do BT 4t hap e
of the emtted light, in which _case the absorptjon,
Phdciss thej BhoesRumingegntaRIoReries OhRERBIF WBKHRISH 376 limimished
Phot o-| um nescence from carbon nanotubes is generally
wiben eerdbinesd Wih carber nenpties thiHB RPEROsiEIppor t ed on a
solid substrate or suspended in solution. It is also
knownlttinkmows thettaabphmotubendrs erssiide photb lemingsgepbmaterials
nanot ubes can be greatly enhanced by functionalising
iwhen eutied with fcabaentHidsar) degtht. VIlsit s, ecathom mastbac effefently
car bon nanot ubes by chemcally nodifying the outer

SbdobR GRralolbg isidle ot iafrheedTightadatsin® yhetle fe e Vidibledight.
during functionalisation and is not limted to

3???%1?% %pel;] g&gb@b% %&1 ﬁléé; ?3%0525“ liht! APGEABN thahOthBOdiHitibd aight.
However, it is also possible that the energy of the absorbed light is less than the
energy of the emitted light, in which case the absorption process is described as
multi-photon absorption. Photo-luminescence from carbon nanotubes is generally
limited to isolated carbon nanotubes, supported on a solid substrate or suspended
in solution.

It is also known that visible photo-luminescence from carbon nanotubes
can be greatly enhanced by functionalising the outer surface. Enhanced visible
Iuminescence of carbon nanotubes by chemically modifying the outer surface is
believed to be mediated by defects formed during functionalisation and is not
limited to specific functionality. It is important to note that visible photo-

luminescence from adapted carbon mnanotubes is distinct from photo-

luminescence from visible chromophores attached to carbon nanotubes.

| ow cost energy sol utiPCEGB2006/004908
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WO 200car43en nanot ubes. |t

from adapt ed carbon nanotubes is distinct from
phot ol um nescence from vi si bl e chronophores attached

using thin filmorganic sem conductor |ayers, such as
organi c solar cells (photovoltaic devices) and organic
lightemtting di odes. For these applications the |ow
charge carrier nmobility (10 6 cn2 V1 s 1to 10 1 cn2
V 1 s 1) in organic sem conductors necessitates the
use of very thin layers of 4these materials (< 200 nm.
In organic solar cells the requirenent to use very

thi n pLgadwg thinkXEfciuid §6viddd@sink ith ARRERNI Qicotldutor
probl emis exacerbated by the IIrmted range of

1‘?2&@,' 9{&%} RS ofbasile Méuf Qel{%r %%B%o%oﬁﬁm &9&9%%& SrARROfitht-

ese ctors severely Iimt the efficiéncy of” organic

solar cells becaus ' t he. s & r.um
#ifls S8t D5 B Sl TR ol A SIS RET b
v Li qal o (Materials. Chem stry and Physics 2004
gols. %gbpﬁ.m éé %g)m PF%“P&SP?%‘)&W%?{S wcegs%%%ﬁ% Pyeeof very
mat eri al of adapted caﬁgon nanot upes an% i
e {patess pF Brepeaatedaly 6t dWeRRR AN onganls splas egtlsdhe HarEeTReEnt to
I mprove the | oad-bearing and anti-wear properties of
wes| yaor yiianeigenie hitkns g, the light @bsqupicn: e ghis hproblem is
visible PL from pol yacryl anide is weakly enhanced - by
exababaed bf the6 lmidde rrangenifn ek veliengtha daytr e vhidy byganic
nanot ubes to forma conposite material. Such a weak
effieaiductars ot t Théset fectotsoseseatyt Bmitnfe effiditrey of organic
excitation light and shows that the energy levels in
td1er e¥lgABEcAusoRE Takge pat of it selar sRbtrenablmet ebéd @ gederate

energy transfer fromthe adapted carbon nanorube to
H@&ﬁggk%g%y matri x. Al so the

In research by Li et al. (Materials Chemistry and Physics 2004 vol. 88 pp.
53-58) the fabrication of a composite material of adapted carbon nanotubes and
polyacrylamide is documented. This research aims to improve the load-bearing
and anti-wear properties of polyacrylamide thin films. It is documented that
visible PL from polyacrylamide is weakly enhanced - by a factor of 1.6 - when
combined with adapted carbon nanotubes to form a composite material. Such a
weak effect can be attributed to scattering of the excitation light and shows that
the energy levels in the organic matrix material do not enable efficient energy
transfer from the adapted carbon nanotube to the polymer matrix. Also the

polymer used in this study is an insulator, rendering it unsuitable as an active

component in optoelectronic device applications.

is known to manuf act ureCTHEBR@6504908
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walewoa13appl i cations. It

pol ymer used in this study is an insulator, rendering
it unsuitable as an active conponent in optoelectronic

organic materials, particularly organic

sem conductors, can be susceptible to photo-bl eachi ng.
That is, prolonged exposure to |ight causes the
degradation of the chronorphoric noieties within the
organic material, such that their absorption and/or
em ssion characteristic issSrreversibly degraded. The
susceptibility of organic sem conductors to

phot ol ganky Mbows tRat"&1QUred IofMahid thatedalsOpattRulal9 organic
realisation of commercially viable organic solar cells

ggﬂ'}iﬁ&dﬁ‘d&}s b&nsﬁgﬁg&e (18 SpHol-6125 im0 afndt 3¢ BldidMed

meny years. present invention ains to
oVerco . or at l.east all evi e h f orenenti or
SNSRI tiefcafles WEAREr B IhE cnebiBALAL BRI A6 me

Sol S ESTHBA RS USRS BN B 5

nanot ubes; adapting the synthesised carbon_nanot ubes
HEVEIHRlY dlsgrad@cﬁr fThE suspepEulity sefcoreauc isgmigopgdycory fo photo-
effective band gap; selecting an_ organic sem conductor
beecvingfis atmapr %ﬁ)@mng fagtosgn tﬂ%@ resflisgtionepk capmergially viable
transfer between carbon nanotubes and the organic
negiagicisalar cellsewkicin nukicbeostajdaiooyandst iotense sala radihteat for many
such that the energy band gap fornmed between the
heaghest occupied nol ecular orbital (HOMO and | owest
unoccupi ed nol ecul ar orbital (LUMD energy levels lies
Wi t hi Thé¢ beeseftfigedntive abant @aicodie, bhat ddapdiReiata teoifore-

nanot ubes; conbi ni ng the adapted carbon
mentioned problems.

In one aspect the present invention provides a method of producing a
photo-voltaic device comprising the steps of: synthesising carbon nanotubes;
adapting the synthesised carbon nanotubes to provide a surface defect such as to -
create an effective band gap; selecting an organic semiconductor material which
facilitates the efficient energy transfer between carbon nanotubes and the organic
material, wherein the organic material is selected such that the energy band gap
formed between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels lies within the effective
band gap of the adapted carbon nanotubes; combining the adapted cxalrbon
nanotubes and the selected organic material to form a composite material.

In a further aspect, the present invention provides a method of producing

a light emitting device comprising the steps of: synthesising carbon nanotubes;

is also known that col PCT/682006/004908
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nanot ubes and the selected organic material to forma
conposite material. In a further aspect, the present

WO pooafot43em provi des a nmet hod of produci ng a | i BET/GB2006/004908

em tting device conprising the steps of: synthesising
car bon nanot ubes; adapti ng the synt hesi sed carbon

nanot ubes to provide a surface defect such as to
create an effective band gap; selecting an organic
sem conductor material which facilitates the efficient
energy transfer fromthe orgganic material to the
adapt ed car bon nanot ubes, wherein the organic nmateri al

ig é)glﬁé ?&E%?Bh%kﬁg& &Q@erﬁaﬁ@}u%gg 80rb¥ige RAnFa @RI sidhas to

on nanot ubes [ies wthin the energy gap

SR O B PR Ao v
, [ i,al

BT el oS L GHTOR LBt e
oo e PO 8, PROLO KOG, e e

material, the carbon nanotubes adapted to provide a
band gareoloibe edapted eabers nangtibes Hesewithindhe geqrey g2 Hrgred by
gap, where the energy gap between the HOMO and LUMO of
e HOg@nind HERMVED i eabralyi lewelsof Hienotgheicapaieral; vembing the
gap of the adapted carbon nanotubes. In yet a further
aggeet carbdrengmoadentind theealetiod opganici asria thifgim a composite
emtting device conprising carbon nanot ubes enbedded
ifkt@&ihlOrgani ¢ material, the carbon nanot ubes adapted
to provide a surface defect such as to create an

ef f ecty @t hamethaaRspetih A plelirt ehftibh \peoadda gapioofoltaic
t he adapted carbon nanotuges lies inside the energy

Qﬁ%fglrclp )g(gﬁq‘ﬁr?ﬁné e SMRAEs LdabeMelrtor@inié Rtfag MY drbon

nanotubes adapted to provide a surface defect such as to create an effective band
gap, where the energy gap between the HOMO and LUMO of the organic
material lies within the effective band gap of the adapted carbon nanotubes.

In yet a further aspect, the present invention provides a light emitting
device comprising carbon nanotubes embedded in an organic material, the carbon
nanotubes adapted to provide a surface defect such as to create an effective band
gap, where the effective band gap of the adapted carbon nanotubes lies inside the
enefgy gap between the HOMO and LUMO levels of the organic matrix.

Adapted carbon nanotubes embedded within an organic host matrix can
be stimulated into an electronically excited state in one of two ways: (i) Direct
optical excitation using coherent and/or incoherent light, where adapted carbon

nanotubes supported within an organic host matrix can be electronically excited
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Adapt ed carbon nanot ubes enbedded wi thin an organic
host matrix can be stinulated into an electronically

exci tation using coherent and/or incoherent I|ight,
wher e adapt ed carbon nanot ubes supported within an
organi c host matrix can be electronically

exci tedt hrough the absorption of ultra-violet, visible
or infra-red light; (ii) In-direct electrica
excitation - That is, by application of an electric
field the organic host can be electrically excited via

t i njecti N i ve. (e ons )y ANd i o
Bl B b Bltpin BEMRAGRL, VEELEHARRI AR 0, rsgiect
at,_a.carbanp .nanqgtube wthin the organic rix form.an
cedifg R ORiPg - doR Fely SRleho i Aotis HE haRBRado
Throughout . this appli.catiaon the epergy gap between the
eff@r By cleavisplly xSt Wr dge tlﬁéc%noﬂr'ﬂgmgn’&egéﬁ%? deriong) ad
on adapt ed carbon nanotubes is described as the .
e gsitve; (helep Hareg Krrises: tvHucta R BHVE A Bosheasnotybe within
shoul d al so be understood that the ground and excited
ethe organi watsik o ap slegtiopraly exwitbd statsamotaih ewbeongnoiubs.
a distribution of states. Energy may be transferred
bEhrevegut thés apiptjeatioon thmérrergy gapthetvaecndie exsngt kebes comprising
either direction, depending on the application, by;

(thy drbwrdcaidesxendd sthrpdhesdaped atrbeh @ahstabesail diehgibed paithe
(Dexter transfer); (ii) sequential transfer of an

et ObuANsap heiR ABRIGArHohaRabtabd. Tt £lould alk® 88 BAMrstood
coupling transfer (Fdrster transfer); or any

C@Qp itﬁl@tg.{d%lﬁd Oefnd( éﬁcit@&' éléctroﬁﬂ:_r fsﬁféE (H a%ﬂtéd kEgrbon nanotubes
understood that in this application the term energy

t%ﬁgﬁﬂﬁ%«ﬁﬁﬁﬁﬁﬁgo¥&a@§an conplete or partial transfer
0 nergy.

Energy may be transferred between the organic matrix and carbon
nanotube in either direction, depending on the application, by; (i) the coherent
transfer of an electron and hole pair (Dexter transfer); (i1) sequential transfer of
an electron and hole (charge transfer); (iii) resonant coupling transfer (Forster
transfer); or any combination of (i)-(iii). Further it will be understood that in this
application the term energy transfer is used to mean complete or partial transfer
of energy.

Further, the carbon nanotubes embedded within the organic matrix retard
photo-degradation of the organic matrix, thereby extending lifetime of the
organic matrix.

Further, the carbon nanotubes embedded within the organic matrix retard

thermal degradation of the organic matrix by improving thermal management

(i) Direct PEL/GBa006/004908
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Further, the carbon nanotubes enbedded within the
organic matri x retard phot o-degradati on of the organic

woraioriox433e her eby extending lifetine of the or geei/GB2006/004908

matri x. Further, the carbon nanotubes enbedded w thin
the organic matrix retard thermal degradation of the
organic matri x by inproving thermal managenentw thin
the conposite, thereby extending the lifetine of the
organic matrix and the device in which it is utilised.
The inproved thermal managedent in said materials al so
enabl es their utilisation in high power devices. This
TR _EHe%n{p%Qfe,e BRADS cRcRdif el 1f8tithe BEH@R6Bnic Matrix and the
mat eri al s technol ogy, enabling inproved perfornance of
Rl FANhAicACH! SCRIRIR! UL N RRIRME RS ThEARIHER O said
More specifically this invention i ncreases e
prospect.s for,the.conmerci.al. explai tati on of organic
BREPRERF: oRbieh QR RTRCE F i P i sfhanced
efficiency, good operational.stability. and |l.arge. area,
| ow: CoLEiS (BYSBNR TR e ABTIPHIPRL L REOSs WeieERS eechiology,
pracessi.ng techni gues such as inkjet printing or )
SPriGa iRy e P IarmaRsst 0hnelgetemiG riavisss egnplRwng  organic
prospects for the commercial exploitation of organic
|sprgivondysiars. Mprelsergdivaliy ihis vgetionr imgrepseathepresntects for the
di spl ays and general illum nation; the diodes offering
gowdheopelr aipiatatidn of alghiit tsylannellst dregwlarceBs offenmgcadbnced
deposition capability. Carbon nanotubes have enornous
picatcyalgoad pparitionh] atabiitposid damet hrear dawicost deposition
materials, particularly in organic solar cells. These
RepedilitaSingf obdtionl pro®@Bdiiag) €RBnig aMesucE AR VIBKjS1 Pinting or spin-
efficiencies due to greater utilisation of

coating.

This invention also increases the prospects for the commercial
exploitation of organic light-emitting diodes for large area flat panel displays and
general illumination; the diodes offering good operational stability and large area,
low cost deposition capability.

Carbon nanotubes have enormous potential as part of a composite with
organic materials, particularly in organic solar cells. These materials offer:

1. enhanced power conversion efficiencies due to greater utilisation of
the solar spectrum, by employing carbon nanotubes, or in conjunction
with, organic semiconductors to harvest incident photons.

1. improved resistance to photo-bleaching of the organic matrix, thereby

extending device lifetime.



the sol ar spectrum by enpl oyi ng carbon nanot ubes, or
in conjunction with, organic sem conductors to harvest

WO p@idee3s9 photons. ii. inproved resistance to PCT/GB2006/004908
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phot o- bl eachi ng of the organic matrix, thereby
extending device lifetine.iii. enhanced device
lifetinme, since carbon nanotubes as |ight absorbers
are |l ess susceptible to physical and cheni ca
degradation than organi c sem conductors. iv. enhanced
trapping of light in solar gells, owing to the
propensity of carbon nanotubes to scatter |ight. v.
ver %f;}t | Ie% an%'c? d(g\%{:é ﬂ?etiﬁ%, %i'n%%c%rﬁoﬁ ng?otltlmag a@llgﬁi £bqsgfb§rs
0 0 e g I X an

and " Opti cal properties organi ¢ ma

car bon nanot ubes, t.hereby maxim sin tenti.al .
appl 1 cat PSS yrcep BRSSPI 1 e PeSEr e m oegaie
substrates and_existing |l ow cost, |arge area sol ution
processi fgHCeBHHESgi es. vii. inproved therna
managenent within the organic matrix, owing to the
hi gfv-t hererlanced trapring of lighton selar lselis, waneg tibihe progensgity of
retards thermal degradation of the organic matrix
ext endi ngatbhe nhidtabdsrieswftetlight.or gani ¢ matri x and
devices in which it is utilised. viii. inproved
t hewmal enatétyedte wo tthe nabilite tor gaki themalectironic aavl ngpticel
the high thermal conductivity of carbon nanotubes,
m ni mi si RgopRAeshEadoth HAUEEGHhid BEtH irdNcarboreXiotudss, thereby
di ffusion I ength or charge carrier

maximising potential applications.

vi. compatibility with flexible low cost substrates and existing low cost,
large area solution processing technologies.

Vii. ifnproved thermal management within the organic matrix, owing to
the high thermal conductivity of carbon nanotubes, which retards
thermal degradation of the organic matrix extending the lifetime of
the organic matrix and devices in which it is utilised.

viii.  improved thermal management within the organic matrix, owing to
the high thermal conductivity of carbon nanotubes, minimising any
heat induced reduction in exciton diffusion length or charge carrier

mobility within the organic host, thereby helping to maintain the

efficiency of solar cell devices in which the composite is utilised.



nmobility within the organic host, thereby helping to
mai ntain the efficiency of solar cell devices in which

wo b@7oopobsite is utilised. Carbon nanot ubes al BOI/GB2@®6/004908
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enor nous potential as part of a conposite with organic
materials, in organic light emtting diodes for flat
panel displays and general illum nation. These
materials offer: i. broad band visible |ight em ssion
due to the lum nescent properties of adapted carbon
nanot ubes. ii. inproved resjgtance to photo- bl eaching
of the organic matrix, thereby extending device

lifeti oﬂ hérfottﬁ{%? %ﬁSeﬂwg eeYlbﬁr?ouls Jo?etnltlgfeas ér[] %EI C(%B%%E‘ite

nanotu es as emtters are l'ess SUSC

ica cal .d ion,.t .
S0 BT, e PR ot e displpy g
tune ﬁe electr |c anﬂﬁﬁf cal propertles of both the
&E&SW luﬁgé‘?"}t‘loﬁ Eseé’éart fot ubes, thereby
mexim sing potential applications. v. conpatibility
wit B f 1 eRiosf Bandovisiblsclishs grassiontdus to e lgspingssempPogayties of
cost, large area sol ution processing technol ogies. vi.
|nprovedafm@ﬂmwwonwﬂmgéh@nt within the organic matrix,
owi ng to the high thermal conductivity of carbon
nandit ube sypratvidciesiseh@r tdphbveblamhingedf thelatghmin nodtrix, Hkereby
organic matri x hi OLED applications inproved thermal
managenerektedliing dsvithiifed@el ce to sustai n high

1ii. enhanced device lifetime, since carbon nanotubes as light emitters are
less susceptible to physical and chemical degradation than organic
semiconductors.

iv. versatility due to the ability to tune the electronic and optical
properties of both the organic matrix and carbon nanotubes, thereby
maximising potential applications.

V. compatibility with flexible low cost substrates and existing low cost,
large area solution processing technologies.

Vi. improved thermal management within the organic matrix, owing to
the high thermal conductivity of carbon nanotubes, which retards
thermal degradation of the organic matrix. In OLED applications
improved thermal management allows the device to sustain high
current densities increasing device brightness and efficiency.

vii.  improved thermal management within the organic matrix, owing to

the high thermal conductivity of carbon nanotubes, minimises any
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current densities increasing device brightness and
efficiency. vii. inproved thermal nmanagenent w thin

WO b@70743ani ¢ matri x, ow ng to the high thermal PCT/GB2006/004908

conductivity of carbon nanotubes, m nin ses
anyreduction in charge carrier nobility within the
organic host matrix resulting fromheating, viii. The
potential to for highly polarized light by aligning

t he carbon nanotubes within the organic host matrix.
Speci fic enbodi ments of thegqpresent invention wll now
be described by way of exanple onIy wth reference to

c i
Scanni ngoBrabt ng ek rptis ok St 48 ok, RO e

Figure 2 shows_a @gotolun1nescence spectrun1of a pure
nyl on 107694598 oM HE3N§ 488 nm exci tati on; Flgure 3

shows phot ol um nescence spectra of _n %#m

conpBs! B UPER AN s PoBorebNeknB: DR ha o

and 30% using an excitation wavel ength of 488 nm

Fi gur e 4naphtyhes witljn disrorgdnie hest matidyr at ed

phot ol um nescence intensity fromnylon 10, 10: MACNT
conpoS$ptafic ambadifents toif dire pksane imlentigewdld no\agv@ deweitied by
using an excitation wavel ength of 488 nm Figure 5
SMGWT eRarpple balyywith esfeenasto sipeaicompaofingdrayings, it G/hidh:

filmusing 325 nm excitation;

Figure 1 shows a scanning electron microscope image of purified
MWCNT;

Figure 2 shows a photoluminescence spectrum of a pure nylon 10,10 film
using 488 nm excitation;

Figure 3 shows photoluminescence spectra of nylon 10,10:MWCNT
composites with MWCNT weight percentages of 5%, 10% and 30%, usil}g an
excitation wavelength of 488 nm;

Figure 4 shows a graph of the integrated photoluminescence intensity
from nylon 10,10:MWCNT composites as a function of weight percentage
MWCNT, using an excitation wavelength of 488 nm;

Figure 5 shows a photoluminescence spectrum of a nylon 10,10 film
using 325 nm excitation;

Figure 6 shows a typical photoluminescence spectra of a nylon:MWCNT

composite with a MWCNT weight percentage of 15%, using an excitation

wavelength of 325 nm;



10

15

20

Figure 6 shows a typical photol um nescence spectra of
a nyl on: MACNT conposite with a MACNT wei ght percent age

wWo@R0015%33Usi ng an excitation wavel ength of 325PETGB2006/004908

Figure 7 shows a graph of the absorbance of an acid
treated MACNT thin filmas a function of wavel engt h;
Figure 8 shows a graph of the absorbance as a function
of wavel ength for nylon 10, 1CKMACNT conposites with
MACNT wei ght percentages of: (a) 5% (b) 2.5% and (c)
0% Figure 9 shows photo-| q?‘i nescent decay curves for
a nylon 10, 10: MACNT conposite with MACNT wei ght

per cent age. of 30% (i d for, pure.nylo i Lgur.e
R0 ShotetenShorumenet cEfe a>SHubEt e Shackd it d i e
nra excitation of a nylon 10, 10: MACNT conposite with

ma\f&?‘ﬁ’ﬁﬂoﬁé’%@ﬁﬁ%%e of 30% The series corresponds
to spectra recorded after exposures of 1 mnute (i); 4
m nut &&guge B shows arigrainh o€ thejabporbante agrp Aumesion of Weyelength &g
m nutes (v); Figure 11 shows a sinplified energy |evel
ahiylgr 18nh 0¥ W GN Tmoopesitss ofithgHMONT watight gemkaegasofii &) 5%;
excitation of the MACNT and the subsequent processes

@b) 2%t gnd @ch esfer fromthe MACNT to an emi ssive
centre in the adjacent organic matrix and em ssion

; 2 grepnasp?gldge g:gn'asgbwe fcpaatbrlami@@uf eddch Shens dor a n?llon

gramof a nulti-layer organic solar cell
(I@QMWN"P ®omposite with MWCNT weight percentage of 30% (i) and for
pure nylon (ii).

Figure 10 shows photoluminescence spectra obtained using 488 nm
excitation of a nylon 10,10:MWCNT composite with MWCNT weight
percentage of 30%. The series corresponds to spectra recorded after exposures of
1 minute (i); 4 minutes (ii); 8 minutes (iii); 11 minutes (iv); and 40 minutes (v);

Figure 11 shows a simplified energy level diagram of the process of
photo-induced electronic excitation of the MWCNT and the subsequent processes
of energy transfer from the MWCNT to an emissive centre in the adjacent
organic matrix and emission from said emissive centre;

Figure 12A shows a schematic diagram of a multi-layer organic solar cell
(OSC) device;

Figure 12B shows a schematic energy level diagram corresponding to the
device of Figure 12A;

Figure 13A shows a schematic diagram of a multi-layer organic light-

emitting diode (OLED);
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Figure 12B shows a schematic energy |evel diagram
corresponding to the device of Figure 12A; Figure 13A

lightemtting diode (CLED); Figure 13B shows a

schemati c energy | evel diagram corresponding to the

devi ce of Figure 13A; FIRST EMBODI MENT In this

enbodi ment adapted carbon nanotubes enbedded within an

organic matrix are stinulated into an excited

el ectronic state by cohereni3 visible and ultra-viol et

light. It should however by noted that in this

i nvention optical excitation of adapted carbon

nanot ubes nay be achi eved using coherent Iight (e

| aser r I

The opIELl cal ?;Basggé:vlgtg e ca%gﬁ%gr%%vtggglaér Fﬁcorﬁe %}% O)the
e.excitati energy, at least in part, to em sswe

@evfceogb SR ﬁféx’or gag?/c matrix which subsequently

nd state with the em ssion of
v}g@gﬁgméﬂi@ﬁthi s enbodi ment the light enitted by
the organic host matrix is of |ower energy than that
absor b8dthisy eptbedizerabtaddpied r 49epon aprsteliss semimsidled j withip pan
this enbodl ment the conposite of adapted carbon
nersenie besixanrd somytatediniman pxcittd nlstiraris sate gncoherent visible
ultra-violet and visible light down converter. There
argl gewwicddt lighagé shouwdd hiowedkrityy wotelk that dn hio duvestien optical
conposite materi al where carbon nanotubes are
déxspatided wdaptddncaabotphiriokube$ nfyJee) achiswidedsinad colekont light

(e.g. laser light) and/or incoherent light (e.g. sun light). The optically excited
carbon nanotubes then transfer the excitation energy, at least in part, to emissive
centers in the organic matrix which subsequently return to the ground state with
the emission of visible light. In this embodiment the light emitted by the organic
host matrix is of lower energy than that absorbed by the adapted carbon
nanotubes. That is, in this embodiment the composite of adapted carbon
nanotubes and organic matrix functions as an ultra-violet and visible light down
converter.

There are several stages required in order to produce a composite material
where carbon nanotubes are dispersed within a matrix of organic material: (i)
carbon nanotube synthesis; (ii) carbon nanotube purification; (iii) carbon
nanotube adaptation to enhance luminescent properties; (iv) judicious selection of
the organic material; (v) combining the adapted carbon nanotubes with the

organic material.



car bon nanot ube synthesis; (ii) carbon nanotube

purification; (iii) carbon nanotube adaptation to
wenwante3d um nescent properties; (iv) judici ouBCT/GB2006/004908

sel ection of the organic material; (v) conbining the

adapt ed carbon nanotubes with the organic material.The

first stage is to grow carbon nanotubes using any

known carbon nanotube growth nethod. As di scussed

above, carbon nanotubes may be synthesi sed by severa

di fferent nethods includi nggchem cal vapour deposition

(CVD), arc discharge and | aser ablation nethods. It

will Blgle grtega Sedid g'gév ggl%ohq)gngﬁﬁ&eﬁﬁﬁ% 2By GAbRAkarbon

nanot owt proc escribed In

IBRoe E%‘Zéfr?vz:sthprs%’ ol l%é‘sﬁ%?év?ge’gé’%@a%g Of‘%oe? drede
Sundbiadly @b il cRrBoh Ravgrd “&@Em&%&?poéf drpgin

erature are intrinsically nore defective th
@ gicoviprhagee eng hasee ablalion tebodait Wil ba é‘ﬁﬁl@%% gha ghe

chen1ca||y adapt. In this enbodi nent, the MACNT are

5 Uoewl teme@atamjcagtmmn@igbmgroaﬁly pmq:ewﬂemrgﬁdmewémamh@tleﬁ»
500 0C) CVD nethod. The resultant carbon nanotubes are
tRENGRIZIN0BE (WOBMMeES Hnoowhobs wilizbdrip pmvidenvertically
shells, fullerenes and netal catalyst particles. In
tdbigRehighlgiof@néd artdye o€ Righ parinackdbanhesombes qurolitliselsktdages.
repeated washing with hydrochloric acid followed by

V@EbiaNg oMol Rbiubbe @rdiar 20 Nbw edmpahatite a0 WRMAYicalllyt more
shoul d be noted that the invention is not limted to

Weoﬁ@é Eﬂaﬁ WARE PRI A teRBERARE Hﬁ YhEn PAdrfid GiRdntieAty
Figure 1 shows an SEM i mage of th used in this

10 adapt. In this embodiment, the MWCNT are utilised and grown using any known
high temperature (> 500 °C) CVD method.
vThe resultant carbon nanotubes are then purified to remove amorphous
carbon, carbon shells, fullerenes and metal catalyst particles. In this embodiment,
the carbon nanotubes are purified by repeated washing with hydrochloric acid
15 followed by washing with purified de-ionised water. However, it should be noted
that the invention is not limited to any particular method of carbon nanotube
purification. Figure 1 shows an SEM image of the MWCNT used in this
embodiment. The high purity of the sample is evident, since no large amorphous
carbon or metal impurities are visible.
20 To improve compatibility with the organic matrix and to enhance the
luminescent properties, carbon nanotubes are adapted on the outer surface. In this

embodiment, the MWCNT are firstly oxidised in a 3:1 mixture of concentrated
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enbodi ment. The high purity of the sanple is evident,
since no | arge anorphous carbon or netal inpurities

matri x and to enhance the | um nescent properties,
carbon nanot ubes are adapted on the outer surface. In
this enbodi nent, the MACNT are firstly oxidised in a
3:1 mxture of concentratedsul phuric and nitric acid
to produce surface carboxylic acid functionality. In a
typical acid-oxidation treaitnment 10 g of pristine
MACNT ar e added to a 200 m xt ure of concentrated

| f | 3:1, % and 60%
Lﬁ@ﬁ@&“rﬁwgﬁ i o RS st iR pctd ritEngify. n a

tateg at. 40 kkh for 30 m nutes before stirring for
@mwah@% Qridenepireatrppd 1&&9@@%@ MWEAN T prepdded mﬁ%xna

with de-ionised water and vacuum filtered usin
wixiprengh pRylogrizateso pelfusic nandbrittire a¢ids W(eqlumePel,sH% dlnii $0%
then washed repeatedly with distilled water until the
resbactively). ofhe maxthid tsr tier dlga-Foniddlly fgilatel atd 46 diHzd fors30
dri ed under vacuum for 12 hours at 600C, affording
migesdefaxistdirigdoMNEdrs aORBCpUhe frietdrean theadlildted ten-fold
functionalised the carbon nanotubes are conbined wth

Wi Q-DaRbE Wb hnd R¥cutMN iRl Suls bhe. 2 gan 'p@lycarbonate
material in-situ with carbon nanotubes In th

&@gl%gﬂ Her, 1RE SO XA vlrassh %&%Qﬁé&lg %chfcﬁ%%me{% %teg 'u%t‘fl' tﬂe

an1ne precursors Int resence € acl

f
N% uleool%?h )tél?rate 1S e fgy %olrl%d&{s §r619d rd%??allcguél{nltfgr 120?ours

noner Sa pr epar e recrys

t he d [ dec i. 0 a di am .
t161) =di? Qﬁ‘f(ﬁ%e %e‘) %’%&?Q W@T‘reg}“@ﬂ P‘f‘flflg‘?ﬁnia’tl‘il ofith
atnosphere at 1900C for two hours. Then the previously
Bpcongliseft thecaghannmanotubes are combined with the organic matrix by

synthesis of the organic material in-sifu with carbon nanotubes. In this
embodiment the polymer is synthesised from the diacid and diamine precursors in
the presence of the acid functionalised MWCNT: Typically 36g grams of the
monomer salts, prepared by the recrystallisation of the diacid (1,10-decanedioic
acid) and diamine (1,10-diaminodecane) monomers are heated in a nitrogen
atmosphere at 190°C for two hours. Then the previously acid-oxidised MWCNT
(4 grams) are added and heated under vacuum at 225°C for 4 hours. In this way
the acid functionalised MWCNT are further functionalised with nylon 10,10
(polyamide) moieties attached by amide linkages. The solid composite therefore

comprises MWCNT functionalised with nylon moieties and any unreacted

To inprove conpatibility wth thRCDGB2a006004908
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(4 grans) are added and heated under vacuum at 2250C
for 4 hours. In this way the acid functionalised MACNT

wae@7omssher functionalised with nylon 10,10 PCT/GB2006/004908

(pol yam de) noieties attached by am de |inkages. The
solid conposite therefore conpri ses MACNT
functionalised with nylon noieties and any
unreactedfunctionality fromthe previous acid
oxidation (e.g. carboxylic acid noieties) within a
matrix of nylon 10, 10. It ould be noted that this
invention is not limted to any particular type of
unctignality or nethod of attachment to the carban.
ﬁ'aﬁ%qnaﬁ@. Frpp? RGUPHOUT 860 AIPB e EhPOPRIHAGS moleties)
i nvention the carbon nanotubes can be adapted in-situ
within ayparis pheylesil8.18f t he organic matrix, as described
in this enbodi ment, or adapted in an entirely separate
pr oc el shand bs inpist ythds |tleim drentignt 13 noh Emited 4n pay partieular type
forma conposite of adapted carbon nanot ubes di spersed
uf fuhétionblitg oo higghividooflatsthmedt athy carbort nafotubleelt sliapdhalso be
matrix material is selected by selecting the energy
A@pd bat el ihbatioh ghesdibaceanptudes 6l wcadapted G itk dlith the
(HOMD) and | owest unoccupi ed nol ecul ar orbital (LUMO)

SHdlsit R thel drgddi®malRBl YEQRANA if Y BEbSdiALA:, 8N8HapRRE in an
excited el ec%r onic state of an el ectronic excitation

gfﬁrttzl Ge %E];}tx&%ssc %@Qﬂlgﬁ?ﬂgﬁ&g&e\wi‘tﬂ_% %Qﬁﬁ: @htrix to form a

ecironi ate on t carbon nanotu I's associ at ed

, . : y Cal
it SEAGSH R ER R IRRURE v HIR L SBANE ni, 011 2
nanot%{bes can.r rn to th round,state.b

L r anshaPRERGUTIID B S Bip i Ban gy Thocifosalby lesige e
ey o han Cu Bl L ndues ng 80, Sheet BRSNG) and owes
unoccupied molecular orbital (LUMO) such that it lies between the ground state
and the excited electronic state of an electronic excitation on the modified carbon
nanotube. The excited electronic state on the carbon nanotube is associated with a
defective carbon mnanotube. The organic material is selected such that
electronically excited carbon nanotubes can return to the ground state by
transferring the excitation energy, at least in part, to the organic matrix, inducing
an electronic excitation in the organic matrix.

Composites of the MWCNT and nylon prepared using this method remain
electrically insulating even up to 30% MWCNT by weight, indicating that the
MWCNT do not form a continuous interpenetrating network, but are largely
electrically isolated. For MWCNT loading <10% w/w the composites were semi-

transparent.
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Conposites of the MACNT and nyl on prepared using this
nmet hod remain electrically insulating even up to 30%

WORWRD74399 wei ght, i ndicating that the MACNT doP@DGBR@6/004908

a continuous interpenetrating network, but are largely
electrically isolated. For MACNT | oadi ng <10% w w t he
conposites were semtransparent.In this enbodi nent the
organic matrix, nylon 10,10, contains a small anount
of intrinsic em ssive centers within a non-enissive
bul k. The nunber density of-,these em ssive centers is
very low (< 0.001%, consequently photol um nescence is

only obse or very intense excitatiaqn radiation.
oni | B Iieoabotiment B orsiue Rt d0 e OB Ao
nyl on remains the subject of debate, it is wdely
HELWOE dUiEIRgE CHRWYCIBtrDPRBE daenrEisedilsy fhpasmber
and are not confined to one structural form In this
donistiuli ofe these Mrsgissivau vienietsc antvereowr §< cbPP8e) ovrsequenttie
organi ¢ sem conduct or conponent of the organic matrix
plwtslominesdenwhis oinlyesteeygd ifer terpimdmse eadtaficroradatiant &dhilst
CNT. Figure 2 shows the photo-|um nescence spectrum of
therkyha@Rird@urt Of Sergphiesiviséonters ingfiflorofend 88 thisudicet bbddbate,
The shoul ders on the PL band centered at ~ 580 nm

itndiveadle abétpted that thel hige SHRRARRSInG | BbrO§ynehddidNd¥Er ar®mot
contributions fromdifferent em ssive centers. After

%xﬁin@@%@n@é@&%&aﬁf&& R &hik %&%ﬁnén@%}%@e b GAkscedt Genters
mn) the shape of this PL feature begins to change

{ 6%%(?11% I:L)O‘éhe dr%ﬁﬁ& @éﬂlggn@ct&g%éﬁpomﬂﬁw e;lr—lhce matrix to

um nesce ban nmis ere ore
stru rel.at e
Fint PP EE SR RonER G P ML op BT 2 08 e
B Srmheacung. FLaure. 3 sy e Aol ;|4 IPSgess

excitation. The shoulders on the PL band centered at ~ 580 nm indicate that it is
the superposition of a number of contributions from different emissive centers.
After prolonged exposure to the intense laser light (> 5 min) the shape of this PL
feature begins to change (Figure 10), indicative of photo-bleaching. The photo-
luminescence band at ~ 580 nm is therefore attributed to two or more structurally
related nylon impurities, each with a different susceptibility to photo-bleaching.
Figure 3 shows the photo-luminescence spectrum of the nylon:MWCNT
composites for 488 nm excitation as a function of MWCNT weight percentage.
For all MWCNT concentrations the strong band at ~580 has the same position,
full-width-at-half-maximum and form as the very weak band observed for the
pure nylon sample. This indicates that the same luminescent centers are

responsible for the photo-luminescent emission, rather than new luminescent
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conposites for 488 nmexcitation as a function of
MACNT wei ght percentage. For all MACNT concentrations

full -w dt h-at-hal f-nmaxi rum and formas the very weak
band observed for the pure nylon sanple. This

i ndicates that the sanme | um nescent centers are
responsi bl e for the photo-Ium nescent em ssion, rather
t han new | um nescentcenters forned during nylon
synthesis in the presence qf MACNT. A plot of the

i ntegrated photol um nescence intensity for the 488 nm

excitatio s. a_function.of the weigh t
Fhtaroran GRng mibern Ot orbamr g ogIRECHT K Bot of he
dramati.c i ncrease in the photo-Ilum nescent intensity
BYe#iatsd phgtofunigescengg Mtersfy IpEths Y8 mpperciations afangfisn of
percentage of MACNT increases fromO to 30% This

ithfd Meighé Peresatse degorratatianCRi- MPYAYD iggBowiminj Kjaureahd A
efficiently transfer the excitation energy to em ssive
cleamaticsnénazseiin diephote-tumanesyéns nntaesityi by, twonotdars nfjmagnitude
el ectronic excitation in said em ssive centers, which
suisseryed b khe weglapetconthpe o MWGN Tshatsesvitbim 0 10630%. This
em ssion of visible Iight. Above 30% the increase in
tidticapdrothad adapiee SCWINT sharaksdHagi Mgt bAd SAchaY GranstNGe
the band at -580 nmoriginates from eni ssive centers

ieﬂ&ifa&iﬁﬁkﬁm%? 16 ¥@Rive eRQFLHSHNsR] 16 the QHHInntgaﬁ‘iE,einduﬁ%g an
er

fraction of nylon in the conposite reduces the nu

QfecRHhiS Tx¥iRatiof Nh &L erh‘ﬂsgi{fmérﬁgﬁé, %fcthaéu%géageﬁt@:f%ar)]{ to the

| um nescent i ntensity. Consequently, the em

i i . . 39..%0 . Ti
SIAETSAAY R Sl el ARG S e
on_det ect.ed ~580 nm from 30%

SIRiB ot Rt aB Heaitod AEbreina ity 0 Bra 35V
Unﬁ%%t%‘;’ Cfr60r;rt1 ‘emissive centers intrinsic to nylon, progressively reducing the
fraction of nylon in the composite reduces the number of emissive centers,
ultimately curtailing the luminescent intensity. Consequently, the emission
intensity begins to saturate near to 30 % MWCNT. Time resolved
photoluminescence found the decay time for emission detected at ~580 nm from
the nylon: 30% MWCNT sample to be less than 60 ns, indicative of fluorescent,
rather than phosphorescent .emission.

Figure 5 shows the photo-luminescence spectrum of a nylon 10:10 sample
for 325 nm excitation. Figure 6 shows the photoluminescence spectrum of the
nylon:MWCNT composite comprising 15 % MWCNT, also excited with 325 nm
light. The band between 325 and 700 nm from the nylon sample is clearly

comprised of a number of distinct peaks indicative of several different emissive

~580 has the same positi onPCT/GB2006/004908



10

15

20

W@ amploas3or 325 nm exci tati on.

rat her than phosphorescent em ssion. Figure 5 shows
t he photo-1um nescence spectrumof a nylon 10: 10

phot ol um nescence spectrum of the nyl on: MACNT
conposite conprising 15 % MACNT, al so excited with 325
nmlight. The band between 325 and 700 nmfromthe
nyl on sanple is clearly conprised of a nunber of

di stinct peaks indicative of several different

enm ssivecenters. Notably, tjge maxi numin the spectrum
of the nyl on: MACNT conposites, ~ 550 nm does not

cor.rel at i.th xi mumin.the photol um cence .
SRUEEY SOy B BT BT ofth AR AR MBYCNT
t he weak bagg$ bet ween 325-475 nmin the nylon
SPERPTIT s 2P B /IOBY NGk rfiomglate, Wity HnayBHGy 1% Bt Rgfo-
in spectrumshown in Figure 6. This result is evidence
fBineIpEeTsPEeiswR 19T pieni Hid0demt Hopsveinenliageqmenh gf the weak
efficiently transfer the excitation energy to em ssive
berdsehatween 32147 nmoint the nylpnospeetatm iix cleary geideny asrp high
el ectronic excitation in said em ssive centers, which
solrge ghewltiéryinr seatxurh chowe igridgud Gt dhes sestlhist évddence that
em ssion of visible light. There is no evidence for

MWANE abyokb e ihdidert 306 nat 1light @A0 effividntly@ranbfer the excitation
shoul der). This is because energy transfer can only

RESHY t¥ReAsstvRecnN HdtdsRoeme rng’lbnaﬁigtrikpmﬁéingéﬁie‘lé%@fonic
state of the |um nescent center are | ocated between

Caons g ol et L i

AR SR gl ROLSTA) B b TR Sl B
2))% h<f ?t; tg Irgg)ﬁtnnlﬂ.&eé ngv\?%glglgﬁr%;t gsgg rgcgt(l)sré e%%rSgyrlrrrgnsfer can only
occur when the ionisation energy and lowest excited state of the luminescent
center are located between the energy states of the electron and hole comprising
the excitation on the MWCNT. Consequently, energy cannot be coupled to all
potentially emissive centers in the nylon matrix, explaining the absence of any
enhancement in the peak at 600 nm for 325 nm excitation. The new peak at ~550
nm in the photo-luminescence spectrum obtained for 325 nm excitation (Figure
6) is attributed to luminescence from adapted MWCNT, rather than emissive
centers intrinsic to nylon. An integrated intensity verses MWCNT loading
relationship similar to that for 488 nm excitation can be obtained (not shown).
Figure 7 shows the optical absorption characteristics for a thin film of

acid functionalized MWCNT supported on quartz. The optical absorption

properties of the samples measured as a function of MWCNT loading is shown in

Fi gure 6 shows PE&IEGB2006/004908



nmin the photo-|um nescence spectrum obtained for 325
nm excitation (Figure 6) is attributed to | um nescence
wo comoagapt ed MACNT, rather than em ssive centRBCEHEGB2006/004908

intrinsic to nylon. An integrated intensity verses
MACNT | oading relationship simlar to that for 488 nm
excitation can be obtained (not shown). Figure 7 shows
the optical absorption characteristics for a thin film
of acid functionalized MACNT supported on quartz. The
opti cal absorption propert'% §S of the sanpl es neasured
as a function of MACNT |oading is shown inFigure 8.

t hr oughout _ t he neasured ener range MAth
Biea MINNA ot Aol des Ghashrehaniey fhngs it b stk
transition fromthe density of states previously
maein; 4ti~249 [ agyignedtto dhe nIFuantias! teAnsitiey dtamthe density of
Chemistry B 1999 pp. 8116-8121]. The spectrum of nyl on
§thteg preeio84l Jidentified dHv Apy et alriduanial S @pesitad CHeatistyfB 1999
MACNT (Figure 7), wth a peak maxi numat ~260 nm
ARBN16RIDIM tTke shecrach oBxisR(Agurd 8Q) A alW8ry similar shape to

characteristic of the nylon, there are two additional

5 BeRkSMWCKTeFRRROT W@ E%a{;@n\% it he6® BRD 08 pdrEfrom th
(Fi gures 8(3) and)g l:l) ‘3@ ~ 320 nr% and ~36§Ib om e

Eééh&jﬁﬁ&‘f?naﬁ t ﬁo%@%ﬁﬁ&&%&sﬁé SP{hE% fof, ‘h@feea{ré‘%é BdYitional
tween the

aci d oxi on nmatri X.

e B0 %{; L3100 L18-PU 8L cSHELAE g@#&@%&ﬂ sggb at ~ 320
PR Gand 2o R e AT F gt B s%onﬁ AR, B e
energles

'%ﬁ%ﬂ%ﬁcﬁﬁﬁ@g RO, RACARRC BRIl T surface of

orbltals in pristine MACNT. The two new peaks in the

10 NO¥GNJt vath spsseicr mmaleshleshis keawpbdpt wdaphittt fher & 76 eptical

absorption maxima of MWCNT by as much as 80 nm indicating the formation of
a broad continuum of new states with bonding and anti-bonding energies
comparable to those of the 7 and 7* molecular orbitals in pristine MWCNT. The
two new peaks in the absorption spectrum of the composite are therefore
15  attributed to the optical absorption maxima of MWCNT functionalised in two
chemically distinct ways within the nylon matrix: (i) covalent functionalisation of
the carbon nanotube surface with nylon chains tethered to the nanotube surface
via amide linkages; (ii) non-covalent acid-base interaction between the imine
nitrogens on nylon and the carboxylic acid functionality on the oxidised

20 MWCNT surface. Importantly, irrespective of their origin, neither of these new
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attributed to the optical absorption maxi ma of MACNT
functionalised in two chemcally distinct ways within

t he carbon nanotube surface with nylon chains tethered
to the nanotube surface via am de |inkages; (ii)
non- coval ent aci d-base interaction between the imne
nitrogens on nylon and the carboxylic acid
functionality on the oxidi sed MACNT surface.
I mportantly, irrespective ojl their origin, neither of
t hese newpeaks in the adsorption spectrum of the
conposite can account for.the greatly enhanced PL
GRIBSFohE ai R Pt et AP RoS pHén AP HOR Lt HEcereiily
hosphorescence from pol yner systens is often observed
teghag $@6W%Wﬁ%%l%wtﬁ§9n-l n this process the
intensity of the | um nescence pernmanently decays with
expos e Husrespeyice . andophaspleoresgpsiealsorp rrpd gneresysteasels eften
fluorescence was al so observed to decay wi th exposure
tobs@ P&l trsufifd #88 phmto-bechiph dinothss. piecepsrtbe dnishoiysof the
pl ots of the photo-lum nescence intensity decay due to

dtnainesdshea ptrimrgently idacayd 88ith rexpasiey @116 Ur Rorotheasadipldd
MACNT: nyl on conposite. In Figure 10 a series of PL

speehtt@haeahdflapleaynte whakienomktel tEINAS Wiﬁhsex?ﬁsule to 325
mnute (i), 4 mnutes (ii), 8 mnutes (1ii), 11

) B EHY h¥)laRPPhdBndl PigLRS9 ENows H18ts 3¢ b JBn@Rescence
decrease in the | um nescence intensity, a change in

AR IS A RARRY Al 20
?ﬂg%&xlﬁf‘?grgff %o}ngoglce. FE] fd £3 gssteﬁes (Pfh P]E %i)elzcttrgl?%elt 'sg)la%ed,

ent em ssi on feat ure at con
ssi.on band. T re the rat hot 0-b hi. n

O PR BUPB50 P ASPIHRAD: famebiih o8t ahmRS G DR
(iv) and 40 minutes (v). In addition to a decrease in the luminescence intensity,
a change in the shape of the emission band is observed. This change in shape,
which leads to a red-shift in the band, is due to different rates of photo-bleaching
of the different emission feature that constitute the emission band. To compare
the rate of photo-bleaching for the pure polymer and the composite, the integrated
intensity of the photo-luminescence spectra was measured as a function of
exposure time ¢. Figure 9 shows two such decay curves: (i) 30% MWCNT:nylon
composite; (i1) pure polymer. The decay constants 7,, assumes an exponential of
the form exp(-/t,), for the composite and the polymer are 3.3 £ 0.3 and 2.1 £ 0.1,
respectively. These values indicate that the composites have increased resistance
to photo-bleaching. It is likely that the high thermal conductivity of MWCNT

facilitates enhanced thermal management within the polymer film.

(i) coval ent functional i sat POIYGBR006/004908
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WG @743 such decay curves:

intensity of the photo-lum nescence spectra was
nmeasured as a function of exposure tine t. Figure 9

conposite; (ii) pure polyner. The decay constants t0O,
assunes an exponential of the formexp(-t/tD) , for
the conposite and the polyner are 3.3 0.3 and 2.1
0.1, respectively. These values indicate that the
conposites have increased resistance to

phot o- bl eaching. It is Iik?by that the high thermal
conductivity of MACNT facilitates enhanced ther nal

SR e Tl TR s
f 32 d i Ci
S oI I 50 S0 BLIa Sl 4l By

intrinsic to the nylon 10,10 host natrix, inducing an
aslestive sRIsIveGEnieat Idansin tosliedqular K51 ogangteksinducing an
Furthernore, this enbodi ment shows that the process of
elserqnjc excitpiddrein spidemissivesgstiersal |y excited MACNT to a
surroundi ng organic matrix can only occur when the

hi gheBtrtlecoopi éds mmbeditieat shomisithatl thé pkdvE)s @hehetgyvesiser
unoccupi ed nol ecul ar orbital (LUMD of the em ssive
Gbhuar eptially)cxced MWENT & augtuliiigetAnich@aeRes@Yyonly
states of the electron and hole conprising the
8k t #hérDMh® Migia: MOENFed ThbiscuMrOeasifl | (IOMOYS iR tSHest
schematically in Figure 11. It should be notéed that in
Fhatidffied hoPukir ARl | EERRS £ o O e Ut s f@s%s&sﬁ) centre are
el ectronic state associated wth tﬁe defective® carbon
011)?5&%& %@Wée‘?‘l OMET%% gtaéﬁ%géﬁ 1i;ﬁ/e Efggtrr Ia1$id a1'10‘1'(1: Sétogntggglglg O‘cﬂe

gr ound and excl ronic states ‘associ
\f/:\gictitgtignagrb th%%a;(ﬁ\?f Chﬁs process is illustrated schematically in Figure 11.

It should be noted that in Figure 11 only one discrete ground and excited
electronic state associated with the defective carbon nanotube is shown. In reality
there is a distribution of ground and excited electronic states associated with each
adapted CNT.

The results in the first embodiment were obtained from samples
containing fluorescent species incorporated at extremely low levels. By
purposely introducing higher concentrations of selected fluorescent molecules
much higher luminescent intensities would be expected. In this way MWCNT
could be utilised in place of, or in combination with, strongly absorbent organic
semiconductors to harvest solar radiation in organic solar cells.

This embodiment also demonstrates that MWCNT embedded within an

organic matrix can retard photo-bleaching of the organic matrix, thereby helping

(i) 30% MACNT: nyP@GIGB2006/004908
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The results in the first enbodi mrent were obtained from
sanpl es containing fluorescent species incorporated at
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concentrations of selected fluorescent nol ecul es nuch
hi gher | um nescent intensities would be expected. In
this way MACNT could be utilised in place of, or in
conmbi nation with, strongly absorbent organic

sem conductors to harvest solar radiation in organic
solar cells. This enmbodi mesy al so denpnstrates that
MACNT enbedded within an organic matrix can retard

hoto bl eachi ng.of the nic matri t here

Rering B oS aiObrapRS PEBE oEame Brbisaler PRC forpipgntal
organlc r X agai nst the detrinmental effect of
Bt 8’?1@@ BeOrEe{Qlghight . SECOND EMBODI MENT
Fabrlcat|on of an organic solar cell utilising this
SERCERTD EMBODINHINT sol ar cel I's conprise one or nore

sem conducting organic fln(s) sandw ched between two
el ect FabdiestionEd{@h ofganm soday celdmiplisisethis isvengion: mat er i al

or a conposite of two or nore different naterials.

Fi gur ©rghdid sshuowellsacagirnahe or oforeasdnst@rdogtinycorgaic film(s)
organi c solar cell device according to this

SMEALhe® Bétwedi By clel¥difdies BAPH (iER Mag domPhSPALi@Ble radIede or
301, nade of Indiumtin Oxide (I TO coated glass with

ac&hﬁ&hebwosmﬁs@ fferentHerfdrs per square. The | TO
coating on the glass substrate is typically 100- 300

nm t hF%ﬁre {7 SHOWL & BeheHRAE o3t ﬁgtefoﬁmctlaﬂyob anic so ar cell

sem -t anspar ent conduct | ng su St ra use

(\God {RORBR " his EhitSl24E: Tﬂe”&e'viég'cB%p%Q&déJ&MsBQrent anode

301, made of Indium-tin Oxide (ITO) coated glass with a sheet resistance of <
100 Ohms per square. The ITO coating on the glass substrate is typically 100-
300 nm thick. In should be understood that any semi-transparent conducting
substrate may be used as the transparent electrode, including conducting
polymer-carbon mnanotube composites such as poly(3,4-ethylene dioxy-2,4-
thiophene)-polystyrene sulfonate (PEDOT:PSS)-MWCNT composites, where a
continuous network of MWCNT within the conducting polymer film serves to
enhance its electrical conductivity. It may also be understood that the transparent
electrode may constitute a laminar structure of conducting layers (e.g.
oxide/metal/polymer). Next to the transparent anode (301) are four organic
layers, a hole-injection layer 302, a composite donor layer 303, an acceptor layer

304 and an exciton blocking layer 305. Next to the exciton blocking layer is a
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wa o7onsse ( PEDOT: PSS) - MACNT conposi t es,

pol ymer - car bon nanot ube conposites such as
pol y(3, 4- et hyl ene di oxy-2, 4- thiophene)-pol ystyrene

conti nuous network of MACNT within the conducting

pol ynmer film serves to enhance its electrica
conductivity. It may al so be understood that the
transparent el ectrode may constitute a | am nar
structure of conducting layers (e.qg.

oxi de/ netal / pol ymer). Next 5o the transparent anode
(301) are four organic layers, a hole-injection |ayer

30 0S| donor | ayer 303, .a cceptor |aye
So0aifantaht b ook Akger dyeherats TR gnpi 0D
xciton blocking | ayer is acathode 306. Light 308
ﬁ?ék@nfﬂéoﬁ%ﬁpgéabﬁﬂéﬁgﬁﬂﬁhe transparent anode (301).
The el ectrical load 307 is also illustrated. Figure
12B sHigwee BB ehavgyn ey legbladjraamcoricenspding taghe ergeiie
organi c solar cell device shown in Figure 12A. To
solaptdllfdgvich ehaimagr BiguteHE Ah @b einipiifie thtei agrimytier haerihj¢cTion
el ectrode are conbined. Wien light is incident from
fdyer 400QTY) elsctrsliedes odmiiihel. Fwindxht is ihcidah Snbad 109 dloe
donor and acceptor layers (303, 304) to formtightly

lide ot 1R @8/idein islserRaibysthé @¥drtal SkcepkdtOhiR 3081 804) to
nobile in the acceptor and donor | ayers. en excitons

Frid VihtBl bR HRBRE-ASIE SR (cNebAY) O PEddsOte tHEW e the
di ssoci ated to formfree charges. "The exciton bl ocki ng

l(tg%aggor \(Mé?ﬁ)doﬂﬁd UGEers € )Wh 0 réx?ﬁ%ﬁﬁ ch %’ lIhQ e d&ﬁ)tr-lag tor

out retarding the flow of electrons to t
SEIFHE RS SLGAEE LTl RSB0 FSER) e
Y K M DR E T Y
flow of electrons to the cathode. Free charges formed at the donor-acceptor
heterojunction are extracted to the external circuit via the electrodes (301, 306).
In this embodiment the composite of adapted carbon nanotubes and organic
semiconductor comprises the donor layer (303). In Figure 12B an adapted carbon
nanotube within the semiconducting matrix of the donor layer is schematically
illustrated by two discrete energy levels corresponding to a ground and excited
electronic state of said carbon nanotube. It should be noted that the schematic in
Figure 12B is greatly simplified with respect to the adapted MWCNT - In reality
there is a distribution of ground and excited electronic states associated with
adapted carbon nanotubes. It should also be noted that the adapted MWCNT in

the current embodiment can be stimulated into an excited electronic state via

single photon, or multi-photon absorption.

wher ePET/GB2006/004908
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schematically illustrated by two discrete energy

| evel s corresponding to a ground and excited

el ectronic state of said carbon nanotube. It should be
noted that the schematic in Figure 12B is greatly
sinplified with respect to the adapted MACNT - In
reality there is a distribytion of ground and excited
el ectronic states associated with adapted carbon

tubes. It shoul be noted that . the adapt
Ve s sabedipal e DR RCHENEatr e L PROBA THED

an excited electronic state via single photon, or .
Fga VetgHetesh CUBRET RS Piasqnie agiptonimioliche i agHecys pejution
gl ass substrates are cleaned using a threestage wet

o the ewdctasiber et Nguttdcon anbhnalyagetons. ibsfore drying stream gf
aqueous sol ution of the surfactant Decon Neutracon and
fitnogéd gasadbe dwoke, infkefing &aydr (A0RY AEDQT PE&misofpimidst ogerthe
gas. The hole injecting |layer (302), PEDOT: PSS, is

B0 sutcast: from o 11396 adueCussdbsionaine ahndaidaol 1 3Maiagesso s at
sol ution and anneal ed for 15 mnutes in air at 1500C

THeeCNDie KethinkNhitkA@Ss 51 Bk PEDOTEEORESS sbayer is 50 nm

In this enbodi mrent a conposite material of adapted

car bop, (ARNAINARSeR B LoRPSRR NSt SRTEARGIAAFboh AR 8nd
donor l|ayer in the device structure shown in Figure

élé'a%' TRiRIRAG fEmIBhE hb R 1hyer BA QMG Et?&!%nl\{%@hﬂ i
oxi dlic_se 1(‘l%n a %‘l go m xture of y}cr)ncen_t ratce_d sulp aric
ﬁl greniiﬁp %h%cclog‘xgtogﬁteo {rﬁ%ﬁglesc%cﬁ%éé’ ltfrlo%x ng!fﬁquidised in a
roxXyl™ functionality on e nanotube 'surface,
cording.to the ocedure described in the first. .
SioBaRreAE oBroorr Bt QUBLHHE R TG ) oP it Bglc acid
and hydroxyl functionality on the nanotube surface, according to the procedure
described in the first embodiment of this document. The dry acid treated
MWCNT (0.9 g) are dispersed in 30 ml of neat thionyl chloride (SOCl,) and
refluxed for 22 hours, converting the carboxylic acids into acyl chlorides.
Residual thionyl chloride is removed by vacuum evaporation (or washing with
anhydrous tetrahydrofuran and filtration) and dried under vacuum. The resulting
acid chloride functionalised carbon nanotubes are reacted with 1H,1H-Perfluoro-
1-tetradecanol (CF3(CF,);2CH,OH) at 120°C for 48 hours with continuous
stirring to form suitably adapted carbon nanotubes. In a typical reaction 20 mg of
acid chloride functionalized MWCNT is reacted with 1g 1H,1H-Perfluoro-1-

tetradecanol in 30 m] anhydrous chloroform. The adapted MWCNT are separated

by vacuum filtration and repeated washing with anhydrous chloroform.
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MACNT (0.9 g) are dispersed in 30 m of neat thionyl
chloride (SOC 2) and refiuxed for 22 hours, converting

W0 b@7oa3oxyl i ¢ acids into acyl chlorides. ResPdII&B2006/004908

thionyl chloride is renoved by vacuum evaporation (or
washi ng wi th anhydrous tetrahydrofuran and filtration)
and dried under vacuum The resulting acid chloride
functionalised carbon nanotubes are reacted with

1H, 1H Perfluoro- 1-tetradecanol (CF3(CF2)12CH2OH) at
1200C for 48 hours with coptinuous stirring to form
sui tably adapted carbon nanotubes. In a typica

o7 elacld mPDten? i el VOG5 B el eéé%ﬂ%%e

30 m anhydrous chl grofarm The adapted

BEiaEERE STCHYSSF a&tiumieed 5y i B4 %ma’ﬂ% p%fa@@@a%as hwﬁb N-
wi t h anhydrous chloroformlIn this enbodi nent the

s Enylecstamidamnd meetiyilisiogerienipmhin £hiaspipsine Ip & iypiead Aeaction
precursor (PP) fornmed by the reaction of pentacene

g toifi pestacéneyisaadsied it diel 4enshlfietlimetannide yand hee patedyti¢ @mount,
chloroform In a typical reaction I g of pentacene is
addeg of encthyldwxsthehiunyinadanbof cddorafidma Thatredctitn mixture is
anmount, 0.009g, of nethyltrioxorheniumin 60 m of

edThRED & Mdayd) ETHeeRAEH 0ANYiBIdXik UF ©0%S afi tHeURR Gréddikt & then
days. The reaction yield is > 90% and the PP product

Srifiduesy ﬂ’ééh'cﬁtﬁ%t@gfaﬁﬂyasﬂﬁefaﬁéﬁé@mfimh%e bmae@&iﬁppﬁdn

are bl ended wth PP in chlorof orn1(typ|ca y 9.5

E%ﬁl{.%%f?’t@ ST e @%QP?S%LIE?M i} MV DR form o
R S R S S
Hti(l)gl}ciesp]};leg% #d(@%&b}?‘}e’g{ Rap 8’8{? su stratef Iplremcoaal?gc{ wﬁl raﬁ’tE%(yT:;QS

hole-injecting layer, to form a film approximately 50 nm thick of adapted carbon
nanotubes uniformly distributed within a PP matrix. In order to convert PP into
pentacene the film is annealed at 150°C for 5 minutes in a nitrogen atmosphere. It
will be understood that the composite film could be of any other appropriate
thickness, for example from 10-200 nm. It will also be understood that the carbon
nanotube loading is not defined.

In this example the semiconductor heterojunction is completed by vacuum
deposition of the acceptor layer, followed by vacuum deposition of the exciton
blocking layer and top electrode. It should however be understood that the
acceptor layer could also be deposited from solution using a soluble electron

acceptor, for example [6,6]-phenyl-Cq;. In this embodiment the acceptor layer
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order to convert PP into pentacene the filmis
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at nosphere. It will be understood that the conposite
filmcould be of any other appropriate thickness, for
exanple from10-200 nm It wll also be understood
that the carbon nanotube | oading is not defined. In
this exanpl e the sem conductor heterojunction is
conpl eted by vacuum deposi 44 on of the acceptor |ayer,
foll owed by vacuum deposition of the exciton bl ocking

| a rand | ectrode. .It uld ver. be .
eiiEtset o B iabteRiByae Cou Hiah g dmesited by
deposited from sol ution using a soluble electron
svepteyrporitdm. ekengicitor] Bodlingplagerydon@aises 4 h2 tilgyer of 2,9-
enbodi ment the acceptor |ayerconprises a 50 nm | ayer
dimeBu - diphatyi-il ll0ephenatifrohity) (BEP)C Mhiescadwie sbinetseoya 50
vacuum evapor ation. The exciton bl ocking I ayer
ARNMPYdr Y& S iinihdmN Thé &Y LindOBCR ,a% vacuum deposited at a rate of 0.2
di met hyl - 4, 7- di phenyl -1, 10- phenant hrol i ne (BCP). The

aatsHode: KPABE I8 Ss @acﬁ@n'@l@%dsﬁy@ﬁt @5 nAkUm num The Ceo
and BCP are vacuum deposited at a rate of 0.2 nms 1 .

The A, ghechbodhe §th\éa§éHH gﬁ&ﬁ%‘ brGhnigtmfersal rlE‘%eﬂecte& '@o

t hi s enbodi nent t € sem conducti'ng~organi c nateri al

B éﬁ‘%& el %‘%% Wt g sfeerf %ro?rt %%t%(ﬁ‘ e&a%’% Cn[%ﬂc?t‘flﬁers i Ocﬁ%

&d”carbon Ranot U em con ng org
t.e wh th t | is.
Sttt ﬂ%%%h&paﬁadzr Rl Bt Bl e f%vbch
I ls | thin th fect b
bbbt B oAb s S S

adapt ed carbon nanotubes have two main functions: (i)
the effactive bpnd gep o4 dbe pA@ted carbon nanotubes. In this embodiment

ithin
|

adapted carbon nanotubes have two main functions: (i) to directly increase the
amount of incident light harnessed to generate electricity via increased
absorption, thereby increasing cell efficiency; (ii) to retard the photo-degradation
of the organic matrix, thereby extending device lifetime.
THIRD EMBODIMENT

The invention may also be utilised in an organic light-emitting diode
(OLED), as described in this embodiment.

Organic light-emitting diodes comprise one or more semiconducting
organic film(s) sandwiched between two electrodes. Each film may comprise a

single compound or a composite of two or more different compounds.
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electricity via increased absorption, thereby
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phot o- degradati on of the organic matrix, thereby
extendi ng device lifetinme. TH RD EMBODI MENT The
invention may also be utilised in an organic
light-emtting diode (OLED), as described in this
enbodi ment. Organic light-emtting di odes conprise one
or nore sem conducting or ic film's) sandw ched

bet ween two el ectrodes. Each film my conprise a

single co ng or a conposite of two qr . nor .
i 17 dae Lot e gURSe ST oG- DD device
diagramof a nmulti-layer OLED device according to this
Hignterthis orplodiagitc sl heotayice OTPEISes & FapprisHt aads 91
901, nmde of Indiumtin Oxide (1TO coated glass with
madsheleIndhumstint @ride (BIO)<coazd ghrsyvigen sbegiapwstanrh@f |<TE0
coating on the glass substrate is typically 100-300
Ohmns péri sghareNGhe ITO costmgtanghs glassembsteatodaygcallyal08-300mm
organic layers, a hole-transport layer 902 and an
ekt tNuxt kathertra9O@redt Anddei 991 el efgatic liyers aihblearansport
| ayer conprises a conposite of adapted carbon

R$R0H0DAfd i eRtER b fer ST C UL @hibodlientd@¥i GBittksS layer
conpleted by a | ow work function nmetal cathode 904.

Jdr?]lt?pﬁ%é; gwﬁbo;ﬁ&\r’]ﬁfadgm@wb&@éaﬂo&&g 8R4 h}gaﬁl%tseﬁtc%ﬂ?&creor.

the figure. Light 906 is produced in the emtter |ayer

L T M
So%ér%%pﬁl?‘é%'s i(sj ialasg R0ERA S eoﬁgdrg.g Ltigchttda)% is(lpl%guced in the
emitter layer (903) and exits the device through the hole-transport layer (902) and
ITO anode (901).

Figure 13B shows an energy level diagram corresponding to the OLED
device shown in Figure 13A. When a forward bias is applied across the
electrodes via an external power supply (905), holes are injected from the anode
(901) into the hole-transport layer (902) and finally into composite emitter layer
(903). Electrons are injected from the cathode (904) into the composite emitter
layer (903). Electrons and holes are transported through the organic matrix of the
emitter layer and recombine on adapted carbon nanotubes with the emission of
light (906). It should be noted that the schematic in Figure 13B is greatly
simplified with respect to the adapted MWCNT - In reality there is a distribution
of ground and excited electronic states associated with adapted carbon nanotubes.

Crucially, in this context the ground and excited states of the adapted carbon
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device shown in Figure 13A. Wen a forward bias is
applied across the el ectrodes via an external power

into the hole-transport layer (902) and finally into
conposite emtter layer (903). Electrons are injected
fromthe cathode (904) into the conposite emtter

| ayer (903). Electrons and hol es are transported

t hrough the organic matrix of the emtter |ayer and
reconbi ne on adapted carbogy nanot ubes with the

em ssion of light (906). It should be noted that the

h tic,i Fi 3B.,i tl i nplifi it ;
S MR T RECNERT IO ., JHiE- ST
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in this context the ground and excited states of the
thg dpviseltheeghdhe holstiigpwert loyer €3023 andanpded?9ly). rel ax with
the em ssion of visible light, lie between the HOVO
and LUMIOEREY gihpleyasifintihie embedimicot ¢roegtrisanen [BO glasggnode /
exits the device through the hol e-transport |ayer
$®@a®) palydlBndde0(20 kpmpdiite éhifer Sdphay€a witert pok-TPD is
enbodi nent conprises an | TO gl ass anode / 50 nm

paly N, NPRighed ABeiidifd NdifisntRiIHRA taher (56 nalchan. WHar éhis
poly-TPD i s pol y(N, N -di phenyl benzi di ne di phenyl et her)

afBodimehiS tHe 18D Wiiss lsibstities aBTORAAIERIng RethtbQtPeasiScess

substrates are cleaned using a three-stage process

%ﬁi@nﬂﬂrfayﬁ% Qémgar'ﬁ £ iR @IAL! AaddRobLLdENG: offile SRURPHP

0 act ant Decon Neutracon and finally

Iﬁg.%gﬁﬁ%t\rl\%gﬁ %5/18 fﬂ{a}ii il %Efo?@ﬂ%ﬁlg%p{&é&%%fgf % pen BhsS

an oxygen-plasna nt to rentve
55 B0 P8 47 PLBRAR SRt B a2 bR i
contamination. The poly-TPD layer is spin cast from a 0.2% w/w tetrahydrofuran
solution.

The composite material is produced from MWCNT oxidised in a 3:1
mixture of concentrated sulphuric and nitric acid to produce carboxylic acid and
hydroxyl functionality on the nanotube surface according to the procedure
described in the first embodiment of this document. The dry acid treated
MWCNT (0.9 g) are dispersed in 30 ml of neat thionyl chloride (SOCl,) and
refluxed for 22 hours, converting the carboxylic acids into acyl chlorides.
Residual thionyl chloride is removed by vacuum evaporation (or washing with
anhydrous tetrahydrofuran and filtration) and dried under vacuum. The resulting
acid chloride functionalised carbon nanotubes are reacted with pentadecylamine

at 120°C for 48 hours with continuous stirring to form suitably adapted carbon

hol es are injected fromthe anoRPeT/GBOWYN/004908
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MACNT oxidised in a 3:1 mxture of concentrated
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and hydroxyl functionality on the nanotube surface
according to the procedure described in the first
enbodi nent of this docunent. The dry acid treated
MACNT (0.9 g) are dispersed in 30 m of neat thionyl
chloride (SOO 2) and refluxed for 22 hours, converting
the carboxylic acids into:%§ chl ori des. Resi dual
thionyl chloride is renoved by vacuum evaporation (or

hi th hyd t et f. d.filt
SR s L DRl RIS M RE A EPTHe Bhefitag bRt
functionalised carbon nanotubes are reacted w
rsesiehab - apeeadseylamiog m £8 mlanhydiops chiptoforay rTﬁIF Adanied

stirring to form suitably adapted carbonnanotubes. In
MWGNITcare sepasatedrby20vasynf filiation caidorengated washing with
functionalized MACNT is reacted with 0. 5g
pdytmdechlbaddme in 30 m anhydrous chl oroform The
adapted MACNT are separated by vacuumfiltrati on and

r epedligdadapsddi MYVONT hrableydbdowith pol @9 0fdisaylflidrene); PFO,
adapted MACNT are bl ended with

POly¥dn8 (Bpsbaitg 1Y b hOMENERO: RFOmg Ml X3dapee MWINDab ffyrm
.y}2{5 r(rg{pma% PFO 0.75 ng ni 1g|adapt(§g MACNT) T?o form

&ﬁ‘}?ﬁ%ﬁé bh&sndas Bht@ aCi&h I'@Ot Hasd sﬁﬂ)s%@fé rddeiPsoated with

ate previously coated with the hol e-transport

I
i S R0 B8P G RERR ] O Y B A, 99
examptle from 10-100 nm. In this context the composite functions as the emitter
layer. The Ca electrode is vacuum deposited at a rate of 0.5 nm s

In this embodiment the semiconducting organic material is selected to
facilitate efficient energy transfer from to the semiconducting organic material to
adapted carbon nanotubes, wherein the organic material is selected such that the
effective band gap of the adapted carbon nanotubes lies within the energy gap
formed by the HOMO and LUMO energy levels of the organic material. In this
embodiment the organic host matrix comprises only one type of organic
semiconductor. It should however be understood that the organic matrix may
comprise a number of different organic semiconductors having different band

gaps, in order to facilitate the emission of white light.
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| ayer. The Ca el ectrode is vacuum deposited at a rate
of 0.5 nms 1 . In this enbodinent the sem conducting

energy transfer fromto the sem conducting organic
materi al to adapted carbon nanotubes, wherein the
organic material is selected such that the effective
band gap of the adapted carbon nanotubes lies within
the energy gap formed by the HOMO and LUMO ener gy

|l evel s of the organic mategjal. In this enbodinent the
organi ¢ host matrix conprises only one type of organic

sem congductor,. It shoul d, however be underst.ood that .
The. oPbs £t A OBET PEE B B EUBHIOR (Pepesta
or ganj.c _sem conductors having.different band gaps,. in
Bisthls lighs e F FRISRIE TERECRAIS diidlp BEAgARY Rh9t9-graradafion of
t hi s context carbon nanotubes have two main functions:
theyorgagicempirixy thereby extending dewes lifstimgnge of wavel engt hs;
(ii) to retard the photo-degradation of the organic
FRRTHEREMBENMENISdi ng device lifetime. FURTHER
EMBODI MENTS It will be understood that enbodi nents of
t he pltewdhibei mdentdodnthatr emtlediatentsedf Iter pregerdyinvayionfare
exanpl e only, and that various changes and

tediibéd et Shymaaybef rRgiaplel bdloUtand eay hfighst tigmgédhend
scope of the invention. Further, it will be understood

tldaificAaReHs th&pld ROk iIRARBSAL IR Gh HEABM L MBORLMRRS. t O

enhance their |um nescent properties can be carried

U, U SRR Sl T Lon
g%%gg)%g trtJ) )énlflatlll@g 'iﬂe%lniif?eggen? rﬂrcgplgletiers BN 58 cat it fo%? 'ﬁsiﬂg iaﬂ?
suitable method, such as, for example, the following methods: The carbon
nanotubes may be covalently functionalised on their outer surface using amide or
ester linkages to couple organic functionality to the carbon nanotube surface.

It will be understood that the carbon nanotubes may be further
functionalised by adapting or modifying their interior structure. For example,
organic materials including molecular semiconductors may be inserted into the
internal cavity of the carbon nanotube. The insertion of such a material changes
the electronic properties of the carbon nanotube and so allows the carbon
nanotube to be electronically tuned for its specific purpose.

It will be further understood that the carbon nanotubes may be doped by

introducing interstitial or substitutional defects into the carbon nanotube, such as

nitrogen or boron. Doping changes the electronic and optical properties of the

is selected to facilitate efPCTIGBRE06/004908
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ester linkages to couple organic functionality to the
carbon nanotube surface. It will be understood that

wo b@702380Nn nanot ubes may be further functi onabCEHEB2MM¥/004908

adapting or nodifying their interior structure. For
exanpl e, organic materials including nolecular

sem conductors may be inserted into the interna

cavity of the carbon nanotube. The insertion of such a
materi al changes the electronic properties of the

car bon nanot ube and so all t he carbon nanotube to
be eIectronicaIIy tuned for its specific pur pose. It

be furth unde t hat he c n ,nanotu
et mgbe g o 1D b Mrce i b f g o 107 8 WSRrie
substitutional defects into the carbon nanot ube, such

RIEPYHCt r ogen or boron. Doping changes the el ectronic
and optical properties of thecarbon nanotube and so

al | owl willdeamderateosh thabeudsay meythe tranpleted betwieews the organic
specific purpose. It will be understood that energy
malyixladtcados menatels: ineitheehretiien, degrading anethe dgviemia which
carbon nanotube in either direction, depending on the
e ¢omPodife ntdterdd) id odemdhmdsi te material is to be
utilised. It will be understood that energy may be

t r ansk erinesd RatwReM tah endp g il Geltainsfexre@Betwead terorganic
nanotube in either direction by; (i) the coherent

ﬁqﬁmrﬁrca?gon%ngﬂuﬁg b é?fl‘le@ﬂ‘lgeclﬂi@h %/Pé) fhe(c@ﬁéﬁ:ﬁr transfer of an

transfer); (ii) sequential transfer” of an electron and

Bl (aﬁﬁ%{o%e% &:? Er)a?sé‘éﬁ)) | (‘113: b B3R cﬁ%ﬂ@lécﬂgn and

trans trans urther it wl | so be
friléid e(cﬁ%r%_gl e&{né%&,t ui trerrns1o rngg‘%%{lgrlﬁg::{?agg%? éé(:i&?é?dtrgngfer).
Further it will also be understood that the term energy transfer is used to mean
complete or partial transfer of energy.

It will be understood that if the intended application of the composite of
adapted carbon nanotubes and organic semiconductor is as a light harvester in
organic solar cells, adapted carbon nanotubes are electronically excited by the
absorption of light with subsequent complete, or partial, energy transfer to a
surrounding organic matrix. In this context part, or all, of the organic matrix is
selected on the basis that its ionization energy is less than or equal to 5.5 eV.
Further, the energy gap between the HOMO and LUMO of the component of the
organic matrix with ionization energy less than or equal to 5.5 €V, is less than or
equal to 2.8 eV.

It will also be understood that if the intended application of the composite

of adapted carbon nanotubes and organic semiconductor is as a light emitter in
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It wll be understood that if the intended application
of the conposite of adapted carbon nanotubes and

woe@aii43seni conductor is as a |ight harvest erPCTIGB2006/004908

organi c solar cells, adapted carbon nanotubes are
electronically excited by the absorption of light wth
subsequent conplete, or partial, energy transfer to a
surroundi ng organic matrix. In this context part, or
all, of the organic matrix is selected on the basis
that its ionization energysqs less than or equal to
5.5 eV. Further, the energy gap betmeen the HOMO and
LUMO ent,, of the organi

GRS et ATEGH GyPira b CRiAT perdg el netede 4t lipgically
| ess than or equal to 2.8 eV. It wll al

RieelEd SOAJHS ALY 1 TRREETHD cai et dppharte ¢ .% g@fpttdh garbon
conposite of adapted carbon nanotubes and organicC
rraeiubeh ditfeiely pulisedqugstly relaxgnto éh groerd platsrgidnihe emigrien of
emtting diodes, the organic sem conductor matrix is
legleobrthisacbmyxte)aﬁt omall, afithetdngeninmeatyix is selestecherf tebesls that
| east in part, to the adapted carbon nanotubes, which
susegtientheygy Blnakkess than éliee\§rbutidr, shatrergy gap Hebwecen the
em ssion of light. In this context part, or all, of
HOMOr GRANLUMMOTI the icEBmPehee taFthe orpditc Basiss whthatonidafion
ioni zation energy is not less than 4.8 eV. Further,

ERB ERANEY t1GaR. DY, MR 18RendiAVeand LUMD of the
conponent of the organic matrix with ionization energy

not | E%llq]énbe el %éh odl tﬁat%'ital%l@%ﬁahtl{] Alhtcriats I?ly ar#ciud\é"

al so be un erstood at suitable matri x rraterl S may

S&fd:)lléd(? ‘)es ?lrﬁtﬁ%c%lla(tj%%ﬁﬁ’c%h&\(&g’rs %tlcﬂngé g&lﬂ)hgjins, acenes or
con ors suc phyrins, acen

@%ﬁ? al OC mpgl y§8§"b el) Iq%?{? "Q/lﬁg o(%egcl)n\fggtalte\ée%ogfmers including

polyphenylene vinylene, fluorene copolymers or polythiophene.

It will also be understood that the composites with carbon nanotubes
described herein can be processed into a thin film suitable for application in
organic electronic devices using any suitable process, for example: (i) spin
coating; (i) ink jet printing; (iii) screen printing; (iv) doctor blading.

It will be understood that, carbon nanotube composites with organic
materials maybe used in organic solar cells as the light harvesting layer.

It will be understood that, carbon nanotube composites with organic
materials maybe used in organic solar cells, having reduced susceptibility to
photo-bleaching.

It will be understood that, carbon nanotube composites with organic

materials maybe used in organic light-emitting diodes as the light emitter.
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pol yphenyl ene vi nyl ene, fluorene copol yners or
pol yt hi ophene. It will also be understood that the

W@ po3%i3ses Wi th carbon nanot ubes descri bed heP&i/GBe@G/004908

be processed into a thin filmsuitable for application
in organic electronic devices using any suitable
process, for exanple: (i) spin coating; (i) ink jet
printing; (iii) screen printing; (iv) doctor bl ading.
It will be understood that, carbon nanotube conposites
with organic materials mayle used in organic sol ar
cells as the |ight harvesting layer. It wll be
understaqd that, c on napot ube conposites wi.th .
o garlf Sl A e e BN R GRRPEP LTS i opsgnic
having reduced susceptibiljty taq photo-bleaching. |t
mpptprialy e maiife rused oth tHERNIC c]ég}ﬁtﬁmlﬁfg‘ﬁofll?gésacg?fﬁf&%i fedyced
with organic materials nmaybe used in organic

Jupqeptibidity tothpig-d¢ashi@g. as the light emtter.It will be
under stood that, carbon nanotube conposites with

or garii wilinatse e ainderstayd ¢ha) sexbon manetybmeanpastér wihiorganiny
di odes, having reduced susceptibility to

mitetidls blagdehisad in 4 igasbdnkingl devich @ompdging b sokdr télastructure,
car bon nanot ube conposites with organic materials may
WEertlSBE dpen &igas wiagt, NghodevirGigt CoNEti MidnpowerS odriversion
cell structure, where the open circuit voltage, short
GEEH of W §Mr &MdaR0NEendRN Rl &k QhvRbirh&it SACYhieh it he
sol ar ‘cell are dependent on the environnent in which

4 ra{ti%g ?ﬁg*a%tlé Ne Toumaéuaitdﬁaélt g:ne%trfcgp fésporgb’ l%@ @ Hevice upon

ect résponse 0] evi ce upon | [ um nat1 on,

'glilﬁrxn?r?agﬁﬁ,e%i%?e%iaﬁ ?ﬁc{igart}log fof {hlgegag(%g')(ig %Qe guﬂ'oﬁrnﬁngs éHV'ir%Hngfﬂn $h
this context the mechanism by which the electrical properties of the solar cell are
altered is doping of the organic semi-conducting component(s) of the device by
the gas. Crucially a gas sensor of this type provides its own electrical power
making it ideally suited to utilisation in a system on a chip.

Other examples of devices in which a thin film as described above could
be utilised are photo-detectors, any kind of light light-emitting device, or gas

Sensor.
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this context the nechani sm by which the electrica
properties of the solar cell are altered is doping of

WO b@70743ani ¢ sem - conducti ng conponent (s) of tPET/d82006H04908

by the gas. Crucially a gas sensor of this type
provides its own electrical power making it ideally
suited to utilisation in a systemon a chip. O her
exanpl es of devices in which a thin filmas described
above could be utilised are photo-detectors, any kind
of light light-emtting dey ce, or gas sensor.CLAI M5
1. A nmethod of producing a photo-voltaic device
ﬁigﬁbh%ing the steps of: synthesising carbon

es; adapting the synthesised carbon nanot ubes
to provide a surface defect such as to create an
ef fective band gap; selecting an organi c sem conduct or
material which facilitates the efficient energ
kr ansh arethpdiofpeadueing B photaymbieisslegics gempriEngthg é%%ipé of:
material, wherein the organic material is selected
such syhthesisihg caber ganobdmsl gap f or ned bet ween t he HOMO
and LUMO energy levels lies within the effective band
gap ofdaptive tdagyhdsiodlr bobom anoituiEssp wovithe ni swfacd eefect
adapt ed carbon nanotubes and the sel ected organic
dwBh 8¢ toddredi®ad Efodtive baAQpj te material. 2. A nethod of
producing a light emtting device conprising the steps
of I SUNLKEShSbraohi6 ERRBnNRAR IS which facilitates the efficient

energy transfer between carbon nanotubes and the organic material, wherein the
organic material is selected such that the energy band gap formed between the
HOMO and LUMO energy levels lies within the effective band gap of the
adapted carbon nanotubes;

combining the adapted carbon nanotubes and the selected organic material

to form a composite material.

2. A method of producing a light emitting device comprising the steps of:

synthesising carbon nanotubes;

adapting the synthesised carbon nanotubes to provide a surface defect
such as to create an effective band gap;

selecting an organic semiconductor material which facilitates the efficient
energy transfer from the organic material to the adapted carbon nanotubes,

wherein the organic material is selected such that the effective band gap of the
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adapti ng the synthesi sed carbon nanotubes to provide a
surface defect such as to create an effective band

WwW@ap;7/03BBect i ng an organi ¢ sem conduct or mat er PEl/GBRI061004908

facilitates the efficient energy transfer fromthe
organic material to the adapted carbon nanot ubes,
wherein the organic material is selected such that the
ef fective band gap of theadapted carbon nanotubes lies
within the energy gap fornmed by the HOMO and LUMO
energy |l evels of the organisg material; conbining the
adapt ed car bon nanot ubes and the sel ected organic
: [ I

PR Bl P BB HEORRAR, & cBEPEh formidd b1 1 FEINIGna
t ar bon .nanotubes. The. net hod of claim1,

q§¥:|%lgﬂg?6%“#§§ ?ﬁﬁé?gpggﬁﬂgetmeen t he carbon

nanot ubes. and. t he organi c matrj x by the coherent .
1 ans COFBRIEE At B AP S s Seise e e
of claim1, wherein energy is transferred between the
dafuBe samRaslin®aleHrld t he organic matrix by the
sequential transfer of an electron and hole; 6. The
met hod of claim11, wherein energy is transferred
bet ween the carbon nanotubes and the organic matrix by
Besondie wothpd iofigpldimahs fugther Zoniphisingehé otepodf pluafymgl the
where energy is transferred by any conbinati on of the
eaognahstalnsf er processes of clains 4 to 6.8. The
met hod of claim11, wherein the organic material is a
sem - conducti ng

4. The method of claim 1, wherein energy is transferred between the carbon
nanotubes and the organic matrix by the coherent transfer of an electron and hole

pair.

5. The method of claim 1, wherein energy is transferred between the carbon
nanotubes and the organic matrix by the sequential transfer of an electron and

hole;

6. The method of claim 1, wherein energy is transferred between the carbon

nanotubes and the organic matrix by resonant coupling transfer.

7. The method of claim 1, where energy is transferred by any combination of

the energy transfer processes of claims 4 to 6.



organic material. 9. The nethod of claim1, wherein
t he conbi ning step conprises bl ending the sel ected

woee@anie3at erial with the carbon nanot ubes. 1BCT/GB2006/004908
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met hod of claim 1, wherein the conbining step
conprises synthesis of the organic material in-situ
wi th the carbon nanotubes. 11. The nethod of claim1,
wherei n the adaptation step further includes adapting
t he carbon nanot ubes to enhance the | um nescent
properties. 12. The method ¢f claim1l, wherein the
adapt ation step conprises a coval ent bondi ng net hod

% ri n%ﬁ%ﬁﬁeﬁgﬂtagiﬂgl %1}%8 in ?}% or%ihefc Hﬁteggfjia %ifs%lgll—g%{@gét%ﬁg

erein e carbon ndno es are adap
of. gﬁégﬁeggﬂkages. 14. The method of claim1, wherein
the adaptation step conprises a noncoval ent bondi ng

nmet hod during the conbining step.15. The net hod of
claim1, wherein the adaptation step conprises a
substitutional doping step. 16. The nethod of claim]l1,
wher ei The Kethad helsim dn Whewsin therombining step pempgsasttilending
dopi ng step. 17. The nethod of claim1, wherein the
dba pileatederganie pratesiabvits the catbepmianefubdse i nteri or
structure of the carbon nanotubes. 18. The nethod of
claim1l, wherein the organic material is selected from
organic materials that have an ionization energy |ess
titan drheegethbd bbclaind 1eWaekinoie combining step comprises synthesis

of the organic material in-situ with the carbon nanotubes.

11. The method of claim 1, wherein the adaptation step further includes

adapting the carbon nanotubes to enhance the luminescent properties.

12. The method of claim 1, wherein the adaptation step comprises a covalent

bonding method during the combining step.

13. The method of claim 12, wherein the carbon nanotubes are adapted using

amide or ester linkages.

14. The method of claim 1, wherein the adaptation step comprises a non-

covalent bonding method during the combining step.



volts. 19. The nethod of claim 18, wherein the organic
material is selected fromorganic materials having a

wWOBMDOT43BD gap | ess than or equal to 2.8 el ectPONGB2006/004908
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volts. 20. The nethod of claim2, wherein the organic
material is selected fromorganic materials that have
an ionization energy greater than or equal to 4.8

el ectron volts.21. The nethod of claim 20, wherein the
organic material is selected fromorganic materials
havi ng a HOMO- LUMO gap greaggr than or equal to 2.2

el ectron volts. 22. The nmethod of claim1 further

g _ . h it _
COOE" TR, SECf P RRSRALIL WIEBRRP SR Gy
dqliqs.co rLsiq&)carbon nanot ubes enbedded i n an
o?é%%.%O P& Pt he carbon nanot ubes adapted to

provi de a surface defect such as to create an
effective band gap, where the energy gap between the
HOMO and LUMO of the organic material lies within the
et ect Thee methnd ghprleim thewhersint dif edanidivnn sispt edyaprises a
24. Alight emtting device conprising carbon
nairsthiisecopargrdetded in an organic nmaterial, the carbon
nanot ubes adapted to provide a surface defect such as
to create an effective band gap, where the effective
band gap of the adapted carbon nanotubes lies inside

t e erBiegyetfod ob elawel) vieciliehduapatibMep comprises adapting

the interior structure of the carbon nanotubes.

18.  The method of claim 1, wherein the organic material is selected from
organic materials that have an ionization energy less than or equal to 5.5 electron

volts.

19.  The method of claim 18, wherein the organic material is selected from
organic materials having a HOMO-LUMO gap less than or equal to 2.8 electron

volts.

20.  The method of claim 2, wherein the organic material is selected from
organic materials that have an ionization energy greater than or equal to 4.8

electron volts.
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| evel s of the organic matrix. 25. The device of claim
23 or 24, wherein the organic material is a sem

weoeondoTsng materi al . 26. The devi ce of cl ai m 2BCDGB2006/004908

wherein the device is an organi c sem conductor sol ar
cell.

39
21.  The method of claim 20, wherein the organic material is selected from
organic materials having a HOMO-LUMO gap greater than or equal to 2.2

electron volts.

22.  The method of claim 1 further comprising the step of processing the

composite material to form a thin film.

23. A photo-voltaic device (‘;omprising carbon nanotubes embedded in an
organic material, the carbon nanotubes adapted to provide a surface defect such
as to create an effective band gap, where the energy gap between the HOMO and
LUMO of the organic material lies within the effective band gap of the adapted

carbon nanotubes.

24. A light emitting device comprising carbon nanotubes embedded in an
organic material, the carbon nanotubes adapted to provide a surface defect such
as to create an effective band gap, where the effective band gap of the adapted
carbon nanotubes lies inside the energy gap between the HOMO and LUMO

levels of the organic matrix.

25.  The device of claim 23 or 24, wherein the organic material is a semi-

conducting material.
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26. The device of claim 23 or 24, wherein the device is an organic

semiconductor solar cell.



