FUNCTI ONALI ZED CARBON NANOS TRUCTURES WH CH ARE SOLUBLE | N HYDROCARBONS
AND METHOD FOR PREPARATI ON BACKGROUND OF THE | NVENTI ON FI ELD OF THE

| NVENTI ONWDPQOOIGoTdze present invention relates to functi ecaliszad/oezedon
nanostructures and to their preparation. DESCRI PTI ON OF THE RELATED ART

[ 0002] Car bon nanot ubes and fullerene materials are the subject of nuch
current interest.Such materials are not_goluble in aqueous, organic or
hydr ocar bon sol vents so efforts have been nade to functionalize themto
render them soluble in one or nore solvent categories. [0003]U. S. Patent
6,187,823 is directed to sal ub| lizing si 8| e-wal | ed carbon nanot ubes by
direct reaction wit - ENGHONARIAERLCARBONNANOSTRIHGTHREMI nt er r upt ed
carbon chain of at |WAHCH AR SEHATBIILIN HY DROGARBONS AND engt h. The
singl e-wal | ed carbon nanot ubREEHEOD EOR PREPARWITOBRAr boxyl i c acid groups,
then the carboxylic acid groups are reacted wth an am ne such as

nonyl am ne or octadecylanm ne or an aI kylaryl am ne such as 4-pentylaniline
at e sol vent such as tol uene,

chl or obenz SkeRgRY ' NI f or mani de ( DVF)

her anmet hyl phosphoram de, dinet hyI sul foxide (DVSO w th heating at between

50 to 200C 041 Publ i shed lication U S. 2003/0065206 is directed
FIT:LIE)B HE INVENTION App

[0001] The present invention relates to functionalized carbon nanostructures

and to their preparation.

DESCRIPTION OF THE RELATED ART

[0002]  Carbon nanotubes and fullerene materials are the subject of much
current interest.  Such materials are not soluble in aqueous, organic or
hydrocarbon solvents so efforts have been made to functionalize them to render

them soluble in one or more solvent categories.

[0003]) U.S. Patent 6,187,823 is directed to solubilizing single-walled carbon
nanotubes by direct reaction with amines and alkylaryl amines having an
uninterrupted carbon chain of at least 5 and preferably 9 carbon atoms in length.
The single-walled carbon nanotubes are terminated with carboxylic acid groups,
then the carboxylic acid groups are reacted with an amine such as nonylamine or
octadecylamine or an alkylaryl amine such as 4-pentylaniline or
4-tetracontylaniline, in an appropriate solvent such as toluene, chlorobenzene,
dichlorobenzene,  dimethylformamide (DMF)  heramethylphosphoramide,
dimethylsulfoxide (DMSO) with heating at between 50 to 200°C.

[0004] U.S. Published Application U.S. 2003/0065206 is directed to
derivatization and solubilization of insoluble classes of carbon nanomaterials
which include fullerenes, including very high molecular weight fullerenic

materials generated in fullerenic soot, giant fullerenes, fullerenic polymers, carbon



derivatization and sol ubilization of insoluble classes of carbon

nanomat erials which include fullerenes, including very high nol ecul ar

wei ght f uwbDenamiogozaat eri al s generated in full ereni c sooPCTgisano/0fizzke er enes,
full erenic polyners, carbon WD 2011/ 009026PCT/ US2010/ 042229 2 nanot ubes
and netal - carbon nanoencapsul at es. The net hod i nvol ves cycl opropanati on of
the exterior surface of the fullerene o _carbon nanotubes. The derivatives
formed are described as exhibiting increased solubility in solvents
commonl y enpl oyed, e.g., non-polar hydrocarbons and arene solvents. The
cycl opropanation reacti on can be perfornmed on fullerenes or, carbon

nanot ubes NanpRIbssr fances metalygirbon am@ngenspaulstesany gheormethos: i BYRIYSat i on

full . h i i
Puneti ona bR SutlanbRiat dhe ARBPLERETELEMGIRERERR BRIt BlfRldbes The | o
cycl Oprop%ﬁ%ﬁoeg &qﬁé@@r@%ieeéﬁdédo%Iexm%ﬂh'%qqcfegs&plsamﬁnfyulﬂ gbRRAR by

Bi ngel et al. which involves base-induced deprotination of al pha halo
subst it ut edntheniyakapddesl, age womgpoldr Shydratabbnd, a8l €. sdlventsuc(Tdephi | ic
carbanion adds to the fullerene or carbon nanotubes surface, nmaking a new
car bon- cardyélppsepanatiop| reagiéen [spn &1 petiarmesh opf fullseenes ) Qraearbom NapEMSESL i ng

the cyel opfopanati on. apd. | eavj ng. erivative gr 0Si L] Cross
a carbon- (,tgl? 5B a‘{;ﬁﬁfgﬁ ‘é(ﬂlﬁgrfﬁe ﬁvaﬁofw 3?851@%%@%&@3?%%%1? ﬁglees]r?n%he
reaction i ' fwi t BUSlyPRunEG6RaliZRd Y eP RbrAkindRsSlhb R

sol vent, e&é&ﬁ{e{l Igﬁ?g%ge‘wgﬁ?lddr‘%fﬁegﬁ?&?, 4- di oxane, di rrg!tehoxy-lgt hane or

m sci bl e rihxdolv@ss.t HEhe proceEbhdnveivbodhé syckpooparitiea teaction maprdyiodskys not
require heating and does not require_the use of strongly coordinating and

reactive bppdisdsticisolblanilsrams, bpuBinged ¢ls el oWhithh-18Yeliveni asgtipfecadevel s

xcoss. quARPTOGSIoG ofr SR SanyaHBared drsearilebefe Thockrvar Bl

Eé(ill %é?gfﬂr}@’?zéé ca?@%ane%j;lﬁlsigl%?%hpgf%%kn&l tdififereBR or-carbon nanotub&l A
surface, making a new carbon-carbon bond, followed by elimination of the halide
ion, completing the cyclopropanation and leaving a derivative group positioned 1,
2 across a carbon-carbon double bond of the fullerene or carbon nanotubes. The
reaction is carried out in a heterogeneous mixture in a polar aprotic solvent, e.g.
ether, tetrahydrofuran, 1,4-dioxane, dimethoxy-ethane or miscible mixtures
thereof. The method is reported as being rapid, does not require heating and does
not require the use of strongly coordinating and reactive bases such as amine
DBU, but the use of sub-stoichiometric levels of soluble bases such as nitrogen

bases and DBU in the presence of an excess quantity of a proton scavenger is also

disclosed.

[0005]  Various cyclopropanation reagents are described, including:

R2 \ / R1
A
PN
LG H

wherein A is a carbon or silicon atom;



-3 _ LGis the leaving group which includes -Cd, -Br, -1, -0SO02R where R is
an optionally substituted al kyl or aryl group; Rl and R2 are independently
sel ect ed wopamtdego2gr oup consi sting of optionally-substi taras2a@oloyi229

al kenyl , al kynyl or aryl groups, -COOR3 groups, -0-00-R3 groups, -COR3
groups, -CO N R3R4 groups, -0-CO N R3R4 groups, -CN, -PO(OR3)(0R4) groups,
and - SO2R3 groups wherein R3 and R4 are_gndependently selected from

hydr ogen, an al kyl group, al kenyl group, al kynyl group or aryl group, any
one of which may be optionally further substituted. Preferably Rl and R2

are both -COOR3 groups. ,[ 00061 At paragr.aph [0134] a sanple of
si ngl e-wal | ed nanoﬁéb@st‘{ﬁa avELE R AgEED iBeludee d—BilngeBri ypb <ddB0OtRons

Wor ks o o/ ngl e-ven | ed s dt inrfomidtF Sl ksl oray! ERul ubes of -
varied di aneter argl, QﬁﬂhRﬁladrHriﬂHelbﬁﬁﬁhﬂyaMe@c@&rﬁ&ﬁ' the gﬁtg{p; %pﬁﬂ%tmEUbes'

[0007] Derivatization renders the derivatized species soful
non- pol ar sol vents. Saiptionhllyysubstitdeddi redklylasalkbeyldi slkohyl i @ 281 fdreep

S,
nol ecul es (or salts) i né@ solvent with reversibility to renove the
sol vent to recover the th §8‘I3ve§do'ﬁﬁﬁseccrﬁa'§(@—s%dtSITOUmén-'ptE@&s@rmpﬂ,s are

identified as including9R;pBokar Qraani c_sgl vents.such as hydrocar s,
and arenes and hal ogenatdetgrg;kégés,gljlbﬁg?’udi n@ tg‘ﬁjeﬂ\zﬁaﬁd_ b%rﬁ_}zl‘g“?]e. _BR]E ;
[00081U. S. Patent 5, 739p8) GRSk 8fs, tahdf Wd SIS oH8E WAL ES ods
of preparing derivatized f(ul I%ggggggﬁaangs met hodqs 201% %rgl ﬁg%r%lyat %[{eaéh“
full erenes. The ful | erenéndependaritiyasdleded fivinnbydrigeni ah aliofl gitey, fallkemyiia: 4
- HEl --,, C". e

optionally further substituted. Preferably R, and R, are both

—COOR; groups.

[0006] At paragraph [0134] a sample of single-walled nanotubes was reacted
under modified Bingel-type conditions with diethylbromomalonate. It is stated
that the derivatization protocol works on single-walled nanotubes, multi-walled
nanotubes, nanotubes of varied diameter and both natural length and chemically-

shortened nanotubes.

[0007]  Derivatization renders the derivatized species soluble in common
non-polar solvents. Solubility is defined as the dissolution of free molecules (or
salts) in the solvent with reversibility to remove the solvent to recover the
dissolved molecules or salts. Non-polar solvents are identified as including non-
polar organic solvents such as hydrocarbons, and arenes and halogenated arenes,

including toluene and benzene.

[0008] U.S. Patent 5,739,376 is directed to fullerene derivatives, methods of
preparing derivatized fullerenes and methods of using derivatized fullerenes. The

fullerene is derivatized using materials of the formula:



XE2 wherein El and E2 are identical or different and are each COOH COOR,
CONRW CHO COR, CN, P(0)(OR2) and SO2R where R and Ware each a

strai ght -wbabn/weo2br anched al i phatic radical (Cl to C20pCwrhiSetromez2dhe
unsubsti tuted, nonosubstituted or pol ysubstituted, and Xis -C, -Br, -1,
-0OSR2Ar, -0S02CF3, -0S02C4F9. [0009] The cycl opropanati on reaction is
carried out in a base such as alkali metal hydride, alkali netal hydroxide,
al koxi de, am de, am ne, guanidine at from-78 to 180C. [0010] The fi nal
product can be made directly by using a material: HEl \ / C/ XE2 wherein
El and E2 are already in their final desired formor internediate

cycl opropanated full erenes wherei i El and}Z Bte esters can be saponified
to give El to E2 as correspondi ng acids, -6r wherein El and E2 are al cohol s
whi ch are reacted with an acid to give % ters of the desired carbon nunber.
[0011] U. S. Published Application lij. 20067 0230466 is directed to the
production of functionalized nanot'ubes using m crowave radi ation. The

nanot ubes material is conbined with the functionalizing reactant such as an

aci d, basewhetein, B @aloE? #6gRRhECACLY afifferdd® &R Are 3GEHONB(H, FORL her
reactant that achi eves the desired functionalization reaction, then the

mxture i s subj ect@@NRR 3gpHOpC@Re ON.cPENGOR T and iSO Rsvhicee B it R thre
desired functionali Zﬁ\ti on.. . . . .
each a straight-chain or branched aliphatic radical (C; to C,g) which
may be unsubstituted, monosubstituted or polysubstituted, and X is

—-Cl, —"BI', —I, —'OSRQAI', —-OSOZCFg,, —0802C4F9.

[0009] The cyclopropanation reaction is carried out in a base such as alkali
metal hydride, alkali metal hydroxide, alkoxide, amide, amine, guanidine at from
-78 to 180°C.

[0010]  The final product can be made directly by using a material:

H 1
~. E
C
VRN
X E2
wherein E' and E? are already in their final desired form or intermediate
cyclopropanated fullerenes wherein E' and E’ are esters can be
saponified to give E' to E? as corresponding acids, or wherein E' and E?
are alcohols which are reacted with an acid to give esters of the desired

carbon number,

[0011]) U.S. Published Application U.S. 2006/0210466 is directed to the
production of functionalized nanotubes using microwave radiation. The nanotubes
material is combined with the functionalizing reactant such as an acid, base, urea,
alcohol, organic solvent, benzene, acetone or any other reactant that achieves the
desired functionalization reaction, then the mixture is subjected to appropriate

microwave conditions to affect the desired functionalization.



WO 2011/ 009026PCT/ US2010/ 042229 5 [0012]"Retention of Intrinsic Electronic
Properties of Soluble Single-Walled Carbon Nanotubes after a Significant
Degr ee ofw@i2davebdze Functi onal i zati on by the Bi ngel Reac®C®US20100m22az U
Uregama, et al., J. Phys. Chem C 2007, 111, 9734- 9741 reports

si ngl e-wal | ed carbon nanotubes functionalized at tips and defect sites with
mul tiple al kyl -substituents and on sidewalls w th phenyl-substituents to
give sufficient solubility to the nanotube derivatives in organic solvents.
Sidewal | functionalization utilized the Binge! reaction. This article al so

reports th rtepi of si.ngl e-wall ed nanotubes using treatnment with HCL
and HNCB am@@s sg?‘%}[g’iltb‘?f% of ﬁg'émsrfg Fréroneh Bgorsrtgs ef \ﬁgllllﬂéé SinglseWalled
nanot ubes \u i : er, ds tj.ps),. and at surface
ot act st 1 Sabort RaABHIKes Aret 888 Ecab{Be bR SRFEaY HuotliBRdi2hin B e

f unct i onal BingelRewgtionVal srachear batkgARROLLRES] %g'g.l@ﬁérﬂ.g ROV EE 9734-

di spersibili tg/ in common organi ¢ solvents such a$ chloroform ’ ’

or t hodi chl 87dbéepastsesingletw carbon annofuded Bjndaonalizahad tipsadridode foét sites

| ndi vi dual U{tra-S or %i ngl e-Wal I ed Carbon Nanot ubes", Jared M Ashcroft,
et al., NamoteEwip S(j'éfk}i?s St anskan suigwalls ywith phemyed -substiticotsatiol gisie i on
of 20-80 ngy RN i - e on_nanot ubes via.in-situ Binge!

eyel opr opa?’lﬁa{{ on .tk%fﬂﬂé&glt}ﬁ gt@\%va%@gﬂ%a BBBX%}I%%O% RERANLG éoi‘%l?% enﬂge‘i‘/iﬂé
fluori nati émdiehbiytbrbyitived! el BinbéCRedabh. PPk e&%icié%tl)&ﬁf}g]%bi%e%p?”d
creates sidewal |l defects through which various agents can be internally

| oaded. Theheshwvingnedd siighervenlledl hanbtabed asimpanniathest avicth fligttandndiNi@ed vi a
t he Bi ngel reaction using a bronmomal onate_ and sodi um hg/dri de (NaH) or the

Bi nge! - Her 8Q¥FUSasPlubionssilagying: sharenadsyingleoraljedvosirborn ananntubsts  with
Mul ti - Wl | i th Fatty AC] Thei ¢ Tr.i bol.qgi cal

Pr oplerti esg%g %@?g@z}&}q@oﬂiﬁgﬁeﬁpﬁéﬁcnﬁs .ré?s)%ll’i’ ?ﬁt%ﬁ&agq .S‘I?t[e@b%lt?@g IS%%%S) ,
1660- 1666 beacherd! hah! aathdmiiheRhisTW izl bhfide CRHEAMARAG! UReRe W0y @

m xture of sulfuric acid and nitric aci'd to produce an OXxli eri al

whi ch was tdrbonbainbaibes rexhibiting imprey ddodispersiBiktyoti ehaadbneriganicadolVés
mechanically mlled, then sonjcally mxed with stearic acid in deionized
water to WWshaschiowsomemrihadicld onrteazeng teratiyideofumars added sul furic acid
with additionally refluxing at 100C for two hours. The reaction m xture was
cool ed, then extracted with chloroform Ball mlled oxidized nmulti-walled
carbon nanfilBds afonphonairativh| efl kileddual &dird-Shudt fSiadlcoWalicde Carbon

mul ti -wal l ca%bqnaﬂgné)t bes were dispersed in pure |i gui d paraffin
through solNARAHOES » aklcd Yy rAshgrofty etali.oNagatechralogyeb7 S2086k HEF50Fkd.
The liquid f.fi S i ¢ acid. modifi mul ti-walled
nanot ubes ‘b%[s"gr%[l%g“ﬁ?%\%‘r% Ih? !Fnlq(grtl itog%oc%(gﬁh i‘?”@ﬁfﬂ S e'\)@éﬁgl Geeon H%Otb‘ﬁﬁs t he
pure | | qui diapar- it IBingel bhelobiepangion e rifRLAANY Saftbh nhfiGuBE lardt | | ed
oxi di zed mul ti-wal |l ed nanotubes. Wear loss and friction coefficlent

decr eased stiarfenedcviadlugimmion fallesedf bgt pardlgsiacivitidlo thdsE®@ens the

mul ti-walled nanotubes up to a mass ratio of 2. Beyond 2, the friction
coef fi ci enfanpidosReand | gsates ddenalt dleleas thnovahn sxhieh aarioas | agenés can be

Si ngl e- Wl b ia_the, Bi nge! i on” | S. Col ,
ot "9 & V4! nfétnlly 090280 D388 BrbhEy Dslidfew TREL | Gbon, s Maelibet oftat | on
of singl e- palctiBAaICAUNAR tRARN S 8SactionN ks %%&ﬁt‘élnfé%rﬁ?@aH@Q(g&iHH?@%e)f(@ﬁec

anneal ed under vacuum at 100 for three hours to renove any car

aci d gr oup@Ngilesrthe RingelhHesehfremsionTising €Br; hod YIB/ed si ngl e-wal | ed car bon
nanot ubes were suspended in dry orthodi chl orobenzene (ODCB) to which was
added di et hyl brononal onate and 1, 8-di azabi cycl o[ 5. 4. 0] undecene (DBU). The

m xt ure velf0ldhct ENModifibatsdr 6f Migtii Wallbdve afeen Naabthbes Wi Fhed ATt wal |
nanot ubes material bearing > C (CO0 Et)2 groups on the sidewall was

i sgl at Ieol_. iz Trfr&}Oé@giafnl Bmet’t:f@rﬁsehlhlé‘#arﬁ réddisy e if.i Seoclimgt, fet l?lll.( ﬁgﬂm t hi o)
o ciee ORELTIE) BB bt DBLSEROER S v 59 nitbne 1o
or 11 ¢t urtv oy & iRy, O pARFTR B AR, ARG SIAT AEPARLe A Tl il

resul ted iwhichewiast thedubbiled iaf HeteRorc alvo TREIKS! S THY @xidiZed iMstetiahaldsed
carbon nanotubes to facilitate atom c force mcroscopy visualization and

19F NMVR andeotricathycmiliest; shgn samically frized astith steame iazatk inodeionized water to



7 DESCRI PTI ON OF THE | NVENTI ON [00161The present invention is directed to
functionalized carbon nanostructure materials and to a method for their

pr epar at iWw0.20{1000902p Car bon nanostructure materi al s whi chrarastanosizonal i zed

i ncl ude, by way of exanmple and not limtation, nanohorns, fullerenes,
nanoani ons, single-walled nanotubes, nulti-walled nanotubes and
nonoconposi tes which may or may not haveghad their surfaces decarboxyl ated,
preferably which have had their surfaces dicarboxylated. Mre particularly,
the functionalized carbon nanostructure materials are functionalized carbon

nanot ubes, f er abl e- nog ubes rmre pref eral:())I short

si ngl e- wal IVHEEIP arﬁ%llﬁa EIC a&HLW\hﬁ%‘ Yhigdluxhg at Ik(lm gwo houtrs

decar boxyl d e car on.al l.otro

formul a zlogt}% ljeaw%g;rl%%r#\e %ﬁgﬁﬁpﬁe{déé%&?%x{fhg?d%ﬁ acihrlu rto\ﬁ%qn@repﬁﬁﬁ\l/ W@H‘ber ed
rings and akihizehynuitindsiled badboatndrR@fest W balled-AR H@&@Féﬁrl‘b' {tgé n%dff'%ﬂbon
atons. The nost well known fullerene is the C60 fullerene, so connonl

i denti fi ed oxilizeshoryibavalied [cada] Ginathkeswres aispeesadbim posn figlidi phtsTlin

mat eri al s, ,carbpn nanot ubes, have becope the npost interesting. [00201Carbon
nanot ubes Elgﬁ’ Bg 190,34 srrye. rictiofaandeiverntiests avege performed. The

[ 0021] Mul t r t ube Si ent r.j.cal nest e

t ube-1i ke Iglglr aphene g?lr &c tdrﬁ@ggwﬂf Sséé;ag hdcégg‘?% cam n‘?’?l}l §W€P¥ %’?éw ng

a | arger dippssenrd Ibh@p ffibomeXdfichehnd Q\ﬁ‘éalr 18431680 g ﬁ{ém}flﬂuﬁﬁg] araffin

Mul ti-wal |l ed carbon nanot ubes can contain fromtwo to ens of

concent ri cOf ubesliquid paraffin-containing just the ball milled oxidized multl-walled
nanotubes. Wear loss and friction coefficient decreased with increasing mass
rates of stearic acid to oxidized muiti-walled nanotubes up to a mass ratio of 2.

Beyond 2, the friction coefficient and wear loss increased.

[0015]  “Functionalization of Single-Walled Carbon Nanotubes via the Bingel
Reaction”, Karl S. Coleman, etal,, J. Am. Chem. Soc. 2003, 125, 8722-8723
teaches the cyclopropanation of single-walled carbon nanotubes. Single-walled
carbon nanotubes were annecaled under vacuum at 1000°C for three hours to
remove any carboxylic acid groups present on the surface. The decarboxylated
single-walled carbon nanotubes were suspended in dry orthodichlorobenzene
(ODCB) to  which was added diethyl bromomalonate and
1,8-diazabicyclo[5.4.0Jundecene (DBU). The mixture was reacted with stirring
for two hours and a modified single-wall nanotubes material bearing > C (COO
Et), groups on the sidewall was isolated. This material was then either trans-
esterified with 2-(methylthio) ethanol in diethyl ether and further contacted with a
gold colloid to produce functionalized single-walled carbon nanotubes with gold
attached to the functional group, or the material was trans-esterified with the
sodium or lithium salt of 1H,1H,2H,2H-perfluro decan-1-ol. These reactions
resulted in the introduction of chemical markers into the single-walled carbon
nanotubes to facilitate atomic force microscopy visualization and '"F NMR and

XPS spectroscopy for surface characterization.



WO 2011/ 009026PCT/ US2010/ 042229 -8 Singl e-wal | ed carbon nanot ubes,
therefore, ideally conprise a single | ayer of hexagonal carbon rings (a

gr aphene wheetijoopizat has rolled up to form a seamnl ess cyCirn$erio/okazeonpl et e
rollup nanotubes may al so results in holes (defects) in the nanotubes.

[ 0023] Such cylinders have di aneters of anywhere from0.05 to 2 m cron,
preferably 0.1 to 1 mcron and | engths of_many nanoneters, even nmany
centineters, for an extrenely high length to dianmeter ratio.

[ 0024] Preferably the carbon nanostructure material which is functionalized
in the pro invention is a short single-walled carbon
nanot ube amkiER : Ay INVEMEION: s surf aces decar boxyl ated. The

i nvention will be descrlbed herelnafter with reference to the non-limting
exanpl e of short single-walled carbon nanotubes. 100251The functionali zed
short si ngll@d1@] | e'HhQ:ErﬂS@lﬂi lnaﬂmmlbesdlmcéedstmﬁjmtmaalhmﬂ caab o nanesnaictire s
between 1 to 10]_ ferab é 5, mcrons in length and 0.01 to 50
nanoret er s FHCHHS AR é?aéﬂﬁ%ﬁ é?f%ﬁﬂuwspwﬂaaaes and al ong the sidewal |
functi onal groups of the structure: C (COQ(CH2) y(CH z(RL)n(R2)m 2(a) or /
C (CCNHRB CR%h é wherein R and R2 are the sane or different and are
sel ected f ydr ﬁnonmnmuvgumnsndwmyb gﬁuﬂpsﬂpﬁmmndﬁmhatdhmdsdqohp of

111 d R2 ferably.Rl d tt t
Fenst 14 olort A Rnd? (oo BRiics., TnoBoms. ileipndy opaspamans. 7 i s
0 or 1, preflallafled nafoftds Mhalte vda'i‘l%ﬂ%ﬁﬁtt{b%%ha% no@0MPobifes which may

or may not have had their surfaces decarboxylated, preferably which have had

their surfaces dicarboxylated. More particularly, the functionalized carbon
nanostructure materials are functionalized carbon nanotubes, preferably single-
wall nanotubes, more preferably short single-wall carbon nanotubes, and which

have had their surfaces decarboxylated.

[0018]  Fullerenes are cage-like carbon allotropes of the formula (c2g:2,,) (Where
m is an integer). They contain twelve five-membered rings and also any number,
but at least two, six-membered rings of carbon atoms. The most well known

fullerene is the C60 fullerene, also commonly identified as “buckyball”.

[0019] Of the numerous carbon nanostructure materials, carbon nanotubes

have become the most interesting.

[0020] Carbon nanotubes can be single-walled or multi-walled materials.

[0021] Multi-walled carbon nanotubes consist of concentrically nested
tube-like graphene structures with each successive concentric shell having a larger
diameter than the next inner shell which it surrounds. Multi-walled carbon

nanotubes can contain from two to multiple dozens of concentric tubes.

[0022]  Single-walled carbon nanotubes, as the name implies, consist of a

single tubular carbon graphene structure, i.e. a single layer of carbon atoms.



WD 2011/ 009026PCT/ US2010/ 042229 9 - 2 provided ntmis at least 1, R3is a
Cl to C15 alkyl or C6 to C10 aryl group, R4 is a C2 to Cl4 al kyl group, C6
to C10 arwD,2001000@6C10 al kyl aryl or Cl to Cl0 aryl al kyl pgraispioamzt2x i s an
integer ranging fromO to up to the repl aceabl e val ance of the R3 group,
preferably 1 to 3. 100261Short single-walled carbon nanotubes are secured
either by starting with single-walled cgrbon nanotubes of the aforesaid

| ength or, alternatively, long single-walled carbon nanotubes are shortened
by oxi dation using an aqueous solution of HNOG3 of 1 to 7 nolar strength or
a mxture of HCl1 and HNG3 at a 3 to 1 volune ratio of concentrated HC to
concent r atSiaglaneslled rben napsiubss tharelores 1dcgHy ctAPBEIER) AHBOBIE ARXNET

produci ng si ngl e-wal ] ed carhbon _nanot uhes..o t LNi ng
carboxy|ié“aﬁgawé‘5?%%@fFWQQEdﬁaﬁh%ﬁh5§§0§%?{§%§%§gﬁtﬁﬁﬁ@qﬁﬁﬁéh§%§@?%£. The
short St nal @t HcGAPRRI rARRPhHRARDE mafullb¢ testihs!in IR18e pddfaasin M
tenperatures, to decarboxylate the short Single-walled carbon nanotubes.

Pr ocedur esndmatghdrt en | ong si ngl e-wal | ed carbon nanot ubes are known in the
art; see for exanple Bull. Korean Chem Society 2004, Vol. 25, No. 9,
1301-1302 and for decarboxyl ati ng carbon nanotubes; see for exanple JACS

2003, 125, g)%i?,?- 8%%3h HAMEITRGYE alibaBteRadPSdywiicré efrdrat @05alo, 2pmédrenabl y
decar boxyl ated” short si'ngl e-wal | ed carbon nanotubes, are 100% car bon

surface nepreférably ubj ectlednicoon 2and lepgthe prbpaaay | panareétagy, ¢ven many
o0 CH) | () 2P a2 Lo B &y Figh iemeth fo GianctrtatipCH) 7(RL )n(R2 ym VIO

2011/ 009026PEMLS30 1) Busiram
[0024]  Preferably the carbon nanostructure material which is functionalized in
the process of the present invention is a short single-walled carbon nanotube and
which preferably has had its surfaces decarboxylated. The invention will be
described hereinafter with reference to the non-limiting example of short single-

walled carbon nanotubes.

[0025] The functionalized short single-walled carbon nanotubes are
single-walled carbon nanotubes between 1 to 10, preferably 1 to 0.5, microns in
length and 0.01 to 50 nanometers in diameter and bear at their edges and along the

sidewall functional groups of the structure:

> C (COO(CH,) y(CH),(RY),(R%) ), (a)
or
™ ¢ (CONH— R (OR*)), (b)

wherein R* and R? are the same or different and are selected from hydrogen or C,
to Cyz alkyl groups provided at least one of R, and R; is not hydrogen, preferably
R, and R, in total amount to at least 14 carbons, y is 0 to 10, preferably 0 to 3,

more preferably 1, Z is 0 or 1, preferably 1, n and m are integers ranging from 0 to



. CONH- R3 (CR4)x BrHCII CONH - R3(0R4) wherein R, R2, R3, - 4,
Ky, Z, M n and x are as previously defined wherein the carbon
nanost r uceworelwmmb@si al , preferably decarboxyl at ed short Paalusedooarzbon
nanot ubes, is suspended in chlorinated benzene, preferably dry

ort hodi chl orobenzene, and the materials of fornmula I or Il and

1, 8-di azabi cycl o[ 5. 4. 0] undecene (DBU)_@re added to the suspended carbon
nanostructure material in chlorinated benzene in nmultiple additions over
time or dropwi se over tine to yield the desired functionalized carbon

nanostructure material, which is_¢istinguishe y havi at |l east tmce the
| evel of ﬂmr@m%ﬁdﬁwalﬁiaé#ﬁaéglc%ﬂb%@Qd%@li aﬂfafpbﬂaﬂ?ggma%r%w,ﬁ Isa

nanomat erial de ' S ri-al f re e a DBU
as are add@dd it ﬁ@!r@??%f%é E%‘Ql%’?bﬁs Célrt%dg ém&gemﬂkﬁ?}ﬁitghté{’réegé%g@d al |
at once i gysi gl LisdfintdRR raffiflg B 0ith PR BETBLIhGaBle FATRHEY oPfheRICh

mat eri al s%ér e‘izfdgedlsal I natg%grﬁclgg}i% a singl e addi t@%z)n as is added in total
in the mulgrbw, erafdeitilydne 3or dropwi se. By nultiple additions as used herein
and in the appended clainms is nmeant that the suspended carbon nanostructure
material is mxed with quantities of materials of formula | or Il and DBU

at |east Upo26} PSEHRsRHY Y- valledRBor MrReuBdsHRE sediredeltRer 9V Startidgwithi t h
i nterval s bet ween each addition sufficient for reaction to occur between

t he suspenitele-oeiizdncarhonshanattbrse ofreherdfatesaidd lartgth rart eliematively, olongl a |
or Il in the presence the DBU, such interyv being at | east six hours,

pr ef er abl )ﬁllﬁls‘(j%lﬂds C@fg’gﬂoﬁﬁn%‘d@?, atfp Fhoﬁ?@%slé{bi)ydﬁaﬁﬁ\/‘éﬂ%tﬂns MMM ur
days. Alter g {olrgl\é(? O}éﬂ%‘g(ﬁfe { koajzrz?&gr gt?é@h 3rla flxthie SYHCI Bfid ?g#‘te)c gg?. Beadded

to the carB ur e erla OpW se& over time, p y over a

period of @AyolaRStatio\er SicentriRUEHOT & e6RddnyraEHNOPEF B ad 10folane ast four
days, with stirring at a drop rate of one drop every thirty seconds to

thirty m nftenceprattdridiQ, ané HNO; groducing esnglTheallashpanban uraaoiubehadfd at

from40 to 70C,_ preferably 50 .to 6QC, during each addition of, t he | tiple
addition dedessd @ggthqbua%!awr%g SAEIAXYIS BIREPS 8 Oflﬁnﬂlet Efigeé&ndd%@%f%e

preferably.thr d . fol i t fi ot i t he
B act 1 onevgih gREE b IR Bl e tbbh MRl RS BB ShbRER QNS |
and of the ey aphidf dirhpQatures, fohGecdiclylae b shbe ﬂﬁ%nvmﬂec_a@dﬂidnons
being left to thé discretion of the practitioner provided that if the

mul ti pl e agiotibes. Procehiveseto shoadngdong singhemallad eaghon eastubasaradapvinons of
the materials of formula | or Il in DBU tg the ar,bond@‘no\rgrg];t ri%
suspended inrthenart;csaeofarnatasepls dpulbnKorgagobhemn e300V 7m0t Fre

car bon nangs{,r re terial neter S Lhal.e- r

nanot ube mér fi‘ff aH{;r rpﬁi%qaél?cg&@mo%?%l%o&aﬁéétggé%h%e%t @ %}gﬁgﬁ]\%ﬁ??@s

nanot ube n%ag(gri k,g1®_gwspended in chlorinated benzene and material s of
formula I'IT: C&%‘«*S BrH CI'll COOR6 wherein RS and R6 are the sane or

different, preferably the sane, and are selected fromnethyl, ethyl or

propyl gr i e Trh ré‘%&nf‘ﬁ{:ﬁ%’tru%{??f%ate%ﬁ’ e fibly %Mﬁfh&rﬁla&@& shéppended

carbon na material 1n nu € additions over ti or dropw se
over tine ¢ifolkiwhifkd Barbdhaiideistseary D0t carbort Rarfacs Muterial ©Q0BEcted to

[2+1] cyclopropanation using:

__ COO(CH,)y(CH)Z (R yn(Rem
BHC
COO(CHK(CH) (R, (R),,

or



carbon nanostructure material ClV COOR6 The ternms "nultiple additions" and
"dropwi se" in this enbodi nent have the sane neaning as previously recited
except i rwOhlos/dopbance it is material |11 which is bei rRgTaASA@Ed/ 042229 he
descri bed manner. By so doing, the surface of the carbon nanostructure
material, and in the case of the shortened single-walled carbon nanotubes,
both the surface of the walls and the tjgos at the end of the tubes, are
substituted with the WD 2011/ 009026PCT/ US2010/ 042229 - 12 - |/ COOR5 C
/COOR6 in an anmpbunt at |east twice the |evel of substitution obtained when
t he carbon nanostructure material is reacted with material of formula II1
and the DBU in a single addit iGN HoozoRMERfayerial of fornmula IV is then
subj ected to trans-estBrHI€i cati on or trans-am dation usinig esterification

or am dation agents of the\t\y%,qrpﬂ for rﬁgl@ whi ch when reacted with the
material of formula IV result 1n the prodLg ﬁdh’ of a functionalized carbon
nanostructure material bearing functional groups corresponding to

functi onalwlggreiR' PREVRQUS, y%,!;_d,emiﬁ afd a8rd 8 pRiviélly defifed wherein the
transesterification or am dation reaction being conducted at a tenperature
in the rangebaf rnostrictore @fCerial, grefppblypdectrboxdatidy shordivedlleds caboap |

al kali netal hydroxide in a chlorqbenz e,solven% such as [ 00301 The
anount of TegPBIbes; calsi osusRensigldatiion ngﬁ'ﬁ%at%ed FRZERR, anprgherablyf f i dent to

o cat o 1 bR ReRB GuartidT o8 oPnalrial't ar el ol b O MY an

S e i B e e SheSCaP NP e L eridedh s Lo

Exanpl e  nanostructure material in chlorinated benzene in multiple additions over time or
dropwise over time to yield the desired functionalized carbon nanostructure
material which is distinguished by having at least twice the level of
functionalization as compared to functionalized carbon nanomaterial made using
the same materials of formula I or II and the DBU as are added in the multiple
additions or dropwise but which are added all at once in a single addition, and
even if the same total amount of such materials are added all at once in a single
addition as is added in total in the multiple additions or dropwise. By multiple
additions as used herein and in the appended claims is meant that the suspended
carbon nanostructure material is mixed with quantities of materials of formula I or
II and DBU at least twice, preferably at least three times, or more, over time with
intervals between each addition sufficient for reaction to occur between the
suspended carbon nanostructure material and the material of formula I or II in the
presence of the DBU, such interval being at least six hours, preferably six hours to
four days, more preferably twelve hours to four days. Alternatively, materials of
formula I or II and the DBU can be added to the carbon nanostructure material
dropwise over time, preferably over a period of at least two days, more preferably
over a period of at least four days, with stirring at a drop rate of one drop every
thirty seconds to thirty minutes, preferably one to ten minutes. The temperature is
held at from 40 to 70°C, preferably 50 to 60°C, during each addition of the

multiple addition or during the dropwise addition and for one to four days,

preferably three days, following the final addition step practiced by the



100311In the follow ng exanple, the reactants were either acquired froma
commercial source or prepared as follows: [0032] A)Carbon nanotubes (CNTs)
wer e obt avoedifaogoms Shenzhen Nanotech Port Co., Ltd. (L-BoWNUS2ad0ameeer < 2
nm length 5-15 pm 50% SWCNT, 40% MACNT, <5% anor phous carbon). The CNTs
were oxidatively shortened and purified as well as thermally decarboxyl at ed
prior to being - 13 - functionalized._ {j@) Shortening of CNT: Shortening of
CNTs increase the solubility of such material. CNTs (1 g) were suspended in
three M HNG3,aq (50 nL), sonicated for 5 mnutes at roomtenperature, and
then refluxed for 60 hqurs. The CNIs were filtered off. (PTEE nenbrane
filter, O.Jfactifigneanthe ghoies) beivvaenddiosmiseaddition ranﬁdnaftuﬁe @Hg}tw@ﬁ@aﬁcﬁrs

substi t ut t i sur, t hd i LI, . i cid
groups. Hgg? %&Hlbgf Oﬁ-ﬁgd@&?}(ﬁi#e‘%g%ﬁg{% 4@8?#?_ aefal&g:i/\tlﬁé)}}‘o’c%@g@ *cg'r:@eB-4
hour s quanjjidrafibiy ¥the §rRMATorRk | prédidea@xhi & Ml MulipleReidition praveaardiyr e

shortened/ cut the carbon nanotube from5-15 mcrons to 300: 500 nanoneter.

These shorddeped, tearbare atleastuitbesadditiencobithaahaterialscdofdformold bost ih 3G

B) H gh Resol ution Transm ssiqon El ectron M croscopy . (HR- TEM was perforned
on a JEQL (90he Fatben eRRmSkE SuSPAOdefin ths ShIPENAGALERERE of ONTs in THE
wer e dropped onto a carbon-coated copper grid and the solvent was all owed
to evaporate. Thermal g{ggvi metric analysis with mass spectronetric

det ect i on [8028) ol Ve @ngthee smbeadiment ube eaaroon aanestrucsyreTwpteasl TsfeallX 8516

e L Rl S L A o RS o
2 1 i S R SR eSS e, SndiE iy

A mass rangstebrlserfla e and 300 mlz was constantly scanned. W-VIS
spectra of solutions in different solvents were recorded on a Varian Cary
50. FT-1R neasurenents were perforned on a Bruker Vector 22. Powder X-Ray
Diffraction (XRD) neasurenents were run on a Bruker D8 Di scover
diffractonmeter equipped with a @B3det ect or and operated at 40 kV and
40 mA. CuKa 1 radiation Rl.54187 A) was used and fjhe initial beam
dianeter was 0.5 mm Spectra Wer‘e\ﬁéﬁl ted in EVA and plotted with Oigin.
Raman spectras were recorded on a w i nVia Raman Spectroscopy
instrunment at an excitation wavel ength of 633 nm and 50% power. WD

2011/ 00902\% gryinuﬁz%%gllgéle%%?tﬁe same or different, preferably the same, and are selected
from methyl, ethyl or propyl groups, preferably methyl groups, and DBU are
added to the suspended carbon nanostructure material in multiple additions over

time or dropwise over time to yield an intermediate product of the formula:

_~ COOR®
carbon nanostructure material > C v

S COORS

The terms “multiple additions” and “dropwise™ in this embodiment have the same
meaning as previously recited except in this instance it is material III which is
being added in the described manner. By so doing, the surface of the carbon
nanostructure material, and in the case of the shortened single-walled carbon
nanotubes, both the surface of the walls and the tips at the end of the tubes, are

substituted with the



- 14 - [0034] C)Mal onate esters used to functionalize the short

singl e-wal | ed carbon nanot ubes were either acquired froma conmerci al

sour ce amsoussadoM2bhout purification or were synthesi ze#Cagaisbablosese
[0035]C-1 - Synthesis of dihexadecyl mal onate: H2SO4 (cone) (0.1 ni, 0.0036
nol % was slowWy added to a m xture of dinethyl malonate (2 g, 0.015 nol)
and hexadecanol (15 rnL, 0.061 nol) andj4he m xture was heated at reflux
until all dinmethyl mal onate was converted according to TLC (approximtely 4
days). The product m xture was di ssol ved in dichl oronethane (DCM,
extracted with water (3 tinmes) and dried over MgSO4. An anal ytically pure
sanpl e was obtai ned by col um chr%ato r dPOYORY silica gel using a 1:9

m xture of ethylacetate/hexane. Yiel@d’ 5.5 g (65 7%, see JP 57067510.
[0036] C-2 - Synthesis of 2-brono d)'/hekaglec | @l onate: p-Toluene sul fonic
aci d nonohydrate (1.03 g, 0.0054 riol) and“RPRonosucci ni mi de (0.64 g,
0.0035 nol) were slowy added to a stirred solution of di hexadecyl nal onate
(2 g, 0.00@6am@imound CHEEN 1436 nhe levEherfr abstitition obteinedewhas theaasgebrat
reflux for 2 hours, evaporated and dj ssol ved in di chl oronethane. The
organi ¢ | ayanostuetuye staserisli istreagted wigh ineaiediokp! fpruma Iihan &f‘cﬁrﬁlﬂal{léd. An
anal yti cal I.X purdﬁi. sanpl e was obtai ned by col um chronmat ography on silica
gel using H08AIUN e of et hyl acetat e/ hexane. Yield: 1.8 g, 78.9%

[ 0037] See: Menger, F. M ; Johnston, D. E., Jr., Specific enzyme-induced
decapsul ati on. Journal of, the Amerjcan .Chem cal, Soci et 1991 13(14),
Sa67 5. [19BRLC Ine mpkarisbantfopruls LY 45 RSy Fabiestedrid) Gl SYer g B bne)

(0.1 nm, 0,0036 mpl) was_sl 2 %t Lxt (o) j e (3
6. 0. 022 sty AR neand eRAAPR by RalTbi bl Gl the B RpAnd RN ®
was heat edygicpf %pbme@éd it IhedhARERY bf ToinANAtE WREIGANKE Prédhctionasfdi ng t o
TLC (approxi mately 6 days). The product m xture was dissolved in
di chl or met AareohfEMd, exboact ezhosic®dd 1/M0ae626 PETANISD 0 fonciaeRd 9 groups -
corresponding to functional groups previously identified as (a) or (b), the
transesterification or amidation reaction being conducted at a temperature in the
range of from 0 to 65°C in an appropriate catalyst such as Group I alkali metal

hydroxide in a chlorobenzene solvent such as ODCB.

[0030] The amount of esterification or amidation agent used is an amount
sufficient to fully esterify or amidate the material of formula IV. By fully esterify
or amidate is meant adding quantities of esterification or amidation reactant
sufficient so that upon spectroscopic analysis of the product the addition of more

of such reactant does not result in any change in the spectrum.

Example

[0031] In the following example, the reactants were either acquired from a

commercial source or prepared as follows:

[0032] A) Carbon nanotubes (CNTs) were obtained from Shenzhen
Nanotech Port Co., Ltd. (L-SWNT, diameter < 2 nm, length 5-15 pm, 50%
SWCNT, 40% MWCNT, <5% amorphous carbon). The CNTs were oxidatively

shortened and purified as well as thermally decarboxylated prior to being



with water (3 tinmes) and dried over MgSO4. An anal ytically pure sanple was
obt ai ned by col utm chromat ography on silica gel using a 1.5:8.5 nixture of
et hyl acetwoebimos@se. Yield: 8.1 g (64.5% . [0039] C4 - pEynish@oios2209

bi s(2- hexyl decy1l) - 2- brononal onate): p-Tol uene sul fonic acid nonohydrate
(2.80 g, 0.014 nol) and N-bronosuccinimde (1.74 g, 0.009 nol) were slowy
added to a stirred solution of bis(2-hexadecyl nmlonate) (5.4 g, 0.009 nol)
in CH3CH (30 nmL). The resulting m xture was heated at reflux for 2 hours,
evapor ated and di ssol ved in dichloronethane. The organic | ayer was washed
with H20, dri

d over, My nd concentrated. An analytically pure sanple
was obt ai n W“ﬁ&?“éﬁ?%ﬂm éﬁéﬁﬁﬂ@%ﬂ%ﬂéi | Phertgung el KgNBs lingrogptthee of
et hyl acet a PNY . 3 40] .- nt i S Of
di ot hy1- 2?%ug%2ar}ﬁosﬁg%l:‘§’?t‘3§@ro @éﬁ%?%g f o°r¥|£" %géfg‘lingeﬁdﬂotﬁ&&r Qf@‘@m 639,

0. 057 nol ) ndrid sdhibatetd et S ahitiutdsde rodm/dniperuf) AndRhon WaT&ed! dto
a stirred solution of dinethyl nalonate 5€.r0ug, (r)1 037[1 rmlu)%eianfgil(\:l}‘iggﬁq%go

nL). The rddaI€Ndg wieret ikieredenft {BAFEdmambrasid fiktef,00.42 |hmynad vesshpdnaitied and

di ssol ved i,n. di chl oronet hane.. The qQrgani c | ayer was washed with H20, dried
over Mysos95I0817%E n‘éf@‘ﬁ??%tgé\éﬁ S*KH"%&I‘gﬁiTééPP%tltHEﬁdeats@ﬁﬁlléa%wﬁwapﬁdds by

col um chr r i:Li Si . e M xt.ur o :

et hyl acet a’?le ﬁ@gaﬁ@&¥%ﬁg!&g.€® %‘%PI?% B%t.lg%égi}lel@élg?ze(?l@%laf é?ogm? Ro,
St ephen; Kiflsw Ghany ,Ufg; 3-3hhourd RRAtERR R0t @RovaAU h 2001) ,
79(8), 1238-1258; Zié)z Mat sunot o, h% yoshi ;Bpw(ﬁ?%a%% @gfgﬁgxy%gg,‘é oés,/ I ko;
Tahara, Hi Tbshprocaduresshortemed/ Mot thengarbian aanatybé dsont 19985 micAR(s8h, 30800 3.
Exanples WD 2011/ O%ﬁOZGPCT/ US201Q/ 042229 - 16 - ortho-dichl orobenzene
(0-DCB) byl&yHPelsti dhesesshorisned sprbon nanghtbeaivirrg shatagterizg @ deldows. 95 g,
1.5 mmol ) and 1, 8-di azabi cycl o[ 5. 4. 0] undecene (DBU) (0.45 g, 3.0 mmvol) were
added and the mxture was allowed to react in a sonicator at 60C. Three
days after [@038]i niB) al HbighcReslutiemdramisisvies Elootodm ddicrastopy i(BIR{IEvpunt s

7 6”ai avabPe) SR R OPRECEng0 (b CAEMTEN &t bk wbietemtetions 1

the reacti i I 9 ) reaction m,xture, wa

cool a0 ShSAFTOmh THE hekq BrdoBkliqubd a alBiEeqdf HBREF bR My the SBIVRT  rat
anount of GNT atloneduddvapeses TheanalhorblintetPRMIENERRE Witht BhssAdfbcWBetric
collected by twice filtering the filtrate through a 0.1 pm VCTP nenbr ane

filter. Thdeteitiorepf ceslivdd gasesswasshaduated onet Metter loleido TGA $DTA 85 be
becane clear to give, 2 ) ompoupnd after _drying in vacuum (<10-2
nbar) for @laﬁ&ﬁsgﬁ.“aﬁhég ftggsﬁ %{?f;g chaclg’ré)@i %W@F%gﬁﬂ%ﬁﬁgﬁ’eﬂrpﬂ@#)r Mé%oo
suspended | . a . d . I ati o Thi rogcess was
repgat ed 551@}12&2&61 ? ghlrnegr%\s/%egélﬁggﬁgg%\f %lgrgg‘%i{.g%%ﬁa\&%ssﬂsﬂ E)aﬁﬁl%,e @ﬁegyﬁ)tgphi ned

CNT conpouRghvBoSUBREDEE0 rhi)/niinG 'k ISR L8 Bicl SAM D&t FR B0 IERbEfBge Was
avoi ded, filtered off by passing the mxture through a 0.45 1.imfilter and

dried in vhengrheatetoo2] (HEC) of 550% Atorates ofVR¥T/thiSor¥C/inkh.( KBimass madge 1740
(C=0), 2923 2959 2). R (LL.=633, P =50% cml): 1334, 1587, 2625.
Estimat ed PRIVSER gﬁm%@éﬁagg%s@zz JrasTepnsgtantly ?ﬁé?n .cab/Wol 18t snestrar obNT,
100431 1 1. i > \ 13) ( 17) 1 -6 ;

Shor t ened %@éﬁ ecgttr] b@)%?%qtgggﬁ&%gcoﬁ%eoﬁgg&%g %)a%l%lué?ﬁ% iﬁ%%(i nL

of dry orteadliremkafsaberzaRforhRd¥b) Lqat hon ' PO
Bi s(2- hexyl dgcgl ) 2-Sbr onozr%mal onat e (O%k‘g?vﬁﬁgf%F&a’%'j@k%?)[)lffractmn

1, 8- di azab{XKDb) ei@Gisuradiienisi scee eur{ DBUY) Buked DYDiodemiiffihciontacaepidppand t he
S S S et 5G] i R R
and 6 dayeof R At VAt RCRhEnd dBEknfl Bee o ey ¢ R R By e,
The were evaluated in EVA and plotted with Origin. Raman spectras were recorded

on a Renshaw inVia Raman Spectroscopy instrument at an excitation wavelength

0f 633 nm and 50% power.



WO 2011/ 009026PCT/ US2010/ 042229 - 17 - reaction m xture was cool ed to about
25C and filtered through a 0.45 pm PTFE filter. A small anmount of CNT
conpound wazsadopizeough this nmenbrane filter. The filterCrTastadoumizras washed
with ethanol until the filtrate becanme clear to give 7 ng of CNT conpound
after drying in vacuum (<10-2 nbar) for 6 hours. [0044] The first filter
residue (0.45 pm PTFE filter) was suspended in ethanol and collected by
centrifugation. This process was repeated 5 tinmes to renove all organic
contam nants. Finally, the obtai ned CNT conpound was suspended in DCM

soni cation heat,j ng avoided, filtered off by passing the mxture
t hrough a &)&g%] pm j ﬁ%t%ﬁﬁ@ﬁ iused deutinctienalize ihershoftosinglenwatled

Yield: 63 . 4 =)+, 0, 2850 2). Ra LL=633,
ps0o om aroonotRbed ek, ottt pdduait, R L Bimelal dourba ol SFeTa | s
1 per 480 Githoanpurific&thdn of KOASdynithdsiZRINsBHbLSsOf CONT>C CONH- Phi 0C12.) 3i 2

(CNT- NPhC12): Shortened and decarboxyl ated CNT conpound (80 ng) was
suspended in 20 nL of dry ortho-dichl orobenzene (0-DCB) by sonication (5

1, 8-di azablmcgﬁo[a 4.0 gﬁg o A .1 al](j,n% -0 n%%@%gc%@emabo‘@{f’ and
the mixtur@.0886 mbl%weds swigasddedniora saixitet Of dithe9CmaAdriEi(onalo grpunt s
of di nmet hyl-2-brononmal onate (0. 32 nmol ) and 1, 8-di azabi cycl 0?5. 4. 0]

, 1.5
undecene (ML) and hgyadgcanolo( fnail), Q%%lemm@ada;hc anixBurdayas héatethat Defliay
reaction rj.od t t.he end of this period, 3,4,5- tris(dodecylo ani l i ne
(2.6 Ig 4pﬁ%]10 ?nvﬁgleg}?yjdlﬂlg qfvt%a‘if{édcfg)ﬂa’ elftﬁg E}C@Q{ﬁlpﬁﬁoni &&u&@?&?%@m);yy)lﬁaé/sl and
the m xtur S } : I ol ion._m xture
was cool edg?%@'ZSC a @P?ﬁ?@&gg@g ﬁrggﬁsgﬁﬁget &4%1%16%%@&@3?%(@1\5’( aﬁe&
conpound pesthevatenr@udines hasd deietr ae MgSUSI  Recamigti¢aldpireagghsigalgs than

for the previous CNT conpounds were fornmed. The filter residue was
suspended 9Pbtamedabyl calwnt othrematagraghyc et rsificayagel owsingha s1:9r ocietge wak

repeated 5 _tipnes renove,al | prganic ntamj.nants. Finally, the obtained
CNT corrpou%thy%ggtaiq(zg%’&ﬁ?ﬁeﬁliem'D%@lg &?n’(%iﬁ%%a%@ﬁé&% ng was avoi ded,
filtered - 18 - off by passing the m xture through a 0.45 umfilter and

dried in a vacuum (<10-2 nbar) for 6 hours. Yield: 131 ng. IR (KBr, cm1l):
1745 (ConH0036b1, G351 Syutheyis of 2ebrqmedihavadecy! (malesar; PIedenecswlfohic 1334,

of ot 10t TR B o D 005 P R Eand R batlonsseinide (g 4 9%,
ONT ont o RRLMEBISINAR hNROL] AR soiRlidhldrdiledadeCihibithic (0 HosEe T or

CNT materials because ‘of their [arge size and strong va

i nteracti omsl)(iag0HeQRt (20nhL ) AlThesebulbinpihikti@assy Remod at FERN £RD heurs, are
based on UVYNI S adsorption neasurenents of saturated solutions based on a

cal i br at i ofvapgrated apd disselyedrindithlerpanesbang. i The of Bmik7|aver was meshed writh

pur poses t addi t.i onal hes .of CNT-6, 10 material s re made hut not
enpl oyi ng TRE: GHeH QYL %{%@P Gnd; el atEdo i ﬁ@ﬂg’itlﬁagd?%f’egamp?e was

obtained by column chromatography on silica gel using a 1:4 mixture of

ethylacetate/hexane. Yield: 1.8 g, 78.9%.

[0037]  See: Menger, F. M.; Johnston, D. E., Jr., Specific enzyme-induced
decapsulation. Journal of the American Chemical Society (1991), 113(14), 5467-
8.

[0038] C-3 - Synthesis of bis(2-hexyldecyl malonate): H,SO4 (conc) (0.1 mL,

0.0036 mol) was slowly added to a mixture of dimethyl malonate (3 g, 0.022 mol)
and 2-hexyl-1-decanol (19.7 mL, 0.068 mol) and the mixture was heated at reflux
until all dimethyl malonate was converted according to TLC (approximately 6

days). The product mixture was dissolved in dichlormethane (DCM), extracted



[0048] In Conparison | the shortened and decarboxyl ated CNT conpound (50
nyg) was suspended in 200 mM of dry orthodi chl orobenzene (o0-DCB) by

soni cat i omOo@biwiomzbes) . Bis- (2 hexyl decyl) 2-brononmal onaCe/us@016442229 1. 0
mmol ) and 1, 8-di azabi cycl o[ 5.4.0[ undecene (DBU) (0.31 g, 2.0 mvl) were
added once and the m xture was allowed to react in a sonicator at 60C for 4
days. [0049] In Conparison lithe shortengd and decar boxyl ated CNT conpound
(50 mg) was suspended in 20 m of dry ortho-dichl orobenzene (o-DCB) by
sonication (5 mnutes). Bis-(2 hexyldecyl) 2-bronomalonate (1.28 g, 2 mol)

_di azabi 5 .62 g, 4. | dded
ohce and t R WA & el i IEEEEOG MR, A Sndyicely Goce amnls wage.
P Crad e Sg&%%p%g?&%%tiblgga}rh gngg%ﬁ%ﬁ%%grlgﬁ[g 3 Y‘%lzgj' Srélﬁ)gh??é’faf ter

recited wavel ength) of CNTs in t so oom'te

cent ri f ugaethyladetate/emaae s \epkindedl gs@4ids).i s reported in Table 1. The
val ues in parentheses are the cal cul ated concentration of the solutions in
ng of CNT/dnB of solvent. Table 1 Solvent CNT-16 (Exanple |I) CNT-6, 10

(Exanpl e | [0039YT- 6CU0— Synthesis of bis(2-hexyldecyl)-2-bromomalonate): p-Toluene
sulfonic acid monohydrate (2.80 g, 0.014 mol) and N-bromosuccinimide (1.74 g,

0.009 mol) were slowly added to a stirred solution of bis(2-hexadecy! malonate)
(5.4 g, 0.009 mol) in CH;CH (30 mL). The resulting mixture was heated at reflux
for 2 hours, evaporated and dissolved in dichloromethane. The organic layer was
washed with H,0, dried over MgSO, and concentrated. An analytically pure
sample was obtained by column chromatography on silica ge!l using a 1:4 mixture
of cthylacetate/hexane. Yield: 4.3 g (70.5%).

[0040] C-5 — Synthesis of dimethyl-2-bromomalonate): p-Toluene sulfonic
acid monohydrate (11.0 g, 0.057 mol) and N-bromosuccinimide (1.74 g, 0.009

mol) were slowly added to a stitred solution of dimethyl malonate (5.0 g, 0.037
mol) in CH3CH (30 mL). The resulting mixture was heated at reflux for 2 hours,
evaporated and dissolved in dichloromethane. The organic layer was washed with
HyO, dried over MgSQO, and concentrated. An analytically pure sample was
obtained by column chromatography on silica gel using a 1:4 mixture of
ethylacetate/hexane. Yield: 6.0 g (76.0%).

[0041]  See: (1) Wolfe, Saul; Ro, Stephen; Kim, Chan-Kyung; Shi, Zheng,
Canadian Journal of Chemistry (2001), 79(8), 1238-1258; (2) Matsumoto,
Kiyoshi; Uchida, Takane; Yagi, Yoshiko; Tahara, Hiroshi; Acheson, R. Morrin,
Heterocycles (1985), 23(8), 2041-3.

Examples

{0042] 1. Preparation of CNT>C(COOC4H3:), (CNT-16): Shortened and
decarboxylated CNT compound (150 mg) was suspended in 50 mL of dry




gjfi)gpgzi)son | CNT-6, 10 Conparison Il THF (350 nn) 0.787 0.381 (40. 36)
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ortho-dichlorobenzene {(o-DCB) by sonication (5 minutes). 2-Bromo dihexadecyl
malonate (0.95 g, 1.5 mmol) and 1,8-diazabicyclo[5.4.0Jundecene (DBU) (0.45 g,
3.0 mmo!) were added and the mixture was allowed to react in a sonicator at 60°C.
Three days after the initial batch of reactants was combined, additional amounts
of 2-bromo dihexadecyl malonate (0.95 g 1.5 mmol) and
1,8-diazabicyclo[5.4.0]undecene (DBU) (0.45 g, 3.0 mmol) were added with the
reaction being run for a total of 9 days. The reaction mixture was cooled to about
25°C and filtered through a 0.45 pm PTFE filter. A small amount of CNT
compound passed through this membrane filter and was collected by twice
filtering the filtrate through a 0.1 um VCTP membrane filter. The filter residue
was washed with ethanol until the filtrate became clear to give 29 mg of CNT
compound after drying in vacuum (<102 mbar) for 6 hours. The first filter
residue (0.454 PTFE filter) was suspended in ethanol and collected by
centrifugation. This process was repeated 5 times to remove all organic
contaminants.  Finally, the obtained CNT compound was suspended in
dichloromethane, sonication and heating was avoided, filtered off by passing the
mixture through a 0.45 pm filter and dried in vacuum (<10"* mbar) for 6 hours.
Yield 95 mg. IR (KBi, em™): 1740 (C=0), 2923 2959 (CH2). Raman (LL=633,
P = 50%, crn"): 1334, 1587, 2625. Estimated number of ligands based on TGA
is 1 per 22 carbon atoms of CNT.

[0043] II. Preparation of CNDC[(COOCHF)CH(CAH]3)_(£3H17ﬂ) (CNT-6,10):
Shortened and decarboxylated CNT compound (50 mg) was suspended in 20 mL

of dry ortho-dichlorobenzene (0-DCB) by sonication (5 minutes).
Bis(2-hexyldecyl) 2-bromomalonate (0.64 g, 1.0 mmol)  and
1,8-diazabicyclo[5.4.0Jundecene (DBU) (0.31 g, 2.0 mmol) were added and the
mixture was allowed to react in a sonicator at 60°C. Additional amounts of
di{2-hexyldecyl) 2-bromomalonate  (0.64 g, 1.0 mmol)  and
1,8-diazabicyclo[5.4.0Jundecene (DBU) (0.31 g, 2.0 mmol) were added after 3

and 6 days of reaction with the reaction being run for a total of 9 days. The



CHC13 (350 nn) 1.585 1.212 0.634 0.630 (81.28) (62.15) (29.72) (29.58) DCM

(350 nm n.a. n.a.
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reaction mixture was cooled to about 25°C and filtered through a 0.45 um PTFE
filter. A small amount of CNT compound passed through this membrane filter.
The filter residue was washed with ethanol until the filtrate became clear to give 7

mg of CNT compound after drying in vacuum (<10 mbar) for 6 hours.

[0044]  The first fiiter residue (0.45 pm PTFE filter) was suspended in cthanol
and collected by centrifugation. This process was repeated 5 times to remove all
organic contaminants. Finally, the obtained CNT compound was suspended in
DCM, sonication and heating was avoided, filtered off by passing the mixture
through a 0.45 pm filter and dried in vacuum (<10 mbar) for 6 hours. Yield: 63
mg. IR (KBr, cm™): 1744 (C=0), 2920, 2850 (CH2). Raman (LL=633, P=50%,
em™): 1330, 1591, 2617. Estimated number of ligands based on TGA is 1 per
480 C-atoms of CNT.

[0045] 11T Synthesis _of CNT>C[CONH-Ph(OC)5)3}»  (CNT-NPhC,,):
Shortened and decarboxylated CNT compound (80 mg) was suspended in 20 mL

of dry ortho-dichlorobenzene (0-DCB) by sonication (5 minutes). Dimethyl-2-
bromomalonate (0.32 g, 1.5 mmol) and 1,8-diazabicyclo[5.4.0] undecene (DBU)
(0.46 g, 3.0 mmole) were added and the mixture was allowed to react in a
sonicator at 60°C. Additional amounts of dimethyl-2-bromomalonate (0.32 g, 1.5
mmol) and 1,8-diazabicyclo[5.4.0] undecene (DBU) (0.46 g, 3.0 mmol) were
added after 3 days of the 5 day reaction period. At the end of this period, 3,4,5-
tris(dodecyloxy)aniline (2.6 g, 4 mmol) was gradually added to the reaction
mixture over 5 days and the mixture was sonicated at 60°C for another 5 days.
The reaction mixture was cooled to 25°C and filtered through a 0.46 pm PTFE
filter. No CNT compound passed through this membrane filter because larger
aggregatcs than for the previous CNT compounds were formed. The filter residue
was suspended in ethanol and collected by centrifugation. This process was
repeated 5 times to remove all organic contaminants. Finally, the obtained CNT

compound was suspended in DCM, sonication and heating was avoided, filtered



;I'_ol uene (350 nm 0.346 0.516 (17.74) (26.46) Hexane (350 nn) 0.043
2.21)
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off by passing the mixture through a 0.45 pm filter and dried in a vacuum (<107
mbar) for 6 hours. Yield: 131 mg. IR (KBr, cm™): 1745 (CONH, 2921, 2851
(CH,), 3441 (NH). Raman (LL=633, P=50%, cm): 1334, 1590, 2631.
Estimated number of ligands based on TGA is 1 per 900 C-atoms of CNT.

[0046] The solubilities of the CNT-16 and CNT-6,10 materials in different
solvents was investigated. Solubility is difficult to define for CNT materials
because of their large size and strong van-de-Waals interactions (aggregation).
All solubility measurements reported here are based on UV/VIS adsorption
measurements of saturated solutions based on a calibration curve obtained in

toluene solution.

[0047] For comparison purposes two additional batches of CNT-6,10 materials
were made but not employing the multiple addition technique outlined in Example
II.

[0048] In Comparison I the shortened and decarboxylated CNT compound (50
mg) was suspended in 200 m! of dry orthodichlorobenzene (o-DCB) by sonication
(5 minutes). Bis-(2 hexyldecyl) 2-bromomalonate (0.64 g, 1.0 mmol) and
1,8-diazabicyclo[5.4.0[ undecene (DBU) (0.31 g, 2.0 mmol) were added once and

the mixture was allowed to react in a sonicator at 60°C for 4 days.

[0049] In Comparison II the shortened and decarboxylated CNT compound (50
mg) was suspended in 20 ml of dry ortho-dichlorobenzene (o-DCB) by sonication
(5 minutes). Bis-(2 hexyldecyl) 2-bromomalonate (1.28 g, 2 mmol) and
1,8-diazabicyclo [5.4.0] undecene (DBU) (0.62 g, 4.0 mmol) were added once and

the mixture was allowed to react in a sonicator 60°C for 4 days.

{0050] In both Comparison I and Comparison II, the product purification

technique recited in Example IT was employed.



0.110 (5. 64)

Special Q1 (400 nm 0.098 (5.76) 0.158 (9.29)

nm 0.866 0.349
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[0051]

solvents at room temperature after centrifugation to remove suspended solids is

Adsorbance values (at a recited wavelength) of CNTs in different

reported in Table 1. The values in parentheses are the calculated concentration of

the solutions in mg of CNT/dm? of solvent.

5W 30 (400

Table 1
CNT-6,10 CNT-6,10

CNT-16 CNT-6,10 | Comparison | Comparison
Solvent (Example I) | (Example IT) I 11
THF (350 nm) 0.787 0.381

(40.36) (19.54)
CHCI; (350 nm) 1.585 1.212 0.634 0.630

(81.28) (62.15) (29.72) (29.58)
DCM (350 nm) n.a. n.a.
Toluene (350 nm) 0.346 0.516

(17.74) (26.46)
Hexane (350 nm) | 0.043 (2.21) | 0.110 (5.64)
Special Oil (400 0.098 (5.76) | 0.158 (9.29)
nm)
5W-30 (400 nm) 0.866 0.349

(50.94) (20.53)

[0052]

Solubility of the CNT precursor, the decarboxylate short single-walled

carbon nanotube before the functionalization reaction, in chloroform is 1.07
mg/dm>. Consequently, the functionalization reaction increased their solubility by
a factor of up to 89 as read directly from the calibration curve or by a factor of 76

based on direct calibration from peak intensity.

[0053]

the CNT-6,10 product of Comparison 1 and Comparison II, functionalization

As can be seen by considering CNT-6,10 product of Example II versus

employing a single addition step (Comparison I) and regardless of whether it
employs in that single addition step even a double amount of reactant
(Comparison 1II), the products exhibit an adsorption of 0.634 and 0.630,
CNT-6,10 made of the
malonate/DBU reactants exhibits an adsorption of 1.212, double the value,

respectively, while using multiple additions



(50.94) (20.53) [ 0052] Sol ubility of the CNT precursor, the decarboxylate
short single-walled carbon nanotube before the funetionalization reaction,

i n chl or ovorrmi®9Rs07 ng/ dnB. Consequently, the functi omrariusatioom2eeacti on
increased their solubility by a factor of up to 89 as read directly from
the calibration curve or by a factor of 76 based on direct calibration from
peak intensity. [0053] As can be seen .by.considering CNT-6,10 product of
Exanple Il versus the CNT-6, 10 product of Conparison | and Conparison ||
functionalization enploying a single addition step (Conparison |) and

ampant of IRGSELYE P! @oRh KRLSRUPITE QBepRyELOT SIBHIRN e IGYEL PR PN of

0. 634 and C I g I itions
of the mardP AFTRECILE veltilh R ele, ARITB Bt oo AR, BIMIE! 2
val ue, - thniqueddisédin Wi srioddit.at | east doubl ing of the level of
substitution achieved by the nultiple addition process versus the single

addi ti on process exenplary of the techniques used in the prior art. WO
2011/ 009026PCT/ US2010/ 042229 - 21-



CLAIMS: 1. A nethod for functionalizing carbon nanostructure materials
conprising: (1) suspending a carbon nanostructure material in a chlorinated
benzene swbwventoovead (2) adding to the suspension of (1pCTius2emolosizpd e
additions over tinme, materials of the fornula: / COO(CHZ) y(CH) z(RL )n(R2) m
BrHC--_ COO(CH2)y(CHz(RlL )n(R2 )rnl or _ ...--- CONH- R3 (OR4)x BrH
Cll CONH- R3(0R4)x wherein Rl and R2gree the sane or different hydrogen
or Cl to C18 al kyl groups provided at |east one of RI and R2 is not

hydrogen, y is O to 10, Zis O or I, rt and mare integers ranging fromoO
to 2 provide tmis at least 1, R3is a Cl to Cl15 alkyl or C6 to Cl10 aryl
group, R4M to Cl14 al kyl group, C6 to C10 aryl, Cl to G o al kyl aryl

or Cl to C10 arylalkyl group, and x is an integer ranging fromO to up to
the replaceabl e val ence of the R3 group, and 1, 8-diazabicyclo[5.4.0]

d DB wh |t f t I rb t t
mter Al has il-l eadt MARGE RN RGBIARE FarkB PG R PR T e T o
funct | onaldefthitRd-0Pr SISPARIALS o RiRSiAL B ifitatell 19 aldiforipiigy car bon

mat | a

nanostructu erial of formula 1 or Il and DBU when the
mat eri al s pehzéms mﬂzaltl ad (1) adeivip BHeauspaditadof @ )i inemakifdeadditionst r uct ur e
material all at once in a single addition. -22 -

over time, materials of the formula:

__ COO(CHy) y(CH)Z(R'yn(R)m

BrHC
COO(CH,)y(C H)Z(R1 )n(R2 .
or
_~ CONH — R3(OR*),
BrHC I

S CONH — R¥*(OR%)

wherein R and R? are the same or different hydrogen or C; to Cy3 alkyl groups
provided at least one of R! and R? is not hydrogen, yis 0 to 10, Zis 0 or 1, nand
m are integers ranging from 0 to 2 provided n+m is at least 1, RYisaC toCys
alkyl or Cg to Cyq aryl group, R*is a C, to Cy4 alkyl group, Cs to Cyg aryl, C; to
Cyo alkylaryl or C, to Cyp arylalkyl group, and x is an integer ranging from 0 to up
to the replaceable valence of the R’ group, and 1,8-diazabicyclo[5.4.0] undecene
(DBU), wherein the resulting functionalized carbon nanostructure material has at
least twice the level of functionalization as compared to functionalized carbon
nanostructure material made using the same carbon nanostructure material and
material of formula I or II and DBU when the materials of formula I or II and
DBU are added to the carbon nanostructure material all at once in a single

addition.



2. A method for functionalizing carbon nanostructure materials conpri sing:
(1) suspending a carbon nanostructure material in a chlorinated benzene

sol vent ; woao(129@ddi ng to the suspension of (1), dropwPSe/USeE0/08i20%,
material of the formula: or -- CONH- R3 (OW)x BrH CII CONH -
R3(0OR4) x wherein RI and R2 are the sane or different hydrogen or Cl to C18
al kyl groups provided at |east one of Rlypand R2 is not hydrogen, y is O to
10, Zis 0 or 1, n and mare integers ranging fromO to 2 provided ntmis
at least 1, R3is a Cl to C15 alkyl or C6 to Cl10 aryl group, R4 is a C2 to
C14 al kyl group, C6 t,o C10 l, Cl to ClO al kylaryl or C1 to G o arylalkyl
group, and x i s 2an irﬂ%ﬁ?"‘fﬁiﬁtﬂlﬁﬁ‘q FIE ¢a0em NEROSIRICtYre jRatedals| e val ence

of the RS goipisid(1} sfisstndflh EXBRlmnds Pl RAGERR [P HELEl N the

resulting functionall nanostructure nma t twce

the level btneamecolvems) dreh() addag LAMPaEGRnERNIGMT),| BOFN ZaHef BiRoN
nanostructure naterial nmade using the sanme carbon nanostructure materi al

and nat eri Aatgraliefithe fermular 11 and DBU when the materials of formula | or
Il and DBU are added to the carbon nanostructure material all at once in a
single addition. -23 - 3. A nmethod of functiagnalizing carbon nanostructure
materials conprising: (1) gJ&ﬁéﬁ@(Q'dz)ey(%)g(ﬂ néRYstructure material in a
chlorinated benzene sgkMent; (2) adding of the suspension of (1), in

mul tiple additions over tifey Cf%&fl'—l%l (é)}fi) t(ﬂq);(%rzr);unl a I
27y Z
or

- CONH — R3 (OR4)x
BrH C 1l

CONH — R3(OR4)x

wherein R' and R? are the same or different hydrogen or C to Cy; alkyl groups
provided at least one of R! and R? is not hydrogen, yis 0to 10, ZisOor |, nand
m are integers ranging from 0 to 2 provided n+m is at least 1, R>is a C; to C5
alkyl or Cg4 to Cyp aryl group, R'isa C, to Cy, alkyl group, Cq to Cyg aryl, C; to
Cyp alkylaryl or C; to Cy arylalkyl group, and x is an integer ranging from 0 to up
to the replaceable valence of the R* group, and 1,8-diazabicyclo[5.4.0] undecene
(DBU), wherein the resulting functionalized carbon nanostructure material has at
least twice the level of functionalization as compared to functionalized carbon
nanostructure material made using the same carbon nanostructure material and
material of formula I or II and DBU when the materials of formula I or IT and
DBU are added to the carbon nanostructure material all at once in a single

addition.



COOR5 BrH ClIl COOR6 wherein R5 and R6 are the sane or different and are
selected fromnethyl, ethyl or propyl groups, and DBU to yield a product of
t he for mwe:20000R26car bon nanostructure material | V COORBCRMU$2¢18)042229
trans-esterifying or trans-amdating the material of fornmula IV with an
esterffication or amdation agent of the type which when reacted with the
material of formula IV results in the prmaduction of a functionalized carbon
nanostructure material of the fornula: carbon nanostructure material C
(coo(cHy(cH z(R n(R2))2 or carbon nanostructure nmaterial C (CONH - R3

(OR4) x) 2 wher ei d the same or different hydrogen or Cl to Cig
al kyl groups prgvi de 3%5@%&”6‘%06‘? 1418 SHPORNGNGSHERGLUFR/MAkEEN vy is 0 to

10, prefer g fromO
to 2 prov %Eﬁ*ﬁ%a‘gfs@g@“%’%%s‘%%%oﬁ st el SPEERGEB S0 o
group, R4 benzen€ohvenfl)allitg efithe @usp@ﬁsidﬂ &), qmﬂmlt@ie adulﬁéﬁ)s alyl aryl
or C1 to G o arylalkyl group, and IS an integer ranging fromO to up to
t he repl acEam:, aafenial etgefommlaRs group, wherein the resulting
functionalized carbon nanostructure mat E{I al has at least twice the |evel
of functionalization as conpared +oCO@RYi onal i zed carbon nanostructure
mat eri al made using the sanBrH@ bon nanostructure maferi al and material of
formula Il WD 2011/ 009026PCT/ USAO&%@&@ZZQ

wherein R® and R® are the same or different and are selected from methyl, ethyl or

propyl groups, and DBU to yield a product of the formula:

_~ COORS
carbon nanostructure material > C v

™~ COOR®

and (3) trans-esterifying or trans-amidating the material of formula IV with an
esterification or amidation agent of the type which when reacted with the material
of formula IV results in the production of a functionalized carbon nanostructure

material of the formula:

carbon nanostructure material > C (COO(CHy) y(CH), (R") ,(R?), ),

or

carbon nanostructure material > C (CONH — R3(OR%)_),

wherein R' and R? are the same or different hydrogen or C, to C,3 alkyl groups
provided at least one of R' and R? is not hydrogen, v is 0 to 10, preferably 0 to 5
and Z is 0 or 1, n and m are integers ranging from 0 to 2 provided n+m is at least
1,R}isaCto Cys alkyl or Cg to Cyg aryl group, Rlisa C; to Cy4 alkyl group, Cq
to Cyp aryl, C; to Cyg alkylaryl or C; to Cyy arylalkyl group, and x is an integer
ranging from 0 to up to the replaceable valence of the R? group, wherein the
resulting functionalized carbon nanostructure material has at least twice the level
of functionalization as compared to functionalized carbon nanostructure material

made using the same carbon nanostructure material and material of formula III



- 24 - and DBU when the materials of formula Il and DBU are added to the
carbon nanostructure material all at once in a single addition. 4.A nethod
for functwonalivamperg car bon nanostructure material s conpPCSiusgo10(043229
suspendi ng a carbon nanostructure material in a chlorinated benzene
solvent; (2) adding to the suspension of (1), dropw se over tinme, material
of the fornmula: - COORS BrH ClI1 COORGmherein RS and R6 are the sane or
different and are selected fromnethyl, ethyl or propyl groups, and

1, 8-di azabi cycl o[ 5. 4. Oj undecene (DBU) to yield a product of the formula:

r ans- oot SRV HeesHR sk Orgull i Do rodke iUk oot ¢ an
esteri fi C%%h% llngrq,%@hbpgl ETef=TAN fﬂfa §1Hgl X (\Mu ch when reacted with the

mat eri al resuts In the production of a functionalized carbon
nanostructure material of the fornula: carbon nanostructure material C
(COO(CH2) y(CH) 3a( R1) mX R21Hdl for foacthmmalizaposirbog honiestnRUAeimateriglesONH - R3
(OR4) x) 2 . . _ :

comprising: (1) suspending a carbon nanostructure material in a chlorinated

benzene solvent; (2) adding to the suspension of (1), dropwise over time, material

of the formula:

_~ COOR?®
BrH C Il

COORS®
wherein R’ and R are the same or different and are selected from methyl, ethyl or

propyl groups, and 1,8-diazabicyclo[5.4.0]lundecene (DBU) to yield a product of

the formula:

_~ COOR3
carbon nanostructure material > C v

™ COORS

and (3) trans-esterifying or trans-amidating the material of formula IV with an
esterification or amidation agent of the type which when reacted with the material
of formula IV results in the production of a functionalized carbon nanostructure

material of the formula;

carbon nanostructure material > C(COO(CHZ)y(CH)Z(R1)n(R2)m)2

or

carbon nanostructure material > C (CONH — R3(OR%), ).

wherein R' and R? are the same or different hydrogen or C, to C,3 alkyl groups
provided at least one of R and R? is not hydrogen, y is 0 to 10, preferably 0 to 5
and Z is 0 or 1, n and m are integers ranging from 0 to 2 provided nt+m is at least
1,R isa C; to Cys alkyl or C¢ to Cy aryl group, R'isa C, to Cyy4 alkyl group, Cq
to Cyg aryl, C, to Cyg alkylaryl or C, to Cg arylalkyl group, and x is an integer



wherein RI and R2 are the sane or different hydrogen or Cl to C18 al kyl
groups provided at | east one of RlL and R2 is not hydrogen, y is 0 to 10,

pr ef er ablwoQotiwo®02and Z is 0 or 1, n and m are integersPCcars2og/oiz2em 0 to 2
provided ntmis at least 1, R3is a Cl to C15 alkyl or C6 to Cl10 aryl

group, R4 is a C2 to Cl4 alkyl group, C6 to C10 aryl, Cl to C10 al kyl aryl
or CI to C1 0 arylalkyl group, and x_ihg_an integer -25- ranging fromO to
up to the repl aceabl e val ence of the R3 group, wherein the resulting
functionalized carbon nanostructure material has at |east twi ce the |evel
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the carbon niangstructure erra once in a sin itron.

5. The nebhggh@fonalirdtinlasd\bsthired b Fus@idalize@babbh tahbéteudiieahitial S

si ngl e-wal | ed carbon nanot ubes. 6. The nethod of claimb5 wherein the
si ngl e- walnalt wangdthe saarotarbes nanestgicture ngatarjhleabimatatiah aof dommde IHavi ng a

| ength between 1 to 10 m cron a di t tween, 0. 01 to 50

nanonet er é8d DBU when énﬁ@flﬁgooa}gfgn@P% ﬁﬁnmiaﬁe added torthg ca t ube
materi al | i - r of. Sa it 8. The method of claim?7
wherein tﬁ%né%t lt@'_eﬁ%n{egigl %lzraggﬁc‘ér}gquaoglﬁg%sadgrﬂéo%hort singl e-wal | ed carbon
nanot ubes having a | ength between 1 to 10 m crons and a di aneter between
0.01 to 50 nanoneters. 9. The nmethod of claim 3 wherein the carbon
nanost ruct ure fat er Tdle metheid dlcdaimal mdgreintbo nanbanoranbstsucture mateti@a! isThe

nmet hod of claim erein the single-walled carbon nanotubes are short
si ngl e-mlslf@de'ﬁﬁ?lﬁgga%b@%@%avi ng a length between 1 to 10 nicrons and

a dianeter between 0.01 to 50 nanoneters. 11. The method of claim4
wherein the carbon nanostructure material is single-walled carbon
nanotubes. - 26 - The methbd-of BB IWHREeiffthe bgle-hlled @afHion Hamentisbon

nanostructure material is single-walled carbon nanotubes.
are short single-walled nanotubes having a length between 1 to 10 microns and a

diameter between 0.01 to 50 nanometers.

7. The method of claim 2 wherein the carbon nanotube material is

single-walled carbon nanotubes.

g, The method of claim 7 wherein the single-walled carbon nanotubes
are short single-walled carbon nanotubes having a length between 1 to 10 microns

and a diameter between 0.01 to 50 nanometers.

9. The method of claim 3 wherein the carbon nanostructure material is

single-walled carbon nanotubes.

10.  The method of claim 9 wherein the single-walled carbon nanotubes
are short single-walled carbon nanotubes having a length between 1 to 10 microns

and a diameter between 0.01 to 50 nanometers.

11.  The method of claim 4 wherein the carbon nanostructure material is

single-walled carbon nanotubes.



13. The nethod of claiml1l, 5 or 6 wherein the carbon nano structure

material has had its surface decarboxyl at ed. 14. The nmethod of claim
2, 7 or 8wvohwergiopn2zbhe carbon nanostructure material hasPoadSeais/og2229 ace
decar boxyl at ed. 15. The method of claim3, 9 or 10 wherein the

carbon nanostructure material has had its surface decarboxyl at ed.
16. The nmethod of claim4, 11 or 12 whegei n the carbon nanostructure

material has had its surface decarboxyl at ed. 17. The method of claim
1 wherein the suspended carbon nanostructure material is mxed with
gquantities of teri Iso forntu% i 1. and Uat |east twice wth
interval betweédn: thg gdasthpd of claipy ]c}’vé‘ﬁfe‘? C FE QLR PRCHHIBULUPAGER veen t he

suspendedlchhgfé%gﬁ&il)_Eée{bmﬁéggtdggg_er| al and the material of formula I or Il

and DBU. claim 17 wherein the interval between

addi tions is af|3| eagheshethb@wielaim 1, 5 or 8 Wheféia the tM@dnafanobtpidtuge wher ei n
the addition of material of formula | or Il and DBU to the suspended carbon

nanost r ucmateriatdtas hiadlitscnuofase slecarberylatgskeri od of at |east two days at a
rate of one drop every thirty seconds to thirty m nutes. 20. The
met hod of claim 3 wherein the suspended carbon nanostructure material is

m xed W th quanggi ti %et%{l%rf'c dglojf 1 8F 8 élhlthé‘ﬁgrrbgﬁlﬁaﬁbstir@&ﬁf twice -

27 - with interval e ween the a ’i 'ons su ICI ent reaction to occur

bet ween t hetstisinerded lgsagubgg@emeeg@bgymwe material and the material of
formula I'll and DBU. 21. The nethod of claim 20 wherein the interval

bet ween additions is at | east six hours. 22. The nethod of claim4
wherein the additio rial .of_for Uto the suspended
car bon nanostrﬂétur& g‘?‘PSP“i”‘H’r%p%PQ@M“ﬁE%F% NJRNGIIYAWES: ¢ wo

T i e e S T L T VA CAPTPTY
20, 21 or 22 wherein the tenperature is held at from40 to 70C during the

addition step and for one to four days following the final addition of the
mat eri al to thd6susdedeehoddfeiimahoklt out? whereratke cabeon nanostructure

material has had its surface decarboxylated.

17.  The method of claim 1 wherein the suspended carbon nanostructure
material is mixed with quantities of materials of formula I or IT and DBU at least
twice with interval between the additions sufficient for reaction to occur between
the suspended carbon nanostructure material and the material of formula I or II

and DBU.

18. The method of claim 17 wherein the interval between additions is at

least six hours.

19.  The method of claim 2 wherein the addition of material of formula I
or Il and DBU to the suspended carbon nanostructure material dropwise over a

period of at least two days at a rate of one drop every thirty seconds to thirty

minutes.

20.  The method of claim 3 wherein the suspended carbon nanostructure

material is mixed with quantities of material of formula III and DBU at least twice
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with interval between the additions sufficient for reaction to occur between the
suspended carbon nanostructure material and the material of formula III and
DBU.

71.  The method of claim 20 wherein the interval between additions is at

least six hours.

22.  The method of claim 4 wherein the addition of material of formula
T and DBU to the suspended carbon nanostructure material is dropwise over a
period of at least two days at a rate of one drop every thirty seconds to thirty

minutes.

23.  The method of claim 1, 2,3, 4,5,6,7,8,9, 10,11, 12,17, 18, 19,
20, 21 or 22 wherein the temperature is held at from 40 to 70°C during the
addition step and for one to four days following the final addition of the material

to the suspended carbon nanostructure materials.



