ASYMMVETRI C END- FUNCTI ONALI ZATI ON OF CARBON NANOTUBES The use of carbon
nanot ubes for many practical applications often requires a precision
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unreactive due to the seamless arrangement of hexagon rings without any danglmg bonds,
and that the fullerene-like tips of carbon nanotubes are more reactive than the sidewalls for

15  chemical attaching with various chemical reagents. However, the asymmetric
functionalization of carbon nanotubes with each of their two end-tips attached by different
chemical reagents remains a challenge. The asymmetric end-functionalization, if realized,
should significantly advance the self-assembling of carbon nanotubes into many new
functional structures with a molecular-level control.

20 Therefore, there is a need for asymmetric functionalized carbon nanotubes, and for
methods of preparing them.

The present invention meets those needs by providing a method of making an
asymmetric end-functionalized carbon nanotube film. The method comprises: providing a
carbon nanotube film having a first end and a second end; contacting the first end of the

25 carbon nanotube film with a first reactive medium; reacting the first end of the carbon
nanotube film with the first reactive medium by a first physicochemical process;
contacting the second end of the carbon nanotube film with a second reactive medium,
wherein the first reactive medium is different from the second reactive medium; and
reacting the second end of the carbon nanotube film with the second reactive medium by a

30 second physicochemical process.
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patterned/non-patterned transferring such nanotube arrays to various other substrates or as
15  a free-standing film. We found that the as-synthesized aligned carbon nanotube film could
be easily separated from the quartz glass as a clean substrate-free film by immersing the
nanotube-deposited quartz plate into an a(iueous hydrofluoric acid solution (about 10%
w/w), followed by thoroughly washing with pure water. The substrate-free aligned carbon
nanotube film thus prepared can float either on a hydrophilic solvent (e.g., water, alcohol)
20  due to its hydrophobic nature or on a high-density solvent (e.g. 1,1,2,2-tetrachloroethane,
TCE, p = 1.58 g/ml) because of the density difference. In both cases, each of the
constituent carbon nanotubes within the aligned nanotube film is perpendicularly aligned
at the air/liquid interface.
This led to the development of a novel photochemical approach for asymmetric
25 end-functionalization of carbon nanotubes by sequentially floating the substrate-free
aligned carbon nanotube film on two different photoreactive solutions with only one side
of the nanotube film being contacted with a photoreactive solution and exposed to UV
light each time. While the contact between the hydrophobic nanotube sidewall and
photoreactive solution via capillary effect is minimal, the photochemical approach allows
30 only the nanotube tips to be modified by UV-irradiating the nanotube film at a normal

incidence angle.
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for the the medium and carbon nanotubes to the physicochemical activation source for the

particular type of reaction. The reaction occurs between one end of the carbon nanotubes

15  and the medium. The particular physicochemical activation source used will depend on
the process being used. For example, in a photochemical reaction, the activation source
will be a source of radiation, such as ultraviolet light, infrared light, or visible light. The
photochemical reaction will then take place between the photoreactive solution and the
carbon nanotubes.

20 The other side of the carbon nanotube film is contacted with a second reactive
medium, and the medium is exposed to the activation source for that type of reaction. The
first and second reactive media are different.

The physicochemical process can be same for both reactions, or they can be
different. If the same process is used for both reactions, the activation sources can be the

25 same or they can be different. For example, with photochemical reactions, ultraviolet
radiation can be used for both, or ultraviolet radiation can be used for one, and another
radiation source can be used for the other.

Suitable physicochemical processes include, but are not limited to photochemical
reactions, plasma activated reactions, adsorption, deposition, coating, ion beam etching,

30 thermal/chemical oxidation, and chemical grafting.
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any. Thereafter, the freshly purified, aligned A-CNT film was laid on the top surface of a
perfluorooctyl iodide solution in TCE (2 wt%) with the unmodified side of the aligned

15 carbon nanotube film in contact with the TCE solution for the end-attachment of
perfluorooctyl chains (F-CNT) by UV-irradiation in the same manner as in the case for the
AZT attachment. The resultant asymmetrically-modified aligned carbon nanotube film
(designated as: A-CNT-F) was then washed by repeatedly rinsing with pure ethanol to
completely remove any absorbed perfluorooctyl iodide molecules and dried in an ambient

20 atmosphere for subsequent characterization.

Next, we demonstrated the potential for self-assembling of the modified carbon

nanotubes through the hydrophilic/hydrophobic interactions. We used ultrasonication
(Electron Microscopy Science-2510MT) to deliberately destroy the alignment of the A-
CNT, F-CNT, and A-CNT-F films and to disperse them homogeneously in H,O/ethanol

25 (91 v/v, Figure 2a), TCE/ethanol (9/1 v/v, Figure 2b), and a mixture solvent of
H,O/ethanol (9/1 v/v) + TCE/ethanol (9/1 v/v) (Figure 2c), respectively. As shown in
Figure 2a, a stable homogenous dispersion in the hydrophilic solvent of H,O/ethanol (9/1
v/v) was obtained (no precipitation about 2 days after the sonication) for the carbon
nanotubes end-functionalized with the hydrophilic AZT molecules. Similarly, the

30 hydrophobically-modified F-CNTs in the hydrophobic solvent of TCE/ethanol (9/1 v/v)

gave a stable homogenous dispersion (no precipitation about 4 days after the sonication)
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into a 15 aligned carbon nanotube film, (b) the AZT-grafted side (A-side) and (c) perfluorooctyl

chain-grafted side (F-side) of an aligned A-CNT-F film, along with the corresponding high

resolution C 1s spectra (insets). Figure 3a shows the expected graphitic C 1s peak at
284.7 eV and a weak signal for O 1s (531 eV), consistent with previously reported results.
Although not wishing to be bound by theory, the atomic ratio of O/C = 0.038 deduced

20 from the survey spectrum in Figure 3a could be attributed to possible incorporation of a
trace amount of oxygen during the nanotube growth and/or through the post-synthesis
adsorption. The C 1s spectrum shown in the inset of Figure 3a is similar to that of HOPG
graphite. The XPS survey spectrum for the A-side of the aligned A-CNT-F film (Figure
3b) shows a N 1s peak at 399 eV with a concomitant increase in the atomic ratio of O/C

25 from 0.038 to 0.15 due to the attachment of AZT molecules. The appearance of new
peaks at about 286.5 and 288.6 eV in the corresponding high-resolution C 1s spectrum
given in the inset of Figure 3b are attributable to the C-O and C=0 bonds, respectively,
associated with the AZT moieties. On the other hand, XPS measurements on the F-side of
the aligned A-CNT-F film revealed a new peak at 685 eV attributable to F 1s with its

30  Auger features appeared around 850 eV (Figure 3c). Apart from the graphitic C 1s peak at
284.7 eV, the corresponding high-resolution C 1s spectrum (inset, Figure 3c) shows the
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respect i ve §,notub s, as conlirmed by X-ray photoelectron spectroscopic measurements. It was also
15 demonstrated that the asymmetrically-modified carbon nanotubes with the hydrophilic 3°-
Azido-3’-deoxythymidine molecules chemically attached onto one tube-end and the
hydrophobic perfluorooctyl moieties on the other could effectively self-assemble at the
hydrophilic/hydrophobic interface in a two-phase solvent system.
Depending on what and how to activate each of the two nanotube ends, the number
20 of chemical reagents that can be asymmetrically attached onto the nanotube ends is
unlimited. In particular, plasma activation can be used to graft each of the two nanotube
ends with various functional groups (e.g. —COOH, -COH, -OH, -NH,, etc.), followed by
further chemical modification through reactions characteristic of the plasma-induced
functionalities as discussed in Q. Chen, L. Dai, M. Gao, S. Huang, and A.W.H. Mau
25 “Plasma activation of carbon nanotubes for chemical modification” J. Phys. Chem. B 105,
618, 2001), which is incorporated herein by reference.
Asymmetric end-functionalization of carbon nanotubes was achieved by
sequentially floating a substrate-free aligned carbon nanotube film on two different
photoreactive solutions with only one side of the nanotube film being contacted with the
30 photoreactive solution and exposed to UV light each time. The resultant nanotubes with

different chemical reagents attached onto their opposite tube-ends should be very useful
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two nanot ube ends, the nunber of chem cal reagents that can be
asymmetrically attached onto the nanotube ends is unlimted. In particular,
pl asma activation can be used to graft each of the two nanotube



ends with various functional groups (e.g. -COOH, -COH, -OH, -NH2, etc.),
foll owed by further chem cal nodification through reactions characteristic
of the plwemssimdisced functionalities as di scussed i n QpcChmpoosloossBai , M
Gao, S. Huang, and AAWH Mau "Plasnma activation of carbon nanotubes for
chem cal nodification" J. Phys. Chem B 105, 618, 2001), which is

i ncorporated herein by reference. Asymmetric end-functionalization of
carbon nanot ubes was achi eved by sequentially floating a substrate-free

al i gned carbon nanotube filmon two different photoreactive solutions with
only one side of the nanotube filmbeing contacted with the photoreactive
solution and exposed to UV |ight eacKLAIMS. The resultant nanotubes with
di fferent chem cal reagents attached onto their opposite tube-ends shoul d
be very useful for site-selective self-assenbling of carbon nanotubes into
many novel If uncAimetbéd eftmakiigimesyfnaetriv afid-fstidalifaichdbn aRRkibE &ihons. Wile
certain e%l%ﬁr?srft ative enbodi nents and details have been shown for purposes
of illustrati gl%%ie invention, it will be apparent to those skilled in the

art that vari ouproeidanRgesrlion nhRRuiedRRAEThE @ Bisst eflafiel RadS efi.scl osed herein
may be made w t hout .degla:ﬁtri ng%fromthe scope of the invent!’on, which is
defined in the %{B‘g"ﬁﬁﬂ% ST PAL LA Wbon napoties Houwidh 2 fiesk feagivamedBymmet r i ¢

end- f unct i onal i @edingakdR: HARYIHRELER héﬂoﬁﬁ@@iﬁﬁiw?t'cl}’iﬂé iRl YL RYaimGEr Pon
nanot ube fil.m having a first end and a second end; contacti ng ? e rirst end

of the car Bt RBYsi© ieql PRACESE h a first reactive medium reacting the
first emd of thenerROMe IRARE HREorfle Angh by %fﬁx‘nr\%gd s%ggtd'ré’aé%ﬁ”eo“ um by a
en

first physicochen cal process; contacting the secon ot & carbon
nanot ube” f MR Phergindbe Bistrepdive mediamrie differant fbme i secddaedctivamediaact i ve
mediumis ghd ferent fromthe second reactive nedium and
reacting the second end of the carbon nanotube film with the second reactive
medium by a second physicochemical process.
15
2. The method of claim 1 wherein contacting the first or second end of the carbon
nanotube film with the first or second reactive medium comprises floating the carbon

nanotube film on a first or second reactive solution.

20 3. The method of claim 1 wherein the physicochemical process is selected from
photochemical processes, plasma processes, adsorption processes, deposition processes,

coating processes, ion beam etching processes, thermal/chemical oxidation processes, and

chemical grafting processes.

25 4, The method of claim 1 wherein the first or second physicochemical process is a
photochemical process and wherein reacting the first or second end of the carbon nanotube
film with the first or second reactive medium comprises exposing the first or second end

of the carbon nanotube film to a source of radiation selected from ultraviolet radiation,
infrared radiation, or visible light.
30



reacting the second end of the carbon nanotube filmwth the second
reactive nmedi um by a second physi cochem cal process. 2. The nethod of claim
1 wher ei rwoené7astdsmg the first or second end of the carlpom/usanetoosss: fil m
with the first or second reactive nmedi um conprises floating the carbon
nanotube filmon a first or second reactive solution. 3. The nethod of
claim1 wherein the physicochem cal pré%ess is selected from photochem cal
processes, plasma processes, adsorption processes, deposition processes,
coating process beam et chi ng processes,. thermal/chem cal oxidation
processes, “and %ﬁ%’ﬁ‘?@ gﬁ%m‘iwaerﬁ%l@é@grégofr& diatpfpls pegprstcudr e thgi m 1

wher ei n tth%bﬁﬁ&mﬁ%egﬁﬁpnd physi cochem cal process is a photochem cal
process and wherein reacting the first or second end of the carbon nanot ube
filmw th the first or second reactive nmedi um conprises exposing the first
or second gnd ofpd B&h&@&@&ﬁd‘@?ﬁér&ﬁ%efﬁré %arcﬂv@mﬁ&lﬂﬁlqga% tm,]% infig Sel ected
fromultraviolet radiation rared |at|on or VISl ? ight.5. The
method df Gf-a¥ide- -deeaythymidineeand dhersseond freactivti medion iy msobdiopepuibioiar to t he
car bon ”a”ngBﬁrBé Mbafle. The method of claim4 wherein the first reactive
mediumi s ution containing 3'-azido-3'-deoxythym di ne and the second
reactive nediumis a solution contalnlng perfl uorooctyl iodide. 7. The

nmet hod of ¢l ai V. .um cont ai drophlllc
react ant aﬁd tﬂz$?§%§%§bﬂ%%9fl h&B%'Eﬁﬁgc%ﬁ g%ﬁ%hmncoﬁagsﬁgﬁm%pheactant 8.
The net hod rafktact aai thelsevdndrredctivé inedmmrcbntmmmahmirqﬁmbfclrbaﬁamrrpr i ses carbon
nanotub§§ sel ected fromsingle-wall carbon nanotubes or multi-wall carbon
nanot ubes. 9. The nethod of claimlwherein the carbon nanotube filmis

al igned. 1@. ThThe¢mtthodlondlaifl Bivherdin'Mecadon nitvéublifiltcomptses eaboidl

hysi cochem cal es ar
phy nanotube? se?ec?e% from gingle-wall carbon nanotubes or multi-wall carbon nanotubes.

9. The method of claim 1 wherein the carbon nanotube film is aligned.
15
10.  The method of claim 1 wherein the first and second physicochemical processes are

the same.

11. A method of making an asymmetric end-functionalized carbon nanotube film,
20 comprising:
providing a carbon nanotube film having a first end and a second end,
floating the first end of the aligned carbon nanotube film on a first photoreactive
solution;
exposing the first end of the aligned carbon nanotube film to ultraviolet radiation
25  so that the first end of the aligned carbon nanotube film reacts with the first photoreactive
solution;
floating the second end of the aligned carbon nanotube film on a second
photoreactive solution, wherein the first photoreactive solution is different from the

second photoreactive solution; and



the sane. 11. A nethod of making an asymmetric end-functionalized carbon
nanotube film conprising: providing a carbon nanotube filmhaving a first
end and aveecomdisnd; floating the first end of the ali goedisec@shosssnanot ube
filmon a first photoreactive solution; exposing the first end of the

al i gned carbon nanotube filmto ultraviglet radiation so that the first end
of the aligned carbon nanotube fiImrea ts with the first photoreactive
solution; floating the second end of the aligned carbon nanotube filmon a

second photoreactive sol ution, rein the first photoreactivye solution is
different from ?’f‘?@“’é‘%ﬁ’ﬁﬁﬁcoﬁﬁﬁ%‘}’ﬂﬁ%‘ﬁ}@g%agl?%‘ﬁaﬁﬁ?lg)eaﬁﬂ’eg?b‘%v 't he second
end of the rafidtisnes thaothe stoRBE A dfifi dlichdd dafhol nhicdibe Fl@tredcBdiitt theBecsR t hat
t he second gnd of . the aligned carbon nanotube filmreacts with the second

phot or eact PYRIOEBFIESPRIOM 2 The nethod of claim 11 wherein the ultraviol et
radi ation is perpendicular to the aligned carbon nanotube film 13. The
nmet hod of claim 11 wherein the first photoreactive solution contains a

hydr ophi? i d2r eadhemethedhef dlaim 1devhsraan i gltesviokes rAdiagion i netneadicelarte fiens a

hydr ophobi Gj;588¢LB6 nandfibe fillg, Met hod of claim 11 wherein the first
phot or eact i \}ée&sol uti ré)arll1 co%t alns 3'-azido- 3'-deoxythym di ne and the second

phot oreacti ve sol ution contai ns perfluorooctyl iodide. 15. The nethod of
claim 11 rei [ I ot ubes

sel ected :‘Ngg'm s?}ﬁélflgth%ﬁgﬁ?%gﬂ ebigﬁﬁ eﬁ%ﬁ%l% %@ﬁ%@%ﬁﬁ%ﬁ@%&%@%ﬂggn nanot ubes.
16. The nehhddplofic whaannadd thelsesord phdtdreactize mdutionanathinb e hfdrbphdb® al i gned.

10 reactant.

14.  The method of claim 11 wherein the first photoreactive solution contains 3’-azido-

3’-deoxythymidine and the second photoreactive solution contains perfluorooctyl iodide.

15 15.  The method of claim 11 wherein the carbon nanotube film comprises carbon

nanotubes selected from single-wall carbon nanotubes or multi-wall carbon nanotubes.
16.  The method of claim 11 wherein the carbon nanotube film is aligned.

20 17.  The method of claim 11 wherein the first and second physicochemical processes

are the same.

18.  Anasymmetric end-functionalized carbon nanotube film, comprising:
a carbon nanotube film having a first end and a second end;

25 a first end group attached to the first end of the aligned carbon nanotube film,
wherein the first end group is the reaction product of a first reactive solution and the
carbon nanotube film; and

a second end group attached to the second end of the carbon nanotube film,
wherein the second end group is the reaction product of a second reactive solution and the

30  carbon nanotube film, wherein the first and second end groups are different.



17. The method of claim 11 wherein the first and second physi cochem cal
processes are the sane. 18. An asymmetric end-functionalized carbon

nanot ube Wwol2m7/s048pr i si ng: a carbon nanotube film havi ngca/dsesshosad and a
second end; a first end group attached to the first end of the aligned
carbon nanotube film wherein the first1end group is the reaction product
of a first reactive solution and the CQrbon nanotube film and a second end
group attached to the second end of the carbon nanotube film wherein the

second end group,. is the reactjon, product, of a second reactive solution and
t he carbon ﬁano&ﬁﬁésyfweﬁf" ?Kﬁé('jl’“é‘it’r‘?ﬁ‘fl}?é‘yW‘P‘E’tnaa?fﬂb%&‘fb?f&%é‘ﬁd 8grhstristher e
di f f er ent . ¥8st ehleroap WHyEdphilic @dithb iséBehd &i@ér&ﬁﬁ@hfﬁsﬁ}fwicnanot ube film of

claim 18 wherein the first end group is hydrophilic and the second end
group is hydrophobic. 20. The asymmetric end-functionalized carbon nanot ube

filmof claigm 1Ghuhshfidhid HR-lihdidhalBodcAbRURNbS b@ﬁlﬁ%ﬂc@%ﬁqgﬂfé?&%%& hym di ne

and the second end group is perfluorooctyl iodide. : e asymetric
end- f unc? i diteiens egue rHuridprdndearytiymiding 2k ted sepond £8d wreap éd perfliveocstal bon
nanot ube filgyconpri ses carbon nanotubes sel ected from single-wall carbon
nanot ubes and nulti-wall carbon nanotubes. 22. The asymmetric
end-functionalized carbon nanotube filmof claim 18 wherein the carbon

nanot ube fijm i q’h@!igy%f\e%c end-functionalized carbon nanotube film of claim 18 wherein the
carbon nanotube film comprises carbon nanotubes selected from single-wall carbon

10 nanotubes and multi-wall carbon nanotubes.

22.  The asymmetric end-functionalized carbon nanotube film of claim 18 wherein the

carbon nanotube film is aligned.



