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Car bon nanotubes (CNTs) are an al lo tropic form of car bon, in which all car bon
at oms have sp2 hy brid iza tion. They ex ist in two forms: as sin gle-walled car bon
nanotubes (SWCNTs) and multi-walled car bon nanotubes (MWCNTs). SWCNTs
can be de scribed as hex ag o nal net works of car bon at oms that have been rolled into
seam less cyl in ders with di am e ters close to 1 nm. MWCNTs can be con sid ered as co -
ax ial as sem blies of SWCNT cyl in ders; one within an other, with the dis tance be tween
tubes be ing ap prox i mately equal to the dis tance be tween lay ers in nat u ral graph ite.
The length of the car bon nanotubes is about four or ders of mag ni tude higher than
their di am e ter,  there fore they are called one-di men sional struc tures.

CNTs pos sess unique elec tri cal and me chan i cal prop er ties, but many of their po -
ten tial ap pli ca tions re quire chem i cal mod i fi ca tion. Syn thetic routes for noncovalent
and co va lent mod i fi ca tions al ready ex ist. As for the lat ter, two main ap proaches for
functionalizing CNTs have been im ple mented: (i) end/de fect-site derivatization and
(ii) side wall derivatization. How ever, ex am ples of co va lent side wall derivatization
are lim ited and gen er ally re quire highly re ac tive carbenes, free rad i cals, or azo -
methine ylides [1].

We re port here on CNT derivatization with chem i cal moi eties pos sess ing spe cific 
rec og ni tion sites or electroactive (re dox) groups. Both end/de fect-site and side wall
derivatization were per formed on SWCNTs, as well as on MWCNTs (Figs. 1 and 2).

Centrifugation was found to be a very con ve nient method for iso la tion and pu ri fi -
ca tion of mod i fied car bon nanotubes.
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Chem i cal functionalization of nanotubes lead ing to 1–5  was per formed anal o -
gously as de scribed in [2]. 50 mg (~4 mmol of car bon) of SWCNTs or MWCNTs were 
mixed with 4 equiv/mol of car bon of an ad e quate amine, i.e. 2-aminoanthraquinone
(MW. 223 g/mol), or p-aminoazobenzene (MW. 197 g/mol), or 2-amino benzo- 15-
 crown-5 (MW. 283 g/mol). Af ter the mix ture was placed in a round-bot tom flask
equipped with a mag netic stir ring bar, isoamyl ni trite (4.8 equiv/mol of car bon; MW.
117 g/mol), pre pared as de scribed in [3], was added. The re sul tant paste was heated to 
75°C and stirred un der ar gon for 24 h. Then, the re ac tion mix ture was di luted with
DMF and cen tri fuged. The col lected solid was washed un til the supernatant be came
col or less and dried un der re duced pres sure ob tained with wa ter pump.

De riv a tive 6: Fol low ing the de scrip tion in [4] 100 mg of MWCNTs was sonicated 
in 50 ml of ben zene for 30 min utes to form a sus pen sion. Then, benzoyl per ox ide (3
equiv per mol of car bon) was added and the mix ture was heated to 75°C and stirred
un der ar gon for 24 h. Af ter that time, the re ac tion mix ture was cen tri fuged and
nanotubes with phenyl groups at tached to their side-walls were washed with chlo ro -
form.

The ma te rial was sub jected to 3 ml of hy dro gen bro mide (45% w/v HBr) in gla -
cial ace tic acid and 0.6 g of paraform(al de hyde) within 72 h. In the re ac tion,
bromomethyl groups are in tro duced onto phenyl moi eties, but un der such con di tions
the end/de fect-site derivatization may also oc cur. Af ter wash ing with THF, the cen tri -
fuged mod i fied nanotubes were taken to the last step of the re ac tion, i.e. with lith ium
diphenylphosphide. Lith ium diphenylphosphide and nanotubes were stirred for 96 h,
washed with THF and meth a nol and cen tri fuged, giv ing de riv a tive 6.
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Fig ure 1. Co va lent side wall derivatization of SWCNTs and MWCNTs.
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De riv a tives 7 and 8. MWCNTs were sonicated in a mix ture 3:1 v/v of conc.
H2SO 4 (98% wt) and HNO3 (16 M) for 4 h and left over night [5]. The re sul tant sus -
pen sion was di luted with deionized wa ter and cen tri fuged. Care fully washed nano -
tubes were treated with SOCl2 at 70°C for 24 h. An ex cess of thionyl chlo ride was
re moved by evap o ra tion with to lu ene. A sub se quent re ac tion with  p-amino azo -
benzene or 2-aminobenzo-15-crown-5 in pyridine was per formed, giv ing 7 and 8, re -
spec tively.

Mod i fied car bon nanotubes were char ac ter ized by UV-Vis spec tros copy, con fo -
cal Raman spec tros copy, X-ray pho to elec tron spec tros copy and elec tro chem i cally.

Functionalized with azo ben zene moi eties, car bon nanotubes 3, 4 and 7 were
found to form sta ble Langmuir and Langmuir-Blodgett monolayers. Sur face pres sure 
– mean mo lec u lar area and sur face po ten tial – mean mo lec u lar area iso therms were
re corded to show the for ma tion of monolayers and their char ac ter is tics (Fig. 3).

Lay ers of mod i fied nanotubes were spread  on the wa ter sur face and com pressed
to the sur face pres sures 40 mN/m be fore the col lapse of the or ga nized layer takes
place. They were trans ferred onto the solid sub strates us ing the Langmuir-Blodgett
ap proach [6]. The trans fer was per formed by with draw ing in the in dium-tin ox ide
sub strate (ITO) through the monolayer cov ered air-wa ter in ter face with the speed of 
7 mm/min. Next, the sub strates are dried in air and placed in the elec tro lytic cell. 
Since azocompounds are electroactive, the amount of the com pound pres ent on  the
con duct ing sup port can be eval u ated based on the charge of the voltammetric re duc -
tion peak (Fig. 4).
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Fig ure 2. Co va lent end/de fect-site derivatization of MWCNTs.
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Fig ure 3. Sur face pres sure – mean mo lec u lar area iso therms for  MWCNT-4 (solid line) and mix ture of 4

and C18OH (10:1 mass ra tio) (bro ken line). In set: Monolayer com press ibil ity co ef fi cient vs.

sur face pres sure. Subphase: wa ter.
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The changes in the electroactivity of the layer upon light in duced isomerization
were also mon i tored. The Langmuir-Blodgett tech nique was found to be a con ve nient 
method for the prep a ra tion of re pro duc ible nanotube lay ers at the elec trode sur faces.

De riv a tives 5 and 8 are also ex pected to form monolayers [7] and now are un der
in ves ti ga tion.

Glassy-car bon elec trodes (GCE), mod i fied with de riv a tives 1 and 2, were used in
the pro cess of cat a lytic re duc tion of ox y gen in the pres ence of laccase (Fig. 5). GCE
elec trodes cov ered with nanotubes were pre pared by drop ping the mix ture of nano -
tubes SWCNT-AQ  or  MWCNT-AQ  in meth a nol and al lowed to dry. For prep a ra tion
of CNTs elec trode, ap pro pri ate amount of CNTs was mixed firstly with 0.5 ml meth a -
nol with ul tra sonic ag i ta tion over 2 min. Next, 5 ml of this mix ture was pipetted onto
the elec trode and al lowed to dry (Fig. 5).
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Fig ure 4. Cy clic voltammograms for MWCNT-7 trans ferred onto ITO by the Langmuir-Blodgett

method. Sup port ing elec tro lyte: Ci trate buffer with 0.1 M LiClO4 (solid line) pH 3, (dashed

line) pH 12.

Fig ure 5. Cy clic voltammograms re corded for cat a lyzed dioxygen re duc tion us ing elec trodes mod i fied

with nanotubes A) MWCNT-2 and B) SWCNT-1 in McIlvaine buffer so lu tion (pH 5.2) con -

tain ing 0.047 mg/ml laccase: (—) deoxygenated and (– –) sat u rated with ox y gen, scan rate 5

mV/s.
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At un mod i fied GCE, re duc tion of ox y gen pro ceeds with a large overpotential (at
po ten tials ca. –0.6 V) both in the ab sence and in the pres ence of laccase in the so lu -
tion [8,9,10]. How ever, in case of elec trodes mod i fied with nanotubes the over -
potential of the re duc tion of dioxygen cat a lyzed by laccase is neg li gi ble. This fact,
to gether with the re mark able sta bil ity of such elec trodes makes the GCE/CNT-
 laccase sys tem very in ter est ing for the ap pli ca tions in elec tro chem i cal sens ing and
biofuel cells.
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