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Introduction

Many efforts have been devoted in the last two decades to the
development of effective and simple functionalisation schemes
for 1D and 2D carbon nanostructures with the final aim of im-
proving their processability and handling as well as imparting
multimodality to the resulting hybrids.[1] In particular, carbon
nanotubes (CNTs) have been widely explored as substrates for
a number of functionalisation protocols to afford decorated
nanostructured systems with unique physicochemical proper-
ties.[2] Potential applications of the as-prepared CNT-based hy-
brids are envisaged in different technological fields: from the
preparation of nanocomposite materials with improved prop-
erties[3] and their exploitation in nanomedicine for drug deliv-
ery,[4] therapy and imaging,[5] to their use as catalytic materials

in specific fields of renewable energies technology.[6] In spite of
a number of well-established CNT functionalisation protocols,[7]

the development of new synthetic methodologies that lead to
a more efficient integration of these nanomaterials into com-
plex functional structures still represents a challenging re-
search matter in the field. In particular, the incorporation of
functionalities containing cleavable bonds (under appropriate
chemical and/or biological settings) is a step forward towards
the smart engineering of these nanostructures.[8] Controlled
molecular exchange at the CNT surface is still a relatively unex-
plored field, although it can offer a unique strategy for the
controlled release of specific guest molecules initially linked to
the surface of the nanomaterial carrier (CNT). For instance, Dai
and co-workers demonstrated how the intracellular delivery of
CNT-based bioconjugates and the subsequent release of the
biological probe from the nanocarrier (CNT) could be triggered
by a selective disulfide bond cleavage operated by thiol-reduc-
ing enzymes.[9] Similarly, You et al. demonstrated how chemi-
cally decorated CNTs could easily conjugate and release biolog-
ical molecules at will, according to specific biological or chemi-
cal stimuli.[10] Both technologies conceptually lie on the design
and synthesis of a “cleavable” linker for the covalent anchoring
of a wide range of thiol end-capped biomolecules (including
DNA, RNA and proteins).

Some of us recently reported the preparation of flexible and
versatile “CNT platforms” chemoselectively decorated with aryl-
azido pendant arms;[11] their exploitation, in combination with
variably substituted terminal acetylenes (or mixtures thereof),
under classical bio-orthogonal copper-mediated acetylene–
azide coupling (CuAAC) conditions,[12] has provided a valuable

Efforts have been made in recent years to develop novel func-
tionalisation protocols aimed at imparting multimodality and
improved properties to complex carbon-based nanostructures.
The incorporation of cleavable bonds to the nanomaterial sur-
face for the controlled release (or exchange) of specific mole-
cules under appropriate chemical and biological settings is rel-
atively unexplored. The design and synthesis of a hetero-bi-
functional linker joining a “cleavable” disulfide moiety for the
covalent anchoring of a wide range of thiol end-capped (bio)-

molecules and a “clickable” terminal acetylene group is de-
scribed. The strategy is based on the well-established copper-
mediated acetylene–azide coupling reaction between the acet-
ylene linker and single-walled carbon nanotubes decorated
with phenylazido pendant arms. As a result, easily “post-deriva-
tisable” and traceable nanostructured platforms containing
a linking group potentially available for a wide range of biolog-
ical probes are prepared and completely characterised.
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protocol for a controlled single-step homo- and hetero-func-
tionalisation of the single-walled carbon nanotube (SWCNT)
side walls.[13] Herein, the easy-to-scale-up synthesis of a simple
organic linker joining a cleavable disulfide moiety and a “clicka-
ble” terminal acetylene group is described. Its chemistry is fully
investigated in the homogeneous phase by means of model
reaction protocols before being clicked at the surface of the
above-mentioned phenylazido-functionalized SWCNT platforms
(fN3-SWCNT). The data reported hereafter describe a functionali-
sation scheme capable of imparting multimodality (i.e. , multi-
functionality) to 1D carbon nanostructures, while they operate
as nanocarriers for potential biological probes. The CNT conju-
gation with thiol end-capped biomolecules is conveniently fol-
lowed spectroscopically by monitoring the appearance of
a characteristic absorbance band(s) owing to the release in so-
lution of pyridine-2-thiol (or pyridine-2-thione) as the side
product(s). Simple UV/Vis measurements allow for a precise es-
timation of the loading of the biomolecules covalently grafted
on the CNT, and appropriate hetero-decoration of the nanoma-
terial with a selected fluorescence dye (boron dipyrromethene
(BODIPy) derivative) generates an optically traceable bioconju-
gate. In addition, this study offers interesting insights on the
role of the grafted molecules on the ultimate material mor-
phology, while providing clear evidence of the distribution of
the phenylazido groups at the CNT surface as a consequence
of the aryldiazonium salt regiochemistry.

Results and Discussion

Synthesis of the hetero-bifunctional spacer 3

The approach to this study starts with the gram-scale synthesis
of the hetero-bifunctional cross-linker 3. Scheme 1 illustrates
the stepwise procedure developed to prepare the desired acet-
ylene derivative in good yield (51 % over three steps).

According to this synthetic pathway, the 3-tritylsulfanylpro-
panamide 2 is straightforwardly prepared through an initial
sulfhydryl trityl protection of the commercially available 3-mer-
captopropionic acid followed by a one-pot activation/amida-
tion of the carboxylic acid (DCC, HOBt, propargylamine) to

give the acetylene intermediate as a white solid in 82 % yield
over two steps. At odds with several literature precedents,[14–17]

all of our attempts to obtain the free alkylthiol intermediate by
sulfhydryl deprotection of isolated 2 failed. Indeed, the reac-
tion of 2 with Et3SiH and TFA gave, upon solvent evaporation,
only untreatable rubbery materials. On the contrary, the one-
pot addition[18] of the 2-aldrithiol reagent to a solution of 2 in
CH2Cl2, followed by treatment with Et3SiH and TFA, gives the
desired product 3 as a viscous pale yellow oil in 62 % yield
after chromatographic purification.

Reactivity study on the hetero-bifunctional cross-linker 3 in
the homogeneous phase

Before applying 3 to the homo- and hetero-decoration of com-
plex carbon nanostructures, the reactivity of its terminal func-
tionalities was scrutinised and optimised in the homogeneous
phase in combination with model reactants. To verify the reac-
tivity at the disulfide linkage in 3, a solution of dithiothreitol
(DTT) was added to cleave and reduce the disulfide bridge,
leading to the free sulfhydryl derivative 4 with the simultane-
ous release of one equivalent of pyridine-2-thione (5). The re-
action was performed in a 25:75 mixture of DMF/phosphate
buffered saline (PBS) at pH 7.2, in which cleavage proceeds
quantitatively. DMF is used to improve the solubility of 3 and
the reaction course is conveniently followed by UV/Vis meas-
urements.

Two solutions at different concentration of 3 (1 � 10�4 and
5 � 10�5

m) have been prepared and treated with DTT. The UV/
Vis measurements on the solutions before (blank samples,
dashed lines in Figure 1 A) and after treatment with DTT (solid
lines in Figure 1 A), show the appearance of a clear absorbance
band at l= 343 nm, which is typical of the pyridine-2-thione
moiety, the intensity of which is proportional to the extent of
disulfide cleavage (see the Experimental Section for more de-
tails).

According to the UV/Vis measurements, for both solutions,
quantitative disulfide cleavage takes place at room tempera-
ture within a few minutes. Optimised CuAAC conditions have
also been setup in the homogeneous phase between the ter-
minal acetylene moiety on 3 and the model BODIPy phenylazi-
do derivative 6. Different copper(I)/copper(II)-based catalysts
have been systematically scrutinised under classical reaction
protocols to afford the cycloaddition product in good yields.
Among these, both CuSO4/sodium ascorbate/DMF and (EtO)3P-
CuI/DMF gave almost identical yields, whereas other soluble
CuI sources, such as CuI/1,5-diazabicyclo[5.4.0]undec-5-ene
(DBU)/DMF, resulted in lower yields of 7. A fluorescence study
was performed on 6 before and after the CuAAC reaction (to
give 7) to assess the effect of the triazole linker on the dye
fluorescence emission properties. As shown in Figure 1 B, the
fluorescence of the dye is invariably maintained in the cycload-
dition product 7.[19] Finally, cleavage of the disulfide bridge was
quantitatively achieved at room temperature in a few minutes
upon treatment with TDT (Scheme 2). The scant solubility of 7
in protic media requires a modification of the cleavage condi-
tions as well as the use of more lipophilic TDT. The reaction

Scheme 1. Synthesis of the acetylene spacer 3. Reagents and conditions:
i) Ph3CCl, CH2Cl2, RT, overnight;[14] iia) dicyclohexylcarbodiimide (DCC), 1-hy-
droxybenzotriazole (HOBt), DMF, RT, 3 h; iib) propargylamine, Et3N, DMF,
24 h; iii) 1,2-di(pyridin-2-yl)disulfane (2-aldrithiol), Et3SiH, trifluoroacetic acid
(TFA), CH2Cl2, RT, 5 h.
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was performed in pure DMF and the process was systematical-
ly followed by UV measurements. A clear absorbance band at
l= 292 nm, owing to the preferred pyridine-2-thiol isomer (9)
in aprotic solvents,[20] was observed, without any interference
with the absorbance wavelengths of the BODIPy dye (Fig-
ure 1 C).

For the sake of completeness, both the spacer 3 and the in-
termediate 7 were reacted with the protected natural l-amino
acid 10 (N-(tert-butoxycarbonyl)-l-cysteine methyl ester), which
was selected as a mimic of a sulfhydryl-terminating residue of
a more complex protein chain (Scheme 3). In both systems,
the reaction with 10 proceeds smoothly, leading to complete
conjugation of the protected l-amino acid through the disul-
fide bond after stirring the mixture in DMF at RT over 6 h. Simi-
larly to the results reported above, the reaction course was fol-
lowed spectroscopically until completion was determined by
monitoring the appearance of the absorbance at l= 292 nm
owing to the generation of the pyridine-2-thiol species (9). Re-
action workup and chromatographic purification of the crude
mixtures gave the conjugated compounds 11 and 12 in 62
and 39 % yield, respectively.

Homo- and hetero-decoration of fN3-SWCNTs: Towards multi-
functional CNT platforms

As a natural step forward towards the covalent homo- and
hetero-decoration of complex carbon nanostructures, the
hetero-bifunctional cross-linker 3 was employed in combina-
tion with state-of-the-art CNT platforms decorated with arylazi-

do pendant arms. The exploited post-functionalisation meth-
odology relies on the preliminary covalent anchoring of 3 to
the CNT side walls by using the CuAAC protocol (Scheme 4).

Figure 1. A) UV/Vis measurements on solutions of 3 at different concentrations before and after treatment with DTT (20-fold excess). B) Fluorescence meas-
urements on 6 before and after CuAAC reaction (to give 7) ; the excitation scattering light was eliminated by means of a long-pass filter setup (cut-on
l= 500 nm, see the Experimental Section for more information). C) UV measurements on a solution of 7 before and after treatment with 2,2’-thiodiethanethiol
(TDT; 20-fold excess).

Scheme 2. Reactivity tests on the hetero-bifunctional cross-linker 3. Optimised conditions for S�S cleavage and the CuAAC reaction in the homogeneous
phase.

Scheme 3. Reaction of model sulfhydryl-terminating amino acid 10 on 3 and
7, and isolation of the respective conjugated compounds 11 and 12. BOC =

tert-butyloxycarbonyl.
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In a typical procedure, compound 3 and the fN3-SWCNTs (13)
are reacted in degassed DMF at 85 8C for 2 days in the pres-
ence of a catalytic amount (10 mol % respect to 3) of the solu-
ble CuI source CuI[P(OEt)3] . No appreciable changes (in terms
of either chemical conversion or workup/purification proce-
dures) were observed when the reaction was run with CuSO4/
sodium ascorbate as the catalyst. The reaction stoichiometry
was arbitrarily fixed to 1:5 mol %
between the estimated azido
groups at the CNTs and the acet-
ylene moiety of 3, respectively.
The catalyst amount was more
precisely tuned and fixed to
10 mol % with respect to the re-
active terminal alkyne. Finally,
the functionalised material (14)
underwent successive sonica-
tion/centrifugation/washing cy-
cles and filtration through
a 0.2 mm pore inorganic mem-
brane before being dried under
vacuum to give a constant
weight. Afterwards, selective di-
sulfide bond chemical cleavage was performed on 14, upon
treatment with DTT in a 25:75 mixture of DMF/PBS (Scheme 4).
The reaction was followed spectroscopically by monitoring the
evolution of 9 (and 5, see below) until completion after 1 h at
50 8C. Unlike the homogeneous process, disulfide cleavage in
14 does not proceed quantitatively at room temperature, even
after several hours, although gentle heating of the reaction
mixture rapidly drives the process to completion (Scheme 4;
14!15). Similarly to disulfide cleavage, CNT conjugation with
natural l-amino acid 10 containing a sulfhydryl moiety (select-
ed as a HS-terminating residue of a model protein chain) is
achieved upon reaction under almost identical conditions
(Scheme 4; 14!16). The reaction course was again followed
spectroscopically, on the basis of dye evolution (5, 9). In a typi-
cal procedure, the crude mixture containing either fSH-SWCNTs

(15) or fSSCyst-SWCNTs (16) was centrifuged to remove the sus-
pended solid material, and the reaction course was monitored
by sampling 1 mL of the clear supernatant and analysing it by
UV/Vis spectroscopy. Figure 2 shows the UV/Vis measurements
on the solutions before (grey, dashed lines) and after treatment
with a thiol (red, solid lines for treatment with DTT and 10). In
the case of DTT, the red line highlights the appearance of two

absorbance bands at l= 292 and 343 nm (Figure 2 A), owing
to the coexistence of the two tautomeric forms of the pyri-
dine-based dye in solution (5 and 9) ; the relative intensities
measured account for the complete cleavage/conjugation pro-
cesses (see the Experimental Section). As expected for aprotic
reaction media, only 9 results from the treatment of 14 with
10 (Figure 2 B).

The functionalised nanomaterials 14 and 16 have been char-
acterised through different chemical (elemental analysis), spec-
troscopic/spectrometric (FTIR, thermogravimetric analysis
(TGA–MS)) and morphological (TEM) techniques. First evidence
of the CuAAC reaction occurrence to give 14 was qualitatively
achieved by comparing the TGA-MS profile of 14 with that of
the starting material 13. For the sake of consistency, all compa-
rative measurements were performed on a starting material

Scheme 4. The CuAAC reaction between the arylazido-decorated 13 and the alkyne-terminated spacer 3. Post-derivatisation of intermediate 14 by either di-
sulfide cleavage (14!15) or conjugation with a HS-terminating amino acid residue of a model protein chain (14!16).

Figure 2. UV/Vis measurements on the reaction supernatant before and after treatment of 14 with a selected
thiol : A) DTT, 20-fold excess, or B) 10, 5-fold excess.
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(13) that was exposed to identical reaction conditions
and reagents, except for the use of the copper cata-
lyst (“blank sample”). As shown in Figure 3, top,
a weight loss of 13.7 % was measured on sample 14
in the 200–450 8C temperature range (calculated as
the weight difference between the TGA profiles of 13
and 14). Most importantly, analysis of the volatile
compounds in the same temperature range revealed
the appearance of two distinctive fragmentation sig-
nals, which were typical of pyridine units (m/z : 79
[M]+ , 78 [M�1]+) and exclusively present in sample
14. At higher temperatures (>450 8C), only gradual, compara-
ble and indistinctive weight losses were observed for the two
materials.

The nitrogen and carbon quantitative elemental analysis (fN3-
SWCNTs (13 ; blank sample): N 2.67, C 87.71, S 0.06; fSSPy-
SWCNTs (14): N 3.31, C 77.99, S 2.70) also provided evidence of
functionalisation.[21] From the TGA measurements, it can be in-
ferred that about 0.543 mmol of �C6H4�(C2HN3)�
CH2NHCO(CH2)2S2(C6H5N) pendant arm per gram of 13 were
consumed in the 200–450 8C temperature range.[22] This is in
good agreement with the functionalisation loading measured
from elemental analysis, for which 0.412 and 0.473 mmol were

calculated from the sulfur and nitrogen content, respectively.
In addition, the FTIR spectrum of sample 14 clearly shows an
almost complete suppression of the relatively intense n(N3)
asymmetric stretching close to ñ= 2100 cm�1 (Figure 3,
bottom), which accounts for an only minor residual amount of
�C6H4�N3 groups that are unreactive under the adopted
CuAAC conditions.

For the reaction with 10, qualitative evidence of l-amino
acid grafting was provided by a comparison of the TGA pro-
files of 14 and 16 with the respective MS analysis of volatile
compounds. As shown in Figure S1 in the Supporting Informa-
tion, the TGA profile of 16 does not show any distinctive
weight loss in the 40–900 8C temperature range, but only grad-
ual decomposition. If only an extra and indistinct 6.4 % weight
loss can be measured at the end of the TGA analysis on 16,
the MS analysis of volatile compounds gives more clear evi-
dence of l-cysteine conjugation. Indeed, MS signals owing to
the pyridine units (m/z : 79 [M]+ , 78 [M�1]+) are totally sup-
pressed in 16, whereas two new and distinctive fragmentation
signals owing to the thermal decomposition and rearrange-
ment of the tert-butoxyl groups of the N-BOC-protected moiet-
ies (m/z : 56 [M]+ , 55 [M�1]+ relative to isobutene evolution)
clearly increase (Figure S1 in the Supporting Information).

Similarly, CNT hetero-decoration is performed by treating 13
with a controlled mixture of selected alkyne end-capped mole-
cules. At odds with our previous research, the final goal of this
study goes beyond the production of complex carbon nano-
structures with broad chemical diversity, and aims to provide
functional nanomaterials as easily and cleanly post-derivatisa-
ble macromolecular fluorescent probes. With this aim, alkyne
derivative 18 of the fluorescent BODIPy scaffold was conven-
iently prepared in good yield and in a single reaction step
from the BODIPy aniline[23] 17 and 4-pentynoic acid under clas-
sical amidation conditions (Scheme 5).

Similarly to related BODIPy derivatives,[23d] the amidation re-
action does not significantly affect the fluorescent properties
of the BODIPy core (Figure S2 in the Supporting Informa-
tion).[23a]

The chemical approach to CNT hetero-decoration through
CuAAC chemistry consists of the use of an equimolar mixture
of the two acetylene end-capped molecules 18 and 3 ;
(Scheme 6) the total amount (mmol) of acetylene reactants is
kept equal to that used in the homo-decoration experiment.[24]

In a typical procedure, compounds 18, 3 and 13 were react-
ed in degassed DMF at 85 8C for 2 days in the presence of a cat-
alytic amount (10 mol % with respect to the alkynes content)

Figure 3. Top: TGA profiles (N2 atm, 50 mL min�1) of 13 and 14 associated
with the MS analysis of volatile compounds (m/z : 78 and 79) from 14.
Bottom: FTIR spectra of 13 and 14.

Scheme 5. Synthesis of an alkyne-terminated BODIPy scaffold from the BODIPy aniline
17. DMAP = 4-dimethylaminopyridine.
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of CuI[P(OEt)3] . Successive and multiple sonication/centrifuga-
tion/washing cycles were accomplished on the hetero-func-
tionalised material MIX1 to remove unreacted alkynes and
physisorbed reagents. Filtration/washing through a 0.2 mm
pore inorganic membrane was used to recover the sample and
the solid was finally dried under vacuum to give a constant
weight.

Afterwards, the MIX1 material underwent a reaction with 10
under gentle heating, and the process (MIX1 vs. MIX2) was fol-
lowed spectroscopically on the basis of the formation of by-
product 9. The UV/Vis measurements on the reaction solutions
before (grey, dashed lines in Figure 4) and after treatment with
10 (blue, solid line) clearly show the appearance of an absorb-
ance at l= 292 nm (Figure 4, left), owing to the release of the
pyridine-based dye 9. By assuming complete covalent grafting
of 10 to the nanotubes through the disulfide bridge (see
below), the measured absorbance intensity accounts for the
functionalisation loading of 3. The fluorescence spectra
(Figure 4, right) recorded upon excitation of the solid samples
at l= 488 nm, before (MIX1) and after (MIX2) addition of 10,
are consistent with samples that maintain almost unchanged
fluorescence properties.

For the sake of completeness,
the effect of covalent grafting of
the dye to the surface of the
SWCNTs on the fluorescence
properties is briefly discussed. A
remarkable decrease in the dye
fluorescence signal is commonly
observed on nanotube–dye hy-
brids, for which the support
itself (CNT) and the presence of
metal impurities (coming from
the CNT synthesis) can dramati-
cally compromise (quench) the
fluorescence dye emission.[25] As
shown in Figure S3 in the Sup-
porting Information, in the case
of MIX1, the fluorescence emis-
sion is reduced up to 80 % rela-
tive to that recorded for free dye
18 (assuming equal dye concen-
trations in MIX1 and 18).

TGA-MS analyses and IR spec-
tra of MIX1 and MIX2 account

for a complete conversion of the azido groups on 13 (Figure 5
and Figure S3 in the Supporting Information). Although only
a gradual thermal decomposition takes place on both samples
with no distinctive weight losses, the measured weight loss dif-
ference and the MS analysis of volatile compounds give clear
evidence of the transformations that occur. As shown in Fig-
ure S4 in the Supporting Information, a weight loss of 21.3 %
was measured for MIX1 in the 40–875 8C temperature range
(calculated as the weight difference between the TGA profiles
of 13 and MIX1). In addition, the analysis of volatile com-
pounds in the 200–450 8C temperature range again shows the
appearance of two fragmentation signals owing to pyridine
units (m/z : 79 [M]+ , 78 [M�1]+) and are ascribed to partial
material functionalisation with the spacer 3. Notably, MS
analysis of MIX2 reveals the complete suppression of the
pyridine signals, whereas distinctive fragmentations ascribed
to the thermal decomposition/rearrangement of the protecting
tert-butoxyl groups (isobutene: m/z : 56 [M]+ , 55 [M�1]+)
can be clearly observed in the narrower 125–275 8C tem-
perature range (Figure 5, top); these results offer clear
evidence of ligand exchange at the disulfide bridge between
the pyridine-2-thiolate group and the incoming N-BOC-l-cys-

teine methyl ester.
The nitrogen, carbon, and

sulfur elemental analysis results
(13 (blank sample): N 3.07, C
84.55, S 0.03; MIX1: N 4.73, C
74.98, S 1.82; MIX2 : N 3.25, C
77.81, S, 0.95) do not offer more
than a qualitative outlook on the
two successive reaction path-
ways (13!MIX1!MIX2) with
a trend of the carbon, nitrogen,
and sulfur ratio lying on the ex-

Scheme 6. Hetero-decoration through the CuAAC reaction between arylazido-functionalised 13 and a 1:1 mixture
of the alkyne-terminated spacer 3 and BODIPy fluorescent derivative 18. i) 13 (0.020 g), 18/3 (1:1; 0.17 mmol over-
all), CuI[P(OEt)3] (0.017 mmol), DMF, 85 8C, 48 h. Post-derivatisation of the fMIX1-SWCNTs through conjugation with
a HS-terminating amino acid residue (fMIX1-SWCNTs!fMIX2-SWCNTs). ii) 10 (0.05 mmol), DMF, 50 8C, 1 h.

Figure 4. Left : UV/Vis measurements on the reaction supernatant before (dashed grey line) and after (blue solid
line) treatment of MIX1 with 10. Right: Fluorescence spectra of MIX1 and MIX2.
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pected values for a roughly 50:50 3/18 functionalisation in
MIX1 and the expected ligand exchange in MIX2.

A morphological study based on TEM analysis of 13 and
MIX2 unveils a higher degree of CNT aggregation on the
multi-decorated sample, with the generation of highly ordered
and straight bundles made of tens of SWCNTs (Figure 6 A vs.
B).

Although any reasonable explanation for this morphological
change is merely speculative, a cohesive effect driven by CNT
surface modification/decoration with highly conjugated polyar-
omatic frameworks can be invoked. The fluorescently labelled
sample MIX2 has also been analysed by confocal laser scan-
ning fluorescence microscopy to evaluate the dye distribution
at the material surfaces. As shown in Figure 7, the confocal

image obtained upon material excitation at l= 488 nm reveals
a prevailing spot-like distribution of the dye on the CNT bun-
dles. Moreover, Z-stack images recorded along the CNT bun-
dles, clearly show the distribution of the fluorescent spots
throughout the material thickness (Figure S5 in the Supporting
Information). Such an unexpected distribution adds an addi-
tional level of complexity to the comprehension of the under-
taken CNT functionalisation and post-derivatisation chemistry.
One reasonable explanation for the observed surface molecule
distribution arises from the nature of the functionalisation ap-
proach employed for the initial CNT decoration with phenylazi-
do moieties. The reductive dissociation of diazonium salts with
loss of N2

[26] generates aryl radicals that react with carbon–
carbon double bonds along the nanotube wall, according to
the Meerwein arylation path.[27]

The as-generated (Ar)n�1–CNT radical species can be rapidly
intercepted and trapped by a second aryl radical reagent; thus
allowing a close distribution of the chemically grafted func-
tionalities. In addition, the sp2-network perturbation owing to
the aryl radical attack induces the local generation of high-
energy sites (defects), which are potentially suitable for an ad-
ditional (and proximal) chemical attack. Moreover, the ob-
served spot-like distribution of the BODIPy dye derivative can
also originate from a multilayered aryl coating of the CNT sur-
face. Menna and co-workers have recently demonstrated how
a simple modulation of the aryldiazonium salt concentration
under classical Tour conditions could promote the growth of
multilayered structures.[28] This process, also named CNT super-
functionalisation, was expected to increase the concentration
of the aryl functionalities locally ; as a consequence, their sub-
sequent post-derivatisation (click chemistry) would result in
spatially confined fixation of the newly introduced functionali-
ties (i.e. , the formation of dye “spots” throughout the mate-
rial).

Fluorescence lifetime measurements on sample MIX2 re-
vealed the co-existence of two different fluorescence decays.
In particular, lifetimes of 4.2 and 0.5 ns (the former strongly
dominates) have been measured (Figure S6 in the Supporting
Information).[29] The shorter lifetime may be due to the close
proximity of dyes in a spot, as well as fluorescence quenching
effects owing to the CNTs.

Figure 5. Top: TGA profiles (N2 atm, 50 mL min�1) of MIX2 associated with
the MS analysis of volatile compounds (m/z : 55 and 56, 78 and 79). Bottom:
FTIR spectra of 13, MIX1 and MIX2.

Figure 6. TEM images of samples 13 (A) and MIX2 (B).

Figure 7. Confocal laser scanning fluorescence microscopy of sample MIX2 :
fluorescence image collecting photons in the range l= 500–550 nm.
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Conclusion

We described the synthesis of a linear hetero-functional cross-
linker featuring a cleavable disulfide moiety for the covalent
anchoring of a wide range of thiol end-capped (bio)molecules
and, through a clickable terminal acetylene group, the CuAAC
reaction at the surface of phenylazido-decorated carbon-based
nanostructures. The bio-orthogonal character of the click reac-
tion makes it highly desirable for conjugating CNTs and bio-
molecules.[12, 30] The adopted methodology generated multi-
functional CNT platforms, in which disulfide bond cleavage,
operating through sulfhydryl-containing molecules, occurred
with the controlled release of a pyridine dye, the concentration
of which was proportional to the extent of cleavage or conju-
gation by an incoming thiol end-capped molecule. As a result,
the cleavage/functionalisation scheme provided a useful tool
for the chemical linkage of a wide range of thiol-terminating
probes to the carbon nanomaterial surface, and precise func-
tionalisation loading was simply assessed by UV/Vis measure-
ments. Controlled CNT hetero-decoration through a one-step
CuAAC reaction with an acetylene mixture composed of the bi-
functional linker and an acetylene fluorescence dye (BODIPy
derivative) was used to impart multifunctionality on the final
carbon nanohybrid. This approach generated optically tracea-
ble nanocarriers, the conjugation of which with sulfhydryl-con-
taining (bio)molecules was allowed through simple ligand ex-
change at the disulfide bridge. Most importantly, each func-
tionalisation and post-derivatisation step could be precisely fol-
lowed by spectroscopic measurements (UV/Vis) of the reaction
solutions by monitoring the release of a pyridine dye. A mor-
phological study of the as-prepared hetero-decorated nanohy-
brids provided interesting insights into the ultimate distribu-
tion of the functional groups at the nanomaterial surface, as
a consequence of the regiochemical attachment of radical spe-
cies generated from aryldiazonium intermediates.

Experimental Section

General

All reactions were performed under a dry nitrogen atmosphere by
using standard Schlenk techniques. Nitrogen (>99.999 %; Rivoira)
was dried through a CaCl2 column and deoxygenated with an oxy-
sorb cartridge from Messer Griesheim prior to use. Dichlorome-
thane was freshly distilled over CaH2 prior to use, dry DMF, ortho-
dichlorobenzene (oDCB) and triethylamine were purified according
to literature procedures[31] and stored over 4 � molecular sieves
under a nitrogen atmosphere. Acetonitrile was obtained by means
of an MBraun solvent purification system. Pristine SWCNTs (90 % C)
were purchased from NanoAmor and used without further purifica-
tion. Phenylazido-decorated SWCNTs (13),[11] amino- (17)[32] and azi-
dophenyl BODIPy (6)[33] compounds were prepared according to lit-
erature procedures. Unless otherwise stated, all other chemicals/
solvents were purchased from commercial suppliers and used as
received without further purification.

Sample sonication was performed by using an Elma S15 Elmasonic
sonicator bath (37 kHz), while cooling samples in a water/ice mix-
ture throughout the whole treatment. CNT filtration was accom-
plished by using polytetrafluoroethylene (PTFE) membranes/filters

(Whatman) with 0.2 mm pore size. All measurements performed on
pristine SWCNTs and functionalised materials (f-SWCNTs) were con-
ducted on samples that underwent identical washing/sonication/
filtration workup procedures.

Material characterisation and analyses conditions

TGA was performed under a nitrogen atmosphere (50 mL min�1)
on an EXSTAR thermogravimetric analyser (TG/DTA) Seiko 6200
coupled with a ThermoStar GSD 301T (TGA-MS) for MS analysis of
volatile compounds. FTIR spectroscopy was performed on a Perkin-
Elmer Spectrum BX FTIR spectrophotometer and CNT samples were
prepared by mixing spectroscopic-grade KBr with pristine SWCNTs
or f-SWCNTs (2–3 wt %) and analysed in the ñ= 400–4000 cm�1

range with a resolution of 1 cm�1. IR spectra of pristine SWCNTs
(2–3 wt %)/KBr was used as a background and directly subtracted
from the spectra of the functionalised (f-SWCNTs) samples. 1H and
13C NMR spectra of all organic products and intermediates were
obtained on a Bruker Avance 300 MHz instrument. Chemical shifts
are reported in ppm (d) relative to tetramethylsilane (TMS) and ref-
erenced to the chemical shifts of residual solvent resonances. Ele-
mental analysis were performed on a Thermo FlashEA 1112 Series
CHNS-O elemental analyser with an accepted tolerance of 0.4 units
on C, H, N and S. UV/Vis measurements were performed on a Per-
kinElmer UV/VIS/NIR Lambda 19 spectrometer. ESI-MS was acquired
on a LCQ-Fleet Thermo Scientific ion trap mass spectrometer by
using diluted sample solutions (10�5

m) in MeOH. Fluorescence
measurements were performed on a laboratory setup by using, for
excitation, a Nichia NDS1113E laser diode with emission at l=
486 nm, filtered by means of an interference band pass optical
filter Andover 488FS10 (central wavelength: l= 488 nm; band-
width: 10 nm full-width at half-maximum (FWHM)). The emitted
fluorescence was collected by means of a multimode optical fibre
coupled with a collimating GRIN lens, filtered by means of an inter-
ference long-pass optical filter Semrock BLP01-488R-25 (cut-on
wavelength: l= 500 nm) to block excitation scattered light, and
detected on a spectrometer Andor Shamrock 303i instrument. Con-
focal fluorescence imaging was performed on an inverted Nikon
A1 laser scanning confocal microscope equipped with a continuous
wave (CW) argon ion laser for excitation at l= 457, 488 and
514 nm (Melles Griot, 40 mW), and a diode laser for excitation at
l= 485 nm (LDH-d-C-405 of Picoquant GmbH Berlin, Germany) op-
erating both in continuous mode (50 mW) and pulsed at 40 MHz
(1.0 mW average power for pulse FWHM of 120 ps). Confocal fluo-
rescence imaging was performed on the samples at room temper-
ature. The images were collected by using a Nikon PLAN APO VC
20 � or Nikon PLAN APO VC 60 � oil immersion objective with NA
0.95 and 1.40, respectively. Images of 512 � 512 pixels were ac-
quired and pixel dimension of the xy plane fell in the range 0.1–
0.4 mm. The hexagonal pinhole dimension was set to 1.0 a.u. ,
which corresponded to 38 mm and an optical thickness of 440 nm.
Two dichroic mirrors reflecting either l= 405 and 488 nm or l=
405, 488, 541 and 640 nm were used. Bandpass filters in front of
the photomultiplier tube (PMT)-selected fluorescence in the ranges
l= 500–550 and 570–620 nm. Spectral imaging was achieved with
a Nikon 32-PMT array detector with resolution varying from 6 to
10 nm per channel. For fluorescence lifetime imaging, a time-corre-
lated single photon counting (TCSPC) system of Picoquant GmbH,
Berlin, was used with excitation at l= 485 nm. Photons were de-
tected in time tagged time resolved (TTTR) mode with two single-
photon avalanche diodes manufactured by Micro Photon Devices
(MPD), Bolzano, Italy. Fluorescence was filtered with the opportune
fluorescence SEMROCK bandpass filters l= 520/40, and 585/40 nm.
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A PicoHarp 300 photon processor completed the TCSPC system.
SymPhoTime v. 5.1 analysis software was used for image process-
ing and lifetime fitting. A tail fit with multi-exponential functions
was performed to analyse fluorescence decays of selected regions
of interest (ROI). The system allowed measurement of fluorescence
lifetimes from 300 ps to several nanoseconds.

Synthesis of 3-(tritylthio)propionic acid (1)

The carboxylic acid derivative 1 was prepared according to a litera-
ture procedure[14] and the final product was isolated in 90 % yield
as analytically pure white crystals. 1H NMR (300 MHz, CDCl3, select-
ed data): d= 2.25 (t, 3J = 7.2 Hz, 2 H), 2.48 (t, 3J = 7.2 Hz, 2 H), 7.23–
7.33 (9 H), 7.33–7.45 ppm (6 H); elemental analysis calcd (%) for
C22H20O2S: C 75.83, H 5.78, S 9.20; found: C 76.09, H 5.91, S 9.05.
For additional characterisation data, see ref. [14] .

Synthesis of N-(prop-2-ynyl)-3-(tritylthio)propanamide (2)

HOBt (2.56 g, 18.9 mmol) and DCC (3.90 g, 18.9 mmol) were added
in sequence to a solution of 1 (6 g, 17.2 mmol) in dry and de-
gassed DMF (120 mL), and the resulting mixture was maintained
under stirring at room temperature for 3 h until completion of the
reaction. The reaction course was followed by TLC (eluent: petrole-
um ether/AcOEt = 60/40) to monitor the progressive disappearance
of starting acid 1. Et3N (2.88 mL, 20.6 mmol) and propargylamine
(1.4 mL, 20.6 mmol) were added and the resulting mixture was
stirred at room temperature for 24 h. The reaction was quenched
by adding a dilute solution of HCl (0.05 m, 120 mL) followed by
CH2Cl2 (120 mL). The organic mixture was then extracted and the
aqueous phase was treated with brine (120 mL). The aqueous
mother liquors were then extracted three times with CH2Cl2 (3 �
90 mL). The collected organic phases were dried over Na2SO4 and
evaporated to dryness under reduced pressure. The crude semi-
solid material was purified by flash chromatography (SiO2, petrole-
um ether: AcOEt = 60:40) to give 2 as a white solid (91 % yield).
1H NMR (300 MHz, CDCl3): d= 2.03 (t, 3J = 7.3 Hz, 2 H), 2.23 (t, 3J =
2.4 Hz, 1 H), 2.53 (t, 3J = 7.3 Hz, 2 H), 3.99 (m, 2 H), 7.23–7.26 (10 H),
7.33–7.46 ppm (5 H); 13C{1H} NMR (75 MHz, CDCl3): d= 27.5, 29.2,
35.4, 66.9, 71.7, 79.4, 126.8, 128.0, 129.6, 144.6, 170.6 ppm; IR (KBr):
ñ= 1636.4 cm�1 (C=O); elemental analysis calcd (%) for C25H23NOS:
C 77.89, H 6.01, N 3.63, S 8.32; found: C 78.01, H 5.91, N 3.68, S
8.35.

Synthesis of N-(prop-2-ynyl)-3-(pyridin-2-yldisulfanyl)-
propanamide (3)

1,2-Di(pyridin-2-yl)disulfane (10.3 g, 46.8 mmol) and Et3SiH
(2.75 mL, 17.2 mmol) were added in sequence to a solution of 2
(6 g, 15.6 mmol) in dry and degassed CH2Cl2 (140 mL). TFA (35 mL)
was added dropwise to the resulting mixture, and the system was
maintained under stirring at RT for 4 h. The mixture was concen-
trated to a reduced volume and treated with AcOEt/Et3N (1:1;
550 mL). The solution was stirred at room temperature overnight
before being diluted with water (550 mL). The resulting phases
were separated and the aqueous liquor was extracted three times
with AcOEt (3 � 500 mL). The collected organic layers were dried
over Na2SO4 and the solvent was removed under reduced pressure.
The crude product was purified by flash chromatography (SiO2,
AcOEt/petroleum ether 80:20) to give 3 as a pale yellow oil (62 %
yield). 1H NMR (300 MHz, CDCl3): d= 2.26 (t, 4J = 2.6 Hz, 1 H), 2.64 (t,
3J = 6.7 Hz, 2 H), 3.10 (t, 3J = 6.7 Hz, 2 H), 4.10 (m, 2 H), 7.17 (1 H),

7.62 (1 H), 7.69 (1 H), 8.56 ppm (1 H); 13C{1H} NMR (75 MHz, CDCl3):
d= 29.2, 35.1, 35.5, 71.6, 79.8, 120.7, 121.2, 137.5, 149.3, 159.2,
170.7 ppm; IR (KBr): ñ= 1647.6 cm�1 (C=O); ESI-MS: m/z : 275 [M +
Na]+ ; elemental analysis calcd (%) for C11H12N2OS2 : C 52.35, H 4.79,
N 11.10, S 25.41; found: C 52.41, H 4.65, N 10.77, S 25.07.

Synthesis of the alkyne–BODIPy derivative 18

4-Pentynoic acid (0.076 g, 0.79 mmol) in CH2Cl2 (5 mL) was added
to a solution of DCC (0.254 g, 1.23 mmol) in CH2Cl2 (5 mL), followed
by the addition of 17 (0.268 g, 0.79 mmol) in CH2Cl2 (4 mL). Anhy-
drous DMAP (0.010 g, 0.079 mmol) was then added and the result-
ing solution was stirred under nitrogen for 24 h at RT. The reaction
mixture was then diluted with CH2Cl2, washed in sequence with
water, a 0.5 m solution of HCl (2 � 40 mL), a saturated solution of
NaHCO3 (2 � 40 mL) and brine. After drying over anhydrous Na2SO4,
the solvent was evaporated and the crude product was purified by
flash chromatography on silica gel, eluting first with EtOAc/hexane
(1:3) and then with EtOAc/hexane (1:2) to afford 18 as an orange
gummy solid (75 % yield). 1H NMR (300 MHz, CDCl3): d= 1.41 (s,
6 H), 2.54 (s, 6 H), 2.63 (m, 4 H), 5.97 (s, 2 H), 7.23 (2 H), 7.69 (2 H),
7.83 ppm (1 H); 13C{1H} NMR (75 MHz, CDCl3): d= 14.6, 24.9, 25.5,
33.9, 36.3, 49.3, 53.4, 69.8, 82.8, 120.0, 121.7, 128.7, 130.6, 131.6,
138.7, 141.2, 143.1, 155.4, 169.4 ppm; IR (KBr): ñ= 1658.6 cm�1 (C=
O); elemental analysis calcd (%) for C25H29BF2N3O: N 9.63, C 68.82,
H 6.70; found: N 9.76, C 68.65, H 6.91.

Homogeneous CuAAC reaction on 3 with the azido-BODYPy
derivative 6

Compound 3 (0.55 mmol), CuSO4 (0.02 mmol) and sodium ascor-
bate (0.04 mmol) were added in sequence to a solution of 6 in dry
and degassed DMF (2 mL). The mixture was stirred for 24 h at
50 8C under a nitrogen atmosphere. Distilled water (20 mL) was
added and the mixture was extracted with AcOEt (3 � 15 mL). The
collected organic phases were washed twice with water (2 � 30 mL)
before being dried over Na2SO4 and concentrated under reduced
pressure. The crude material was purified by flash chromatography
over silica gel (eluent: AcOEt/petroleum ether: 80/20) to afford 7
as dark-red crystals (45 % yield (93 % yield if we consider the recov-
ery of azido reagent 6 during chromatographic purification)). The
reaction was also performed by using CuI[P(OEt)3] as an alternative
soluble CuAAC catalyst under identical experimental conditions,
without any appreciable improvement in yield. 1H NMR (300 MHz,
CDCl3): d= 1.44 (s, 6 H), 2.58 (s, 6 H), 2.66 (t, 3J = 6.7 Hz, 2 H), 3.11 (t,
3J = 6.7 Hz, 2 H), 4.66 (d, 3J = 5.8 Hz, 2 H), 6.00 (s, 2 H), 7.13 (1 H), 7.46
(2 H), 7.55–7.65 (3 H), 7.90 (2 H), 8.15 (1 H), 8.51 ppm (1 H);
13C{1H} NMR (75 MHz, CDCl3): d= 14.5, 14.7, 34.7, 35.6, 120.6, 120.9,
121.3, 121.7, 130.0, 131.3, 135.5, 137.1, 137.4, 139.5, 142.9, 146.2,
149.9, 156.2, 159.1, 171.1 ppm; IR (KBr): ñ= 1647.6 cm�1 (C=O); ele-
mental analysis calcd (%) for C30H30BF2N7OS2 : C 58.35, H 4.90, N
15.88, S 10.38; found: C 58.41, H 4.65, N 15.77, S 10.07.

General procedure for the homo- and hetero-derivatisation
of phenylazido-decorated SWCNTs through the CuAAC reac-
tion

The CuAAC protocol used for the homo- and hetero-derivatisation
of 13 to give 14, MIX1 and MIX2 hybrids followed that already de-
scribed by some of us.[11] In a typical procedure, fN3-SWCNTs
(20 mg) were suspended in dry and degassed DMF (3 mL) and so-
nicated for 15 min. The resulting suspension was treated in se-
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quence with 3 (0.17 mmol) or an equimolar mixture of 3/18
(0.17 mmol overall), and CuI[P(OEt)3] (6 mg, 0.017 mmol). The mix-
ture was then sonicated for 30 min and heated at 85 8C, while
being stirred under a nitrogen atmosphere for 48 h. After cooling
to room temperature, the suspension was diluted with ethyl ace-
tate, sonicated for additional 10 min and centrifuged to recover
the solid residue by simple decantation. The solid was washed and
sonicated three times with AcOEt and CH2Cl2 (1 � 10 mL AcOEt, 2 �
10 mL CH2Cl2) and the supernatant solution was removed after
centrifugation. Finally, the solid residue was suspended in CH2Cl2

(15 mL), sonicated for 10 min and filtered through inorganic mem-
branes/filters (Whatman) with 0.2 mm pore size before being dried
under vacuum at 50 8C to give constant weight.

General procedure for the disulfide cleavage of 3, 7 and
SWCNT composite 14 by a model dithiol and subsequent
monitoring of the reaction course by UV/Vis measurements

In a typical procedure, disulfide 3 (0.5–1 mg) was accurately
weighted by using a Sartorius 4503 microbalance (d = 0.001 mg)
and dissolved in a mixture of DMF/PBS (2 mL; 25:75; pH 7.2). The
solution was divided into two portions: the first was directly ana-
lysed by UV/Vis spectroscopy (“blank” sample), whereas the second
was treated with a 20-fold excess of a solution of model thiol
(DTT). After 15 min at room temperature, the solution was analysed
by UV/Vis spectroscopy under the same conditions as those used
for the blank sample. The difference, in terms of absorbance
values, measured between the two samples at l= 343 nm was cor-
related with the amount of 5 released from the spacer by using
the Lambert–Beer equation [Eq. (1)]:

C ðmol L�1Þ ¼ ðAsample�AblankÞ=ðe ðm�1 cm�1Þ � b ðcmÞÞ ð1Þ

in which e is the molar extinction coefficient of 5 (8080 m
�1 cm�1)

and b is the optical path (1 cm).

The same procedure was followed for sample 7, except TDT was
used as a model cleaving agent (for solubility reasons) in pure
DMF as the solvent to give 8 and 9.

An identical procedure to that described for the homogeneous di-
sulfide cleavage of 3 was employed for the SWCNT samples con-
taining the disulfide spacer (samples 14!15), except for keeping,
after the addition of DTT, the well-sonicated samples under heating
(50 8C) for 1 h to bring the cleavage process to completion. The re-
sulting suspension was centrifuged and the supernatant was ana-
lysed by UV/Vis spectroscopy.

Covalent grafting of 10 on 3 to give 11

A solution of 3 (0.02 g, 0.08 mmol) in dry and degassed DMF
(1.5 mL) was treated with a solution of 10 (0.025 mL, 0.12 mmol) in
DMF (0.5 mL) and the resulting solution was maintained under stir-
ring at RT for 6 h. After cooling to room temperature, the reaction
was quenched with distilled water (20 mL) and extracted with
CH2Cl2 (3 � 25 mL). The collected organic phases were dried over
Na2SO4 and concentrated under reduced pressure. The crude prod-
uct was purified by flash chromatography (SiO2, AcOEt/petroleum
ether 50:50) to afford 11 as a colourless oil (62 % yield). 1H NMR
(300 MHz, CDCl3): d= 1.45 (s, 9 H), 2.22 (s, 1 H), 2.61 (m, 2 H), 2.93–
3.19 (4 H), 3.77 (s, 3 H), 4.07 (m, 2 H), 4.60 (m, 1 H), 5.36 (m, 1 H),
6.32 ppm (s, 1 H); 13C{1H} NMR (75 MHz, CDCl3): d= 28.3, 29.3, 34.0,
35.9, 41.9, 52.7, 53.2, 71.6, 79.4, 80.5, 155.2, 170.5, 171.2 ppm; IR
(KBr): ñ= 1744.2 (MeO-C=O), 1708.3 (tBuO-C=O), 1653.1 cm�1 (NH-

C=O) ; elemental analysis calcd (%) for C15H24N2O5S2 : C 47.85, H
6.43, N 7.44, S 17.03; found: C 47.41, H 6.55, N 7.77, S 17.07.

Covalent grafting of 10 on 7 to give 12

A solution of 7 (0.035 g, 0.06 mmol) in dry and degassed DMF
(1.5 mL) was treated with a solution of 10 (0.02 mL, 0.08 mmol) in
DMF (0.5 mL) and the resulting mixture was maintained under stir-
ring at RT for 6 h. The reaction was quenched with distilled water
(20 mL) and extracted with AcOEt (3 � 25 mL). The collected organ-
ic phases were dried over Na2SO4 and concentrated at reduced
pressure. The crude product was purified by flash chromatography
(SiO2, AcOEt/petroleum ether 80:20) to give 12 as red crystals
(39 % yield). 1H NMR (300 MHz, CDCl3): d= 1.44 (15 H), 2.57 (s, 6 H),
2.65 (m, 2 H), 3.00–3.14 (4 H), 3.77 (s, 3 H), 4.62 (3 H), 5.36 (1 H), 6.01
(2 H), 6.67 (1 H), 7.49 (2 H), 7.93 (2 H), 8.15 ppm (1 H);13C{1H} NMR
(75 MHz, CDCl3, selected data): d= 14.1, 28.3, 29.4, 29.7, 30.9, 31.9,
52.7, 53.2, 121.8, 122.8, 129.8, 169.8 ppm; IR (KBr): ñ= 1749.1 (n),
1711.1 (n), 1649.1 (n), 1552.2 cm�1 (d) ; elemental analysis calcd (%)
for C34H42BF2N7O5S2: C 55.06, H 5.71, N 13.22, S 8.65; found: C
54.81, H 5.65, N 13.37, S 8.27.

Covalent grafting of 10 on 14 to give fSSCy-SWCNTs (16)

The fSSPy-SWCNTs (20 mg) were suspended in dry and degassed
DMF (1.5 mL) and sonicated for 15 min. A solution of 10 (0.010 mL,
0.05 mmol) in DMF (0.5 mL) was added in sequence and the result-
ing suspension was sonicated for 10 min before being stirred at
50 8C for 1 h. After cooling the mixture to room temperature,
AcOEt (10 mL) was added and the suspension was sonicated for
10 min. The solid residue was separated from the mother liquor by
centrifugation and submitted to the following workup procedure.
The recovered solid residue underwent three successive washing/
sonicating cycles (2 � AcOEt, 1 � CH2Cl2), each time recovering the
solid compound by centrifugation. The solid residue was then sus-
pended in dichloromethane, sonicated for an additional 10 min
and filtered through a 0.2 mm filter (Whatman) before being dried
under vacuum at 50 8C to give a constant weight.
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A Hetero-Bifunctional Spacer for the
Smart Engineering of Carbon-Based
Nanostructures

Building on solid foundations : A
hetero-bifunctional linker joining
a “cleavable” disulfide moiety and
a “clickable” terminal acetylene group
was synthesized and used to decorate
carbon nanotubes (CNTs). When used in
combination with other selected termi-
nal acetylene molecules, the linker can
impart multimodality through a con-
trolled click reaction to give carbon
nanohybrids (see figure).
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