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(Abstract: The synthesis of functionalised carbon nanotubes
as receptors for riboflavin (RBF) is reported. Carbon nano-
tubes, both single-walled and multi-walled, have been func-
tionalised with 1,3,5-triazines and p-tolyl chains by aryl radi-
cal addition under microwave irradiation and the derivatives
have been fully characterised by using a range of tech-
niques. The interactions between riboflavin and the hybrids
were analysed by using fluorescence and UV/Vis spectro-
scopic techniques. The results show that the attached func-
tional groups minimise the m-m stacking interactions be-

N

tween riboflavin and the nanotube walls. Comparison of p-
tolyl groups with the triazine groups shows that the latter
have stronger interactions with riboflavin because of the
presence of hydrogen bonds. Moreover, the triazine deriva-
tives follow the Stern-Volmer relationship and show a high
association constant with riboflavin. In this way, artificial re-
ceptors in catalytic processes could be designed through
specific control of the interaction between functionalised
carbon nanotubes and riboflavin.

/

Introduction

Flavoproteins are redox enzymes related to metabolic process-
es, electron transfer and regulation of neurotransmitters." The
interdependence between redox events and molecular recog-
nition is a prevalent theme when studying these systems. The
flavin cofactor of proteins is the active site in the catalytic pro-
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cesses and its redox behaviour depends on the covalent and
noncovalent interactions with the apoenzyme. Therefore, mod-
ulation of the environment of flavins can be used to set their
selectivity towards a specific analyte® and to understand the
behaviour of enzymes. Historically, the most widely studied
flavin has been riboflavin (RBF) because of its chemical and
biological versatility.® Covalent attachment of flavins to en-
zymes is known to enhance selectively a reaction pathway and
suppress unwanted side reactions.”’ As a consequence, differ-
ent covalent modifications have been carried out on the cen-
tral nucleus of flavins to study their versatility in the design of
sensors and alterations in the redox” and fluorescence® re-
sponses have been observed. Similarly, several receptors have
been developed to observe the molecular recognition of fla-
vins by noncovalent approaches.” For example, the 2,4-dia-
mine-1,3,5-triazines are useful because they have an appropri-
ate D (H-donor)-A (acceptor) matrix to form hydrogen bonds
with flavins.®! The 1,3,5-triazine nucleus is attractive in supra-
molecular chemistry because of the possibility of forming mul-
tiple noncovalent interactions® by coordinate bonds,"” elec-
trostatic interactions," hydrogen bonds,"? and m-m stack-
ing."*' In addition, from a synthetic point of view, these sys-
tems can be easily modified.!>'®

It is known that three-dimensional (3D) patterns, such as sili-
cate matrices, effectively replicate both the isolation and preor-
ganisation found in the active sites of flavoenzymes."” Accord-
ingly, the fabrication of 3D structures could make a difference
in the recognition processes of flavins and, apart from the bio-
logical mimics, the flavin-receptor complex could also be used
in the design of sensors and new catalysts.””
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Carbon nanotubes (CNTs) have been applied in different
fields such as electronics,*" biomedicine® and sensor build-
ing.” The characteristic that makes these materials special is
the combination of dimension, structure, and topology, which
translates into a whole range of superior properties.*” More-
over, these materials have a large surface area that can be
easily modified in different ways.”” Covalent functionalisation
is a helpful tool to immobilise different useful molecules to
build supramolecular structures.”® In addition, the electro-
chemical reactivity of some molecules—as well as some elec-
tron-transfer processes—are known to be improved by carbon
nanotubes, thus making them attractive for the design of bio-
sensors.?”

We report here the synthesis and noncovalent interactions
of triazine-carbon nanotube derivatives with RBF. Both single-
walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) were functionalised by a radical arylation
with microwave activation. Different functional groups were
immobilised, namely 1,3,5-triazine chains, which are capable of
forming hydrogen bonds, and p-tolyl chains, which cannot par-
ticipate in this type of interaction. The characterisation of all of
the derivatives was carried out by using a range of techniques
such as thermogravimetric analysis (TGA), Raman spectroscopy,
UV/Vis/NIR spectroscopy, transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). As a further
step in understanding the molecular recognition processes,
the triazine-functionalised MWCNTs were applied as synthetic
hydrogen-bond receptors and their interactions with RBF were
analysed.

Results and Discussion

Synthesis and Characterisation of Carbon Nanotube
Derivatives

There are a very few examples in which triazine moieties are
attached to nanotubes, and most of these concern noncova-
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lent modifications.”*>? Two kinds of nanotube derivatives
were prepared (Scheme 1) with the aim of comparing the be-
haviour of covalent triazine-functionalised carbon nanotubes
with nanotubes functionalised to the same extent but without
the possibility of forming hydrogen bonds.

Triazine 1 or p-toluidine (2) were reacted with pristine
HiPco® SWCNTs under the conditions described in the experi-
mental section to give SWCNTs-1 and SWCNTs-2. Thermogravi-
metric analysis shows the weight loss from samples as the
temperature increases. The TGA results for SWCNTs-1 and
SWCNTs-2 are shown in Figure 1a. The weight loss at 600°C
can be used to quantify the number of functional groups at-
tached to the carbon nanotube. SWCNTs-1 showed a weight
loss of 14.5% and this corresponds to 392 pmol of functional
groups per gram of carbon nanotube. The degree of function-
alisation is 1 functional group per 181 carbon atoms. SWCNTs-
2 showed a weight loss of 15.7%, which corresponds to
934 umol of functional groups per gram of carbon nanotube.
This corresponds to 1 functional group per 75 carbon atoms.
The higher degree of functionalisation can be attributed to the
small size of the p-tolyl chain when compared with the sterical-
ly more hindered triazine unit.®"*? The electron-withdrawing
properties of the triazine ring and the lower solubility of tria-
zine 1 may also reduce its reactivity.?***

Raman spectroscopy provides information about the cova-
lent functionalisation of carbon nanotubes. The increase in the
D-band at 1314 cm™' can be related to the introduction of sp?
defects into the sp? network of the nanotube.*® The Raman
spectra of pristine and functionalised SWCNT derivatives are
shown in Figure 1b. SWCNTs-1 exhibits a more intense D-band
than p-SWCNTs and a more intense band is observed for
SWCNTs-2 as the degree of functionalisation increases. These
results are consistent with those of the TGA analysis.

Both SWCNT derivatives were analysed by UV/Vis spectros-
copy, which is an excellent method to monitor the electronic
perturbation of nanotubes. The van Hove singularities of pris-
tine nanotubes disappeared due to rehybridisation of the sp?

HN_ N

NH,

3 MW, H0,
90 min, 80°C
SWCNTs-2 / MWCNTs-2
Scheme 1. Functionalisation of p-SWCNTs and p-MWCNTs.
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Figure 1. a) Thermogravimetric analysis of p-SWCNTs, SWCNTs-1 and
SWCNTs-2. b) Normalised Raman spectra of p-SWCNTs, SWCNTs-1 and
SWCNTs-2 by using a laser source at 633 nm. (c) UV/Vis/NIR absorption spec-
tra of p-SWCNTs, SWCNTs-1 and SWCNTs-2 in solutions of sodium dodecyl
sulfate (2%) normalised to the local minimum at 930 nm.

carbon atoms to sp® in the functionalised carbon nanotubes.®"

A decrease in the intensity of the van Hove bands from p-
SWCNTs to SWCNTs-1 and SWCNTs-2 can be observed in Fig-
ure 1c because of the increase in the extent of functionalisa-
tion. This effect is more evident in SWCNTs-2 because of the
higher degree of functionalisation in comparison to SWCNTs-1.

The different derivatives were also analysed by X-ray photo-
electron spectroscopy (XPS). This semiquantitative technique
provides information about the elemental composition of the
sample as well as the types of bonds present.”® As expected,
the SWCNTs-2 derivative did not contain nitrogen and the
hybrid SWCNTs-1 contained 2.7% nitrogen, thus confirming
the functionalisation (Table S1). The N 1s peak was deconvolut-
ed into two contributions at 398.3 and 400.1 eV (Figure S1).
These were assigned to the photoelectrons emitted by the N=
C and N—C bonds present in the triazine rings, respectively.
Furthermore, the percentage of nitrogen (2.7%) corresponds
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to 386 umol of functional groups per gram of carbon nano-
tube, which is a value that is consistent with that obtained by
TGA analysis (392 umol of functional groups per gram of
carbon nanotube).

Once the reaction had been successfully carried out with
SWCNTs and the products were fully characterised, p-MWCNTs
were functionalised with the same organic chains to yield de-
rivatives MWCNTs-1 and MWCNTs-2. The TGA traces for
MWCNT derivatives versus p-MWCNTs are shown in Figure S2.
MWCNTs-1 exhibited a weight loss of 13% and this corre-
sponds to 667 umol of functional group per gram of carbon
nanotube. The degree of functionalisation is 1 functional
group per 110 carbon atoms. MWCNTs-2 showed a weight loss
of 11% at 600 °C, which corresponds to 1178 pmol of function-
al group per gram of carbon nanotube. This equates to 1 func-
tional group per 61 carbon atoms. The reaction with p-tolui-
dine 2 introduces more functional groups than the reaction
with triazine 1, as observed with SWCNTs. Functionalised
MWCNTs were also analysed by XPS. As expected, MWCNTs-2
did not contain nitrogen and MWCNTs-1 contained 5.0% nitro-
gen, which corresponds to 714 umol of functional groups per
gram of carbon nanotube. This value is consistent with that
obtained by TGA analysis (667 pmol of functional groups per
gram of carbon nanotube) (Table S1).

The higher solubility of the final MWCNT derivatives in water
in comparison with the SWCNT derivatives, led us to use the
former nanotubes to analyse the molecular recognition of RBF.

It is known that the degree of functionalisation is an impor-
tant factor when the behaviour of CNTs is studied. With the
aim of comparing the influence of the types of functional
groups, three successive addition reactions were carried out
with triazine 1 on the same MWCNT sample. Similar degrees of
functionalisation were obtained in the hybrid with triazine and
the hybrid with p-tolyl groups. The TGA data for the latter de-
rivative, which is denoted as MWCNTs-3, are shown in Fig-
ure S2 along with those of the other MWCNT derivatives. The
degree of functionalisation of each MWCNT derivative is sum-
marised in Table 1.

It is known that functionalised carbon nanotubes that can
form hydrogen bonds in AD-DA (acceptor donor-donor accept-
or) systems produce good dispersions in aprotic polar systems
such as N,N-dimethylformamide (DMF), whereas they self-as-
semble to form superstructures in solvents in which they do
not form hydrogen bonds, such as dichloromethane.®” Conse-
quently, the different dispersibility of the nanotubes in differ-
ent solvents provides an insight into the kind of interactions
between them and the type of functional groups. Hence, the
behaviour of MWCNTs-1, MWCNTs-2 and MWCNTs-3 in different
solvents was analysed by transmission electron microscopy
(Figure 2). Both triazine-MWCNT derivatives formed good dis-
persions in water, MWCNTs-1 (Figure 2a) and MWCNTs-3 (Fig-
ure 2b), because of hydrogen-bonding interactions between
the organic chains and the solvent. However, the p-tolyl-func-
tionalised nanotubes MWCNTs-2 formed aggregates in water
(Figure 2¢) as interactions with the solvent did not occur,
whereas in nonpolar solvents such as 1,1,2,2-tetrachloroethane
the opposite behaviour was observed. The triazine-functional-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of the functionalised MWCNTs.
Product  Structure Weight loss ~ FGC"® [umol/
[%][a] g][c]
HzN\rN\ NHy
N| _N
';AWCNTS' 13 110 667
MWCNTs- 1 61 1178
2
QAWCNTS' 195 63 1056
o o o > ] A‘A‘,
[a] TGA weight loss (%) at 600°C. [b] Functional group coverage: Number of carbon
atoms per functional group=1[(100—%,.; ) MM 1/12 % eig [c] pmol of
functional group per gram of carbon nanotube.

ised nanotubes, MWCNTs-1 and MWCNTs-3, self-assembled be-
cause of hydrogen-bonding interactions between the function-
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al groups (Figure 2d,e), whereas the p-tolyl-function-
alised nanotubes MWCNTs-2 formed a very good dis-
persion (Figure 2 f).

Molecular Recognition

The study of the molecular recognition of flavins by
a receptor is important in the development of sen-
sors as well as in the development of chemical
models to understand the role of the noncovalent in-
teractions in enzymatic processes. To obtain a qualita-
tive idea of the interaction between triazine-function-
alised carbon nanotubes MWCNTs-1 and RBF, an
excess of RBF (5mg) was added to a 1,1,2,2-tetra-
chloroethane solution of MWCNTs-1 (20 mL,
25102 mgmL~") and, after washing the mixture, the
recognition processes were analysed by TEM. High
dispersibility of nanotubes after the addition of RBF
can be observed in Figure 3. As expected, the triple
ADA-DAD hydrogen-bonding interactions between
the functional groups of the nanotubes and RBF
break the bundles.

In general, the methodologies used to observe the
molecular recognition are based on physical and
chemical changes in the receptor system when it in-
teracts with the acceptor system. Numerous studies
have been carried out to analyse the recognition of
flavin by different receptors and, for example, the
quenching of its fluorescence,*®**? the shift of bands
in the UV spectra,”*” the shift of peaks in the IR spec-
tra®" and NMR spectra® or the modification of the
redox potential by cyclic voltammetry*? have been
observed. In particular, the linear optical properties of
RBF have been widely studied.”**

The UV/Vis spectra from a titration of RBF with increasing
concentrations of MWCNTs-3 in water are shown in Figure 4.

Figure 2. TEM Images of a) MWCNTs-1 in H,O, b) MWCNTs-3 in H,0, c) MWCNTs-2 in H,O, d) MWCNTs-1 in 1,1,2,2-tetrachloroethane, €) MWCNTs-3 in 1,1,2,2-
tetrachloroethane, and f) MWCNTs-2 in 1,1,2,2-tetrachloroethane. The concentration of nanotubes in all samples was 2.5-10"* mgmL™".

Chem. Eur. J. 2016, 22, 8879 - 8888 www.chemeurj.org 8882
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Figure 3. TEM Images of an MWCNTs-1 solution in 1,1,2,2-tetrachloroethane (2.5-10"> mgmL™") a) before and b) after the addition of an excess of RBF. Expect-
ed interaction between MWCNTs-1 ¢) before and d) after the addition of RBF in 1,1,2,2-tetrachloroethane.

0.0 i . ; ; 3
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Figure 4. UV/Vis spectra showing a monotonic increase in intensity of RBF
with increasing concentration of MWCNTs-3. [RBF]=5.0-10° mgmL™’,
[MWCNTs-31=0, 1.7-10 %, 2.910 %, 3.7-10 %, 44-103,5.0-10 3, 5510 7,
581072 6.1-10°% 6.410 2 and 1-10 2mgmL"".

Although water is not an ideal solvent for this study, it was
chosen to obtain stable dispersions of RBF during the whole
complexation process. The increase in the concentration of
nanotubes results in an enhancement in the absorbance spec-

Chem. Eur. J. 2016, 22, 8879 - 8888 www.chemeurj.org
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trum of RBF due to the superposition of the two absorbance
spectra (Figure 4). On the other hand, blueshifts in the bands
at 374 and 444 nm are observed on increasing the nanotube
concentration (Figure 4). The shifts are 16 nm for the first band
and 11 nm for the latter. The band at 374 nm is attributed to
the m-rt* and n-;t* transition of RBF and the band at 444 nm to
the m-m* transition.”® The peak at 444 nm hardly changes
when the hydrogen-bonding interactions between RBF and its
environment change, whereas the maximum at 374 nm does
exhibit shifts in the wavelength."” The small movements in
our system are consistent with reported data®*“® and confirm
the existence of supramolecular interactions in our complex. In
addition, the more marked shift of the peak at 374 nm corrob-
orates the modification of the hydrogen-bonding environment
of the RBF.

Fluorescence spectroscopy is a more sensitive technique
than UV/Vis spectroscopy. Hence, the interaction between the
triazine-functionalised carbon nanotubes MWCNTs-3 and RBF
was also analysed by using this technique. The effect of in-
creasing the concentrations of MWCNTs-3 on the emission
properties of RBF is shown in Figure 5. As one would expect,
the addition of MWCNTs-3 to the solution of RBF resulted in

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Fluorescence spectra showing a monotonic decrease in intensity of
RBF on increasing the concentration of MWCNTs-3 (A, =444 nm).
[RBF]=1.010" mgmL~", [MWCNTs-3] =5.7-10"%, 7.5:10~, 8.9-10~%, 1-10°3,
1.310"% and 210 * mgmL™".

partial quenching of its fluorescence emission because of the
interaction between the two species.

The maximum of the emission spectrum at 524 nm was
used to analyse the quenching data by using the Stern-Volmer
equation (1) (Figure S3)."

F°/F = 14K [Q] (1)

where F° and F, are the fluorescence intensities in the absence
and presence of the quencher, respectively, Ky, is the Stern-
Volmer quenching constant, and [Q] is the concentration of
the quencher, MWCNTs-3, in the sample. The Stern-Volmer
quenching constant (Ks,) was 128.24+6.8 Lg ' and this equates
to (121.446.4)-10° Lmol,,,ine - These studies were also carried
out with MWCNTs-1, which has fewer triazine chains attached
to the walls of the nanotubes. The analysis showed the same
trend as observed for the derivative MWCNTs-3. However,
MWCNTs-1 exhibited a weaker interaction than MWCNTs-3 be-
cause the blueshift in the UV/Vis spectrum was smaller (5 nm
at 374 nm and 2 nm at 444 nm) and the quenching of RBF was
not very high (Figure S4 and S5). This weaker interaction was
confirmed by the association constant calculated from the
Stern-Volmer plot (Figure S6). The value was 94.7+4.7 Lg™
for the derivative MWCNTs-1.

In molecular systems the association constants between fla-
vins and 2,4-diamino-1,3,5-triazines bound by hydrogen bonds
have values between 1 and 744 Lmol',®***% depending on
the substituent(s) on the triazine rings. In addition, the pres-
ence of supplementary supramolecular interactions in the
system can affect the stabilisation of the hydrogen-bonding in-
teractions and these influences are used to modulate such
bonding.®" As a consequence, the aromatic stacking interac-
tions have been widely studied.®? Higher association constants
between flavins and 2,4-diamino-1,3,5-triazines with different
aromatic substituents are observed as a consequence of the in-
crease in the m-overlap between these compounds (values
from 394 to 17600 Lmol™")."¥ Nanotubes are easily able to

Chem. Eur. J. 2016, 22, 8879 - 8888 www.chemeurj.org
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form m-m interactions®> even with flavins®"*? and the high
values of the association constants in our system could be due
to the presence of m-m stacking together with the formation of
hydrogen bonds.

A series of nanotube hybrids was studied to analyse the in-
fluence that the different kinds of interactions had on the
quenching of the fluorescence of RBF. These systems were tria-
zine-functionalised carbon nanotubes with different degrees of
functionalisation, i.e., MWCNTs-1 and MWCNTs-3, p-tolyl-func-
tionalised carbon nanotubes MWCNTs-2, which cannot form
hydrogen bonds, and p-MWCNTs (Figure 6). Pristine nanotubes
produced the highest quenching of RBF (black solid line) and
the p-tolyl-functionalised nanotubes the lowest (line with cir-
cles). Presumably, the presence of functional groups in the p-
tolyl-functionalised carbon nanotubes precludes the approach
of the planar rings of RBF to the walls. This situation is consis-
tent with other studies in which a lower quenching effect of
functionalised nanotubes was observed when compared with
pristine nanotubes.®™ On the other hand, the quenching was
higher for the triazine-functionalised carbon nanotubes (solid
grey line and line with triangles) in comparison to the p-tolyl
system (line with circles). Notably, comparison of MWCNTs-3
and MWCNTs-2 shows a far higher quenching for the triazine
derivative in comparison to the p-tolyl derivative. The fact that
both derivatives have similar degrees of functionalisation indi-
cates that the highest quenching can be related to the ability
to form hydrogen bonds in the triazine hybrids. The titration
of riboflavin with increasing concentrations of MWCNTs-2 gave
results that are consistent with this assumption (Figure S7 and
S8). The association constant between these two components
(riboflavin-MWCNTs-2) is 82.6+52Lg™"' and this equates to
(70.1+4.4)-10> Lmol, . This value is high because of the
possibility of forming - stacking interactions with the func-
tionalised nanotubes but it is lower than that found for the ri-
boflavin-MWCNTs-3 systems; that is, (128.2+6.8)Lg™"' or
(121.4+6.4) 10® LMol - These differences reveal that the
hydrogen bonds make a clear contribution to the quenching
effect. Similar behaviour has previously been observed in other
examples in which the quenching of the fluorescence of flavins
is dependent on the ability of their receptors to form hydro-
gen bonds and m-m interactions.®*® In this way, we demon-
strate here that the recognition of the RBF in our system is
modulated by the introduction of triazines with the ability to
form hydrogen bonds.

Once the formation of complexes between functionalised
MWCNTs and RBF had been demonstrated, we carried out
some preliminary studies aimed at characterising their electro-
chemical behaviour in solution. Electrochemical studies on fla-
vins in aqueous solutions are complex and studies concerning
interactions with other components are scarce. However, we
chose this solvent because of the aforementioned stability of
the RBF.

The DPV profiles of 1.0-10°>mgmL~" RBF and (1.0-1073-
2.0-10° mgmL~") RBF-MWCNT hybrids at a bare GCE in 0.1m
phosphate buffer solution pH 7.4 with a scan rate of 0.100 Vs™'
are shown in Figure 7. RBF complexes formed with p-MWCNTs
and MWCNTs-3 were tested.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Fluorescence spectra of RBF (1.0-10~°> mgmL™") and RBF-nanotube (1.0-1073~2.0-10~*> mgmL™") solutions (k... =444 nm). Schematic representation
of possible structural interactions of RBF with the different hybrids: b) MWCNTs-1 or MWNCTs-3; (c) MWCNTs-2 and (d) p-MWCNTs.

Differential current (pnA)

0.7 0.6 0.5 0.4 0.3
Potential (V)
Figure 7. Differential pulse voltammetry of a glassy carbon electrode in RBF

(grey solid line), RBF-p-MWCNTs (black solid line), and RBF-MWCNTs-3 (dash
line).
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Several differences in the intensity and the position of the
maximum peak potentials were observed for the compounds.
RBF in solution exhibits only one oxidation peak at —0.468 +
0.006 V and this is in good agreement with the behaviour re-
ported previously.®” After the interaction of the RBF with p-
MWCNTs a shift in the peak potential was not observed
(—0.468 +0.002 V). Although the quenching of the fluores-
cence of flavins by aromatic systems has been verified in differ-
ent studies in which interactions have been demonstrated, mt-it
stacking has not been considered alone as a modulator of the
redox behaviour of flavins in solution. Nonetheless, the influ-
ence of these interactions on the redox properties of flavins
has been widely studied when they participate in complexes
involving other noncovalent interactions. However, the effect
was not linearly correlated with the m-overlap because it is not
based on this kind of interaction alone.®” When RBF interacts
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with the derivative MWCNTs-3, a shift of 19 mV in the peak po-
sition to more negative potential was observed (—0.487+
0.009 V), which indicates that the RBF is more difficult to
reduce. The difference of 19 mV in the redox potentials of RBF
is in agreement with reported data. Movements of 10-60 mV
to more negative potentials have been associated with the sta-
bilisation of the flavin through receptors that are able to take
part in both bonding and m-m stacking.®™

In light of these preliminary electrochemistry results, the de-
rivative MWCNTs-3 is revealed as a potential hybrid for the
modulation of the redox behaviour of RBF. This proposal is
consistent with the UV/Vis and fluorescence results and corrob-
orates the influence of the attached organic chains in the sys-
tems. Nevertheless, groups that interfere to a greater extent
(i.e., strongly electron-withdrawing or electron-donating
groups) should be attached to the triazine rings to produce
more pronounced variations in the RBF behaviour. In addition,
the interaction through hydrogen bonds could become more
selective by introducing surfactants that subdue some 7-m in-
teractions.”®”

Conclusion

We have successfully synthesised and characterised 1,3,5-tria-
zine-CNT and p-tolyl-CNT derivatives (both SWCNTs and
MWCNTs) by means of an aryl radical addition. The self-assem-
bly of these hybrids has been analysed by transmission elec-
tron microscopy. It was observed that the 1,3,5-triazine deriva-
tives form good dispersions in water and self-assemble in non-
polar solvents because of the DA-AD hydrogen-bonding recog-
nition, whereas the p-tolyl derivatives show better dispersibility
in organic solvents and aggregate in polar solvents. On the
other hand, the ability of the different nanotubes to recognise
RBF has been studied by fluorescence spectroscopy and the
scope of the different noncovalent interactions has been ana-
lysed. The functionalisation of nanotubes by using a covalent
approach decreases their ability to form m-mt stacking interac-
tions, thus allowing hydrogen-bonding interactions to play an
important role in the recognition processes between the com-
ponents. Preliminary electrochemical results show differences
in the response of RBF when it interacts with triazine-modified
nanotubes.

The possibility of modifying flavin and triazine substituents
in our system pave the way for the design of new flavin-based
molecular devices as chemical models for flavoenzymes in
which recognition and function could be directly correlated.

Experimental Section

Techniques: Microwave irradiation was carried out with a CEM Dis-
cover reactor with an infrared pyrometer, pressure control system,
stirring and air-cooling option. UV/Vis/NIR spectra were recorded
with a Varian Cary 5000 spectrophotometer. Fluorescence spectra
were recorded with excitation at 444 nm, an emission filter from
450 to 700 nm and a slit width of 3 nm. For absorption and fluo-
rescence experiments, quartz cuvettes with a 10 mm path-length
were used. Fluorescence titration experiments were carried out in
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water, at RT, by the addition of known microlitre aliquots of a solu-
tion containing MWCNTs and RBF (210°mgmL™" and
110> mgmL ', respectively) to 1 mL of a solution containing RBF
(1-10* mgmL™"). UV/Vis titration experiments were carried out in
water, at RT, by addition of known microlitre aliquots of a solution
containing MWCNTs and RBF (110 2mgmL~"' and 5-10 > mgmL,
respectively) to 1 mL of a solution containing RBF (5-107> mgmL™).
The thermogravimetric analyses were performed with a TGA Q50
(TA Instruments) at 10°C min~' under a N, atmosphere. Raman
spectra were recorded with an Invia Renishaw microspectrometer
equipped with a He-Ne laser at 633 nm excitation wavelength and
a laser power of 0.17 mW. For the TEM analyses, several drops of
nanotube solutions (2.510>mgmL™") in different solvents were
placed on a copper grid (3.00 mm, 200 mesh, coated with carbon
film). After being air-dried, the sample was investigated with a TEM
Philips EM 208, accelerating voltage of 100 kV. The NMR spectra
were recorded with a Varian Unity 500 MHz spectrometer with TMS
as an internal standard. Photoelectron spectra (XPS) were obtained
with a VG Escalab 200R spectrometer equipped with a hemispheri-
cal electron analyser with a pass energy of 50 eV and a MgKa
(hv=1254.6 eV) X-ray source, powered at 120 W. Binding energies
were calibrated relative to the C1s peak at 284.8 eV. High-resolu-
tion spectra envelopes were obtained by curve fitting synthetic
peak components with the software “XPS peak”. Symmetric Gaussi-
an-Lorentzian curves were used to approximate the line shapes of
the fitting components. Atomic ratios were computed from experi-
mental intensity ratios and normalised by atomic sensitivity factors.
Differential pulse voltammetry (DPV) was performed with an Auto-
lab 302b electrochemical workstation (Autolab, The Netherlands).
A conventional three-electrode system was employed with a bare
Glassy Carbon Electrode (GCE) as working electrode, a platinum
wire as auxiliary electrode, and the reference electrode was a satu-
rated Ag/AgCl (3m KCI). All measurements were performed from
—0.7 to 0.4V using 4 mV step potential and 40 mV as modulation
potential, at RT and under a N, atmosphere.

Materials: Solvents were purchased from SDS and Fluka. Chemicals
were purchased from Sigma-Aldrich and were used as received.
HipCo” SWCNTs were purchased from Carbon Nanotechnologies,
Inc., Lot R0O513 and used without purification. MWCNTs 7000 series
were purchased from Nanocyl (lot 31825, www.nanocyl.com) and
were used without purification.

Preparation of 6-Amino-2,4-diamine-1,3,5-triazine (1): The prepa-
ration of this compound was carried out by using a modified re-
duction  protocol®®  6-Nitro-2,4-diamine-1,3,5-triazine (1 g,
4.3 mmol) and hydrazine monohydrate (0.84 mL, 17.2 mmol) were
dissolved in EtOH (300 mL) and stirred after the addition of cat.
Pd/C (10%) at 80°C overnight. The reaction solution was filtered
through Celite®, which was washed with ethanol, and the solvent
was evaporated under vacuum to give compound 1. Yield: 825 mg
(95%); yellow powder; m.p.200-202°C; 'HNMR (500 MHz, [D]
DMSO, 25°C): 6=7.96 (d, J(HH)=8.8 Hz, 2H; CH), 6.55 (d, JH,H) =
8.8Hz, 2H; CH), 6.48 (s, 4H; NH,), 559 ppm (s, 2H, NH,) (Fig-
ure S9); *CNMR (500 MHz, [Dg] DMSO, 25°C): 6=170.25 (s, C2),
167.22 (C6), 151.71 (C4'), 129.28 (C2'), 123.93 (C1’), 112.67 ppm
(C3") (Figure S10); IR (neat): #=3700, 1740, 1734, 1717, 810 cm™'
(Figure S11).

Preparation of SWCNTs-1 and MWCNTs-1: Pristine CNTs (25 mg)
were sonicated in deionised water together with triazine
1 (210 mg, 1.1 mmol) for 10 min in a microwave glass vessel. Iso-
amyl nitrite (3) (0.56 mL, 4.16 mmol) was added and a reflux con-
denser was fitted. The mixture was heated at 80°C by irradiation
at 100 W for 30 min and, after adding a new aliquot of isoamyl ni-
trite (3), at 30 W for 60 min.®*? The mixture was cooled to RT and
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the crude product was filtered off on a Millipore membrane (PTFE,
0.2 um). The product was removed from the filter and washed with
dimethylformamide, methanol and dichloromethane (sonicated
and filtered) until the filtrate was clear. The solid was finally
washed with diethyl ether to afford SWCNTs-1 (23 mg) and
MWCNTs-1 (24 mq).

Preparation of SWCNTs-2 and MWCNTs-2: Pristine CNTs (25 mg)
were sonicated in deionised water together with p-toluidine (2)
(120 mg, 1.1 mmol) for 10 min in a microwave glass vessel. Isoamyl
nitrite (3) (0.45 mL, 3.34 mmol) was added and a condenser was
fitted. The mixture was heated at 80°C by irradiation at 100 W for
30 min and, after adding a new aliquot of isoamyl nitrite (3), at
30 W for 60 min.*? The mixture was cooled to RT and the crude
product was filtered off on a Millipore membrane (PTFE, 0.2 um).
The product was removed from the filter and washed with dime-
thylformamide, methanol and dichloromethane (sonicated and fil-
tered) until the filtrate was clear. The solid was finally washed with
diethyl ether to afford SWCNTs-2 (22 mg) and MWCNTs-2 (24 mg).
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