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The covalent chemistry of carbon nanostructures has put forth a wide variety of interesting derivatives that widen their
potential as functional materials. However, the synthetic procedures that have been developed to functionalize the
nanostructures may require long reaction times and harsh conditions. In this paper, we study the continuous flow
processing of single-wall carbon nanotubes with azomethine ylides and diazonium salts and demonstrate that this
approach is effective to reduce reaction times and tune the properties of the functionalized carbon materials.
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1. Introduction

Carbon nanotubes (CNTs) are one-dimensional allotropes of
carbon in which sp2-hybridized atoms are arranged into cylin-
ders with diameters at the nanometer scale and lengths up to
millimeters. They exhibit peculiar electronic, optical, structural,
and mechanical properties for applications in different emerging
fields [1–5]. Covalent and non-covalent chemical functionaliza-
tion approaches play a fundamental role to debundle and stabilize
CNTs in solution where their unique characteristics can be dis-
cerned and studied. Reagents, such as oxidants [6], diazonium
salts [7–8], carbenes [9], nitronium ions [10], lithium alkynylides
[11], and azomethine ylides [12], have been successfully employed
for the covalent modification of CNTs. Despite this rich function-
alization chemistry [13–17], only a few comparative studies
[11, 18] on the addition chemistry to CNT have been reported so
far. Motivated by this, we have evaluated the solubility and func-
tionalization degree (FD) of single-wall carbon nanotube
(SWCNT) samples that were subjected to different functionaliza-
tion protocols through a continuous-flow approach. Running the
functionalization in a flow reactor (FR) offers the advantage of a
quick response when different solvents, conditions, or functional
groups are systematically varied for the covalent modification of
CNTs [19–20]. In particular, as a proof of concept, we evaluated
the 1,3-dipolar cycloaddition to SWCNTs of azomethine ylides
(AmYs) that were generated in situ through different methods,
such as the decarboxylative condensation of α-aminoacids with
carbonyl compounds (reaction 1 in Scheme 1), the thermal ring
opening of aziridines (reaction 2) and the tautomerization of
iminoesters (reaction 3) [21–22]. Three different substituents
(aryl, alkyl and heteroaryl) were tested for each precursor family
as models for more elaborated functional reagents. We extended
the flow approach also to the addition of diazonium salts to
SWCNTs (Scheme 3) that, in conventional flask, can be difficult
to control, leading to soluble fractions with high FD.

2. Results and Discussion

The use of a FR shortened considerably the 1,3-dipolar cyclo-
addition of AmYs to SWCNTs [19, 23]. In a typical experiment,
pristine SWCNTs (10 mg, 0.83 mmol of C) and the proper AmY
precursors (Table 1) were dispersed with sonication into 1-cyclo-
hexylpyrrolid-2-one (CHP, 10 mL) and loaded into the injection
loop of a FR (Figure 1). CHP was used for its excellent dispers-
ing ability [24], if compared to dimethylformamide (DMF) and
1-methylpyrrolid-2-one. The flow of a carrier solvent (i.e., DMF)

drives the reagents suspension through the reactor coil immersed
in a thermostatted oil bath (Figure 1) at 160 °C [21]. Based on our
previous experience on the time required for the functionalization
of fullerenes with FR [25], we chose a total volume of 2mL for the

Scheme 1. Syntheses of functionalized SWCNTs in flow through the
1,3-dipolar cycloaddition of azomethine ylides generated via the decar-
boxylation route (1), the electrocyclic ring opening of aziridines (2),
and the tautomerization of imines (3) with alkyl (a), aryl (b) and
heteroaryl (c) substituents
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coil reactor, corresponding to a residence time of 30 min with a
flow rate of 4 mL/h.
Scheme 1 illustrates the nine cycloaddition reactions that

were carried out in this work to functionalize CNTs. 2-Ethyl-
hexanal (1a), benzaldehyde (1b), and 2-thiophenecarboxalde-
hyde (1c) were reacted with sarcosine to give, through a
decarboxylative mechanism, the corresponding AmY that adds
to the double bonds of the CNT sp2 backbone, forming pyrro-
lidine rings. An in-line back-pressure regulator (BPR in Fig-
ure 1) was used to balance the pressure rise produced by CO2

evolution in the coil reactor. AmYs were also generated by the
electrocyclic thermal ring opening of aziridines 2a–c and
through the tautomerization of iminoesters 3a–c. It should be
mentioned that AmYs made through different routes gave CNT-
pyrrolidine samples with distinctive substitution patterns and
solubilities (vide infra). In order to improve the productivity
(see the Supporting Information) each reaction was cycled three
times, adding fresh AmYprecursors before each run. Under the
conditions reported above, 10 mg of pristine CNTs, dispersed in
10 mL of CHP, can be processed in 7.5 h using the flow system
reported in Scheme 1. The crude mixture was diluted with
methanol and centrifuged to promote the precipitation of func-
tionalized SWCNTs and remove unreacted reagents and side
products. The black solid residue was washed with methanol,
dried under reduced pressure at 80 °C for 4 h and weighted.
Since functionalization is expected to afford a mixture of

SWCNTs with a wide range of FD (and hence of solubilities),
the solid residue was extracted several times with DMF (10 × 5
mL) [19]. Figure 2 summarizes the concentration profiles of
SWCNT derivatives within the 10 extracted fractions for each
investigated reaction.
Concentration values [19] were obtained from optical absorp-

tion data, using an extinction coefficient that was calculated for

pristine HiPCO SWCNTs (7.5±0.7 mL mg1 cm1 at 750 nm in
CHP, see Supporting Information) [26]. Derivative CNT-3c
was selected to illustrate the characterization protocol. The
analytical data for all other compounds have been collected in
the Supporting Information. A comparison between the absorp-
tion spectrum of pristine SWCNTs dispersed in DMF with that
of the most soluble fraction (extraction 1) of CNT-3c is shown
in Figure 3.
Interestingly, the functionalized sample displays well-

resolved van Hove transitions, indicating a weaker aggregation
of the tubes. Table 1 shows, for all SWCNT-pyrrolidine deriv-
atives, the solubility in DMF for the most soluble fraction. The
observed solubility values, ranging from 50 to 110 μg/mL, are
in line with those of other functionalized HiPCO SWCNTs
reported earlier [14]. As a comparison, the reference sample
CNT-4, prepared in flask through the nucleophilic addition
illustrated in Scheme 2 (see Supporting Information for details),
has a solubility of 50 μg/mL [27].
Figure 2 shows that each family of AmYprecursors (1, 2, and

3) yields products with similar solubility distribution, regardless
of the specific substituent on the pyrrolidine ring. For instance,
the reaction of SWCNTs with N-methylglycine and aldehyde
(CNT-1a-c) gives homogeneously functionalized samples with
similar solubilities. On the other hand, SWCNTs that were
functionalized through the tautomerization route (CNT-3a-c)
have a wider distribution of solubilities, suggesting that proto-
col 1 affords CNTs that are more homogeneously functionalized
than those obtained with reaction 3.
This observation discloses the possibility to choose the func-

tionalization strategy that fits better with the desired application.
For example, while the compatibilization of CNTs in a polymer
would require a large amount of a highly homogeneous material
with good solubility (~ 50 μg/mL), which is better obtained via
the decarboxylation route, the delivery of a large number of
drug molecules covalently linked to CNTs for biological appli-
cations would be better achieved by starting from an iminoester
derivative.
CNT-2a-c, prepared from the aziridine precursors, shows an

intermediate behavior compared to the samples discussed
above. It is interesting to note that the thienyl group displays a
general tendency to form more soluble derivatives with respect
to phenyl and ethylhexyl residues.
A successful CNT functionalization can be corroborated

through thermogravimetric analysis (TGA) [28]. A qualitative
analysis of the thermograms in Figure 6 indicates that samples
that were functionalized through aziridine or iminoester routes
(CNT-2a-c and CNT-3a-c) show similar weight losses due to
the thermal degradation of pyrrolidine and ester functions at T<
400 °C and to the decomposition of the CNT structure at higher
temperatures. Interestingly, CNTs functionalized via the decar-
boxylation route (CNT-1a-c) gave a quasi-continuous thermal

Scheme 3. Synthesis of functionalized SWCNTs through addition of
the diazonium salt generated by treating 4-methoxyaniline with iso-
pentylnitrite (CNT-5)

Table 1. Synthetic details and functionalization degrees for the AmY
cycloadditions

Precursor SWCNTs /mg
(mmol of C)

Ylide precursor/mg
(mmol)

Max. solubility
(μg·mL1)

FDa

1a 9.7 (0.81) 136 (1.06)b 46 7%
1b 9.5 (0.79) 113 (1.07)b 55 9%
1c 10.9 (0.91) 112 (1.00)b 64 10%
2a 9.3 (0.77) 191 (0.84) 44 8%
2b 10.5 (0.87) 186 (0.91) 54 9%
2c 8.9 (0.74) 188 (0.89) 76 11%
3a 9.8 (0.82) 191 (0.89) 76 6%
3b 10.4 (0.87) 157 (0.83) 93 8%
3c 10.1 (0.84) 174 (0.87) 117 6%

aCalculated for the most soluble fraction.
b The quantity of precursor reported refers to the limiting reagent (aldehyde).

N-methylglycine was used in 20% molar excess with respect to the aldehyde.

Scheme 2. Synthesis of functionalized SWCNTs through nucleophilic
addition of the organolithium generated by treating 2-bromothiophene
with buthyl lithium in tetrahydrofuran (THF) (CNT-4)
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degradation that might be likely due to the different substitution
pattern of the pyrrolidine ring. TGA was also used to estimate
the FD on the CNT surface [29]. Table 1 reports FDs expressed
as the fraction of functionalized CNT double bonds. Assuming
that the weight loss (TGA) below 400 °C is entirely due to the
thermal decomposition of the organic functionalities (with
molecular weight MWFG), FD% is calculated by dividing the
number of functional groups (molFG) by the number of available

reactive sites (C=C double bonds are equal to half the moles of
CNT carbon atoms) multiplied by 100:

FD ¼ molFG
molc
2

� 100:

Since TGA was performed on the first extracted (and hence
most soluble) fraction for each synthetic procedure, the reported
values can be considered as the maximum FD.
The FD values in Table 1 that range from 6% to 11% for all

samples are not far from the value of 9% obtained for the organo-
lithium derivative (CNT-4) synthesized for comparison purposes.
Furthermore, the absence of any residues (<0.5%, w/w) in the
TGA at 1000 °C in air indicates that the organic functionalization
was effective to remove the inorganic contaminants that pristine
HiPCO SWCNTs always contain (~ 8.5%, w/w). This agrees well
with the analogous observations reported earlier [30].
It is interesting to note that for the derivatives considered,

maximum solubility and FD (Table 1) are not bound by a linear
relationship. This is expected if we consider that the same FD
may result from either an extensive coating of the outer surface
of large CNT bundles or from a limited, homogeneous func-
tionalization of small bundles, thus leading to different solubil-
ities. Indeed, while the dispersibility of tight CNTs bundles can
be improved by functionalization, the real solubilization of
CNTs requires initially an efficient debundling, followed by a
covalent functionalization that prevents reaggregation. Under
this perspective, the lower solubility of the ethylhexyl deriva-
tives (a) with respect to the phenyl (b) and the thienyl (c) ones
might be ascribed to a hindered penetration of AmY precursors
into CNTs bundles by the bulky ethylhexyl group.

Figure 1. The continuous-flow apparatus for the synthesis of functionalized CNTs

Figure 2. Concentrations of functionalized SWCNT derivatives
extracted with DMF (10 fractions, 5 mL each)

Figure 3. UV/Vis/near-infrared (NIR) absorption spectra of CNT-3c
(fraction 1, black line) and pristine HiPCO SWCNTs (gray line) in air-
equilibrated DMF

Figure 4. Hydrodynamic volume distributions of CNT-3c in the first
(○), third (■), and fifth (Δ) extracted fraction
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Dynamic light scattering (DLS) was also used to obtain some
information about the size distribution of the different fractions.
It should be pointed out that DLS analysis is based on the
assumption of spherical particle geometry; therefore, it cannot
be used to obtain absolute size values for CNTs but only
information about hydrodynamic volume values. Nevertheless,
DLS allows comparing size distributions of functionalized
CNTs [31, 32].
We previously reported that highly functionalized CNTs,

found in the most soluble fractions, interact strongly with the
solvent and have larger Stokes radii and solvation spheres than
those that are present in the less soluble fractions [33]. Figure 4
shows the apparent hydrodynamic volumes of the CNT partic-
ulate in the first, third, and fifth extracted fractions for CNT-3c.
The first highly soluble aliquot has larger solvation spheres than
the third and the fifth less soluble fractions. This behavior was
observed also for CNTs that were functionalized with the other
protocols illustrated in Scheme 1.
The Raman spectrum of CNT is strongly affected by covalent

functionalization [34–36]. In particular, the relative intensity of
the D band with respect to the G band (at about 1320 cm1 and
1600 cm1, respectively) provides a qualitative evaluation of
defects density in the sample, such as, for instance, sp3-hybri-
dized carbons that are introduced in the CNT π-system with
functionalization [37]. In particular, upon normalization of the
spectra on the G band, the intensity of the D band increases with
the increase of defect density [38]. Figure 5 shows the compar-
ison between the Raman spectra of the first, third, and fifth
fractions, extracted from product CNT-3c, and that of the pris-
tine material. Raman spectra were recorded on films prepared
by drop-casting the CNT solutions on glass micro slides. The
reproducibility of the casting method and the homogeneity of
the films were carefully checked (see Supporting Information)
in order to exclude morphology-related effects [37]. It has been
found that the D band intensity of functionalized SWCNTs is
stronger than that recorded for pristine SWCNTs and, more
interestingly, it decreases with fraction solubility (1st>3rd>
5th) suggesting a reduction of the FD. The limited variation of
D band intensity shown in Figure 5 indicates that the overall
electronic properties of the SWCNT derivatives are mostly
preserved. The left inset of Figure 5 also highlights the radial
breathing mode (RBM) spectral region, where band shifts are
inversely proportional to SWCNT diameters [35]. A qualitative
comparison of the RBM bands reported in Figure 5 reveals that,
irrespective of the addition pattern, the functionalized samples

are slightly enriched in smaller diameter tubes. This is in line
with the general observation that reactivity of CNT increases
with curvature [39].
The flow approach was also extended to the addition of

diazonium salts to CNTs (reaction 5 in Scheme 3) that is
commonly employed in flask for CNTs functionalization.
We focused our attention on the diazonium salt derived from

4-methoxyaniline, which turned out to be very efficient in the
solvent CHP either in flask or in flow, as illustrated in Table 2
and Figure 7 where the concentration profiles, recorded after
extraction with DMF, are reported.
The 4-methoxyphenyl-SWCNTs obtained after 4 h at 70 °C

in batch (CNT-5B) have a higher density of saturated double
bonds, as highlighted by the sharp increase of the D band and
the decrease of the 2D band in the Raman spectrum (Figure 8a).

Figure 5. Raman spectra of the pristine CNTs (grey line), and of the
first (continuous), the third (dotted), and the fifth (dashed) fractions
extracted from CNT-3c. The inlets highlight the RBM (left) and the D
band (right) regions. Excitation wavelength=633 nm

Figure 6. Thermograms of the first fraction of functionalized CNTs in
air at heating rate of 10 °C/min. The black continuous line represents
the thermogram of the starting material
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Although a solubility approaching to 0.5 mg/mL in DMF
(Table 2) is beneficial for CNT solution processing, one may
recognize from Figure 8b an evident loss of the van Hove
features in the absorption spectrum of functionalized CNT-5B
that is indicative of a partial loss of the electronic properties of
the tubes [40]. A tradeoff between solubility and preservation of
CNT electronic properties can be sought through a tight control
of the reaction parameters. In this regard, flow synthesis is more
favorable with respect to the classic batch synthesis, as clearly
shown in Figures 7 and 8. By means of the flow apparatus, we
obtained SWCNTs (CNT-5F) with a maximum solubility of
0.15 mg/mL in a single run with residence time of 30 min at
70 °C. This solubility is higher than that (0.12 mg/mL) obtained
from the best-performing AmY cycloaddition (CNT-3c) in 90
min at 140 °C. Both Raman and UV-Vis absorption spectra
(Figure 8) suggest a relatively low density of defects for CNT-
5F, thus making the addition of aryldiazonium salts under
continuous flow conditions a viable method to control the
covalent functionalization of CNTs [20].

3. Conclusions

In this work, we demonstrated the continuous generation of
reactive azomethine ylides for the covalent functionalization of
single-wall CNTs. A standardized characterization protocol,
which merges UV/Vis/NIR absorption, Raman spectroscopy,
DLS scattering and TGA analysis, was employed to compare
the products. Our study proved that the flow methodology leads
to CNT derivatives with similar functionalization degrees of
those reacted in a flask but with reaction times that are dramat-
ically reduced compared to batch conditions [19] and a produc-
tivity (1 mg h1 mL1) which is almost two orders of magnitude
higher than that obtained with a flask synthesis. Interestingly,
the solubility distribution of the products depends on the route
that one selects to generate the ylide. This finding could be of
help to design synthetic strategies for specific applications (e.g.,
functionalization with polymerization agents for the controlled
decoration of carbon nanostructures [41]) that take advantage

either from a small fraction ofmodified nanotubes with very high
solubility or from a larger amount of tubes with averaged FD.
The flow methodology was also extended to the fast and effec-

tive addition of diazonium salts to CNTs. Besides reducing pro-
cessing time, the flow approach allows to control the degree of
CNTs functionalization, leading to derivatives with enhanced
solubility that retain the electronic properties of pristine tubes
and can be used for applications related to organic electronics or
photovoltaics [42].

4. Experimental Section

Single-walled carbon nanotubes, purchased from Carbon
Nanotechnologies Incorporated (HiPCO lot CNI #004), were
used as received. All the solvents and reagents were purchased
from Sigma Aldrich and were used as received unless differ-
ently specified. Ethyl 2-(benzylideneamino)acetate (3b) was
synthesized according to a literature procedure [43] which was
adapted for the synthesis of ethyl 2-(thiophen-2-ylmethylenea-
mino)acetate (3c) and ethyl 2-(2-ethylhexylideneamino)acetate
(3a). Ethyl 1-benzylaziridine-2-carboxylate (2b) was synthesized
according to a literature procedure [44] which was adapted for the
synthesis of ethyl 2-(thiophen-2-ylmethyleneamino)acetate (2c)
and ethyl 2-(2-ethylhexylideneamino)acetate (2a) (see Supporting
Information). 4-Methoxyaniline was recrystallized from aqueous

Table 2. Synthetic details and functionalization degrees for reaction 5

Reaction SWCNTs/mg
(mmol of C)

Limiting reagent/mg
(mmol)

Max. solubility
(μg·mL1)

FDa

5B 10.1 (0.84) 100 (0.81) 474 9%
5F 9.7 (0.81) 105 (0.85) 149 6%

aCalculated for the most soluble fraction.

Figure 7. Concentrations of SWCNTs functionalized through the 1,3-
dipolar cycloaddition in flow (CNT-3c) and the addition of diazonium
salt addition in batch and in flow (CNT-5B and CNT-5F) extracted
with DMF (10 fractions, 5 mL each)

Figure 8. (a) Raman spectra of the most soluble fraction of SWCNTs
functionalized via 1,3-dipolar cycloaddition in flow (CNT-3c, red) and
via diazonium salt addition in flask (CNT-5B, gray) and in flow (CNT-
5F, black). The inlets highlight the RBM (left) and the D band (right)
regions. Excitation wavelength=633 nm. (b) UV/Vis/NIR absorption
spectra of CNT-3c (red), CNT-5B (gray) and CNT-5F (black) in air-
equilibrated DMF
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ethanol prior to use. Absorption spectra of nanotube samples
dispersed in air-equilibrated DMF were registered with a Varian
Cary 5000 spectrophotometer, at room temperature, between 280
and 1400 nm, data interval: 0.5 nm, scan rate: 300 nm/min, SBW:
2 nm. DLS measurements of nanotube samples dispersed in
air-equilibrated DMF were performed with a Zetasizer Nano S
(Malvern Instruments) at 20 °C setting 20 runs of 10 s for each
measurement. Raman spectra of carbon nanotubes, drop-casted on
pre-cleaned glass micro slides (Corning) and annealed at 110 °C,
were recorded with an Invia Renishaw Raman microspectrometer
(50× objective) using the 633 nm laser line of an He–Ne laser
at room temperature with a low laser power. Thermogravimetric
analyses of CNT samples, precipitated by adding methanol (5 ×
7 mL) and dried at 80 °C at 0.2 mbar for 4 h, were carried out
with the Q5000IR TGA (TA Instruments) under air from 100 °C
to 1000 °Cwith a heating rate of 10 °C/min.Aliquots of the soluble
carbonaceous material were extracted by means of sonication/
centrifugation cycles. For each washing cycle, 5.0 mL of DMF
was added to the CNT material and was sonicated for 1 min
using the Sonicator 3000 (Misonix) with the following pulse
parameters: time on: 3 s, time off: 3 s, power level: 2 (5–10Watts).
The resulting dispersion was centrifuged at 3500 rpm for 3 min
with the IEC CL10 centrifuge (Thermo Electron Corporation).
The suspension ofCNTand of the reagents (see Table 1) in CHP

(10 mL) was manually loaded in the flask C (Figure 1). This
mixture was loaded into the polytetrafluoroethylene (PTFE) injec-
tion loop (Outer diameter = 2.0mm, volume=11mL) by activating
the loading pump (Accu™ FM piston model, SciLog) and con-
trolling the flowwith 2 three-way valves. By switching the valves
in the carrier modality, a flow of the carrier solvent (i.e., DMF)
drives the reaction steam through the reactor coil with a flow
rate of 4.0 mL/h provided by an HPLC pump (Model KP-12-
01S; Flom, Tokyo, Japan). The flow reactor consists of a PTFE
tubing (Outer diameter = 1.58 mm, Internal diameter = 0.8 mm,
Supelco, item no. 58696-U) coiled in a bundle and immersed in
an oil bath for 400 cm of effective length. An S series Metering
Valve (Swagelok) was used as back pressure regulator.
4.1. Protocol for the Characterization of Functionalized

SWCNTs. The soluble SWCNTs obtained from the functional-
ization reactions were extracted by adding 5.0 mL of DMF to
the CNT material, followed by 1-min sonication (see above for
sonicator parameters). The resulting dispersion was centrifuged
again at 3500 rpm for 3 min, and the supernatant characterized
by UV-Vis spectroscopy and DLS analysis immediately after
centrifugation. Each DLS measurement was averaged over 20
runs (10 s per run). It is worth noting that the less soluble
fractions gave DLS data poorly reproducible for the presence
of large aggregates. Therefore, only DLS data for the first five
extracts were considered. The distribution of particle sizes was
obtained by plotting the number size distribution provided by
correlograms taken with the software program by Malvern (see
above). Raman spectra were taken on samples prepared by drop
casting the solutions, previously subjected to DLS measure-
ments, on glass micro slides. In order to produce smooth CNT
layers and reproducible Raman spectra, the drop-casted samples
were annealed at 110 °C. The reproducibility of this method-
ology was checked by measuring the Raman spectrum in differ-
ent spots of the same film and in different films obtained by
drop-casting the same solution of CNTs. TGA was used to
estimate the degree of functionalization corresponding to the
number of functional groups introduced per atom of carbon on
the nanotube sidewalls (see Supporting Information). In order to
do that, the CNT samples corresponding to the most soluble
fractions (the first one for each reaction solvent) were precipi-
tated from DMF by adding methanol (5 mL) and the solid was
washed with methanol (5 × 7 mL). The residue was dried under
vacuum (0.2 mbar) at 80 °C for 2 h and was analyzed in a

thermogravimeter under air through an isotherm at 100 °C for
10 min followed by a 10 °C/min ramp to 1000 °C.
4.2. Typical Procedure for the Functionalization of

SWCNTs in Flow through the 1,3-Dipolar Cycloaddition
of Azomethine Ylides (CNT-1-3). A dispersion of SWCNTs
and azomethine ylide precursors (see Table 1 for quantities) in
10 mL of CHP were loaded in a 10-mL gas tight syringe. The
syringe was fitted in a syringe pump and connected to Teflon
tubes converging, through a T-junction, to the reactor coil which
was submerged in an oil bath heated at 160 °C. The flow rate was
then adjusted to obtain a residence time of 30min with a flow rate
of 4.0mL/h. The reaction was cycled for three times, adding each
one third of the total amount of reagents to the reaction mixture,
for a total residence time of 90 min, with an overall process time
of 7.5 h for 10 mg of CNTs. Methanol (20 mL) was then added
to the reaction mixture which was subsequently centrifuged at
3500 rpm for 3 min. The supernatant was removed, and the black
residue was washed with methanol (5 × 7 mL). The residual
carbon material was dried under vacuum (0.2 mbar) at 80 °C for
4 h and weighted.
4.3. Functionalization of SWCNTs in Batch through

Addition of a Diazonium Salt (CNT-5B). The reaction was
performed under an atmosphere of dry nitrogen in oven dried
glassware. A solution of isopentyl nitrite (110 μL, 0.81 mmol)
in 5 mL of CHPwas added to a dispersion of SWCNTs (10.1 mg,
0.84 mmol) and 4-methoxyaniline (100 mg, 0.81 mmol) heated
at 70 °C. After 4 h, the reaction was diluted with methanol
(70 mL) and centrifuged to remove unreacted reagents, byprod-
ucts, and CHP. The black carbonaceous precipitate was dried at
80 °C at 0.2 mbar for 30 min to afford product CNT-5B (max-
imum solubility: 474 μg/mL, DF=9%). Caution: Diazonium
salts are explosive if allowed to dry out.
4.4. Functionalization of SWCNTs in Flow through Addi-

tion of a Diazonium Salt (CNT-5F). The addition of a diazo-
nium salt to SWCNTs was conducted within the same
apparatus, by loading a solution of isopentyl nitrite (100 μL,
0.74 mmol) in 5 mL of CHP and a dispersion of SWCNTs
(9.7 mg, 0.81 mmol) and 4-methoxyaniline (105mg, 0.85 mmol)
in the two syringes, with a residence time of 30 min and a
reaction temperature of 70 °C. The reaction mixture was diluted
with methanol (70 mL) and centrifuged to remove unreacted
reagents, byproducts, and CHP. The black carbonaceous precip-
itate was dried at 80 °C at 0.2 mbar for 30 min to afford product
CNT-5F (maximum solubility: 149 μg/mL, DF=6%). Caution:
Diazonium salts are explosive if allowed to dry out.
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