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ABSTRACT: The reactivity of reduced single walled carbon
nanotubes (SWCNTs) (carbon nanotubides), prepared under
strict inert conditions in a glovebox with respect to the
covalent functionalization with hexyl iodide and subsequent
exposure to ambient conditions (air, moisture), was system-
atically investigated by Raman, absorption, fluorescence, and
IR spectroscopy as well as by TG/MS measurements. We have
discovered that the alkylation does not lead to a complete
discharging of the tubes since follow-up reactions with

moisture still take place leading to mixed functionalized carbon nanotube derivatives containing H- and OH-addends (but no
carboxylates) next to the hexyl groups. This was confirmed by the exposure of carbon nanotubides to ambient conditions. The
degree of hexylation determined both under strict inert (ic) and ambient (ac) conditions increases with an increasing K:C ratio of
the reduced SWCNT starting material. The presence of OH-groups covalently attached to the nanotubes was also confirmed by
postfunctionalization reactions with 2-thiophenecarbonyl chloride, leading to the corresponding esters. Control experiments with
KO, give rise to the formation of the same oxygen functionalities. These combined findings allowed for the suggestions of a
plausible reaction mechanism, describing all the observed reactions on the SWCNT' s side walls. The amount of subsequent side
reactions after the treatment of reduced SWCNTSs with electrophiles is strongly influenced by the reduction potential of the
electrophile, which is responsible for the extent of reoxidation. Incomplete quenching of negative charges allows stronger

oxidants/electrophile (e.g, O,) to perform follow-up reactions.

B INTRODUCTION

The field of single walled carbon nanotube (SWCNT)
chemistry has steadily developed during recent years, and a
series of successful functionalization protocols have been
reported.'~” Despite this encouraging evolution, many aspects
of covalent SWCNT chemistry including electronic-type
selectivity, regiochemistry, important side reactions, and also
an unambiguous characterization of reaction products are not
understood in detail.*~'® Therefore, further systematic work to
reveal such fundamental questions is urgently required. It
turned out that the activation of the pristine nanotube starting
material is a crucial step providing an efficient exfoliation of
bundles and an effective addend binding. Here, negatively
charged carbon nanotube anions—carbon nanotubides—serve
as versatile and highly reactive species for subsequent sidewall
addition reactions of electrophiles.'" This reductive activation
method has also been applied for functionalizing other carbon
allotropes such as graphite’*™"” and fullerenes.'® ' Carbon
nanotubides can be produced in situ by either a nucleophilic
addition of organometallic reagents”**~*° or by the application
of Birch-type reaction protocols,'”***” e.g, by the reduction
with alkali metals in liquid ammonia. In either case, the
charging of the carbon nanotubes is associated with a very
efficient Coulomb driven exfoliation of the starting material
leading to an increased solubility of the individualized species in
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organic solvents,”® " providing the basis for subsequent

functionalization reactions. For instance, quenching of these
negative charges accompanied by a covalent addend binding
has been achieved, by the treatment of nanotubides with alkyl-
and aryl-halides,%’27 carbonyl compounds, i.e., ketones, esters,’
and carbon dioxide” as well as diazonium salts.*>>> Moreover,
negative charging (n-type doping)**~>” of SWCNTs has also a
significant effect on the respective optoelectronic properties®>>”
and on the specific Raman characteristics of SWCNTs.***!

In order to tackle the problem of a satisfactory character-
ization of covalently functionalized nanotube derivatives, we
have recently introduced a very helpful tool, namely, statistical
Raman spectroscopy.>> This method allows the extraction of
reliable information about the degree of functionalization,
reaction selectivity and sample homogeneity. This bulk
information is obtained by large area Raman mappings and
analysis of a large data set of single point spectra by statistical
methods. For example, an entire set of intensity ratios of the
Raman D- and G-bands, I, values, indicative for the degree of
functionalization, are plotted according to their frequency,
which in many cases leads to a Gaussian-type distribution. The
homogeneity of a given sample determined at a certain
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wavelength can be expressed by the respective standard
deviation + @ of the corresponding Gaussian function.

In this report, we present a systematic and careful analysis of
alkylated SWCNTSs generated by the reaction of carbon
nanotubides with hexyl iodide. The emphasis of this work lies
in shining light on the reaction mechanism, the control of the
functionalization efficiency and the detailed study of the
reactivity of the intermediately formed carbon nanotubides
with respect to various reaction conditions. We clearly
demonstrate that working under strict inert gas conditions is
a crucial prerequisite in order to exclude side reactions.
Intermediate carbon nanotubides are very sensitive to moisture
and atmospheric oxygen which can lead to the formation of
oxygen functionalities in addition to alkyl chain binding. The
combination of statistical Raman analysis and a systematic
variation of the reaction conditions provide a deep insight into
fundamental aspects of carbon nanotube reactivity, being of
great value for future developments.

B EXPERIMENTAL SECTION

Synthesis. In previous publications, potassium was used to
establish n-type doped carbon nanotubides, where a maximum
stoichiometry between KCg up to KC,4 has been reached.*”™* For
the formation of highly reactive and individualized carbon nanotubides
B we used molten potassium and HiPco tubes (Scheme 1). The
metal/SWCNT mixture was heated for 6 h at 150 °C in an argon
atmosphere (glovebox; <0.1 ppm oxygen, <0.1 ppm water). Variation
of the potassium/carbon ratios lead to the formation of the carbon
nanotubide salts A;—Ag: A; [K:C = 1:2], A, [K:C = 1:4], A; [K:C =
1:6], A, [K:C = 1:10], A [K:C = 1:18], A¢ [K:C = 1:100]. Depending
on the stoichiometry, black (low potassium content, K:C = 1:100—
1:10) or beige (high potassium content, K:C = 1:6, 1:4, 1:2)
compounds were isolated. These salts were used for the subsequent
functionalization processes.

For the solvent driven individualization of the carbon nanotubides
the salts A;—Ag (A;—As: 2 mmol SWCNTSs, Ag: 4 mmol SWCNTs)
were dispersed under argon in 50 mL THF 4, and treated with a tip
sonicator for S min (100 J) yielding the corresponding dispersions
B,—Bg. The n-hexyl functionalized derivatives C;—C4 were obtained
by the addition of S equiv/C n-hexyl iodide. For the investigation of
the influence of oxygen and water the two samples with the highest
metal content B, [K:C = 1:2] and B, [K:C = 1:4] were removed from
the glovebox and cooled under ambient conditions to —10 °C.
Subsequently, molecular oxygen was gently bubbled through the
dispersion (1 h, flow: 75 mL/min — 0.2 mol O, per hour). The final
work up was carried out by an aqueous phase extraction (50 mL H,0/
50 mL cyclohexane) followed by filtration and drying, yielding the
reaction products D; and D,. For further identification of the chemical
nature of the attached oxygen functionalities in D, a coupling
experiment has been carried out. For this purpose 22.0 mg of D, was
dispersed in SO mL THF under inert gas atmosphere by the aid of a
short tip ultrasonication treatment. Afterward, 791 mg (10.0 mmol)
absolute pyridine and 1.46 g 2-thiophene carbonyl chloride (10.0
mmol) were added. The reaction mixture was removed from the
glovebox and refluxed overnight. Subsequently, the final coupling
product E; was isolated after aqueous work up. The detailed outline of
the conditions used for the synthesis of the different SWCNT
derivatives is given in the Supporting Information (SI).

B CHARACTERIZATION

UV-vis nIR and Fluorescence Spectroscopy. For the
detailed characterization of the charged intermediately formed
carbon nanotubides By and By (for details see SI) by absorption
and emission spectroscopy, the corresponding supernatant of
the carbon nanotubide dispersion (S min sedimentation) was
transferred into a 0.2 mL cuvette (1 cm path length) equipped

Scheme 1. Formation of Carbon Nanotubides A Using
Molten Potassium in Various Stoichiometries Followed by
the Generation of Dispersed Carbon Nanotubides B and
Subsequent Reaction with n-Hexyl Iodide to Provide
Functionalized Tubes C*
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with a screw cap and septum. The cuvette was additionally
sealed with parafilm to maintain inert gas conditions after the
transfer from the glovebox to the spectrometer and throughout
the entire measurements.

Raman Analysis. For the Raman measurements under inert
conditions (ic), the corresponding primary reaction products
C,—C; were filtered through a 0.2 um reinforced cellulose
membrane filter and washed with THF ,,, under argon. The
corresponding nanotuby paper was subsequently placed
between two glass slides and was air-tightly sealed with
parafilm yielding samples C{—Cg. For the reoxidation experi-
ments the parafilm was removed, and the sample was exposed
to ambient conditions (ac) leading to the formation of C{*—C¥".
For the temperature-dependent Raman investigations 1 mL of
the dispersion C, was drop-casted onto a Si/SiO, wafer (300
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nm oxide layer). After the evaporation of the solvent in the
glovebox, a film of n-hexyl functionalized carbon nanotubes was
obtained. The wafer was removed from the glovebox and
washed two times with purified water (5 mL each).

TG/MS Characterization. For the mass spectrometric
coupled thermo gravimetric characterization (TG/MS) the
dispersion Ci° was removed from the glovebox and transferred
to a separation funnel containing cyclohexane and water (S0
mL each). The water/THF phase was discarded, and the
cyclohexane layer with the n-hexyl functionalized nanotubes
was purged three times with water. Afterward, the organic layer
was filtered through a 0.2 ym reinforced cellulose membrane
filter and washed with 100 mL of THF. The functionalized
derivatives were then scraped off the filter paper, and the
resulting black powder was dried at RT in vacuum.

IR Spectroscopic Characterization. For IR measure-
ments under inert conditions (ic), a ZnSe window was coated
with the dispersion of Cj in the glovebox, and the resulting film
was dried in the glovebox. Subsequently, the film was washed
with THF (), and the solvent was evaporated. Afterward, the
ZnSe window was transferred into a glass vial, sealed with a
screw cap, and removed from the glovebox. The IR
spectroscopic characterization was carried out in an argon
flooded (30 min argon purging) measuring chamber.

B RESULTS AND DISCUSSION

Potassium Carbon Nanotubide Salts A. In a first step,
samples, prepared via the solid-state reduction procedure
described above, have been compared with the respective
reference material obtained by potassium vapor doping
published by the group of Smalley.’® They monitored the
SWCNT charging process in sealed quartz ampules by Raman
spectroscopy and observed that the spectra have changed
dramatically due to the n—tgr})e doping of the SWCNTSs. Besides
a charge-based damping*">" of all Raman modes they detected
a pronounced low-energy shift of the G-band. For our Raman
in situ studies, which had to be carried out in an inert gas
environment (ic), samples were embedded between two glass
cover slides and air tightly sealed by parafilm. With this setup,
the successful reductive activation of the SWCNTs can quickly
and easily be monitored by Raman spectroscopy (Figure S1).
For instance, the respective Raman spectrum of the solid-state
reduced SWCNT material A,, with the stoichiometry of [K:C =
1:4], is in perfect agreement with the vapor doping results>
and therefore a clear indication for the generation of charged
SWCNT"™ intermediates.

Carbon Nanotubide Dispersions B. It has been
demonstrated that reduced and exfoliated carbon nanotubes
are most promising intermediates for subsequent functionaliza-
tion reactions.*”>**”** In order to monitor the long-term
stability of carbon nanotubides and to investigate the influence
of the charging step on the spectral features, we carried out a
series of in situ UV—vis nIR studies (Figure 1). In contrast to
the negatively charged carbon nanotubides, pristine HiPco
tubes are completely insoluble in THF after the same ultrasonic
treatment conditions (Figure S2). This illustrates the influence
of the Coulomb driven exfoliation and the charge mediated
stabilization of exfoliated carbon nanotubide dispersions.
Furthermore, by a direct comparison of B¢ [K:C = 1:100]
and B [K:C = 1:18] (Figure S2) it becomes evident that the
amount of charge has a direct influence on the dispersibility of
the SWCNTs. The net carbon uptake, expressed by the
measured absorbance, is lower in the case of B4 (Figure 1a) in
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Figure 1. (a,d) Time-dependent in situ UV—vis nIR studies of the
intermediately formed carbon nanotubides with varying potassium
amount By and B, dispersed, in THF. (be) Spectral changes after
treatment with oxygen or (cf) after treatment with water. (gh)
Magnification of the respective excitonic transition regions M, S,,,
and S,;.

contrast to Bg (Figure 1d) where a higher amount of potassium
(factor of 6.1) has been used for the charging of the nanotubes.
In a concentration-dependent study we determined this
maximum carbon uptake of the nanotubide salt By with
about 1.0 mg/mL (for detailed information see Figure S3).
Moreover, our data lead to the conclusion that a linear uptake
of charged SWCNTs is only fulfilled in a very low
concentration regime.

The amount of the applied charge has also a direct influence
on the UV—vis nIR excitonic transitions, being related to the
van Hove singularities in the density of states of the SWCNTs.
In the lower charged carbon nanotubides B4 the respective
transition bands can clearly be identified (Figure 1g), whereas
the higher charged material Bg exhibits a clearly reduced
spectral fine structure (Figure 1h). This can be explained by the
continuous filling of unoccupied SWCNT states (conduction
band) by electrons during the reduction process (Figure S4). It
should be kept in mind that HiPco SWCNTs intrinsically
exhibit a broad distribution of different electronic types and
that the exact filling of a given chirality will depend on the band

structure of the respective carbon nanotube. The absorption
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spectroscopy-based observation is supported by the data
obtained from emission studies of B4 and B (Figure SS).
Here, fluorescence from individualized semiconducting carbon
nanotubides (4,,. = 660 nm in S,,, emission from S;;) can be
detected in B¢ [K:C = 1:100] but not any longer in the case of
B; [K:C = 1:18]. It should be mentioned that SWCNT
bundling could in principle yield the same spectroscopic
results: loss of excitonic fine structure in absorption spectros-
copy and loss of SWCNT nIR emission.>* Nevertheless, in our
opinion it has to be expected, that in higher negative charged
systems the respective Coulomb driven exfoliation should yield
better stabilized individual SWCNT species than in the case of
systems equipped with a lower charge density. Therefore, for B4
bundled SWCNT aggregates are more likely than for B;. We
therefore tend to attribute the observed spectral changes to the
circumstance of an electronic filling of the conduction bands
than to a simple aggregation phenomenon. This is corroborated
by the fact, that bundled SWCNTSs should sediment faster than
individualized species. In time-dependent absorption studies
(0—40 min) of the carbon nanotubide intermediates B4 and By
(Figure 1a,d) we observed a long-term stability with no changes
in respect to the spectral fine structure in both cases. The
decrease of the overall absorption intensity measured at 660 nm
can be calculated with about 9.3% and 12.3%, respectively,
throughout this time span.

In order to evaluate the possibility of side reactions of carbon
nanotubides during the aqueous work up, we investigated the
influence of molecular oxygen and water on these charged
intermediates. For this purpose, we added a huge molar excess
of air and after 40 min a huge molar excess of water (0.1 mL
each, both by gas tight Hamiltonian syringe injection) to the
respective. THF dispersion (0.2 mL) of Bg; and Bg and
measured the time-dependent changes of the corresponding
absorption spectra (Figure 1b,e). The respective spectra of the
oxygen treated SWCNT dispersion indicate that the charged
SWCNTs were not completely reoxidized by this oxygen
treatment, as the transfer of electrons would result in a
discharging of the SWCNTSs and thereforein either a
restoration of all characteristic absorption features or a
complete bundling and precipitation of the SWCNT material.

In our case, the exposure to oxygen does not lead to any
significant spectral restoration, which implies only minor
changes of the doping level of the carbon nanotubides
expressed by only a marginal change in the optical density
(Figure 1gh). This situation changes drastically when water is
added to B4 and By (Figure 1cf), respectively. Here, in both
cases the characteristic excitonic transitions are partially
restored. This indicates that the overall level of doping is
lowered by the addition of H,O, and additionally this can be
interpreted as a complete charge compensation. One should
also bear in mind that a partial covalent sidewall functionaliza-
tion would also yield similar UV—vis nIR absorption spectra,
which has recently been demonstrated.” The discharging of the
SWCNTs accompanied by the restoration of the pristine
starting material without additional sidewall functionalization
seems unlikely, because otherwise a precipitation of the
SWCNT material, should be detected in Figure 1c,f.

For the stabilization of the negatively charged carbon
nanotubide intermediates the choice of the right solvent is of
fundamental importance. In general, it is desirable that the
solvent is chemically inert with respect to any possible side
reactions and that the polarity of the solvent eficiently assists in
the debundling process. In principle, DMSO represents such a

suitable candidate but, as has already shown by other authors,>>
also leads to the formation of a functionalized SWCNT material
with methyl addends and sulfur-containing moieties.

Indeed, based on our charging experiments, we are able to
confirm that DMSO is not an inert solvent in the presence of
charged SWCNT"™ species. For this purpose carbon nano-
tubides were dispersed in DMSO,,, and THF,,, respectively,
by a short ultrasonic treatment ($ min/100 J) and the dispersed
material was subsequently isolated by decantation and filtration
without any exposure to ambient conditions. In order to gain
statistically significant bulk information about a possible
covalent functionalization of carbon nanotubides by the
reaction with the respective solvent, 10 000 Raman spectra
were recorded and the respective I, values (intensity ratios of
the D- and G-bands) span up histograms exhibiting Gaussian
type distributions (Figure 2a).

In contrast to the dispersion prepared in THF,,, (B,-THF)
with a statistical I, value of 0.09 the sample dispersed in
DMSO,,, (B,-DMSO) exhibits a 2-fold increased I, value of
0.18, which implies a significant increase of addend bearing sp*
framework atoms, based on a covalent sidewall addition
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Figure 2. (a) Normalized frequency of the Iy, values (4., = 633 nm)
of the carbon nanotubide salt A, dispersed in two different solvents
THF (B,-THF) and DMSO (B,-DMSO). For comparison, C,
represents the alkylated material (I,; = 0.29) after the addition of
n-hexyl iodide to B,-THF. (b) Median spectra of the three samples
based on their Gaussian distributions.
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reaction. This increase in the D-band intensity becomes also
apparent by displaying the respective median spectra (Figure
2b). These results are also corroborated by the TG/MS
characterization of the DMSO treated material (Figure S6).
Here, we detected a significant mass loss of 15% (7% in the
pristine starting material) and the characteristic mass fragments
of covalently attached DMSO. Therefore, the conclusion can be
drawn that in contrast to DMSO, THF represents a suitable
and inert solvent for highly reactive carbon nanotubides.
Carbon Nanotubide Reactions C. As a reference system
for the investigation of the chemical reactivity of carbon
nanotubides we used hexyl iodide as trapping electrophile
(Scheme 1). Therefore, the reactivity of the carbon nano-
tubides A, (stoichiometry of [K:C = 1:4]) is discussed
exemplarily in more detail. The respective potassium salt was
dispersed in 10 mL THEF,, yielding B,. Afterward, 1.06 mL
(5.00 mmol) n-hexyl iodide was added, and after 1 h stirring the
functionalized SWCNT material C5 was isolated under argon.
Based on an in situ Raman analysis under inert gas conditions
(Figure 3), we were able to prove the successful functionaliza-
tion of the SWCNTs. Here, a mean I, value of 0.29 is
obtained for the material after the addition of n-hexyl iodide.
Subsequently, the same sample was exposed to ambient
conditions (ac) leading to the formation of C5, where the
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Figure 3. (a) Statistical Raman survey of Cs and C}° (1. = 633 nm)
under inert gas conditions (ic) and after exposure to ambient
condition (ac). The same sample spot is probed in both cases. (b)
Median spectra with the respective radial breathing mode (RBM)
regions (inset).

respective mean I, value of 0.47 is increased by 61%. This
overall increase of the I, value is a direct indication for an
additional covalent sidewall functionalization, related to the
exposure of the sample C5 to atmospheric oxygen and moisture
leading to the formation of side products.

This observation allows the conclusion that the treatment of
the carbon nanotubide intermediate B, with n-hexyl iodide did
not lead to fully discharged carbon nanotubes. Therefore,
anionic carbon nanotubides with a certain amount of negative
charge still remain in the reaction mixture. These remaining
charges can then subsequently initiate the reaction of carbon
nanotubes with oxygen/moisture, finally leading to the
formation of covalently bound oxygen and hydrogen
functionalities. This observation is also fully consistent with
the data obtained by the respective UV—vis nIR studies (see
Figure 1).

In order to get a closer view on the underlying reaction
principles and to investigate the influence of the amount of
charge transferred to the carbon nanotubes, we prepared
carbon nanotubide salts with varying potassium concentration
Ci—Ck [K/C=1:2—1:100]; all other parameters were kept
constant. The mean I, g values of the different samples with
varying potassium content, extracted from the respective
Gaussian distribution functions (Figures S7—S11) of the
Raman maps, are depicted in Figure 4 (blue trace). The degree

1.27—
| = (ic) c,

1.0q " (ac)

ID.’G

00 01 02 03 04 05
K:C-ratio

Figure 4. Intensity ratios of the Raman D- and G-bands (I, values)
of Cf—C¥ and C¥*—C¥ as a function of the ratio of potassium per
carbon; a total of S000 Raman spectra were recorded for each area
(Aexe = 633 nm). The measurements were performed under inert gas
conditions (ic, blue trace) and subsequently under ambient conditions
(ac, red trace).

of functionalization exhibits a linear correlation with the
potassium content in the range up to 1:2 (C;) and therefore
the charging—doping level—of the SWCNTs. The slope of the
regression line is experimentally found to be 0.95 and the y-axis
intercept 0.08, representing the I, value of the starting
material. After every measurement under inert gas conditions
the respective sample was exposed to ambient conditions (C{*—

), and exactly the same area was mapped again.

If one would anticipate that the addition of n-hexyl iodide
leads to a quantitative charge neutralization in terms of a single
electron transfer from the carbon nanotubides to the
electrophile, followed by a radical recombination®*'® step, no
further increase of the corresponding I, values after the
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Figure S. (ab) Mass spectrometric coupled thermo gravimetric analysis (TG/MS) and (c) temperature-dependent Raman spectroscopy. (d)
Comparison of TG derived sample mass loss and TDRS determined I, decrease. (e) First-order derivatives of the corresponding I, values and

(f) corresponding mass loss of the hexyl functionalized sample Ci‘.

exposure to ambient conditions can be expected. However, the
clearly increased I, values of C* compared with C* can be
taken as an indication for a subsequent covalent functionaliza-
tion of the hexyl derivatized SWCNTSs with exposure to
ambient conditions. Furthermore, our reference experiments
have revealed that this I, increase is based on the sample
exposure to ambient conditions and is not caused by laser
induced damaging of the sp® lattice structure, as C** and C*
behave differently. To answer the questions concerning the
chemical nature of all covalently bound addends, we performed
mass spectrometry coupled thermo gravimetric analysis (TG/
MS) in combination with a novel setup for temperature
depending Raman spectroscopy®> (TDRS), see Figure 5. In
carbon allotrope analytics, TG and TDRS represent two very
useful and complementary techniques for the investigation of
the temperature induced cleavage of covalently bound addends.
Moreover, the TG/MS coupling setup provides further
information on the chemical nature of the detached moieties.
In the following, the analytical results obtained by the
comparison of the respective TG/MS and Raman data (Figure
5) are exemplarily discussed on the basis of C{° which is the
product with the highest I, q ratio (for comparison, the
respective temperature-dependent Raman spectra of the
pristine starting material can be found in Figure S12). For a
direct comparison, the temperature-dependent Raman experi-

18390

ments were carried out under inert gas conditions and with the
same heating rate, which has been used for the TG/MS
measurements. In Figure 5a,b sample mass loss is plotted versus
the respective mass traces of the following fragments: m/z 2
(H,), 18 (H,0), 44 (CO,), 15, 43, 57, 71, 86 (hexyl
fragments). The temperature-dependent Raman spectra are
depicted in Figure Sc. By a direct comparison of the first-order
derivative (d(TG)/dT and d(I,g)/dT) plots (Figure Se,f) the
peak flux of the functional group detachment can be
determined at around 220 °C. This perfectly coincides with a
maximum of the ion current of the respective hexyl chain
fragments (m/z 1S, 43, 57, 71, 85) depicted in Figure Sb.
Remarkably, the temperature-dependent plot of the TG graph
nicely correlates with the extracted Iy, values for every
temperature (Figure Sd) and is based on the thermal
detachment of the covalently bound hexyl chains. Encouraged
by these results, we have checked if this correlation between
two complementary analytical techniques can be generalized.
Therefore, all samples Ci*—C§" were investigated by TG/MS
analysis and scanning Raman spectroscopy. The respective
mass loss profiles and the ion currents of the mass traces m/z
57 and m/z 86 (hexyl chain fragments) are depicted in Figure
S13. The peak flux of detached hexyl moieties is detected in the
region between 150 and 350 °C, and the sample mass loss in
this region is correlated with the corresponding I, ratio of the
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respective sample (Figure S14a). In addition, we extracted the
ion current intensity at the ion current flux maximum (220 °C)
and correlated the respective data with the corresponding I,
ratio (Figure S14b). For both mass traces we obtained a linear
correlation between the respective TG/MS results and the
Raman I, data. We have shown in a reference experiment,
that oxidatively treated carbon nanotubes do not display a
decrease of the respective I, ratio in TDRS (Figure S15).
This temperature-dependent Raman study clearly proves that
the reversible detachment of the covalently bound moieties
does result in a rehybridization of sp® carbon atoms into sp*
configuration and a restoration of the intact lattice structure of
the carbon nanotubes. The defect induced D-band has almost
completely vanished at a temperature of 480 °C, which is a
clear indication for the reversible nature of the covalent sidewall
functionalization of SWCNTs. In addition to the detection of
hexyl chain fragments, the evolution of hydrogen, water, and
carbon dioxide with the typical mass fragments (m/z 2, 18, 44)
throughout the whole temperature region, starting from 150 °C
up to 700 °C was monitored. The temperature-based evolution
of CO, is an intrinsic carbon nanotube feature, detected
throughout all samples (Figure S16).

Therefore, the detection of hydrogen and water leads to the
conclusion that after the exposure to ambient conditions, an
additional sidewall derivatization takes place resulting in mixed
functionalized SWCNT derivatives C* with subsequently
bound hydrogen and oxygen functionalities.

To further elucidate the chemical nature of these oxygen-
containing functional groups, we have exposed Ci° (nanotuby
paper) to hydrazine vapor and subsequently heated the system
to 100 °C for S min. Hydrazine is a well-known reducing agent
for graphene oxide and does very efficiently remove oxygen-
containing addends such as epoxy functionalities.**>> In our
case, the applied temperature does not lead to a structural
degradation of the SWCNT material as an initial mass loss can
only be detected starting at temperatures around 150 °C. Again,
a detailed Raman investigation of the material was carried out
after the treatment with hydrazine. As can clearly be seen from
the plots of the Gaussian distribution function (Figure S17),
the mean Iy, value of the hydrazine treated material has
decreased by around 0.1, which is an indication for a partial
lattice atom rehybridization to sp>. We have also carried out a
reference experiment with pristine SWCNTs. Here, the
treatment with hydrazine does not lead to any changes. We
therefore conclude that the hydrazine treatment of mixed
functionalized SWCNT samples containing oxygen function-
alities does lead to a partial defunctionalization.

This observation is also corroborated by an in-depth IR
spectroscopic study of the mixed functionalized material
(Figure 6). For this purpose a film of C5 on a ZnSe window
was prepared under an argon inert gas atmosphere. The
subsequent IR measurements were also carried out under argon
(Figure 6, blue trace). In this material, the IR active modes at
2929 and 2887 cm™' can be assigned to C—H vibrations. The
respective absorption bands in the region between 1250 and
1110 cm™ are an indication for lattice vibrations of the carbon
nanotubes. In this solely hexyl group functionalized material no
vibrational bands indicative for oxygen-containing groups can
be detected. Subsequently, this film was exposed to ambient
conditions. The resulting sample C3° (Figure 6, red trace)
exhibits now a broad band at 3400 cm™' and additional
vibrational bands at 1595, 1396, and 1350 cm™.

——C.- fic)] —— C;- (ac) D, —— D, reduced (TFA-HI) |

B, 2
&S * E'E

9

Q

O

8
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wavenumber (cm-)

Figure 6. IR spectroscopic study of the samples Cy and C3° depicting
the stepwise reaction pathway. For comparison a reference spectrum
of D, and the spectrum of reduced material is shown.

For an assignment of these new IR active bands we have
prepared a reference sample D, (brown trace) by the reaction
of carbon nanotubides B, with molecular oxygen (—10 °C, 1 h,
75 mL/min) followed by an aqueous work up (see Scheme 1).
The absorption bands of this oxidatively treated material nicely
coincide with the bands found for C5". Treatment of this sample
with hydroiodic acid (HI) and trifluoroacetic acid (TFA),
which are known to remove hydroxyl groups on functionalized
carbon allotropes,56 lead to the disappearance of the IR active
vibrations around 1450 cm™' (D, green curve). The IR
vibrations at 3500 and 1610 cm™' correspond to the iodine
species,”” —>” which are adsorbed at the SWCNT sidewalls after
the functionalization procedure and cannot be removed even at
250 °C. These conclusions are also confirmed by an in-depth
Raman and TG/MS analysis of the reference sample D, (see
Figure 7).

As shown in Figure 7a, the direct treatment of carbon
nanotubides with oxygen, followed by an aqueous work up,
leads to an increase of the mean I, value from initially 0.08
(B,) to 0.28 (D,). In the respective TG/MS profile (Figure
7b), no evolution of carbon dioxide—indicative for an oxidative
hole formation in the sp*framework—can be detected
throughout the whole temperature regime. As already stated
above, THF represents an appropriate inert solvent for the
dispersion of carbon nanotubides. This is also true in the
presence of molecular oxygen, as no side-product formation
(absence of m/z 72 (THF), m/z 15 (CH;), and no other
fragments in the respective bar-graph spectra, (see Figure S18a)
were detected. For D, we obtained an overall mass loss of 8%
accompanied by the detection of m/z 18 (H,0) and m/z 17
(OH) indicative for the thermal detachment of covalently
bound oxygen functionalities, i.e., covalently attached hydroxyl
groups or ethylene oxides. Based on the observed mean I g
value and on the respective sample mass loss, the degree of
functionalization in D, is comparable with the amount of
functional entities installed by the reductive hexylation of
carbon nanotubides in the case of C,. This reaction of oxygen
with carbon nanotubes does only take place after the initial
SWCNT charging as can be concluded from the respective
reference experiment where uncharged SWCNTSs have been
treated under the same reaction conditions.

In this reference material exactly the same mass loss as in
pristine HiPco SWCNTs was detected (Figure S18b).
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Figure 7. (a) Statistical Raman analysis (4., = 633 nm) and median

spectrum of the corresponding sample (inset). (b) TG/MS analysis of
the oxygen functionalized sample D,.

Furthermore, we have no indication for the detachment of H,O
or OH in this material.

In principle, hydroxyl groups containing functionalized
SWCNTs serve as a versatile platform, which can be addressed
chemically under various conditions. The reaction with acyl
chlorides is a well established sequence to address these groups.
In order to substantiate the presence of hydroxyl groups
covalently attached to the SWCNT scaffold, D, was treated
with 2-thiophenecarbonyl chloride under basic conditions
yielding E,. Based on the obtained Raman data (Figure 8a)
this secondary functionalization step has no influence on the
original sp*/sp* carbon ratio. However, in the corresponding
TG/MS experiment (Figure 8b) the expected mass fragments
for a thiophene carboxy moiety (m/z 44, 79, 84) can be
detected at a temperature of 350 °C.

This observation can be explained by an ester formation and
is corroborated by the fact that the ion current intensity of m/z
18 is decreased. In addition, the respective IR spectra do not
exhibit any OH-based vibronic bands (Figure S19). In a
reference experiment pristine SWCNTs were treated under the
same conditions with 2-thiophenecarbonyl chloride. In the
corresponding TG/MS-based analysis no indication for an
attachment of a thiophene moiety could be found. These
successful coupling experiments prove the initial sidewall
hydroxylation of the SWCNTSs during the aqueous work up.
In an additional reference experiment THF dispersed pristine
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Figure 8. (a) Statistical Raman analysis (4, = 633 nm) of D, and of

the coupling product E,. (b) TG-MS analysis of the thiophene
derivatized sample E,;.

HiPco SWCNT's were treated with potassium superoxide in the
presence of 18-crown-6 (Scheme 2).

Scheme 2. Reaction of Neutral HiPco SWCNTs with
Potassium Superoxide Yielding Sidewall Hydroxylated
SWCNTs

KO; OH
18-crown-6
Qe ——
THF
OH OH
F

The respective reaction product F exhibits a similar TG/MS
fragmentation behavior as we have observed for reductively
activated SWCNT material after aqueous workup (D). In both
cases, oxygen-containing fragments with m/z 17, 18, and 44
were detected (Figure $20). However, in contrast to D no
hydrogen signal (m/z 2) was obtained for F. The successful
introduction of hydroxyl groups by the reaction of uncharged
SWCNTSs with superoxide anions is also reflected by the
respective Raman data (Figure S21). The obtained Iy, ,; value of
0.15 is in the same order of magnitude as the value obtained for
the reductively functionalized material D,.
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Based on the results of this mechanistic study, the conclusion
can be drawn that the reaction of carbon nanotubides with
electrophiles does only lead to a partial discharging of the
anionic intermediates in the course of the covalent addend
binding. The subsequent aqueous work up of the material leads
to an additional attachment of hydroxyl groups and protons to
the carbon nanotube framework and therefore the generation
of mixed functionalized SWCNT derivatives. In order to
elaborate alternative routes to monofunctional SWCNT
architectures, it is necessary to fully discharge the initially
functionalized SWCNT derivatives, without triggering addi-
tional chemical functionalization sequences. Inspired by
electrochemical-based charging experiments,**®" we followed
a heterogeneous charge compensation approach by using a
platinum gauze as a discharging electrode. After the primary
functionalization with n-hexyl iodide the SWCNT dispersion
was stirred for an additional hour under an argon inert gas
atmosphere in the presence of grounded platinum gauze
followed by an aqueous work up under ambient conditions.
The respective Raman, TG/MS and IR characterization of the
charge neutralized material Cy(#h8¢) js presented in Figure
$22. The Raman data (Figure S22a) confirm that the overall
degree of functionalization is comparable with the degree of
functionalization obtained for the reductively alkylated material
CY (Ip,g = 0.55). Nevertheless, as evidenced by the respective
Raman histogram, the final bulk material of Ci° discharge) consists
of two distinct species with a Iy, value of 0.45 and 0.85,
respectively. Therefore, the conclusion can be drawn that the
additional functionalization with oxygen and water can partially
be suppressed, which is also in total agreement with the data
obtained by the respective IR analysis (Figure $22b) and the
respective. TG/MS data (Figure S22c,d). All these results
indicate that the applied charge compensation protocol is a
promising approach toward the synthesis of monofunctional
SWCNT derivatives, based on reductively activated carbon
nanotubide intermediates.

Proposed Mechanism. For the formation of the oxygen-
containing byproducts during the aqueous work up of the
alkylated carbon nanotubides a possible reaction mechanism
based on discrete discharging steps can be discussed (Figure 9).

The reductive alkylation/arylation of negatively charged
carbon nanotubides and the diazonium-based arylation of
neutral SWCNTs salts is initiated by a single electron transfer
processes with the carbon nanotube species as electron donor
component (Figure 9, 1 — 2).10296276% gubsequently, the
generated alkyl/aryl radicals attack the sp® framework. The
single electron transfer from the carbon nanotubide inter-
mediates to the electrophile acceptor component is continu-
ously associated with a depopulation of conduction band states.
This process depends on the reduction potential of the
electrophile and is stopped when the distinct redox potential of
the electrophile is reached (E° ~—1.7 V). Therefore, even
with an excess of alkyl iodides it is not possible to deplete the
conduction bands fully, which means that there are still
negatively charged, sidewall functionalized carbon nanotubide
derivatives hex,-SWCNT® ™~ 2 present in the reaction
mixture. In the subsequent aqueous work up, these activated
carbon nanotubides can act as electron-donor components in
the presence of oxygen (E° = —0.33 V, pH 7)*® which leads to
the formation of a superoxide anion radical (Scheme 3a).

These highly reactive oxygen species can undergo a
disproportionation reaction yielding hydrogen peroxide, oxygen
and water (Scheme 3b) or can attack the carbon nanotube 7-
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1 \ -
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Figure 9. Proposed reaction mechanism for the radical grafting of n-
hexyl groups at the framework of SWCNTs. Schematic presentation of
the stepwise addition reaction. In a first reaction step, n-hexyl moieties
are attached, followed by a second reaction step leading to the
formation of byproducts due to the aqueous work up. The radical
addition of n-hexyl moieties proceeds, until the redox potential of the
SWCNTSs matches the redox potential of hexyl iodide. The remaining
negative charges on the hexyl functionalized SWCNT intermediates
are responsible for the additional sidewall functionalization by O,/
H,0.

system yielding covalently attached peroxide groups (Scheme
3c). Finally, sidewall hydroxylated SWCNT derivatives can be
formed by an intramolecular disproportionation reaction with
hydrogen peroxide (Scheme 3d) or by an intra or inter two-
electron reduction process in presence the of a proton source
(Scheme 3e).

The formation of mixed functionalized SWCNT derivatives
of the type (3) (Figure 9) with covalently bound hydrogen
atoms can also be explained by this radical mechanism. During
the aqueous work up H,O/H" can act as an electron-acceptor
system (E° = 0 V), yielding hydrogen radicals for a subsequent
SWCNT sidewall functionalization reaction. Alternatively, a
direct protonation of the charged SWCNT intermediates is also
a likely process. This reductive protonation of a carbon
framework has recently been observed by Billups®’ and our
group®® investigating the chemical functionalization of
graphene.

B CONCLUSION

In conclusion, we have presented a systematic and careful
analysis of carbon nanotubide formation under strict inert
conditions followed by the investigation of follow-up reactions
with hexyl iodide, moisture (H,O, O,), and KO,. The covalent
functionalization of SWCNTSs via the reaction of the carbon
nanotubides with electrophiles belongs to the most important
and efficient reactions in nanotube chemistry. The emphasis of
this work lies in shining light on the reaction mechanism, the
control of the functionalization efficiency, and the detailed
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Scheme 3. Reductive Hydroxylation and Reductive
Protonation of Intermediately Activated Carbon
Nanotubides
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study of the reactivity of the intermediately formed carbon
nanotubides with respect to various reaction conditions. We
clearly demonstrate that it is very important to work under
strict inert gas conditions in order to exclude side reactions.
Even after quenching of the nanotubides with hexyl iodide
there are still negative charges left, which are very sensitive to
moisture and atmospheric oxygen. This leads to the formation
of oxygen and hydrogen functionalities in addition to alkyl
chain binding. The amount of remaining negative charges on
the tubes depends on the reduction potential of the
electrophile. This in turn should provide a basis of reaction
control by tuning the electronic properties of the electrophilic
quenching addend. The particular combination of statistical
Raman analysis and other characterization tools together with a
systematic variation of the reaction conditions presented in this
study provided a deep insight into fundamental aspects of
carbon nanotube reactivity, being of great importance for future
refinements and for the development of well characterized
carbon nanotube derivatives.
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Experimental details regarding the synthesis of the different
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