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ABSTRACT: Covalent addition reactions turned out to be one of the most important
functionalization techniques for a structural alteration of single walled carbon nanotube
(SWCNT) scaffolds. During the last years, several reaction sequences based on an electrophilic
interception of intermediately generated SWCNT"™ carbanions, obtained via Birch reduction or
by a nucleophilic addition of organometallic species, have been developed. Nevertheless, the scope
and the variety of potential electrophiles is limited due to the harsh reaction conditions requested
for a covalent attachment of the functional entities onto the SWCNT framework. Herein, we
present a significant modification of the reductive alkylation/arylation sequence, the so-called

Billups reaction, which extends the portfolio of electrophiles for covalent sidewall functionaliza-

tion to carbonyl compounds—ketones, esters, and even carboxylic acid chlorides. Moreover, these carbonyl-based electrophiles can
also be used as secondary functionalization reagents for anionic SWCNT intermediates, derived from a primary nucleophilic
addition step. This directly leads to the generation of mixed functional SWCNT architectures, equipped with hydroxyl or carbonyl
anchor groups, suitable for ongoing derivatization reactions. A correlated absorption and emission spectroscopic study elucidates
the influence of the covalent sidewall functionalization degree onto the excitonic transition features of carbon nanotubes. The
characterization of the different SWCNT adducts has been carried out by means of Raman, UV—vis/nIR, and fluorescence
spectroscopy as well as by thermogravimetric analysis combined with mass spectrometry and X-ray photoelectron spectroscopy

analysis.

B INTRODUCTION

Until the 1980's of the last century, the carbon universe was
built on the well-known modifications graphite and diamond.
This perspective totally changed with the discovery of the
molecular carbon allotropes fullerenes,' carbon nanotubes
(CNTs),” *and graphene.5 Based on the outstanding thermal,
mechanical, and electronic properties of carbon nanotubes, still
unprecedented for any other nanostructured material,*” interest
in the investigation and the modification of this novel carbon
allotrope arose immediately. Realizing this remarkable potential,
a variety of possible applications as future electronic devices or as
single molecule sensors and fuel storage materials have been
envisaged.® Nevertheless, in order to pave the road for CNT
applications several hurdles had to be overcome related to the
intrinsic poor solubility of single walled carbon nanotubes
(SWCNTs) in organic and aqueous solvents.”'® It was rapidly
recognized that chemical functionalization is a keystone in
resolving this task. The chemical modification of the carbon
framework of CNTs can: (a) improve their solubility, (b) modify
and fine-tune the physical properties of carbon nanotubes and
their derivatives, (c) combine the extraordinary properties of
CNTs with the properties of other compound classes, and as a
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consequence, (d) can open the door for the entry of carbon
nanotubes into CNT-based technological applications.

Therefore, the chemists’ tool box has been equipped with a couple
of sidewall functionalization sequences which have been nicely
illustrated in a series of review articles related to that topic."' '
One widely used method for the introduction of sidewall addends is
the nucleophilic addition of organolithium'”~** and organomag-
nesium compounds.”® The primary addition step generates
charged anionic nanotube species, which can be used for a
secondary functionalization by the reaction with styrene,'
chlorinated polypropylene, and N-formylpiperidine” or a
variety of alkyl halogenides,”*** yielding mixed functional
SWCNT derivatives (Scheme 1a). These types of doubly func-
tionalized SWCNT architectures are also accessible by a reduc-
tive retro-functionalization sequence, recently described by our
group.”®

Another commonly used sidewall functionalization reaction,
which is also based on negatively charged SWCNT intermedi-
ates, is the reductive alkylation®”*® and arylation®” under Birch
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Scheme 1. SWCNT Architectures”

-78°C

“ (a) Electrophilic trapping of negatively charged (Nu),—SWCNT"™ intermediates obtained by the primary addition of a nucleophile. (b) Reductive
SWCNT functionalization by electrophiles via Birch-reduced SWCNT"" species.

conditions, introduced by Billups and co-workers (Scheme 1b).
Herein, CNTs are reduced in liquid ammonia by lithium metal
and reacted with different alkyl or aryl halogenides®* > as
electrophilic addend species. Based on a single electron transfer
(SET) reaction with the charged SWCNTs as donor compo-
nents, the corresponding carbon centered alkyl/aryl radicals are
generated, which subsequently attack the sp” network of the
carbon nanotubes. Furthermore, this reaction sequence has been
adapted in order to attach nitrogen, oxygen, and sulfur centered
radicals to SWCNTSs.**** In spite of the various results reported
for this reductive functionalization sequence, the harsh reaction
conditions with free electrons in liquid ammonia limit the scope
of the functional diversity of the applied electrophilic species. It
has been outlined by Borondics et al. that under these highly
reactive conditions, competing side reactions, like the proton-
ation of the charged SWCNTs, take place.35’36 Therefore, efforts
have been taken to substitute the highly aggressive reaction
medium by inert solvents. These methods rely on electron-
transfer reagents, like lithium naphthalenide® > or di-tert-
butyl-biphenyl,** to generate the negatively charged SWCNT
intermediates. However, the applied electron-transfer mediators
tend to adsorb to the nanotube sidewalls by 77— s-interactions,
due to their aromatic character, and cannot easily be removed
after SWCNT functionalization.

In the present study, we extended the portfolio of electrophiles
for the reductive SWCNT functionalization to ketones, esters,
and carboxylic acid chlorides, by a significant modification of the
Birch conditions, yielding highly functionalized SWCNT deri-
vatives, equipped with hydroxyl or keto functionalities as a
platform for subsequent functionalization reactions. Our reac-
tion sequence is based on the inert solvent THF, whereas the
charged SWCNT intermediates are generated easily and effi-
ciently in liquid ammonia. The introduced compound classes can
also be used for the electrophilic interception of the negatively
charged SWCNT intermediates generated by the nucleophilic
attack of organolithium species yielding mixed functional
SWCNT architectures. In addition, we were able to show that

the functionalization degrees for the SWCNT derivatives pro-
duced by the reductive functionalization sequence under mod-
ified Birch conditions exhibit a direct correlation with the stability/
reactivity of the intermediately generated ketyl radical species.
Moreover, an absorption and emission spectroscopic study, based
on the dispersible SWCNT derivatives with varying sidewall
functionalization degree, elucidates the influence of the covalent
framework alteration onto the excitonic transition features of carbon
nanotubes. Characterization of the functional SWCNT adducts has
been carried out by means of Raman, UV—vis/nlR, and fluor-
escence spectroscopy as well as by thermogravimetric analysis/
mass spectrometry (TGA/MS) and X-ray photoelectron spec-
troscopy (XPS) analysis analysis.

B EXPERIMENTAL SECTION

Materials. SWCNTs produced by the HiPco process were obtained
from Unidym (lot number P0355; grade: pure; TGA residue S wt %) and
used as received without any further treatment. Chemicals and solvents were
purchased from Acros (Geel, Belgium), Sigma Aldrich Co. (Munich,
Germany), and Merck KGaA (Darmstadt, Germany) and used as received.

Trapping of SWCNT”~ Intermediates with Carbonyl-Based
Electrophiles. In a heat-dried and argon-purged four-necked round-
bottomed flask (250 mL) equipped with two gas inlets and pressure
compensation HiPco SWCNTs (S mg, 0.42 mmol of carbon) were
dispersed in 100 mL anhydrous THF by 30 min ultrasonication. The
flask with the dispersion was cooled to —78 °C (acetone/dry ice), and
ammonia (100 mL) was condensed. Afterward, lithium metal (14.56 mg,
2.08 mmol, S equiv in relation to mole carbon SWCNT) was added to
the SWCNT dispersion, and the reaction mixture was stirred for 1 h
yielding a stable blue-black dispersion. The cooling was removed, and
the solution was kept stirring until the complete evaporation of the
ammonia. The resulting lithium bronze was removed by a syringe, and
the dispersion was ultrasonicated for additional 30 min. Subsequently,
2 equiv [referred to lithium (4.16 mmol)] of the carbonyl-based
electrophile [acetophenone (1), 1,1,1-trifluoroacetone (2), methyl
benzoate (3), methyl trifluoroacetate (4), 3,4-dichlorobenzoyl chloride
(5)] were added to the dispersion, and the reaction mixture was stirred
overnight. In a separation funnel, water (100 mL) and cyclohexane
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(100 mL) were added to the THF dispersion. The water/THF phase
was discarded, and the cyclohexane layer with the functionalized
nanotubes was purged two times with water and THF (100 mL),
respectively. The organic layer with the functionalized nanotubes was
filtered through a reinforced cellulose membrane filter with a pore size of
0.2 um (Sartorius) and thoroughly washed with THEF, iso-propanol,
ethanol, and water, 250 mL each. The resulting black solid was dried in a
vacuum oven at 75 °C overnight.

Trapping of ("Bu),,-SWCNT" ™~ Intermediates with Carbonyl-
Based Electrophiles. In a heat-dried and nitrogen-purged four-necked
round-bottomed flask (250 mL) equipped with two gas inlets and
pressure compensation HiPco SWCNTs (S mg, 0.42 mmol of carbon)
were dispersed in 100 mL anhydrous THF by 30 min ultrasonication.
Afterward, S equiv (in relation to mole carbon SWCNT) of n-butyl
lithium (0.92 mL, 2.08 mmol) were added drop wisely. The dispersion
was stirred at room temperature for S h. Subsequently, 2 equiv [referred
to n-butyl lithium (4.16 mmol)] of the carbonyl-based electrophile
[acetophenone (1), 1,1,1-trifluoroacetone (2), methyl benzoate (3),
methyl trifluoroacetate (4), 3,4-dichlorobenzoyl chloride (5)] were
added to the dispersion, and the reaction mixture was stirred overnight.
In a separation funnel, water (100 mL) and cyclohexane (100 mL) were
added to the THF dispersion. The water/THF phase was discarded, and
the cyclohexane layer with the functionalized nanotubes was purged two
times with water and THF (100 mL), respectively. The organic layer
with the nanotubes was filtered through a reinforced cellulose mem-
brane filter with a pore size of 0.2 m (Sartorius) and thoroughly washed
with THEF, iso-propanol, ethanol, and water, 250 mL each. The resulting
black solid was dried in a vacuum oven at 75 °C overnight.

Microwave-Based Purification of SWCNTs According to
Literature*'. In a microwave vessel, 20 mg as received HiPco SWCNT's
(1.66 mmol of carbon) were suspended in S mL CH,Cl, and sealed. In the
following, the suspension was heated to 150 °C under microwave irradiation
(300 W, 16 bar), and the temperature was kept constant for 4 min. The
resulting black dispersion was transferred to a culture dish. The precipitated
metal-containing particles were removed, and the remaining SWCNT
dispersion was filtrated over a 0.2 um pore size regenerated cellulose filter
(Sartorius) and washed with CH,Cl,. The entire procedure was repeated
three times to increase the purity of the SWCNT sample.

Thermal Purification of SWCNTs according to Literature™.
In a ceramic crucible, 100 mg as received HiPco SWCNTs (8.33 mmol
of carbon) were weighted out, and the crucible was placed in a quartz
Schlenk tube equipped with a quartz cab with two gas inlets. Afterward, a
gas flow of wet air (compressed air passed through a water bubbler) was
passed over the sample with a constant flow rate of 100 mL/min.
The SWCNT sample was heated three times at temperatures of 225 °C
(18 h), 325°C (1.5 h), and 425 °C (1 h) in a tube furnace. Between the
heating steps, the sample was dispersed in concentrated HCI (15 min
ultrasonication) and stirred overnight. The color of the HCI hereby
turned from colorless to yellow, indicating the dissolution of iron
impurities. The SWCNT s were filtered over a 0.2 um pore size cellulose
nitrate filter (Whatman), dried in a vacaum oven at 75 °C for 3 h, and
transferred to the ceramic crucible for the next heating step. After the
third heating and washing cycle, the SWCNT's were placed in the furnace
again and annealed at 800 °C under Ar atmosphere (1 h).

Trapping of SWCNT"~ Intermediates with Carbonyl-Based
Electrophiles after Purification. In a heat-dried and nitrogen-pur-
ged four-necked round-bottomed flask (250 mL) equipped with two gas
inlets and pressure compensation microwave purified HiPco SWCNTs
(MW-SWCNTS) or thermally purified HiPco, SWCNTs (TH-SWCNTs)
(15 mg, 1.25 mmol of carbon) were dispersed in 150 mL anhydrous THF
by 30 min ultrasonication. The flask with the dispersion was cooled to
—78 °C (acetone/dry ice), and ammonia (100 mL) was condensed.
Afterward, lithium metal (43.38 mg, 6.25 mmol, S equiv in relation to
mole carbon SWCNT) was added to the SWCNT dispersion, and the

reaction mixture was stirred for 1 h yielding a stable blue-black
dispersion. The cooling was removed, and the solution was kept stirring
until the complete evaporation of the ammonia. The resulting lithium
bronze was removed by a syringe, and the dispersion was ultrasonicated
for additional 30 min. Subsequently, 2 equiv [referred to lithium
(12.5 mmol)] of the carbonyl-based electrophile [acetophenone (1) and
methyl benzoate (3)] were added to the dispersion, and the reaction
mixture was stirred overnight. In a separation funnel, water (100 mL)
and cyclohexane (100 mL) were added to the THF dispersion. The
water/THF phase was discarded, and the cyclohexane layer with the
functionalized nanotubes was purged two times with water and THF
(100 mL), respectively. The organic layer with the functionalized
nanotubes was filtered through a reinforced cellulose membrane filter
with a pore size of 0.2 m (Sartorius) and thoroughly washed with THF,
iso-propanol, ethanol, and water, 250 mL each. The resulting black solid
was dried in a vacuum oven at 75 °C overnight.

Instruments and Measurements. Raman spectroscopic char-
acterization was carried out on a Horiba Jobin Yvon LabRAM Aramis
confocal Raman microscope (excitation wavelengths: $32, 633, and
785 nm) with a laser spot size of ~1 ym (Olympus LMPlanFl 100x, NA
0.80). The incident laser power was kept as low as possible to avoid
structural sample damage: 240 yW (532 nm), 114 4W (622 nm), and 3
mW (785 nm). Raman mappings were recorded with SWIFT Ultra Fast
Raman Imaging (Horiba). The presented and analyzed Raman spectra
were averaged from 15 individual spectra taken at different locations of
the buckypapers.

TGA equipped with a MS was performed on a Netzsch STA 409 CD
instrument equipped with a Skimmer QMS 422 mass spectrometer
(MS/EI) with the following programmed time-dependent temperature
profile: 24—100 °C with 10 K/min gradient, isothermic stabilization for
1 h, 100—700 °C with 10 K/min gradient, and isothermic stabilization
for 1 hand cooling to 24 °C. The initial sample weights were about 5—10
mg, and the whole experiment was executed under inert gas atmosphere
with a He gas flow of 80 mL/min (for the determination of the
purification grade oxygen was used under equal conditions).

X-ray induced photoelectron spectra (XPS) were measured on a
buckypaper of the respective material. As photon source a monochro-
matized Al K, small spot X-ray source was used (Aw = 1486.6 V).
All binding energies refer to the Fermi-level, which was regularly
calibrated using the Au 4f 7/2 core level at 84.00 eV. Peak fitting was
carried out with Origin 8.0 using a Voigt peak function.

UV—vis (400—900 nm) and nIR (900— 1400 nm) absorption spectra
were obtained on a Perkin-Elmer Lambda 1050 spectrophotometer. The
functionalized SWCNT material was redispersed in N-methyl-2-pyrro-
lidone (NMP) (0.1 g/L) by ultrasonication for 30 min. Spectra were
taken from the supernatant after mild centrifugation (10 krpm, 10 min,
Sigma 4K1S) in order to remove coarse aggregates. The concentrations
of SWCNTs in the supernatant solutions were calculated with the
extinction coefficient reported elsewhere.*?

Fluorescence spectra were recorded with an NS1 Nano-Spectralyzer
from Applied NanoFluorescence LLC (4., = 660 and 785 nm). The
material for the fluorescence spectroscopic measurements was prepared
analogously to the UV—vis/nIR samples and diluted to an optical
density of 0.34 at 660 nm (concn = 0.01 g/L).

Atomic force microscopy tapping mode images were recorded on a
Solver Pro scanning probe microscope (NT-MDT) equipped with a
Sony Exwave HAD camera optical zoom (6.5). The SWCNT dispersion
in NMP were spin casted on Si/SiO, wafers, and areas of interest were
localized by the optical interference contrast arising from the opaque
bilayered substrate (see Supporting Information and ref 44). The optical
microscopic images were acquired with a Zeiss Axio Imager Mlm
equipped with a Zeiss AxioCam MRcS under white light illumination
(100 W halogen lamp, HAL100) using bright field imaging modes and
0.80 NA objectives.
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Figure 1. Tabular representation of the different electrophiles, the
corresponding  SWCNT  derivatives, the Raman determined
Ap/Ag values, the concentration of SWCNTs in the supernatant after
mild centrifugation with an initial concentration of 0.1 g/L, and the
corresponding dispersion efficiency as well as the TGA-based mass loss
together with the corresponding functionalization degree. (a) Values are
the ratios Ap (sample)/AG(sample) related to Apo/Ago of the pristine HiPco
SWCNTs. (b) Mass loss detected by TGA in the temperature range
between 350 and 570 °C (covalent detachment of substituents);
corrected by the mass loss of the pristine HiPco material. (c) Mass loss
over the complete temperature range: 100—700 °C; corrected by the
mass loss of the pristine HiPco material. (d) Calculation of the degree of
functionalization from the XPS spectra was performed according to
literature.**

X-band electron paramagnetic resonance (EPR) spectroscopy was
performed on a JEOL JES-FA 200 apparatus; standard: Mn*".

Ultrasonications were performed with a Branson 2510-DTH ultra-
sonic processor (42 kHz, 239 W).

B RESULTS AND DISCUSSION

A fundamental drawback of the reductive alkyl- and arylation
of SWCNTs under classical Birch conditions represents the
highly reductive and reactive environment in liquid ammonia.
Therefore, molecules sensitive to such harsh reaction conditions,
i.e,, carbonyl compounds, cannot be used for SWCNT sidewall
derivatization. In order to establish an access to a large variety of
structurally different electrophiles, we modified the reaction
conditions by the substitution of ammonia with THE. SWCNT's
were dispersed under ultrasound agitation in dry THF, and the
reductive conditions were subsequently established by conden-
sing ammonia and by the addition of lithium metal. Afterward,
the ammonia was evaporated, and the remaining lithium-bronze
was removed yielding a black solution with charged SWCNT
species (SWCNT"") without any free electrons in the inert
solvent (for further information see Supporting Information,
Figure S1). This solution was repeatedly ultrasonicated to
guarantee an efficient individualization of the material. After-
ward, carbonyl-based electrophiles—acetophenone (1), 1,1,1-
trifluoroacetone (2), methylbenzoate (3), methyltrifluoroacetate
(4), and 3,4-dichlorobezoyl chloride (5) (two equivalents re-
ferred to the amount of lithium)—were added to the homo-
geneous black reaction mixture, and the subsequent aqueous
workup yielded the corresponding sidewall functionalized mate-
rials f-(1—5)-SWCNT as outlined in Figure 1.

In total, the electrophilic addition of ketones yields tertiary
alcohols, whereas carboxylic acid derivatives lead to acylated
carbon nanotube species. The ketones, esters, and acyl chloride
used herein are just a representative cross-section of their
compound class, and the method should in principle be applic-
able to any carbonyl compound.

It has been shown that the one-electron reduction of benzo-
phenone by potassium in toluene yields the corresponding
radical anion which readily adds to the carbon nanotube
sidewall.* Herein, the ketyl radical is generated by a one-electron
transfer from the potassium to the dissolved benzophenone.
Under our modified Birch conditions, the electron-donor species
for the generation of the corresponding ketyl radicals are the
reduced SWCNT anions. One-electron reduction by THF
dissolved electrons can be excluded in our case, as has been
demonstrated by EPR spectroscopic investigations (see Figure
S1, Supporting Information). In contrast to a reference sample
(THEF, lithium naphthalenide), no traces of any EPR signal could
be detected in the THF solution after the evaporation of
ammonia and the removal of the lithium bronze.

The covalent addition of the different ketyl species onto the
nanotube scaffold can unambiguously be proven by Raman
spectroscopy. This characterization technique has been estab-
lished as the primary tool for the structural investigation of
sidewall functionalized SWCNTs.*”~>! The covalent attachment
of functional entities and therefore the rehybridization of sidewall
C atoms significantly influences the intensity ratio of the Raman
bands. The most prominent spectral change constitutes in an
increase in the intensity of the D-band (~1300 cm™ '), which
arises from the generation of sp>-C atoms as defects in the sp
carbon lattice, in relation to those of the radial breathing modes
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Figure 2. Raman spectra (633 nm excitation) of pristine SWCNTs (black trace) and functionalized SWCNT derivatives f-(1—S5)-SWCNT (color coded)
obtained under modified birch conditions. Left: D-band with D- and G-band regions as inset. Right: RBM region.

(RBMs), ~100—300 cm ™', and the G-band, ~1590 cm™*. The
intensity ratio between the D- and the G-bands (Ap/Ag) can
therefore be taken as a measure for the extent of functionaliza-
tion. Multiple Raman spectra were obtained from different spots
of the sample, normalized to the G-band and averaged to give
a comprehensive picture of the functionalized material. The
Ap/Ag ratios were corrected by the Apo/Ago values of the
starting SWCNT material. The D-band and the RBM region
(excitation wavelength: 633 nm) of the differently functionalized
SWCNT derivatives f-(1—5)-SWCNT are depicted in Figure 2
(the corresponding spectra for 532 and 785 nm excitation are
presented in Figures S2 and Figure S3, Supporting Information,
respectively).

In comparison to the pristine starting material, the functiona-
lized SWCNT derivatives f-(1-5)-SWCNTs exhibit a pro-
nounced increase of the Ap/Ag ratio (see Figure 2), indicative
of a covalent sidewall attachment of the intermediately generated
ketyl radicals. Furthermore, a direct correlation between the
functionalization degree and the radical stability/reactivity can be
derived from the calculated Ap/Ag values. The less stable and
higher reactive alkyl substituted ketyl radicals, generated from
methyltrifluoroacetate (4) and 1,1,1-trifluoroacetone (2), yield
2-fold higher Ap/Ag ratios [Ap/Ag =2.36 (4) and Ap/Ag =2.31
(2)] in comparison with the less reactive phenyl substituted
systems, derived from acetophenone (1) (Ap/Ag = 1.13),
methylbenzoate (3) (Ap/Ag = 1.55), and 3,4-dichlorobezoyl
chloride (5) (Ap/Ag = 1.54), where the spin can be delocalized
into the adjacent aromatic moiety for stabilization.

These Raman determined functionalization degrees for the
reductive functionalization with carbonyl compounds based on
our modified Birch conditions are comparable to the Ap/Ag
values for the stoichiometry controlled alkylation and arylation of
HiPco SWCNTs recently described by Pénicaud et al.*® A detailed
RBM survey of the Raman spectra in the case of the trapping with
methyltrifluoroacetate (4) indicates an obvious effect on these
spectral features due to a functionalization induced debundling of
the sample in combination with size selective addition of the ketyl
radical toward small diameter nanotubes. This kind of diameter-
dependent functionalization has been observed before for nucleo-
philic sidewall derivatizations."”*° The RBM resonance signals for
large diameter SWCNTSs (180—250 cm™ ') are increased, whereas
the resonance intensities for small diameter SWCNTs
(250—300 cm ') are decreased. Raman RBM spectra taken at
532 and 785 nm excitation wavelength support this observation

Electrophile Reductive Functionalization under
(3] modified Birch conditions
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Figure 3. Comparison of the Raman spectroscopic determined functio-
nalization degree (Ap/Ag) of the as received starting material with purified
materials after functionalization with two representative electrophiles under
modified Birch conditions. (a) Values are the ratios Ap(sample)/AG(sample)
related to Apo/Agp of the pristine HiPco SWCNTs.

of a size-selective addition reaction. However, we observe no
indication on an electronic-type specific discrimination of
SWCNTs by ketyl radical addition reactions under these
conditions.

In order to evaluate a possible influence of the residual metal
impurities (encapsulated in a carbon shell)*>* of the as received
HiPco material on the reductive functionalization sequence, we
purified this material by two independent purification routes,
described in literature.*"** According to TGA analyses (see Figure
S4, Supporting Information) the remaining metal impurities were
reduced from 15.0% (p-SWCNTs) to 12.9% (TH-SWCNTs) and
7.0% (MW-SWCNTs), respectively. With these purified material
significant increases in the Raman Ap/Ag values of the reductively
functionalized derivatives pf-(1)-SWCNTs and pf-(3)-SWCNTs
were obtained. The corresponding functionalization degrees are
summarized in Figure 3, and the respective Raman spectral data is
found in Figures S5 and S6, Supporting Information. It can be
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Figure 4. Thermogravimetric profile (weight loss) of f-(1)-SWCNT (left) and f-(3)-SWCNT (right); heating rate: 10 K/min. Vertical arrows
correspond to the weight loss recorded within the temperature region of phenyl fragment detection (350—570 °C) not corrected by the mass loss of the
staring HiPco material. The ion current for m/z = 78 (C¢Hg ") is given in arbitrary units.

summarized that the SWCNT sample quality has a significant
influence on the reductive functionalization under modified Birch
conditions. Nevertheless, commercially available carbon nanotube
materials can be used for fast screening studies without the need for
time-consuming and tedious SWCNT purification steps.

To further substantiate the Raman-based conclusions on a
covalent attachment of the carbonyl-based electrophiles onto the
SWCNT scaffold, photoelectron spectroscopic (XPS) investiga-
tions of the 1,1,1-trifluoroacetone addition adduct (f(2)-
SWCNT) and the acylated SWCNT derivative f-(5)-SWCNT
have been carried out. The F 1s core level spectrum of f(2)-
SWCNT (Figure S7, Supporting Information) exhibits a fluorine
content of 0.9% (corrsponding™ to degree of functionalization of
0.4%), and from the Cl 2p core level spectrum of -(5)-SWCNT
(Figure S8, Supporting Information) a chlorine content of 1.1%
can be derived (corresponding45 to a degree of functionalization
0f 0.3%). The emission feature of fluorine is completely absent in
the pristine HiPco starting material, whereas a chlorine content
of 0.2% was detected. The covalent functional group attachment
is further corroborated by the fact that both SWCNT derivatives
display a splitting of the O 1s core level accompanied by a
substantial increase in the oxygen content in relation to the
pristine SWCNT material (Figure S9, Supporting Information).
This O 1s core level splitting is a clear indication that the present
oxygen functionalities in the HiPco starting material differ in
their chemical nature from the oxygen-containing carbonyl
functionalities introduced by the addition of the carbonyl-based
electrophiles under modified Birch conditions. For a detailed
characterization of the respective C 1s core level spectra, a Voigt
based fit routine was applied. Herein, for the area of the fitted
C—O peak (286.5 eV) in the as received HiPco starting material,
a value of 0.04 can be determined, whereas for the area of fitted
C=0 band (288.2 V), a value of 0.06 is obtained (Figure S10,
Supporting Information). The C 1s fits for f-(5)-SWCNT vyield a
C—O peakarea of 0.06 and a C=0 peak area of 0.1, indicating an
increase of C=O species in the sample due to the addition of 3,4-
dichlorobezoyl chloride (S) (Figure S11, Supporting In-
formation). The C 1s fits for /-(2)-SWCNT in contrast exhibit
a C—O peak area of 0.14 and a C=0 peak area of 0.06 indicative
of an increase of C—O species due to the transformation of the
carbonyl functionality of 1,1,1-trifluoroacetone (2) into an
alcohol (Figure S12, Supporting Information).

In the case of f-(1)-SWCNT (Figure 4, left) and f-(3)-SWCNT
(Figure 4, right) sample characterization has also been carried out by
means of TGA in combination with the online monitoring of the
volatile products by MS.

Herein, the cationic phenyl fragment CeHgt (m/z = 78),
originating from covalently attached acetophenone and methyl
benzoate moieties, can easily be detected in the temperature
range between 350 and 570 °C with a pronounced maximum at
about 450 °C (see Figure 4). Over the whole heating range
(100—700 °C) both samples present a total mass loss of 2.5%
and 7.6% (corrected values), respectively. Furthermore, in the
temperature range between 350 and 570 °C, attributed to the
detachment of the covalently bound addends, -(1)-SWCNT and
-(3)-SWCNT exhibit a mass loss of 5.8% and 8.7%, [2.8% and
6.0% corrected by the mass loss of the unfunctionalized pristine
SWCNT starting material, measured as reference (Figure S13,
Supporting Information)]. Assuming that the difference in
weight between the functionalized derivatives f-(1)-SWCNT
and f-(3)-SWCNT and the pristine starting material can be
correlated with the weight of the detached functional entities and
that the residual weight can be attributed to the defunctionalized
SWCNTs, a degree of functionalization on the order of 0.3% and
0.8% can be calculated,* respectively.

In conclusion, all characterization techniques substantiate the
fact that the reaction of ketones and carboxylic acid derivatives
with intermediately charged SWCNT anions conducted under
the modified Birch conditions yields the corresponding sidewall
addition derivatives. The resulting functionalized SWCNT spe-
cies can directly be used as precursors for the generation of
functional SWCNT architectures, as the presented reaction
sequence is directly accompanied by an introduction of hydroxyl
and keto functionalities, respectively.

Encouraged by these findings we tried to transpose this
reaction of negatively charged SWCNT intermediates with
carbonyl-based electrophiles to systems where the anionic
SWCNT species have been generated by a nucleophilic addition
of organolithium compounds, as outlined in Scheme 1a. There-
fore, SWCNTs have been dispersed in anhydrous THF by
ultrasonic agitation, and the subsequent addition of an excess
of n-butyl lithium (5 equiv related to mole carbon) yielded the
corresponding soluble ("Bu),-SWCNT”"™ intermediates. After-
ward, the carbonyl-based electrophiles (1—5) (2 equiv referred
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Figure S. Tabular representation of the different electrophiles, the
corresponding SWCNT derivatives after secondary functionalization,
the Raman determined App/Ag values, the concentration of SWCNT's in
the supernatant after mild centrifugation with an initial concentration of
0.1 g/L, and the corresponding dispersion efliciency as well as the TGA-
based mass loss together with the corresponding functionalization
degree. (a) Values are the ratios Ap(sample)/ AG(sample) Telated to Apg/
Agp of the pristine HiPco SWCNTs. (b) Mass loss detected by TGA in
the temperature range between 350 and 570 °C (covalent detachment of
substituents); corrected by the mass loss of the pristine HiPco material.
(c) Mass loss over the complete temperature range: 100—700 °C;
corrected by the mass loss of the pristine HiPco material.

to the amount of n-butyl lithium) were added to the reaction
mixture, and the subsequent aqueous workup yielded actually the
corresponding mixed functionalized SWCNT derivatives
"Bu-(1—5)-SWCNT as outlined in Figure S.

The D-band region (excitation wavelength: 633 nm) of the
differently functionalized SWCNT derivatives "Bu-(1—5)-SWCNT

is depicted in Figure S (the corresponding RBM region and the
spectra for 532 and 785 nm excitations are presented in Figures
S14—S16, Supporting Information, respectively). Again, the struc-
tural alteration of the sp> carbon network of the SWCNTs by the
covalent attachment of organic moieties can be deduced from the
distinct increase of the D-band intensity, detected for all derivatized
species, in relation to the pristine starting material.

However, the respective Ap/Ag values are in the same region
or slightly higher in comparison to the values calculated for
the reductive functionalization under modified Birch conditions
(see Figure 1). Therefore, the question arises if the increase in
D-band intensity can be attributed to the generation of a double
functionalized derivative, with n-butyl groups attached alongside
with the respective carbonyl-based electrophile, or if just the
addition of the nucleophilic butyl group, followed by a reoxida-
tion of the charged ("Bu),-SWCNT" ™ species took place.

First evidence for a successful trapping of the anionic ("Bu),-
SWCNT"™ intermediates by carbonyl-based electrophiles can be
derived from XPS investigations of the fluorine and chlorine
containing SWCNT adducts "Bu-(2)-SWCNT (Figure S17,
Supporting Information) and "Bu-(5)-SWCNT (Figure S18,
Supporting Information). Herein, a fluorine content of 0.6%
and a chlorine content of 0.4% could be detected, respectively,
indicative for a secondary functionalization by the addition of
ketyl radicals generated by an electron-transfer reaction from the
primarily established ("Bu),-SWCNT"™ species.

This is unambiguously substantiated by the TGA/MS-based
analysis of the mixed functionalized SWCNT derivatives
"Bu-(1)-SWCNT (depicted in Figure 6, right) and "Bu-(3)-
SWCNT (Figure S19, Supporting Information). In both deriva-
tives the presence of phenyl fragments CsHy " (m/z = 78) can be
detected in the temperature range between 350 and 570 °C,
concomitant with the registration of the mass trace of butyl
cations C4,Hy" (m/z = 57). In addition, the mass loss values
(5.6%, "Bu-(1)-SWCNT and 1.4%, "Bu-(3)- SWCNT) are in a
comparable range as the mass losses detected for the correspond-
ing derivatives f-(1)-SWCNT and f-(3)-SWCNT derived under
modified Birch conditions.

As already outlined within this manuscript, the degree of
functionalization under modified Birch conditions (scheme 1a)
is dependent on the elctrophilicity of the addend species. This is
in marked contrast to the subsequent nucleophilic attack of the
"Bu anion and the trapping of the negative charges on the
SWCNT scaffold with the respective electrophiles in a SET
mechanism (scheme 1b), where a different trend is observed.
This is traced back to the complex nature of the double
functionalization sequence—nucleophilic addition with subse-
quent electrophilic functionalization—which is in addition ac-
companied by a convolution of an intermediately established
equilibrium, previously investigate by our group.”® As outlined in
Figure 7, a dominant contribution from this underlying equilib-
rium (I, II) can be expected on the subsequent attack of the
carbonyl-based electrophiles (E).

In a side reaction, the excess of the added electrophilic
carbonyl compounds (E) (2 equiv referred to the amount of
n-butyl lithium) will react with free n-butyl lithium, present in the
SWCNT /nucleophile equilibrium (I, II), yielding the corre-
sponding addition product n-butyl-E (IIT). This leads to a
decrease of the concentration of n-butyl anions in the solution,
which is directly coupled to a shift of the equilibrium toward
alkylated ("Bu),_.SWCNT" )~ species with lower degrees of
functionalization (IV), in terms of the primary n-butyl addend.
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Figure 6. (Left): Raman spectra (633 nm excitation) of pristine SWCNTs (black trace) and functionalized SWCNT derivatives "Bu-(1—5)-SWCNT
(color coded) after secondary electrophilic functionalization of intermediately generated ("Bu),-SWCNT"™ species. (Right): Thermogravimetric
profile (weight loss) of "Bu-(1)-SWCNT; heating rate: 10 K/min. Vertical arrows correspond to the weight loss recorded within the temperature region
of phenyl and n-butyl fragment detection (350—550 °C); not corrected by the mass loss of the staring HiPco material. The ion current for m/z = 78

(CeHs™) and m/z = 57 (C4;Ho") is given in arbitrary units.

This functional group detachment also decreases the charge con-
centration on the anionic SWCNT intermediates and therefore
reduces the inherent driving force for the final SET reactions from
the carbon nanotubes to the carbonyl-based electrophiles, yielding
the corresponding addition product (V). Furthermore, this equilib-
rium reaction will be favored for stronger electrophilic interception
reagents. Nevertheless, the reaction kinetics between n-butyl lithium
and the various carbonyl species (ketones, esters, and carboxylic acid
chlorides) differs in wide ranges and is directly related to the
equilibrium position (III, IV) of the intermediately generated
("Bu) SWCNT" species. Therefore, a direct comparison of the
functionalization degrees reached by the modified Birch reaction
(mono adduct generation) and obtained by the double functiona-
lization sequence is not possible.

Nevertheless, both derivatization sequences yield materials
with a pronounced solubility in organic solvents, like NMP. This
enabled us to investigate the influence of the covalent SWCNT
sidewall functionalization onto the excitonic transition features
of carbon nanotubes. It has been outlined by Tour et al. that the
structural modification of the sp> 77-system associated with the
covalent attachment of substituents leads to an almost complete
loss of the UV—vis/nIR excitonic transitions being related to the
van Hove singularities in the density of states of SWCNTs.>*
Therefore, the absence of these transitions has widely been taken
as a criterion for covalent sidewall functionalization. However, it
has also been reported that mild functionalization does not
induce a complete depletion of these characteristic transi-
tions,'®192123:25:3238:435657 T i in total agreement with our
observations. The corresponding absorption spectra of -(1—S5)-
SWCNTs, normalized to 930 nm, are depicted in Figure 8a (for
"Bu-(1—5)-SWCNTs see Figure S20, Supporting Information).
The characteristic excitonic transitions are clearly discernible
throughout all SWCNT derivatives, spanning a Ap/Ag ratio
range from 1.13 (f-(1)-SWCNT) to 2.36 (f-(4)-SWCNT).
Therefore, the functionalization degree threshold for a complete
loss of the van Hove-based excitonic transition has to be located
above this value. Interestingly, we also observed a blue shift of the
excitonic transitions in comparison to the HiPco starting material
(Figure 8b). We suppose that this is traced back to more efficient
debundling in NMP due to the introduction of functional entities on

Figure 7. Intermediate ("Bu),-SWCNT"™ defunctionalization by elec-
trophiles, based on the reversibility of the initial nucleophilic addition
reaction on SWCNTs.

the nanotube sidewall,*®**” as the extent of the observed blue shift,
ranging from 46—200 cm ™, roughly correlates with the degree
of functionalization, determined by the Raman Ap/Ag ratios.

Encouraged by the absorption spectroscopic investigation, we
have also subjected the samples to emission spectroscopy after
diluting the dispersions to the same SWCNT concentration
(0.01 g/L), even though covalent functionalization induces a loss
of the SWCNT nIR-fluorescence features.** %>
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Figure 9. (a) nIR emission spectra of f-(1-5)-SWCNT dispersed in
NMP at 4., = 660 nm (baseline corrected). In all cases, the supernatant
after centrifugation was diluted to an optical density of 0.34 cm ™" at
660 nm.

As outlined above, our mild functionalization does not com-
pletely destroy the optical properties of the SWCNTs, so that residual
nlR-emission is detected, as exemplarily depicted for f(1—5)-
SWCNTs in Figure 9a, excitation wavelength of 660 nm (for
"Bu-(1—5)-SWCNTs see Figure S21, Supporting Information).

The emission intensity at 1150 nm of the functionalized
material relative to the emission intensity of the starting material
(Igm(f~(1—5)-SWCNT/Ig,,(p-SWCNT)), processed under
equal experimental conditions, can be taken as a measure for
the functionalization induced loss of the SWCNT fluorescence.
As outlined in Figure S22a, Supporting Information, the Raman

Ap/Ag ratio is in good agreement with the decrease in SWCNT
fluorescence upon the attachment of covalently bound addends,
e.g., the emission intensity decreases approximately linearly with
an increasing Ap/Ag ratio. However, as only individualized
semiconducting SWCNT's exhibit nIR fluorescence, the changes
in nanotube emission intensities could also be traced back to
varying degrees of nanotube exfoliation.

In order to address the issue of nanotube aggregation, the
samples f-(2)-SWCNT and "Bu-(2)-SWCNT's were subjected to
microscopic characterization (for detailed information see Sup-
porting Information). The atomic force microscopic height
analysis (Figures S23—S2S, Supporting Information) of the
SWCNT samples reveals that the functionalized nanotubes
dispersed in NMP are characterized by a significantly higher
degree of individualization and smaller aggregates on average,
especially in the case of f-(2)-SWCNT compared to the pristine
SWCNTs. Additionally no shortening of the functionalized
nanotubes due to the ultrasonic agitation can be detected.

Even though the differences in the population of the exfoliated
nanotubes also affect the emission intensity ratio (Figure S$22a,
Supporting Information), resulting in a deviation from the linear
progression, the decrease in nIR emission with respect to the
pristine material can be attributed to the covalent functionaliza-
tion, as nanotube individualization is more pronounced.

Interestingly, the nanotube dispersibility in NMP also de-
creases approximately linearly with increasing degrees of func-
tionalization in the sample f-(1—5)-SWCNT (see Figure S22b,
Supporting Information). As already outlined by Coleman and
co-workers,**®* covalent functionalization may lead to a de-
creased dispersibility in this solvent, as the solubility properties of
the sidewall derivatized material are dominated by the nature of
the functional entity and no longer by the nanotube scaffold. This
explanation is totally consistent with the behavior of our sidewall
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functionalized material. Roughly, a similar trend is observed for
"Bu-(1—5)-SWCNT. For this system, a direct correlation be-
tween the functionalization degree of the system, the ratio of the
different addends, and the related optical properties is highly
challenging, so that an in depth investigation deserves further
attention. An extended study related to that subject in combina-
tion with the investigation of the individualization degrees is
currently underway in our laboratory.

B CONCLUSION

In the present work, we have shown that a broad variety of
carbonyl-based electrophiles—ketones, esters, carboxylic acid
chlorides—can be used for the covalent SWCNT sidewall
functionalization under modified Birch conditions. The degree
of functionalization accessible by this reaction sequence directly
correlates with the stability/reactivity of the intermediately
generated ketyl radical species. Furthermore, carbonyl com-
pounds can also be used for the electrophilic trapping of
negatively charged intermediates obtained by the nucleophilic
attack of organolithium species. This directly leads to the
formation of mixed functional SWCNT derivatives. Functiona-
lization degrees of this organometallic reduction approach are
lower compared to the respective monofunctionalization under
modified Birch conditions and can be explained by an equilib-
rium based, partial defunctionalization of the alkylated anionic
SWCNT intermediates. This directly leads to a decrease of the
charge concentration on the SWCNT scaffold and reduces the
inherent driving force for the ketyl radical formation by a single
electron-transfer reaction with reduced SWCNT species as
donor components. In spite of the alteration of the sp* carbon
network by the covalent attachment of the respective ketyl
radicals, all derivatives still exhibit pronounced optical transi-
tions. Based on a detailed investigation of the absorption and the
emission features, a direct correlation between the functionaliza-
tion degree and the UV—vis/nIR absorption and nIR fluores-
cence intensity becomes evident. The expansion of sidewall
functionalization reagents toward carbonyl compounds can be
seen as a substantial step forward for the development of
nanotube-based materials, as the introduced hydroxyl and car-
bonyl groups may conveniently be used as coupling units for the
connection of functional entities.
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