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/Abstract: We present an in-depth qualitative and quantita-
tive analysis of a reaction between 4-iodobenzenediazonium
tetrafluoroborate and single-walled carbon nanotubes
(SWCNTs) via thermogravimetric analysis coupled with mass
spectrometry (TG-MS) or a gas chromatography and mass
spectrometry (TG-GC-MS) as well as Raman spectroscopy. We
propose a method for precise determination of the degree
of functionalization and quantification of physisorbed aro-
mates, detaching around their boiling point, alongside cova-

lently bonded ones (cleavage over 200°C). While the pres-
ence of some side products like phenol- or biphenyl species
could be excluded, residual surfactant and minor amounts
of benzene could be identified. A concentration-dependent
experiment shows that the degree of functionalization in-
creases with the logarithm of the concentration of applied
diazonium salt, which can be exploited to precisely adjust
the amount of aryl addends on the nanotube sidewall, up to
1 moiety per 100 carbon atoms. )

Introduction

Single-walled carbon nanotubes (SWCNTs) are nowadays com-
monly functionalized in order to exploit their unique proper-
ties. One of the most prominent functionalization routes is co-
valent functionalization, which has been applied to improve
the nanotubes’ solubility in organic or aqueous solvents," to
separate metallic from semiconducting species,”” and to even-
tually allow for application, for example in supercapacitors,”
batteries,” biomedicine,"**' or material reinforcement in poly-
mers.” Among functionalization routes which often require
very aggressive chemicals like elemental fluorine,” carbenes,
nitrenes,"™® or alkali metals under strictly inert conditions,"
one of the rather simple, low-hazardous, rapid, and non-de-
structive pathways is the reaction between neutral SWCNTs
and diazonium salts. The reaction is known since 2001 and the
underlying single-electron transfer (SET) mechanism has been
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studied well.”®'” Nevertheless, analytic methods utilized for
nanomaterials like SWCNTs are limited mainly due to their
polydispersibility, making classic techniques like nuclear mag-
netic resonance (NMR) and mass spectrometry (MS) unfavor-
able. Hence, other techniques like Raman-, absorption-, and
emission spectroscopy, thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), microscopy and rarely infra-
red (IR) spectroscopy are usually applied to shed light on the
chemical identity of the nanomaterial. However, mentioned an-
alytical methods are qualitative or semi-quantitative at most. A
precise analysis of the degree of functionalization or identifica-
tion of side-products including the influence of reactant con-
centration has rarely been performed. Oftentimes, SWCNTs
functionalized with the desired functional group is anticipated
the only product with mere confirmation by XPS or IR.

In this study, we intended to develop a method to precisely
determine the degree of functionalization (DoF) of a selected
diazonium salt-based reaction. Raman spectroscopy, which can
be considered standard analysis for many nanomaterials, and
forefront analytical tools, consisting of a TGA device coupled
with MS (TG-MS) or a gas chromatograph with MS detector
(TG-GC-MS) were applied to obtain a complete image of side-
products including aromates deriving from side-reactions and
residual surfactant. Suitable reference experiments were per-
formed to distinguish between non-covalently and covalently
bonded aromates as well as to precisely determine the cleav-
age temperature of both species. Furthermore, we investigated
the influence of diazonium salt concentrations on the reaction,
in particular on the degree of functionalization, by applying a
large width of reactant concentrations. Moreover, the Ip/l; ratio
obtained by Raman spectroscopy is commonly used to obtain
an impression on whether or not a reaction succeeded yet is
known to show down-turned hyperbolic curve behavior as re-
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ported by Cancado etal. for graphene™ which precludes
simple quantification. For SWCNTs this effect was observed as
well but is less thoroughly investigated."*'? Thus, we also an-
alyzed the correlation between the Iy/l; ratio and the degree
of functionalization in order to elaborate if quantification or at
least semi-quantitative statements based solely on Raman
spectroscopy are reasonably feasible.

Results and Discussion

For the present study, nine different concentrations of diazoni-
um salt were added to a SWCNT dispersion in 1% SDBS
(sodium dodecylbenzenesulfonate, which is known to disperse
SWCNTs well and results in good spectroscopic features)™ so-
lution vyielding (4-iodophenyl)-functionalized  nanotubes
(SWCNT-PhI) (see Scheme 1). Applied concentrations of diazo-

1% SDBS
Ny SWCNT-Ph-I

Scheme 1. Reaction of SWCNTs with a 4-iodobenzenediazonium salt in 1%
SDBS solution resulting in the aryl-functionalized SWCNT-PhI.

nium salts were within the range of 0.001 molL™'-
0.333 molL™" (for details see Table S1 in the Supporting Infor-
mation). Lower concentrations were not accomplished, as bal-
ancing with sufficient precision isn't facile. At higher concen-
trations, solubility of the diazonium salt reaches its limit, and
stirring turns out to be challenging as the dispersion gets
highly viscous. In order to exclude the influence of the reaction
procedure (e.g., sonication, solvent and surfactant), a reference
sample (Ref.[1a]) was treated likewise, but without any diazo-
nium salt.

The obtained functionalized SWCNTs were analyzed by TG-
MS, which is a powerful analytical tool to determine the total
mass loss while simultaneously providing information about
the chemical identity of the detached molecules. The MS ion
current of each functionalized SWCNT-Phl sample shows the
expected mass fragments of iodobenzene (m/z 204 (CeHsl'*);
77 (CgHs™) and 51 (C,H;™)) at temperatures between 150°C
and 400°C (see Figure 1), which hence will be referred to as
“main mass loss region”. While a mass loss is still observable at
higher temperatures, it does not derive from the desired side-
wall-bonded aryl moiety, as indicated by the missing MS ion
currents. It is likely originating from impurities, residual solvent
and surfactant, or lattice decomposition (vide infra).'”

However, it is necessary to bear in mind that not 100% of
the mass loss in the main mass loss region originates from the
desired iodophenyl moieties. In the reference sample
(Ref. [1a]), consisting exclusively of SWCNTs sonicated in surfac-
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Figure 1. TG-MS spectrum of SWCNT-PhI (c(diazonium) =0.083 m). The col-
ored lines indicate the MS traces of the three most prominent iodobenzene
masses (m/z 204 (CgHsI'*); m/z 77 (C¢Hs ) and m/z 51 (C,H; ™). The sample
mass (TGA spectrum) is depicted as black line.

tant solution, a mass loss of 59% can be observed, which
might derive from physisorbed water, other non-covalently
bound molecules, or defects which are inherent to the pristine
material. Therefore, this considerable value needs to be taken
into account in order to calculate an accurate mass loss of io-
dophenyl groups and thus a degree of functionalization (DoF).
As seen in Figure 2, the TGA spectra of three chosen SWCNT-
Phl samples are identical until 150°C. Then, in the main mass
loss region (marked by dashed vertical lines), the difference be-
tween high and low functionalization becomes distinct, reveal-
ing higher mass losses for higher-functionalized samples. At
even higher temperatures (>400 °C), no indication for a differ-
ence in the samples can be found, as the TGA curves are paral-
lel in that region. This corroborates the results of TG-MS (see
Figure 1) and proves that the cleavage of the 4-iodophenyl
group occurs in the main mass loss region between 150°C and

100
Non-Funct.
] Low-Funct.
— High-Funct.
X 90
»
2] 4
©
=
[0}
- 804
€
@©
(D 4
704

T Y 1 T T
300 400 500 600 700

Temperature / °C

T L T
0 100 200

Figure 2. TGA spectra of low-functionalized (c(diazonium)=0.021 m), high-
functionalized (c(diazonium) =0.333 m) and non-functionalized (Ref. [1a])
SWCNTs. Dashed lines at 150 °C and 400 °C to highlight the main mass loss
region.
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400°C. A TG-MS spectrum of pure SDBS (see Figure S3) shows
that the surfactant itself decomposes at around 480 °C, reveal-
ing MS ion peaks of m/z 91 (C;H, "), 77 (C¢Hs™), and 51 (C,H; ™).
Since, likewise, both a corresponding mass loss and the corre-
sponding MS peaks (see Figure 2 and Figure 4) appear in the
functionalized SWCNT-PhI samples, one can anticipate that re-
sidual surfactant is the source of the underlying mass loss. The
SDBS molecule, being physisorbed to the nanotubes, can sur-
pass the washing procedure due to strong van-der-Waals inter-
actions with the aromatic ring system of the SWCNTs which is
common for molecules that can enclose the nanotubes and/or
contain large m-systems."**'¥ Alternatively, the high mass loss
temperature and the toluene peak are an indicator for lattice
decomposition, which has been previously reported for graph-
ene! and SWCNTs."® Eventually, the mass loss deriving exclu-
sively from the desired functional group Am(FG) can be calcu-
lated using Equation (1):

AM(FG) = AMyo0_150 — AMget ago-150 (M)

where Am,g_ 15 is the mass loss of the sample in the main
mass loss region and Amggag0_150 i the mass loss of the refer-
ence sample (Ref. [1a]) in that temperature range. Subsequent-
ly, the DoF can be calculated utilizing Equation (2):

Am(FG)*M(C)

Dok = =y M(Fo) @)
where DoF is the degree of functionalization, M(C) the molar
mass of carbon (12.01 gmol™'), m(C) the mass of carbon in the
nanotube lattice (remaining sample mass at 650°C) and M(FG)
the molar mass of the functional group (203.00 gmol™' for io-
dophenyl).

Despite being a powerful tool to reveal information about
volatile compounds created during the heating of the sample,
TG-MS is a limited analytical method, especially when multiple
molecules are cleaved from the sample and detected simulta-
neously causing an overlap of the MS signals. However, this
drawback can be avoided when a chromatographic step is in-
serted between the heating (i.e., TGA) and detection (i.e., MS)
step, allowing to distinguish multiple volatile compounds.!”
Thus, a TG-GC-MS system was applied to unambiguously iden-
tify the molecules formed in the gas phase of the SWCNT-PhI
sample. In our case, the gas phase at 280°C was injected into
the GC-MS system, where iodobenzene and, to a much lower
extent, benzene, could be identified as only molecules present
in the gas phase (see Figure 3). The injection was set to 280°C
by reason that the highest mass loss and the highest MS ion
current were observed around this temperature (compare
Figure 1). Benzene, with a retention time (tz) of 5.2 min, most
likely derives from phenyl groups on the SWCNT sidewall as a
result of side reactions. However, the marginal amount of this
side product is difficult to quantify but can be neglected com-
pared to the amount of iodobenzene detected at t=10.8 min.
To avoid phenyl groups as a side product, diazonium salts with
more redox-stable moieties, like 4-tert-butylbenzenediazonium,
could be used in future works. However, the chosen 4-iodo-

Chem. Eur. J. 2019, 25, 12761-12768 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper
—— Low-Funct.
—— Med-Funct|
—— High-Funct
S
©
P 52 10.8
‘» min min L
e A | =
IS
. ) TN
5 10 15 20
Retention Time / min
52 78 77 108 204
min min
7 127
400 T80TTTI00 B0 100150 300

miz miz

Figure 3. TG-GC-MS spectra. Top: total ion chromatogram (TIC) of three
SWCNT-PhI samples with low (blue, c(diazonium) =0.003 m), medium (green,
c(diazonium) =0.021 m) and high (black, c(diazonium)=0.333 m) degree of
functionalization. Bottom: MS spectra of benzene (t;=5.2 min) and iodoben-
zene (t=10.8 min).

phenyl group can be of great interest as it allows for further
coupling via Sonogashira or Ullmann type reactions."® GC
peaks at retention times higher than 10.8 min are revealed in
the chromatogram as well, but can likewise be detected in ref-
erence runs and hence do not derive from the SWCNT samples.
By using MS, those peaks can be identified as siloxanes and
therefore attributed to fragments from the GC column (so-
called “column bleeding”).

Having proven by TG-GC-MS that iodobenzene, alongside
negligible amounts of benzene, is the only molecule cleaved
from the SWCNT-Phl sample in the main mass loss region, the
question arises whether it is covalently bonded or only physi-
sorbed onto the SWCNTs. Temperature-dependent Raman
spectroscopy has been utilized in several publications to prove
that a rehybridization from sp® carbon atoms to sp? (rearoma-
tization) takes place, proving the covalent attachment of the
desired aryl moieties as well as the reversibility of the reac-
tion."*'¥ However, physisorbed aromates alongside the C—C
bonded aryl moieties could not be excluded. Utilizing a simple
reference experiment in the present study, physically mixing
iodobenzene with a SWCNT dispersion, allows for confirmation
of the coexistence of physisorbed iodobenzene and moreover
quantification of both species.

Figure 4 shows the TG-MS spectrum of SWCNT samples with
non-covalently bound iodobenzene, applying the same proce-
dure as for the covalent approach (see Scheme 1), utilizing io-
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Figure 4. TG-MS spectrum of the physical mixture of SWCNTs with iodoben-
zene (Ref. [1b]). Colored lines indicate the three most prominent masses of
iodobenzene (m/z 204 (C4Hsl ); m/z 77 (CHs ') and m/z 51 (C,H; 1)) and of
toluene (m/z 51, m/z 77, m/z 91 (C,H,")). The sample mass (TGA spectrum)
is depicted as black line. Dashed vertical lines with indicated temperatures
at the MS peaks point out the cleavage temperatures.

dobenzene instead of the 4-iodobenzendiazonium salt
(Ref. [1b]). The highest mass loss and MS ion current appear at
a lower temperature (191 °C) than for the covalent SWCNT-PhI
samples. This temperature neatly fits to the boiling point of io-
dobenzene (188°C), which hints that only physisorption rather
than covalent bonding took place. This assumption can be cor-
roborated by Raman spectroscopy showing that I/l ratios of
Ref.[1b] are unchanged compared to pristine material (/5/
132=0.10, Ip/I#=0.06, Iy/I’*=0.11, Figure S4), and further
by the fact that no reasonable activation step was applied
which could potentially lead to the formation of C—C-bonds
under the chosen conditions. Utilizing Equation (1) and Equa-
tion (2), the amount of non-covalently bound iodobenzene on
the SWCNT surface can be calculated to account for ca. 0.13%
in Ref. [1b]. Considering that aryldiazonium salts in aqueous
dispersion decompose to the corresponding arene and
phenol™® it is plausible that a certain amount of iodobenzene
is formed as a side product during the covalent approach and
thus gets physisorbed to the SWCNTs. Next to iodobenzene,
other molecules like 4-iodophenol or biphenyl species like 4,4'-
dioodobiphenyl can be expected to be formed as decomposi-
tion product of the diazonium salt and thus get physisorbed
by the SWCNT surface as well. However, TG-GC-MS proved
their absence in all samples (see Figure 3). This can be ex-
plained by an enhancement of water solubility for the phenol,
and by a statistically very unlikely radical recombination of two
iodophenyl radicals.

Having a closer look at the TG-MS spectrum of the diazoni-
um approach (see Figure 1), one can see a shoulder of the io-
dobenzene peaks at ca. 190°C which we can now, thanks to
Ref. [1b], attribute to physisorbed iodobenzene. Utilizing a suit-
able fitting function two Gaussian curves can be fit into the
MS signals (see Figure 5, here m/z 77 was used because it was
the most intense signal). One Gaussian fit curve has its peak at
a temperature of 183°C, matching the cleavage temperature
of the non-covalent species (see Figure 4) as well as the boiling
point of iodobenzene. The peak of the other Gaussian fit
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Figure 5. Experimental MS curve from the TG-MS experiment (m/z 77, black
line) of functionalized SWCNT-Phl (c(diazonium)=0.083 molL"") with corre-
sponding fit curve (red line) consisting of two single Gaussian curves
(dashed red lines). Black dashed vertical lines point out the cleavage temper-
atures of the covalently and non-covalently bound aryl moieties.

curve, which by exclusion can now be attributed to purely co-
valently bonded 4-iodophenyl groups, is located at 286°C. A
Lorentzian fit curve, which was also taken into consideration
because it is usually applied for spectroscopic features like
Raman signals,””"’ did not provide a satisfactory fit curve. The
area of the MS peaks allows for the quantification of the cova-
lent and non-covalent amount of iodobenzene, revealing that
roughly 87% of the iodobenzene is bonded covalently to the
SWCNTs sidewall and 13 % non-covalently.

To shed light on the influence on the degree of functional-
ization, nine different concentrations of diazonium reactant
were applied for the synthesis of SWCNT-Phl. One might
expect a linear increase of the grafting ratio with rising diazo-
nium concentrations up to a point where no free space on the
SWCNT sidewall is available for further aryl moieties, resulting
into an anticipated saturation curve. However, the results
reveal a logarithmic correlation when plotting the calculated
degree of functionalization [as determined by Eq.(1) and
Eq. (2)] against the concentration of applied diazonium salt
(see Figure 6). For classic analytical chemistry correlation coeffi-
cients of R* >0.99 are demanded for a satisfactory linear slope.
However, the obtained R? values higher than 0.90 are excellent
considering the quantification of functional addends on nano-
materials. Note that the amount of phenyl groups as side
product and the amount of physisorbed iodobenzene were ig-
nored for this calculation, as including them would require a
TG-MS evaluation for each single sample. Further, it should be
mentioned that the highest yielded degrees of functional-
ization of ca. 1% (e.g., 1 in 100 carbon atoms carries an aryl
group) are far lower than the theoretical limit, as already the
sample with the lowest diazonium concentration contains one
diazonium cation for 64 nanotube carbon atoms. Analogous to
the reported CgBr,, revealing a 1,4-addition pattern, likewise
conceivable for aromates on SWCNT sidewalls, the grafting
ratio could potentially increase up to 40%.”? Hence, only a
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Figure 6. Degree of functionalization of nine functionalized SWCNT-PhI sam-
ples as calculated by Equations (1) and (2) and plotted as a function of
log(c(diazonium)) (based on molL™", black squares). Red line: fitting linear
slope with indicated equation and stability index R?.

minor fraction of applied diazonium salt molecules eventually
covalently bond to the SWCNT sidewalls at high concentra-
tions. Therefore, side reactions like the decomposition of the
diazonium cation are predominant.

Utilizing Raman spectroscopy, the Ip/l; ratio is known to in-
crease with increasing defect density. Yet, Cancado et al. have
shown that the correlation is not linear in the case of graph-
ene, as the Ip/l; ratios drops at very high amounts of defects.""
A similar behavior was observed for SWCNTs,"%'? but up to
date not investigated as thoroughly as for graphene. For nano-
tubes, the Ip/lg ratio also highly depends on the laser excitation
energy,"” which further complicates a precise quantification of
defect density. To investigate the influence of the degree of
functionalization on the Raman spectroscopic properties, stat-
istical Raman spectroscopy (SRS) was performed with > 2000
single point spectra for each sample and three different laser
excitation wavelengths (532, 633, and 785 nm, see Figure 7).
The 785 nm laser yields the highest Iy/l; ratios. However,
SWCNTs with different chiralities, metallicities, and diameters
are probed by varying excitation lasers, leaving this absolute
value rather insignificant.”®’ Despite, independently of the uti-
lized excitation wavelength, the highest I/l ratio is observed
at diazonium concentrations of 0.16 m corresponding to a
degree of functionalization of roughly 0.9%. At higher concen-
trations of applied diazonium salt, a drop of the Ip/l; ratio is
observed. Another potential explanation for this phenomenon,
aside from the hyperbolic behavior researched by Cancado,
would be that excessive amounts of diazonium salt in fact lead
to poorer degrees of functionalization. However, this can be
disproven by TGA (see Figure 6) and GC-MS results (see
Figure 8, vide infra), both clearly demonstrating an increase of
the degree of functionalization upon higher diazonium con-
centrations.

To further corroborate the fact that indeed a logarithmic cor-
relation between the concentration of the diazonium salt and
the degree of functionalization is underlying, the areas of the
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Figure 7. a) Raman mean spectra of low-functionalized (c(diazo-

nium) =0.0013 m), medium-functionalized (c(diazonium)=0.010 m) and high-
functionalized (c(diazonium)=0.083 m) SWCNT-Phl samples with an excita-
tion wavelength of 633 nm. Spectra normalized to the G-band. b) Iy/I; ratios
of nine SWCNT-Phl samples with varying concentrations of applied diazoni-
um salt at 532 nm (black), 633 nm (red) and 785 nm (blue) excitation wave-
length.

TG-GC-MS spectra were investigated. Hof etal. have shown
that the amount of functional groups cleaved off SWCNTs is di-
rectly proportional to the areas in the gas chromatograms.”"”

Figure 8 shows that the peak areas of the gas chromato-
grams deriving from the TG-GC-MS experiments correlate loga-
rithmically with the applied concentration of diazonium salt,
just like the TGA mass loss (see Figure 6). This proves that the
higher mass released from the SWCNT-PhI samples indeed de-
rives from higher amounts of aryl functionalities on the nano-
tube sidewall rather than from increasing amounts of side
products. Thus, it confirms the logarithmic correlation between
the concentration of applied diazonium salt and the DoF. Fur-
thermore, the result verifies that Raman spectroscopy shows a
non-linear “Cancado-like” behavior making it an unsatisfactory
tool for precise quantification, in particular when the degree of
functionalization exceeds 0.9 %.
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As a final confirmation that the increasing mass loss indeed
derives from higher amounts of aryl groups covalently bonded
to the SWCNT sidewall, suitable reference experiments were
performed (Ref. [2] and Ref. [3], see Table S1). They reveal that
the addition of iodobenzene (see Figure S1) or biphenyl spe-
cies (see Figure S2) lead to no significant difference in the TGA
spectra of the samples. Hence, relevant amounts of the men-
tioned aromates are not physisorbed to the SWCNTs, and the
higher mass loss derives exclusively from higher quantities of
covalently bonded aromates.

The obtained results allow for an interesting novelty in
tailor-made functionalization of SWCNT. For the first time, a de-
sired degree of functionalization can be adjusted, at least in
the range of 0.2-1.0%. For this purpose, three different con-
centrations of diazonium salts need to be reacted with a nano-
tube dispersion. Subsequently, the resulting functionalized
SWCNT-PhI should be analyzed by TG-MS and the degree of
functionalization (DoF) calculated via Equation (1) and (2).
From the obtained regression curve in the semi-logarithmic
plot (see Figure 6), the necessary concentration of diazonium
salt required for the desired degree of functionalization can be
interpolated. By the analytical techniques described above, the
purity of the obtained material as well as the amount of physi-
sorbed aromates can be determined. Alternatively, a calibration
utilizing Raman spectroscopy can employ for a very quick, but
equally raw estimation of the DoF. When changing the type of
diazonium salt (varying in reactivity due to electron-withdraw-
ing or -donating moieties)®” or the type of SWCNT starting
material (varying in reactivity due to diameter, metallicity, in-
herent defects, and other factors), mentioned calibration pro-
cedure will most likely require modification. Whether this
method can be adapted for the investigation of other nanoma-
terials such as graphene, MWCNTs, or non-carbon-based ones
needs to be investigated in future works.

Lastly, we desired to further enhance our understanding of
the underlying reaction. It was our aim to shed light on wheth-
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er it is possible to increase the DoF unrestrictedly by tremen-
dously increasing the amount of added diazonium salt, or if,
eventually, a threshold of sidewall functionalities will be
reached upon thermodynamic saturation. As mentioned earlier,
however, higher concentrations of diazonium salts were chal-
lenging to accomplish in the reaction mixture under the
chosen conditions. Hence, another experimental series was
conducted, highly diluting the dispersion of SWCNTs in aque-
ous surfactant (experimental details see Table S2). This way, it
was possible to expose the nanotube to a vast excess of diazo-
nium salt up to a ratio of 64:1 (n(diazonium) : n(carbon)). In
contrast, the first series was limited to a ratio of 4:1. Figure 9a
depicts the Raman spectroscopic data of the excess diazonium
experiment. The [y/l; ratios at both probed laser excitation
wavelengths (532 and 633 nm) are more or less constant for all
present samples except for the samples with the highest di-
azonium salt excess. In the latter two samples (32:1 and 64:1),
the I/l values are significantly increased, indicating a lower (1)
degree of functionalization, considering being on the high-
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Figure 9. Raman, TGA and GC-MS data of the excess diazonium samples.

a) Ip/l; ratios obtained by SRS with 532 and 633 nm laser excitation wave-
length. b) Specific GC areas (GCa) of m/z 77 (blue) and 204 (red), representa-
tive of iodobenzene. Degree of functionalization (DoF) as calculated from
TGA data by Equation (1) and (2) depicted in black. GCa normalized per mg
sample. GC area of sample 1:2 not recorded due to machine failure.
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concentration side of the hyperbolic Cangado curve (compare
Figure 7a)."" For sample 16:1, a slight increase can be ob-
served as well.

To corroborate the Raman data, TG-GC-MS experiments
were performed and summarized in Figure 9b, depicting the
specific GC area of the most prominent iodobenzene masses
(m/z 77 and 204) alongside the calculated DoF [see Eqg. (1) and
(2)]. No clear trend is observable considering the diazonium
concentration and the corresponding DoF. Rather, the calculat-
ed amount of grafted aryl addends seems to intensely fluctu-
ate, which was not the case for the first experimental series
(compare Figure 6). This is most likely due to an insufficient
precision of the TGA balance in relation to the small amounts
of samples. In the present experiment, highly diluted SWCNT
samples had to be utilized in order to allow for the required
high diazonium-to-carbon ratios, often yielding less than 1 mg
of functionalized nanotube sample. While this amount is too
small for most conventional TGA machines, it is sufficient for
MS and Raman experiments. Therefore, the specific GC areas
elucidate the matter, providing more stable and reliable infor-
mation about the samples. Both probed GCa values are pre-
dominantly constant for samples 1:1, 2:1, 4:1, and 8:1, corrobo-
rating the previous Raman results and indicating a stable
degree of functionalization. Merely the m/z 77 area is slightly
increased for sample 1:1, which can be anticipated a statistical
outlier. On the other hand, the three samples with the highest
diazonium excess reveal a drop (distinct for 64:1 and 32:1, less
pronounced for 16:1) of the GCa, indicating a lower amount of
covalent 4-iodophenyl moieties. The TGA spectra of those
high-excess samples (see Figure S3) reveal an additional mass
loss step at 630 °C, which is not observable for SWCNT samples
treated with lower amounts of diazonium salt. The origin of
this mass loss is unclear, but it is definitely too high to derive
from covalent aryl moieties. Much more likely, it seems to be
caused by side reactions like polymerization of the diazonium
reactant or a damaging of the nanotubes’ lattice.!'”!

Summarizing, the experiment with high diazonium excess
has illustrated the restrictions of the examined reaction be-
tween neutral SWCNTs and diazonium salts. Raman spectrosco-
py and TG-GC-MS analysis have uniformly displayed that the
degree of functionalization (DoF) cannot be increased indefi-
nitely by addition of unconfined amounts of diazonium reac-
tant. Rather, saturation is reached at DoFs of around 1%, and
addition of tremendous amounts of the highly reactive diazo-
nium compound results in a descent of aryl moieties accompa-
nied by undesired side reactions.

Conclusions

We have thoroughly investigated the reaction between nano-
tubes and diazonium salts by the basis of a model system con-
sisting of 4-iodobenzenediazonium tetrafluoroborate and
HiPco SWCNTs. We found that the 4-iodophenyl groups cova-
lently bonded to the SWCNTs as main product get cleaved off
the SWCNTs in the main mass loss region between 150°C and
400 °C. Negligible amounts of benzene could be detected via
TG-GC-MS, indicating partial removal of the iodine. For the first
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time we were able to prove and quantify physisorbed iodo-
benzene species in the functionalized samples, which detaches
from the nanotubes around its boiling point of 188°C, along-
side the covalently bonded aryl group. In contrast, covalent C—
C-bonds of the aryl-SWCNT junctions are broken at 286 °C. Ap-
plying varying concentrations of diazonium salt onto a con-
stant amount of SWCNTs revealed a logarithmic correlation be-
tween the degree of functionalization (DoF) and diazonium
concentration as corroborated by TGA mass loss and GC-MS
area analysis. This allows for a precise adjustment of the
degree of functionalization in future works after brief calibra-
tion. The maximum possible DoF utilizing this reaction is
around 1%. Tremendously increasing the diazonium reactant
concentration (n(diazonium):n(carbon) > 8:1) results in an op-
posed effect, decreasing the amount of 4-iodophenyl moieties
on the SWCNT sidewall and promoting side reactions. More-
over, when Raman spectroscopy was conducted, a hyperbolic
“Cancado-like” behavior for Ip/l ratios was observed, with max-
imum Ip/l; values at a degree of functionalization of 0.9%, de-
creasing at higher DoFs. This establishes Raman spectroscopy
as a decent semi-quantitative method for low grafting ratios
(e.g., <0.9%), but futile if used exclusively and precise quan-
tification is necessary.

Experimental Section
Used materials

HiPco SWCNTs (diameter 0.8-1.2 nm, length 100-1000 nm) were
purchased by Unidym (batch #P2772). All other chemicals were
purchased by Sigma-Aldrich and used without further treatment if
not stated otherwise.

Synthesis of 4-iodobenzenediazonium tetrafluoroborate

Modified from a known procedure.?” 63 mmol of 4-iodoaniline
was dispersed in 250 mL of water. Then, 25 mL HBF, solution
(47 %) was added forming a neat purple solution. The solution was
cooled with an ice bath and 116 mmol of saturated NaNO, solution
was added dropwise via dropping funnel, not exceeding 5°C. After
complete addition, the formed yellowish precipitate was collected,
filtered, and washed with 50 mL of ice-cold water and 50 mL dieth-
yl ether. After finally drying in vacuo for 24 h, the diazonium salt
was yielded (78 %).

Synthesis of (4-iodophenyl)-SWCNT

Reaction equation in Scheme 1. 6.0 mg (0.50 mmol) of HiPco
SWCNTs was dispersed in 6.0 mL of 1% SDBS-solution by sonicat-
ing for 30 min. The black dispersion was then cooled to room tem-
perature and 4-iodobenzenediazonium tetrafluoroborate added at
once. Initial applied concentration of the diazonium salt was
0.333 molL™" (636 mg). For the series, the diazonium concentration
was diluted by factor 2 until reaching 1.3 mmolL™" (2.5 mg), corre-
sponding to molar ratios between 4:1 and 1:64 (n(diazonium) :
n(carbon)). The dispersion was stirred for 24 h and subsequently fil-
tered through a 0.25 pm cellulose membrane and washed with
100 mL of water and acetone each. The black solid was scraped off
the buckypaper and dried in vacuo for 24 h. Details see Table S1.

For the excess diazonium samples, a similar reaction procedure
was applied, utilizing 3.0 mg (0.25 mmol) of SWCNTs dispersed in
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500 mL of SDBS solution instead. This allowed for addition of
higher amounts of diazonium salt, ranging from 39.7 mg to 5.1 g,
corresponding to molar ratios of 1:2-64:1 (n(diazonium):n(carbon)).
Details see Table S2.

Synthesis of reference samples

The same procedure as for (4-iodophenyl)-SWCNT was applied
(sonication, stirring, filtering and washing), adding to the reactive
diazonium compound iodobenzene, biphenyl, 4,4-diiodobiphenyl,
or no reactant at all for the non-functionalized sample. Details see
Table S1.

Raman spectroscopy

Measurements were performed on a LabRam Aramis machine.
Maps of 100x 100 um were recorded with a step size of 2 um,
giving a total of 2601 single-point spectra with acquisition times of
0.1s. Utilized laser excitation wavelengths were 532 nm, 633 nm
and 785 nm, laser power was <1 W to avoid defunctionalization.

TGA measurements

TG-MS (online) was performed on a Netzsch Skimmer STA 409 CD.
TG-GC-MS for performed on a Pyris 1 TGA from PerkinElmer cou-
pled with a Clarus 680 gas chromatograph with Elite-5MS column
and an SQ 8 quadrupole mass spectrometer. Samples were heated
with a constant rate of 20 Kmin~' from room temperature to
700°C.
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