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1. Introduction

Rare-earth metal-mediated group-transfer polymerization (REM-GTP) offers

distinctive features over common polymerization techniques, such as living
character, a broad scope of functional monomers, high activity, excellent
control of the polymeric parameters as well as inherent chain-end
functionalization. Through the latter, polymers with reactive end-groups
become feasible, opening the pathway for further post-polymerization
functionalization. In this study, a straightforward graft-to immobilization of
the Michael-type polymer poly(diethyl vinylphosphonate) (PDEVP) on
multi-walled carbon nanotubes (MWCNT) is reported. Hence, a customized
azide initiator is synthesized and studied in the C—H bond activation with
various lanthanide-based catalysts and the subsequent polymerization of
diethyl vinylphosphonate (DEVP). The successful attachment of the azide
end-group is demonstrated via electrospray ionization mass spectrometry
(ESI-MS) and the synthesized polymers are subjected to immobilization on
multi-walled carbon nanotubes in a graft-to approach. The prepared
MWCNT:PDEVP composites are analyzed via thermogravimetric analysis
(TGA), elemental analysis (EA), Raman spectroscopy, X-Ray photoelectron
spectroscopy (XPS), and transmission electron microscopy (TEM) and the
versatility of this approach is shown via the stabilization of MWCNT

dispersions in water.
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Poly(diethyl vinylphosphonate) (PDEVP) is
an interesting candidate for functional-
ization of carbon nanotubes, as it is a
water-soluble polymer with a tunable lower
critical solution temperature (LCST) [
and can act as a versatile platform as
there are different structural derivatives
of the vinylphosphonates reported, which
are highly interesting for MWCNT func-
tionalization. An allyl-containing PDEVP
derivate has been introduced recently, al-
lowing for sidechain modification of the
polymers,[?l as well as an organic radical
polymer obtained via attachment of 2,2,4,4-
tetramethylpiperidinyloxyl (TEMPO)-units
to the vinylphosphonate backbone.! Espe-
cially the latter would be highly interest-
ing for the proposed functionalization, as
it could offer a covalent attachment of a
redox-active polymer to an highly electri-
cal conductive carbon support, thus over-
coming organic radical batteries main is-
sues of low active mass and dissolution in
the batteries electrolyte.[¥! While generally
non-covalent or covalent functionalization
of carbon nanotubes can be applied, the latter offers the advan-
tage of avoiding the use of an additional surfactant which might
negatively influence material properties and does not rely on
necessary non-covalent polymer-CNT interactions, ultimately
allowing high versatility of the polymer used. Furthermore,
covalently functionalized carbon nanotubes could be dispersed
in a broad variety of solvents due to the solubility of PDEVP.[%]
In order to attach the polymers covalently to the MWCNTS, a
defined end-group with specific reactivity is necessary. In the
context of carbon nanotube functionalization, azide-based func-
tionalizations for graft-from and graft-to approaches have been
investigated thoroughly, as azide moieties can be used either
for azide-alkyne click chemistry functionalizations or link to the
carbon nanotubes via [2+1] cycloaddition of an in situ formed
nitrene.[*11] Using these two methods, various different poly-
mers like poly(N-isopropylacrylamide),/'?! polycaprolactone,!3]
poly(methyl methacrylate) (copolymers) ['**] or polystyrene
1315] have successfully been anchored to carbon nanotubes, for
further functionalization examples a variety of comprehensive
reviews exists in literature.[1®1¢] As a versatile functionalization
technique for modifying group-transfer polymerization-based
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polymers, C—H bond activation of substituted a-methylpyridines
has been utilized in literature, successfully introducing a va-
riety of different moieties, including alcohols,['7!8] amines
and thiols,"® bipyridines,['?! di- and tripyridine initiators,[2%2!]
or double-bonds 2 as end-groups. In this approach, an
azide-substituted a-methylpyridine is introduced to rare-
earth metal-based pre-catalysts like Cp,Ln(CH,TMS)(thf) or
[(ONOO)*BULn(CH,TMS)(thf)] (Ln =Y, Lu) by means of C-H
bond activation. These azide-pyridines then act as initiating
groups during polymerization initiation and are covalently
linked to the polymer chain end via [2+1] cycloaddition of an in
situ formed nitrene by nitrogen elimination, acting as functional
anchoring groups.[6-%18-20.22-24] While this method so far has pri-
marily been used to attach functional moieties like biologically
relevant molecules [1#22] or catalysts 1] to solvated polymers in
a post-polymerization reaction, it could also be utilized to attach
end-groups capable of binding to surface for graft-to approaches.
PDEVP has successfully been used in a graft-from approach,
but so far to the authors knowledge no graft-to methods are
known.!””] Within this manuscript, such a functionalization
is introduced in order to covalently couple PDEVP as highly
functional REM-GTP-based polymer to multi-walled carbon
nanotubes as a proof of principle study.

2. Results and Discussion

2.1. Catalyst Activation and DEVP Polymerization

To be able to introduce the desired azide-moiety to the polymers,
a direct approach by C-H bond activation of a functionalized a-
methylpyridine is chosen. Starting from 2,6-dimethylpyridine, a
chloride is introduced in para-position via a literature-known sub-
stitution reaction.[??] The obtained 4-chloro-2,6-dimethylpyridine
is reacted with hydrazine-hydrate to the corresponding 4-
hydrazineyl-2,6-dimethylpyridine. Without prior isolation, the
target molecule 4-azido-2,6-dimethylpyridine (PyN,) is obtained
from a diazotisation with sodium nitrite and 5% hydrochloric
acid with a total yield of 20 % after purification by column
chromatography.[?] Formation of the target compound has been
confirmed using elemental analysis, gas-chromatography-(GC-
MS), 'H-nuclear magnetic resonance (\H-NMR), and Fourier-
transformed infrared spectroscopy (FT-IR) (see Figures S1 and
S2, Supporting Information). To dry the pyridine azide for the
subsequent C—H bond activation, it is filtered over activated alu-
minum oxide and a stock solution in dry benzene-d; is prepared
(see ESI).

To generate the active polymerization catalyst, an in situ C-H
bond activation protocol from literature is used, in which 1.0
equivalents of the functionalized pyridine are reacted with 1.0
equivalents of Cp,Y(CH,TMS)(thf) at room temperature.!'®?2]
To assess the reactivity, a C-H bond activation kinetic is mea-
sured using 'H-nuclear magnetic resonance spectroscopy at de-
fined time intervals. Surprisingly, the reaction of PyN, with
Cp,Y(CH,TMS)(thf) led to immediate catalyst decomposition as
indicated by 'H-NMR and precipitation of a black solid within
seconds. This behavior is attributed to the overall higher reac-
tivity of the azide-pyridine. As the yttrium bis(phenolate) cata-
lyst usually shows a lower reactivity toward C-H bond activa-
tion and requires higher activation temperatures of 60 °C,[23! in
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the next step the activation of [[ONOO)'"Y(CH, TMS)(thf)] with
PyN; is tested. Similar to Cp,Y(CH,TMS)(thf), upon mixing of
the two compounds, the solution immediately turned black, and
precipitate formed, indicating catalyst decomposition. This was
confirmed using '"H-NMR spectroscopy. As the last approach,
lutetium-based pre-catalysts were tested, as lutetium is known
to be less reactive toward C-H bond activation compared to
yttrium.[?*) The reaction of Cp,Lu(CH,TMS)(thf) with PyN, un-
der the same conditions led to the formation of a dark-green so-
lution without precipitation upon mixing of the two reactants
overnight at room temperature, indicating successful C-H bond
activation. A kinetic investigation of the activation using 'H-
NMR showed complete consumption of PyN; within 4 h and for-
mation of tetramethyl silane, revealing the formation of the de-
sired polymerization catalyst (see ESI, Figure S3, Supporting In-
formation). As indicated by the formation of multiple small 'H-
NMR signals in the range of the cyclopentadienyl ligand, some
minor side products are formed during the C—H bond activation.
These side products were separated by filtration of the catalyst
mixture over a syringe filter. To ensure full activation PyN; and
the lutetium pre-catalyst are reacted for 18 h at room tempera-
ture prior to polymerization. Unfortunately, all efforts to isolate
the obtained catalyst Cp,Lu(PyN;)(thf) to confirm its structure
failed as they led to catalyst decomposition. To date, the in situ
activation of the azidepyridine remains the only way of obtaining
the desired catalyst.

Nevertheless, the in situ generated catalyst is used for the
polymerization of diethyl vinylphosphonate (DEVP). The results
from the polymerization experiments can be found in Table 1.

The polymerizations of DEVP with Cp,Lu(PyNs)(thf) at vari-
ous monomer:catalyst ratios of 25:1, 50:1, 100:1, and 200:1 have
been performed in toluene at room temperature. All polymers are
characterized regarding their conversion using aliquot->P-NMR,
molecular structure using 'H/*'P-NMR (Figures S4 and S5,
Supporting Information) and molecular weight and polydisper-
sity using size-exclusion chromatography multi-angle light scat-
tering (SEC-MALS) (Figures S6 and S11, Supporting Informa-
tion). The catalyst is capable of fully polymerizing the available
monomer within 2 h for all monomer:catalyst ratios as indicated
by *'P-NMR. All polymers exhibit narrow polydispersity below
1.24, highlighting the controlled polymerization of DEVP by the
in situ generated catalyst. Surprisingly, the absolute molecular
weights of the polymers M, ,; are considerably higher than the
calculated molecular weights at full initiator efficiency M, ,..,, re-
vealing overall low initiator efficiencies of 8.6-14.5%. These ini-
tiator efficiencies are about half of the reported literature values
for the structural similar lutetium catalyst Cp,Lu(sym-col)(thf)
without azide functionalities of 21 %.12* These low initiator effi-
ciencies led to the formation of high molecular weight polymers
with M, . > 35 kg mol™ even at low catalyst:monomer ratios of
25:1. Verification of whether the end-group is attached to the poly-
mer is usually done by 'H-NMR or diffusion ordered (DOSY)-
NMR spectroscopy.l'”] However for the herein prepared poly-
mers this approach is not feasible due to the high molecular
weight of the polymers and the overall low number of detectable
protons of the PyN, end-group. Additionally, the intactness of the
azide moiety cannot be ensured by means of NMR spectroscopy.
Therefore, oligomers of PDEVP initiated by Cp,Lu(PyN;)(thf)
are prepared by reacting 1.0 equivalents of the catalyst with 5.0
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Table 1. Results from DEVP polymerization with in situ generated Cp,Lu(PyN3).

N /o<> N —
%Lu\ 1eq. PyNs (L;—N\ 2—N3
) rt, 18 h, toluene %’

“ SiMes

rt, 3 h, toluene

in-situ N; A

_R.
/\\
O OO

(

Entry [DEVPE[Lu] “[-]:[-] M, theo ®[kg mol™"] M, aps <[kg mol™"] D[ L.E. 4 [%]
1 25:1 4.3 36.7 1.17 11.7
2 50:1 8.4 86.7 1.24 9.7
3 50:1 8.4 58.0 1.19 14.5
4 100:1 16.6 185 1.18 9.0
5 100:1 16.6 192 1.24 8.6
6 200:1 33.0 293 1.14 11.3
® catalyst-monomer ratio as weighed, 13.5 umol catalyst in 5 mL toluene, RT, 2 h.  theoretical molecular weight via M, heo = Mpgyp X Xpeyp X ([DEVP]/[Lu]). “absolute
molecular weight M, ... and polydispersity determined via SEC-MALS (40 °C, THF:H,0 = 1:1 with 9 g L™' tetra-n-butyl ammonium bromide and 272 mg L' 2,6-di-tert-

butyl-4-methylphenol) using dn/dc = 0.0922 mL g~' for PDEVP.

equivalents of monomer and the oligomers are subjected to ESI-
MS measurements directly from the reaction mixture (see ESI,
Figure S12, Supporting Information). In the electron-spray ion-
ization mass-spectrometry (ESI-MS), two series can be detected,
corresponding to PDEVP oligomers initiated by PyN, with an in-
tact azide moiety and one series of PDEVP oligomers with the
pyridine lacking the azide moiety, presumably due to decompo-
sition in the ESI-MS. While no quantitative functionalization of
the polymers with the azide can be verified, still attachment of
the azide via C-H bond activation functionalization is generally
possible. The prepared polymers from Table 1 are used for fur-
ther reactions with the multi-walled carbon nanotubes to assess
the proposed functionalization pathway.

2.2. Polymer-Carbon Nanotube Coupling and Characterization

To covalently link the prepared polymers to the multi-walled car-
bon nanotubes, a [2+1] cycloaddition between the z-electrons of
the carbon nanotubes and an in situ formed nitrene by ther-
mally induced nitrogen extrusion of the polymers azide moi-
ety is performed (see ESI).I! Different weight-percent ratios of
MWCNT:PDEVP of 1:1, 1:2, and 1:5 of PDEVP with a molecular
weight of 192 kg mol~! (PDEVP,,, Table 1, entry 5) are tested as
well as additional 1:5 ratios with different polymer chain lengths
of 58.0 kg mol~! (PDEVPs,, Table 1, entry 3) and 293 kg mol~!
(PDEVP,,, Table 1, entry 6). To assess the loading of the nan-
otubes with the polymer, elemental analysis of the C, H, N,
and P content of all prepared compounds is measured, and the
loading is calculated based on the phosphorus percentage found
(Table 2).

As an additional method of quantification, the prepared com-
posites are subject to thermogravimetric analysis under an argon
atmosphere, the corresponding graphs are shown in Figure 1.

Pure MWCNTSs do not show any decomposition up to 850 °C
under argon, while pure PDEVP starts to decompose by loss of

Macromol. Mater. Eng. 2023, 308, 2200635 2200635 (3 of 7)

initiator efficiency as, i.e., = M, ypeo/M

x 100%.

n,abs

its ethyl side chains at 260 °C as indicated by a weight loss of
38 wt.%. Starting at about 450 °C, a second decomposition on-
set can be detected, attributed to thermal fragmentation of the
backbone, followed by a less defined decomposition step at about
800°C, leaving a carbon residue of 18%.!%’] Using the first decom-
position step of 38 wt.% for pure PDEVP, the relative content of
PDEVP on the MWCNTs can be calculated by determining the
weight percent difference before and after the first decomposi-
tion step and dividing it by 38 wt.%. The loadings determined
from elemental analysis and from TGA are compared to each
other, the corresponding results are listed in Table 3.

Comparison of the loadings determined from EA and TGA
shows quite good agreement with deviations of only about
5 wt.%, which are attributed to measurement uncertainties. Over-
all, the compounds with the lowest initial MWCNT:PDEVP ratio
of PDEVP, , also show the lowest loading of ~10 wt.% of polymer
content. The two experiments with higher MWCNT:PDEVP ratio
(1:2 and 1:5) of PDEVP, , achieve about the same degree of func-
tionalization with 21-22 wt.% of polymer. This might be due to
steric blocking/coverage of the MWCNT surface by the polymers,
impeding azide end-groups from reacting with the MWCNT sur-
face, thus making a higher degree of functionalization impos-
sible. When using shorter-chain PDEVPs in a 1:5 ratio, about
the same wt.% of polymer can be detected, corresponding to a
higher surface density of functionalized polymer on the carbon
nanotubes. This might be due to an overall much shorter chain
length of PDEVP;, compared to PDEVP,,, and therefore less
sterical hinderance during the graft-to functionalization. For the
longest PDEVP,,, 42 wt.% of polymer loading were determined
due to the overall higher molecular weight of the polymer with
a similar degree of functionalization as for the MWCNT:PDEVP
1:2 and 1:5 loadings.

Additionally, the functionalization of the carbon nanotubes is
investigated using Raman spectroscopy, XPS, and TEM. To access
whether MWCNTs have successfully been functionalized, Ra-
man spectra of pure MWCNTs and of MWCNT:PDEVP,, = 1:2

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 2. Elemental analysis results of the MWCNT:PDEVP composites prepared.

Entry Compound MWCNT:PDEVP C H N P Loading”
[wt.%]:[wt.%] [%] [%] [%] [%] [wt.%]:[wt.%]
1 pure MWCNTs 1:0 Calculated? 100 0.00 0.00 0.00
Founde¢ 95.77 0.04 0.00 0.00
2 pure PDEVP 0:1 Calculated? 43.90 7.98 0.00 18.87
Founde 41.15 8.05 0.12 16.85
3 MWCNT:PDEVP; 4, 11 Calculated? 69.00 3.99 0.00 9.43 50:50
Founde¢ 87.65 1.23 0.20 2.58 85:15
4 MWCNT:PDEVP, 1:2 Calculated? 61.47 5.19 0.00 12.27 35:65
Founde¢ 80.70 1.90 0.20 4.84 76:24
5 MWCNT:PDEVP;o0 1:5 Calculated? 53.94 6.38 0.00 15.10 20:30
Founde 80.06 1.99 0.00 4.80 75:25
6 MWCNT:PDEVPs, 1:5 Calculated 53.94 6.38 0.00 15.10 20:80
Found 81.71 1.66 0.23 4.15 79:21
7 MWCNT:PDEVP,q, 1:5 Calculated 53.94 6.38 0.00 15.10 20:80
Found 70.81 3.40 0.15 7.33 57:43

*loading determined from the wt.% phosphorus found in elemental analysis. ~ expected elemental composition of C, H, N, and P based on the wt.%:wt.% ratios used in the
experiments. “determined C, H, N, P content from single determination elemental analysis.
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Figure 1. TGA measurements of PDEVP-MWCNT composite materials with varying polymer chain lengths at constant MWCNT:PDEVP ratio (left) and
with varying MWCNT:PDEVP functionalization ratios of the same polymer (right).

Table 3. Comparison of MWCNT:PDEVP loading determined via elemental
analysis and thermogravimetric analysis.

Entry Compound MWCNT:PDEVP Loading from EA Loading from TGA
[WE%L:wto6.] [t wt%)] [WE9]:[wt9%]

1 MWCNT:PDEVP, 11 85:15 90:10

2 MWCNT:PDEVP, 1:2 76:24 79:21

3 MWCNT:PDEVP, 1:5 75:25 78:22

4 MWCNT:PDEVP;, 1:5 79:21 78:22

5 MWCNT:PDEVP,, 1:5 57:43 58:42
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(Table 2, entry 4) in the range of 1000-1800 cm ™! are measured
(Figure S13, Supporting Information). In the Raman spectra,
the band at around 1326 cm™ can be assigned to the G band
of the sp?-bonded carbon atoms within the CNT surface lay-
ers, while the band between 1570-1610 cm™! can be assigned
to the D band of sp3-hybridized carbon atoms of defects of the
carbon nanotubes.'"1328] When comparing the D band of pris-
tine MWCNTs with the MWCNT:PDEVP,,, = 1:2 D band, a
slight shift of the band can be observed. While the pure MWC-
NTs exhibit a single D band with a slight shoulder at higher
Raman shifts, for the hybrid material the emergence of an ad-
ditional band can be observed. This is attributed to a covalent
functionalization of the MWCNTs with the polymer via [2+1]
cycloaddition, however, this has to be considered with care as
the overall amount of new defects due to covalent bonding is

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. A). TEM images of pristine MWCNTs before functionalization and B) after functionalization with PDEVP,q, (Table 2, entry 7).

very low compared to the overall surface of the MWCNTs.[13

XPS analysis of pristine carbon nanotubes, pure PDEVP, and
the MWCNT:PDEVP,, = 1:5 compound material reveals the for-
mation of a hybrid material (Figure S14, Supporting Informa-
tion), while the attachment point via the nitrogen itself could
not be found due to the small quantity of attachment units com-
pared to the overall mass of the MWCNTs and the polymer.
Quantification of the corresponding C 1s components gives an
MWCNT:PDEVP,, ratio of 40:60 ([at% C]:[at% C]) which is sub-
stantially lower compared to a ratio of 87:13 ([at% C]:[at% C]) as
observed by elemental analysis. The higher fraction of polymer
found in XPS evidences a structure of the composite material
in which the polymer covers the MWCNT surface leading to an
attenuation of the C 1s signal intensity of the MWCNT compo-
nents. In the TEM pictures, the pristine MWCNT (Figure 2A)
exhibits a typical homogeneous structure of multiwalled carbon
nanotubes featuring a smooth surface with a diameter of 20 nm,
for the MWCNT functionalized with PDEVP,, (Table 2, entry 7)
heterogeneous surface species can be observed (Figure 2B). The
higher absorption of the TEM electron beam can be induced by
higher adsorption of the phosphorous-containing PDEVP. In ad-
dition, TEM allows for a rough estimation of the surface species
size, resulting in a diameter of 2 nm and a length of 30 nm, which
is in good agreement with the hydrodynamic radius of PDEVP,,,
derived via SEC-MALS. Thus, the authors conclude that the
attached surface species is the grafted poly(diethyl vinylphos-
phonate). The overall high coverage of the MWCNT’s surface
with the polymer species is in good agreement with the pre-
viously observed limit for further polymer immobilization due
to steric blocking of the MWCNT surface by, e.g., wrapping.?’!

2.3. Suspension Experiments

In the final step, the functionalized carbon nanotubes are sus-
pended in water to assess the capability of the water-soluble
PDEVP to stabilize the nanotubes against coagulation. Suspen-
sions of 0.05 mg mL~! of the MWCNT:PDEVP compound mate-
rials in Millipore water are prepared and pictures are taken im-
mediately after suspension, 5 min, 3 h, and 24 h (Figure 3). The
composites from the 1:5 MWCNT:PDEVP loadings at different
chain lengths (A-C) and the composites from the 1:2 and the 1:1
loading with PDEVP,, (D, E) are compared to the pure MWC-

Macromol. Mater. Eng. 2023, 308, 2200635 2200635 (5 of 7)

Figure 3. A) MWCNT:PDEVP,y,, =

1:5 (Table 2,
MWCNT:PDEVP,, = 1:5 (Table 2, entry 5); C) MWCNT:PDEVPs,
1:5 (Table 2, entry 6); D) MWCNT:PDEVP,y, = 1:2 (Table 2, entry 4);
E) MWCNT:PDEVP;o, = 1:1 (Table 2, entry 3), | pure MWCNTs without
polymer functionalization; Il MWCNTs after functionalization with a
non-azide functionalized PDEVP as control experiment.

entry 7); B)

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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NTs in water (I) and a mixture of carbon nanotubes with non-
functionalized PDEVP (M, ;. = 121 kg mol™, D = 1.09) of 1:5
(II) using the same functionalization protocol. Each of the con-
trol experiments I and II show immediate coagulation of the car-
bon nanotubes, forming unstable suspensions. The compounds
from lower MWCNT:PDEVP ratios D and E show a lower sta-
bilizing effect, while the compounds from the 1:5 loadings A—
C show a good stabilization of the carbon nanotubes in water.
This behavior is attributed to an overall higher degree of func-
tionalization from the experiments where more polymer is used
for the surface modification. Additionally, we tried triggering the
LCST effect of the surface bound PDEVP by heating the samples
to 60 °C. Unfortunately, no defined precipitation of the polymer-
MWCNT composites could be observed. Overall, the attached
PDEVP chains are capable of stabilizing the carbon nanotubes
against coagulation, forming stable suspensions, yet the LCST
effect of PDEVP is not retained.

3. Conclusion

By means of group-transfer polymerization of DEVP with
an in situ generated C-H bond activation-based catalyst
from Cp,Lu(CH,TMS)(thf) and an azide-substituted pyridine,
poly(diethyl vinylphosphonate) was successfully functionalized
with an azide polymer end-group. By using a thermally induced
nitrene [2+1] cycloaddition, the PDEVPs prepared were cova-
lently linked to MWCNTS via the azide moiety in a graft-to ap-
proach. Different polymer chain lengths and polymer to car-
bon nanotubes have been tested in the functionalization and the
loaded compounds were characterized using elemental analysis,
thermogravimetric analysis, transmission electron microscopy,
raman spectroscopy, and X-ray photoelectron spectroscopy. The
polymer on the surface on the carbon nanotube is capable of sta-
bilizing suspensions of MWCNTs in water against coagulation.
The herein-presented pathway toward MWCNT functionaliza-
tion with GTP-based polymers could provide a synthetic tool to-
ward more advanced materials like organic radical polymers im-
mobilized on carbon nanotubes to overcome one of the limiting
components of organic radical batteries. Further, the azide func-
tionality itself is an immensely useful building block in organic
chemistry to further functionalize organic (macro)molecules via
copper-mediated click chemistry, thus opening a feasible path-
way for further research.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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