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Triphenylphosphine Oxide: A Versatile Covalent Functionality for

Carbon Nanotubes

Yanlin Pan, Dominika Baster, Daniel Kdch, Jan Reger, Lionel Wettstein, Frank Krumeich,

Mario El Kazzi, and Maté J. Bezdek*

Dedicated to Prof. Dr. Hansjorg Griitzmacher on the occasion of his 65" birthday.

Abstract: Broadening the scope of functionalities that
can be covalently bound to single-walled carbon nano-
tubes (SWCNTs) is crucial for enhancing the versatility
of this promising nanomaterial class in applied settings.
Here we report the covalent linkage of triphenylphos-
phine oxide [Ph;P(O)] to SWCNTs, a hitherto over-
looked surface functionality. We detail the synthesis and
structural characterization of a new family of phosphine
oxide-functionalized diaryliodonium salts that can facili-
tate direct Ph;P(O) transfer and afford novel SWCNTs
with tunable Ph;P(O) content (SWCNT-P). The molec-
ularly-distributed and robust nature of the covalent
Ph;P(O) attachment in SWCNT-P was supported by a
combination of characterization methods including
Raman, infrared, UV/Vis-NIR and X-ray photoelectron
spectroscopies coupled with thermogravimetric analysis.
Electron microscopy further revealed the effectiveness
of the Ph;P(O) moiety for de-bundling SWCNTS to yield
SWCNT-P with superior dispersibility and processabil-
ity. Finally, electrochemical studies established that
SWCNT-P is sensitive to the presence of Li*, Na* and
K™ wherein the Gutmann-Beckett Lewis acidity param-
eters of the ions were quantitatively transduced by
Ph;P(O) to electrochemical responses. This work hence
presents a synthetic, structural, spectroscopic and elec-
trochemical foundation for a new phosphorus-enriched
responsive nanomaterial platform featuring the Ph;P(O)
functionality.
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Introduction

Owing to their unique physical, mechanical and electronic
properties, single-walled carbon nanotubes (SWCNTSs) are
emerging as next-generation building blocks for sensors,!"
energy storage systems,” biomedical devices,”! heteroge-
neous catalysts,'* and advanced electronic materials.” Given
the variety of settings in which SWCNTs find utility, the
ability to tailor their physical and chemical properties to the
desired application is critical. Accordingly, methods for the
atomically precise introduction of functionalities to predict-
ably tune SWCNT surface chemistry, processability, and
electronic transport characteristics continue to attract sig-
nificant research interest.”

As a complementary approach to the non-covalent
functionalization® and the mechanical interlocking of
SWCNTSs,"! direct covalent modification® offers expedient
access to functional carbon nanotubes exhibiting long-term
stability. As shown in Scheme 1A (top), SWCNTs can be
covalently functionalized using approaches that include
halogenation,” alkylation/arylation,"” radical coupling,'!
cycloaddition,'” or nitrene addition reactions.” However,
given the difficulty of bond formation at the extended
n-sidewalls of SWCNTs and their poor processability,!'!
such protocols require reaction conditions that limit the
scope of functional groups that can be installed and hence
constrain subsequent applications. This drawback can be
partly overcome by utilizing a surface “linker”™ group to
immobilize functionalities through stepwise reactions (Sche-
me 1A, bottom). However, the heterogeneous nature of
SWCNTs often renders such multi-step methods cumber-
some. Further, the use of linker groups often interrupts
electronic communication between the surface functionality
and the SWCNTs that hampers the utility of the resulting
nanomaterial in applications that rely on their electronic
coupling."® Consequently, atomically precise methods are
needed that can directly introduce new functionalities in the
immediate vicinity of the SWCNT surface to unlock their
full potential in electronic materials applications.

In this work, we pursue a strategy to covalently install
the triphenylphosphine oxide functionality [Ph;P(O)] on
SWCNTs to access a new class of phosphorus-enriched
nanomaterials (SWCNT-P, Scheme 1B). We were drawn to
the Ph;P(O) moiety for several reasons. First, Ph;P(O) is a
potentially versatile yet essentially unexplored functionality
for SWCNT  surface chemistry with intriguing

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. (A) Selected approaches for the covalent functionalization of
single-walled carbon nanotubes (SWCNTs). (B) The strategy reported
in the present study. FG =functional group. M* =Li", Na* and K™.

optoelectronic!'” and physical™ properties. Moreover,
phosphine oxides are sufficiently robust to be incorporated
into direct SWCNT functionalization schemes. Importantly,
the steric profile of a surface Ph;P(O) group is expected to
disrupt inter-SWCNT interactions, thereby leading to im-
proved dispersibility properties for the functionalized nano-
material that is crucial for materials processing in applied
settings."”! Finally, given the ability of phosphine oxides to
interact with ions,™ we reasoned that covalently immobiliz-
ing Ph;P(O) in the proximity of the SWCNT sidewall would
give rise to ion-responsive properties that could be lever-
aged in functional materials applications.

Herein we realize these goals and demonstrate that
triphenylphosphine oxide is a versatile surface functionality
for SWCNTs. To this end, we detail the synthesis and
structural characterization of a new family of phosphine
oxide-functionalized diaryliodonium salts that can undergo
Ph;P(O)-transfer upon single-electron reduction and furnish
novel, covalently modified SWCNTSs with tunable Ph;P(O)
content. We characterize SWCNT-P by a suite of spectro-
scopic methods, electron microscopy as well as thermogravi-
metric analysis to examine the influence of the Ph;P(O)
functionality on the electronic and physical properties of this
new phosphorus-enriched nanomaterial. Finally, we show
that SWCNT-P exhibits an electrochemical response that
can be correlated with the Lewis acidity of ions in its
proximity, establishing Ph;P(O) as an effective probe for
transducing chemical information into an electronic signal.

Angew. Chem. Int. Ed. 2024, 202412084 (2 of 9)
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Results and Discussion

Synthesis and Characterization of Phosphine Oxide-
Functionalized lodonium Reagents

Our studies commenced with the synthesis of a reagent
suitable for transferring the Ph;P(O) functionality to
SWCNTs. In this pursuit, we were inspired by previous
reports on the use of diaryliodonium salts ([Ar,I]") as
conveniently-handled sources of reactive aryl radicals
(Are).”! Upon single-electron reduction, [Ar,I]* reagents
undergo homolytic C—I bond cleavage and the concom-
itantly generated Are can form covalent bonds with carbon
nanomaterials. Accordingly, we targeted the synthesis of
diaryliodonium species bearing phosphine oxide function-
alities using the two parallel strategies shown in Scheme 2.
Specifically, we aimed to synthesize both “unsymmetrical”
and “symmetrical” diaryliodonium salts that are expected to
have different efficiencies of phosphine oxide-functionalized
aryl radical generation upon reduction. Hence, such reagents
can potentially offer fine control over the degree of Ph;P(O)
incorporation in SWCNTs.

Shown in Scheme 2 (top), stepwise treatment of (4-
iodophenyl)diphenylphosphine oxide [(C¢H,I)(Ph),P(O)]
with triflic acid, followed by the addition of m-CPBA and
1,3,5-triisopropylbenzene [(i-Pr);C¢H;] afforded the iodo-
nium salt 1 in 74 % yield after heating at 50°C for 16 h. For
the synthesis of the symmetrical variant, oxidation to iodine-
(ITI) was accomplished with m-CPBA in the presence of
BF;-OEt, while subsequent C-I bond formation was
achieved upon addition of borylated triphenylphosphine
oxide and stirring at 50°C for 24 hours (Scheme 2, bottom).
The 'H and *'P{'H} NMR spectra of 1 and 2 exhibit the
number of peaks consistent with overall C, and C,,
molecular symmetries in solution, respectively. The elec-
tron-withdrawing nature of the Ph;P(O) moiety relative to
[(i-Pr);C¢H;5] was indicated by shifting of the arene C—H
resonances ortho to iodine from 8.03 ppm in 1, to 8.39 ppm
in the case of 2 (DMSO-d). In this regard, the isolation of 2
is especially noteworthy given that the synthesis of sym-

1. TFOH (4.0 equiv) @ - ][0T

CH,Cly, r.t., 30 min

2. m-CPBA (1.5 equiv), OQPQ/

(-Pr)3CeH3 (1.1 equiv) Ph,
CH,Cl,, 50 °C, 16 h

P
Ph; 1. m-CPBA (1.2 equiv),
BF3-OEt, (5.0 equiv) I@ “][BF4I”

CHClj, r.t., 90 min /©/
PinB o @
(12 equiv) O5p PPh,
/

2,
PPh, Phz o

(¢} 2
CH.Cl,
0°C—50°C,24h

Scheme 2. Syntheses of diaryliodonium salts 1 (top) and 2 (bottom).
Pin = pinacolato.
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metrical iodonium salts bearing electron-withdrawing sub-
stituents is considered challenging.””

The solid-state structures of iodonium salts 1 and 2 were
determined by single-crystal X-ray diffraction.”™ Shown in
Figure 1, the solid-state packing of both compounds is
governed by intermolecular halogen bonds (XBs),”* with
iodine and phosphine oxide serving as the XB donor™! and
acceptor,” respectively. The intermolecular 1--O contacts
for both 1 and 2 are significantly below the sum of the van
der Waals radii of the two atoms (d,.c =2.65-2.85 A Srgw=
3.5 A)? and, together with the observation of nearly
straight C—I--O angles (174.61-175.04°), serve as diagnostic
XB indicators. While iodine forms a single XB opposite to
the [(i-Pr);C¢H,] moiety in 1, the formation of two XBs are
observed in the vicinity of iodine in the case of 2. These
bonding preferences result in distinct solid-state packing
scenarios for the two compounds, wherein a ribbon-like 1D
chain is formed for 1 (Figure 1B), and 2 is assembled into a
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2D network (Figure 1D). These observations demonstrate
that the Ph;P(O) moieties are responsible for directing the
supramolecular architectures of the iodonium salts via
intermolecular XB formation.

A notable difference between the structural metrics of
the two iodonium salts is the observation of shorter I.-O
contacts for 2 compared to 1, a qualitative indicator of
relatively stronger XB strength.”®<! In addition, a C-~O
interaction (3.103(5) A) within Zr,gy (3.2 A) between the
aryl ipso-carbon adjacent to iodine and a phosphine oxide is
observed in the solid-state structure of 2 (C19—O1’, Fig-
ure 1C). These observations can be rationalized by the
enhanced iodine electrophilicity that results from the
presence of two, rather than one, electron-withdrawing®
triarylphosphine oxide functionalities in 2. Interestingly,
while the phosphine oxide functionality intramolecularly
gives rise to an iodine center with enhanced electrophilicity
in 2, its polarized P—O bonds™ are nucleophilic at oxygen

Figure 1. (A) Solid-state structure of 1. A triarylphosphine oxide moiety belonging to a crystallographically independent molecule of 1 in the unit
cell has been depicted to illustrate intermolecular halogen bonding (red dashed line). Selected bond lengths (A) and angles (deg): 11-C1 2.127(3),
11-C19 2.123(8), 11-02 2.814(3), P1-01 1.497(7), C19—-11-02 174.85(10). (B) Solid-state packing of 1. (C) Solid-state structure of 2. Two
triarylphosphine oxide moieties belonging to symmetry-generated molecules of 2 in adjacent unit cells have been depicted to illustrate
intermolecular halogen bonding (red dashed lines). Selected bond lengths (A) and angles (deg): 11-C1 2.104(4), 11-C19 2.107(4), 11-O1’ 2.652(4),
11-02’ 2.724(4), C19-O1’ 3.103(5), P1—O1 1.470(4), P2—02 1.490(4), C1—11—O1’ 174.61(13), C19—11—02’ 175.04(14). (D) Solid-state packing of 2.
All structures are represented with 50% probability ellipsoids. Hydrogen atoms and counterions have been omitted, while phenyl and isopropyl

substituents are represented without probability ellipsoids for clarity.
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and serve as effective XB acceptors, thus providing
intermolecular stabilization. To our knowledge, compounds
1 and 2 represent the first structurally characterized
examples of a phosphine oxide moiety participating in
halogen bonding with a diaryliodonium center® and under-
score the propensity of the Ar;P(O) functionality to interact
with, and stabilize cations.”” Leveraging this feature for
bulk material function is described in greater detail below.

Direct Covalent SWCNT Functionalization

With a pair of iodonium salts bearing phosphine oxides in
hand, their utility in covalent SWCNT functionalization was
examined. In a typical procedure, purified SWCNTs
(6,5 chirality enriched) were first dispersed in THF and
treated with sodium naphthalenide reductant (Na[C,,Hy]) to
achieve exfoliation and conversion to a reactive, polyanionic
state.® Todonium salts 1 or 2 were then added, and the
dispersion was stirred for 16 h at room temperature to
accomplish Ph;P(O) transfer via reduction and radical
fragmentation of the iodonium reagent (Scheme 3A). The
extent of covalent modification in SWCNT-P was assessed
by examining the area ratio of the D- and G-bands in the
Raman spectrum of the product film at ca. 1297 cm™ and
1589 cm™!, respectively. This ratio (Ap/Ag) is a convenient
handle for evaluating covalent surface functionalization in

1. Na[CgHs]
THF, r.t., 30 min
sonication

2. lodonium salt (1 or 2)
THF, r.t.,16 h

°\°1.8 RZ2 =0.08 [

0.0
00 03 06 09

1400

10:0.6:0.5%
m‘oe,t \C‘m

10:1:12
Pristine SWCNTs
SWCNT:Na[C 5Hg):lodonium 19g0

1200 oyen

Scheme 3. (A) Synthesis of Ph;P(O)-functionalized carbon nanotubes
(SWCNT-P). (B) Raman spectra of SWCNT-P synthesized using various
starting material ratios. “lodonium salt 1. ®lodonium salt 2. Inset:
Correlation between XPS phosphorus content (P atomic %) and the D-
band to G-band ratio (Ap/As) determined by Raman spectroscopy

(633 nm laser excitation) for SWCNT-P.
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graphitic nanomaterials, wherein the conversion of sp’
carbon atoms into sp® sites upon c-bond formation increases
the D-band intensity due to symmetry-breaking, defect-
induced Raman scattering.’” Indeed, the procedure outlined
in Scheme 3A prominently increased the Ap/Ag ratio that
signaled the successful covalent bond formation at the
carbon nanotube surface in SWCNT-P (Scheme 3B).

Shown in Scheme 3B, systematic variation of the relative
ratios of SWCNT, reductant and iodonium salt (1 or 2)
resulted in adjustable extent of nanotube sidewall function-
alization with Ap/Ag values between 0.297 and 0.839
(Ap/Ag for pristine SWCNTs=0.088). To confirm the sur-
face composition of the functionalized SWCNTs, X-ray
photoelectron spectroscopy (XPS) was performed on
SWCNT-P and showed peaks corresponding to C1s, O 1s
and P2p binding energies at 284.7, 530.5 and 132.1eV,
respectively (Figure $17).5% A linear correlation was found
between Ap/Ag and the surface phosphorus content (atom
%) in SWCNT-P that supports the presence of a phosphine
oxide functionality at each C(sp’) defect (Scheme 3B inset
and Table S1). This linear relationship between Ap/Ag and
surface P content provides an accessible handle for quantify-
ing C(sp®) defect density by Raman spectroscopy,! which
typically represents an analytical challenge for SWCNTs
with a high degree of surface functionalization. In addition,
the linear correlation argues against polyaryl growth at the
solution-SWCNT interface, a common side reaction hinder-
ing many covalent functionalization protocols that proceed
via reactive aryl radical intermediates."'*'¥) Importantly, an
approximately 1:1 ratio was found by XPS between the
surface oxygen and phosphorus content in SWCNT-P
irrespective of the overall degree of functionalization,
consistent with the presence of well-defined Ph;P(O)
moieties on the SWCNT surface (Table S5).

The results presented in Scheme 3B demonstrate that
while both iodonium salts 1 and 2 can be used to install
Ph;P(O) functionalities on SWCNTSs, the highest surface
phosphorus content was achieved with 2. The higher
SWCNT functionalization efficiency of 2 may be rational-
ized considering electronic factors. Previous studies have
shown that diaryliodonium salts bearing electron-withdraw-
ing aryl substituents can be reduced at milder potentials and
can generate reactive Are more readily compared to those
bearing electron-donating groups.”” Thus, relative Ar,I*
electrophilicity can be correlated with covalent functionali-
zation efficiency. Indeed, the solid-state structural analysis
presented above is consistent with iodonium 2 exhibiting
greater electrophilicity compared to 1. The stronger elec-
tron-withdrawing ability®’ of Ars;P(O) versus [(i-Pr);Ar]
likely translates to a positively shifted reduction potential*”!
for 2 relative to 1 and may hence contribute to its greater
efficiency of Ph;P(O)-transfer. Besides electronic consider-
ations, the presence of two Ar;P(O) functionalities per
molecule of 2 also results in an increased statistical like-
lihood of phosphine oxide-functionalized Are generation
compared to 1. The highest level of surface functionaliza-
tion achieved with 2 (1.78 %) corresponds approximately to
1 Ph;P(O) unit per 50 SWCNT carbon atoms, or 14 hexago-
nal “rings” in 6,5-SWCNTs (as drawn in Scheme 3A). The

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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successful and controlled synthesis of SWCNT-P motivated
further experiments to gain deeper insight into its solid-state
properties.

Shown in Figure 2, SWCNT-P was characterized by a
suite of spectroscopic methods. High-resolution XPS spectra
of SWCNT-P showed the presence of peaks assignable to
P2p,, and P 2p;, binding energies at 133.0 and 132.2 ¢V,
respectively, consistent with the presence of surface
phosphorus(V) species (Figure 2A)."! Further, infrared
(IR) spectroscopy allowed the identification of the P-O
vibrational frequency at 1197 cm™' for the phosphine oxide
moiety in the solid-state (Figure 2B).” The optical absorp-
tion of a SWCNT-P dispersion was evaluated by UV/Vis-
NIR spectroscopy and showed the characteristic features of
semiconducting carbon nanotubes with interband transitions
of van Hove singularities in the 800-1300 nm (S,;) and 500-
750 nm (S,,) regions as shown in Figure 2C.*"! Importantly,
the broadening and attenuation of absorption features in
SWCNT-P relative to pristine nanotubes is consistent with
the formation of surface C(sp’) sites that perturb n-
conjugation rather than functional group physisorption.!
The partial retention of features in the S;; and S,, regions
for SWCNT-P nevertheless indicates that the optoelectronic
properties of semiconducting SWCNTs can be preserved
following controlled covalent functionalization. !

To evaluate whether the Ph;P(O) functionalities are
uniformly distributed on the carbon nanotube surface, a
series of Raman spectra were collected for a larger sample
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area in SWCNT-P (50x60 um). The subsequent construction
of a 2D map showed a relatively small variation in Ap/Ag
values and hence a uniform distribution of C(sp’) sites
(Figure 2D). SWCNT-P was then imaged by scanning trans-
mission electron microscopy (STEM) and a map of key
elements was visualized by energy dispersive X-ray spectro-
scopy (EDXS). Displayed in Figure 2E, STEM-EDXS
showed spatial correlation between carbon, oxygen and
phosphorus content in SWCNT-P. Further, STEM-EDXS
data collected at multiple film locations showed no signifi-
cant variation of elemental composition (Figure S12). Taken
together, these data support the notion that covalently
bound Ph;P(O) functionalities are molecularly distributed in
the SWCNT-P film.

An anticipated advantage of the covalently installed
Ph;P(O) functionality was the disruption of intertube
interactions which otherwise hinder the dispersibility and
therefore the processability of pristine SWCNTs. High-
resolution transmission electron microscopy (HRTEM) was
hence employed to obtain images of SWCNT-P nanotube
bundles which showed an average intertube distance of
0.28+0.06 nm (N=10; Figures 3A and S14). This value is
larger than the intertube distance of pristine SWCNT
bundles determined by HRTEM (0.154+0.04 nm, N=10;
Figure S13) which suggests a de-bundling effect of the
surface Ph;P(O) functionality. These observations were
further supported by scanning electron microscopy (SEM),
which showed a reduced average bundle size for SWCNT-P
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Figure 2. (A) High-resolution P 2p XPS spectrum of SWCNT-P. (B) IR spectra of pristine SWCNTs (black, top), Ph;P(O) (blue, middle) and SWCNT-
P (petrol, bottom). (C) UV/Vis-NIR spectra of pristine SWCNT (black) and SWCNT-P (petrol). (D) Raman A,/A; map of a SWCNT-P film (633 nm
laser excitation). (E) STEM-EDXS images of SWCNT-P, false-colored for elemental mapping in white (carbon), blue (oxygen, sample contains

residual SiO,) and yellow (phosphorus), (U,..=80 kV).
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(highlighted with red lines). B) Photograph of dispersions of pristine SWCNTs and SWCNT-P in 0-DCB (20 mg/L). C) TGA curves of pristine

SWCNT (black) and SWCNT-P (petrol).

compared to pristine SWCNTs (Figure S11). This attribute
likely underpins the superior stability of SWCNT-P dis-
persions, which can be obtained in ortho-dichlorobenzene
(0-DCB) at a concentration of 20 mg/L upon mild sonication
(Figure 3B). In contrast to pristine SWCNTs that begin to
aggregate in o-DCB at comparable concentrations,
SWCNT-P dispersions are stable for several months without
added surfactants and present a clear advantage for nano-
material processing.

In addition to its stability as a dispersion, the thermal
stability of SWCNT-P films was also evaluated. For this
purpose, thermal gravimetric analysis (TGA) was performed
and revealed ca. 28.1% mass loss in SWCNT-P upon
heating to 700°C (Figure 3C, Table S3). This value is
significantly higher than 6.3% mass loss observed for
pristine SWCNTs in the same temperature range and is
consistent with the presence of surface functionalities in
SWCNT-P. Importantly, no Ph;P(O)-derived volatile de-
composition products were detectable below 400°C by
TGA/mass spectrometry, with mass loss below this temper-
ature assigned primarily to solvent evaporation and degass-
ing (Figures S6, S7)."*! This observation underscores the
enhanced thermal stability!” of Ph;P(O) compared to other
surface functionalities such as aryl groups and rules out the
presence of physiosorbed unreacted iodonium salts (Fig-
ure S9). Following TGA analysis of SWCNT-P (i.e. after
heating to 800°C then cooling to r.t.), its Raman spectrum
was restored to that observed for pristine SWCNTs,
indicating that the nanotube aspect ratios generally remain
unchanged during functionalization and do not fragment
(Figure S4). Overall, the TGA data are consistent with the
formation of thermally robust covalent linkages between the
Ph;P(O) functionalities and the SWCNT sidewall.

Electrochemical lon Response

The successful covalent attachment of the robust Ph;P(O)
functionality presented an opportunity to explore the
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application of SWCNT-P as an ion-responsive material. We
selected electrochemistry for this purpose due to its utility as
a simple and low-cost analytical method that is sensitive to
processes occurring on the surfaces of conductive
materials.*”) To this end, SWCNT-P was dispersed and
drop-cast onto a glassy carbon working electrode surface
(7.1 mm?) and its electrochemical behavior was examined by
cyclic voltammetry. Shown in Figure 4A, the cyclic voltam-
mogram (CV) of SWCNT-P exhibits a characteristic “dumb-
bell” shape with anodic and cathodic current inflections at
—0.08 V (E,) and —0.29 V (E.) vs Fc/Fc*, respectively. A
linear dependence of peak current on scan rate was
observed during the electrochemical charging of SWCNT-P,
evidencing surface-confined rather than solution-based elec-
trochemical events (Figure $24-S27).* Based on the re-
ported electrochemical behavior of carbon nanotubes,
SWCNT-P is assumed to be quantum capacitance-domi-
nated wherein the applied potential induces a Fermi level
shift in the nanomaterial and the measured currents are

A B
51 _u-59P
1 @ -a-E.
o L0.280
T
z — 30| o
£ o0 g 1-0.285 9
5 & 291 ®
= oy =
3 o +-0.290=
© .01 28 i
Pristine SWCNT \
- ——SWCNT-P 274 o—m -0.295
050 0.25 0.00 -0.25 -0.50 -0.75 (" Na® K

Potential [V] vs Fc/Fc* Lewis acidic cation
Figure 4. A) CVs of pristine SWCNTs (black) and SWCNT-P (petrol)
drop-cast on glassy carbon working electrode at 100 mVs™ (r.t, 0.1 M
[(n-Bu)4N][PFg] in MeCN). B) Correlation between E. of SWCNT-P in
the presence of cations (petrol) and the corresponding Gutmann-
Beckett Lewis acidity parameters of the ions (5*'P, black). Data for °'P
from ref. [20a].
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correlated with increases in the density of its fully occupied
or empty states.™” These states are either depleted or filled
with electrons upon the application of positive or negative
potential, respectively. The difference between E, and E.
can then be used to estimate the band gap of the carbon
nanomaterial.*! In contrast to the relatively narrow spacing
between the cathodic and anodic features for SWCNT-P
(|Eo—Ec|~021V), a wider potential window between
cathodic and anodic events was observed for pristine
SWCNTs (Figure S23). These observations suggest that
covalent attachment of the Ph;P(O) functionality likely gives
rise to midgap “defect” states in the SWCNT band structure,
yielding a smaller electrochemical band gap."”!

The distinct and clearly defined anodic and cathodic
onset potentials observed for SWCNT-P led us to inves-
tigate whether altering its chemical environment would
produce an electrochemical response detectable by changes
in its CV. Given the propensity of Ph;P(O) to interact with
cations,™ the CV of SWCNT-P was thus evaluated in the
presence of 0.1 M Li[PF;], Na[PF;] and K[PF,] supporting
electrolytes. The inflection of the SWCNT-P cathodic
potential (E.) showed a consistent trend across independent
electrochemical experiments for the alkali metal series
wherein Li* gave rise to the most positive value followed by
Na® and K* (Table S6). Strikingly, the observed E values
for SWCNT-P in the presence of Li*, Na* and K" were
found to correlate closely with the relative differences in
solution-phase Gutmann-Beckett Lewis acidities of the
alkali metal ions (Figure 4B).”* By stark contrast, control
experiments established no statistically distinguishable trend
in E. for pristine SWCNTs with the same ion series
(Figure S22A). These observations indicate that Ph;P(O)
groups and the SWCNTs are electronically coupled wherein
an ion binding event likely manifests in the measured E.
values.

The electrochemical ion response presented in Figure 4B
is remarkable considering that the electrode surface loading
density of Ph;P(O) in SWCNT-P is approximately 1 nano-
moles mm™> and shows that Ph;P(O) is capable of
quantitatively translating information about its chemical
environment into an electronic signal. It is important to note
that the response was achieved using an overall simple
system, without a redox-active, transition metal-based
signaling molecule on the SWCNT surface."! The use of a
conventional electrochemical setup in our experiments
further underscores the possibility of electronic signal trans-
duction using SWCNT-P which obviates the need for
cumbersome and expensive analytical instrumentation. The
exceptional combination of thermal stability, superior dis-
persibility and ion-interaction ability of SWCNT-P thus
serves as a key proof-of-concept and establishes phosphine
oxide-functionalized SWCNTSs as a promising new class of
responsive nanomaterials.

Conclusions

In summary, we demonstrated the direct covalent attach-
ment of triphenylphosphine oxide to SWCNTs. A new
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family of phosphine oxide-functionalized diaryliodonium
salts was synthesized, structurally characterized, and applied
as Ph;P(O)-transfer reagents to achieve the covalent mod-
ification of SWCNTs using a direct, single-step procedure.
The resulting SWCNT-P nanomaterial was characterized by
a wide array of spectroscopic methods, electron microscopy,
as well as thermogravimetric analysis which established the
unique influence of Ph;P(O) on the physical and electronic
properties of the SWCNTSs. Finally, electrochemical studies
showed that the electronic coupling between the Ph;P(O)
moiety and the carbon nanotubes can be leveraged to
translate Lewis acidity parameters of ions in its proximity
into an electrochemical response. Besides application as ion-
responsive probes,*! we envision that the phosphorus-rich
SWCNTs reported herein may serve as a general platform
for next-generation electronic materials, supported
(electro)catalysts,*”! element recycling schemes,” optical
sensors,™ spintronics,'! and energy storage media.”® Addi-
tionally, functionalized diaryliodonium salts may be applied
in synthesis as convenient phosphine oxide transfer
reagents.”” Given these prospects, our investigations open
new parameter space for exploration in the realms of
functional molecules and materials using the commonly
overlooked yet versatile Ph;P(O) functionality.
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New Functionality for Superior Processability Electrochemical
lodonium Salts and SWCNT and Thermal Robustness lon Response

Covalently linking molecules to the
surfaces of single-walled carbon nano-
tubes (SWCNTs) is challenging yet cru-
cial for the versatile function of
SWCNTs. We show that the direct cova-
lent SWCNT functionalization with tri-

phenylphosphine oxide yields a new
phosphorus-enriched carbon nanomate-
rial platform exhibiting superior dispersi-
bility, thermal stability and electrochem-
ical ion response.
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