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ABSTRACT: Despite its comparatively low electron affinity, tris-
(pentafluorophenyl)borane (BCF) has been widely explored as an efficient
molecular p-dopant for semiconducting polymers through the formation of
Bronsted acidic complexes as well as its high affinity toward Lewis-basic
nitrogen moieties. Many conjugated polymers that are used for selective
wrapping and dispersion of semiconducting single-walled carbon nanotubes
(SWCNTs) such as poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(6,6"-(2,2'-
bipyridine))] (PFO-BPy) contain nitrogen moieties that should promote
interaction with BCF. Here, we demonstrate that BCF indeed efficiently p-
dopes even small-diameter (6,5) SWCNTs that are wrapped with large-
bandgap PFO-BPy as corroborated by bleaching of the main absorption
peaks and the appearance of red-shifted trion absorption and emission. In contrast, SWCNTs that are wrapped with poly(9,9-di-n-
octylfluorenyl-2,7-diyl) (PFO) without any Lewis-basic nitrogen moieties are only mildly doped. UV—Vis—NIR absorption, '°F
NMR, and ''B NMR spectra confirm that BCF dopes the bipyridine-containing PFO-BPy but not PFO, thus leading to a proposed
doping mechanism that relies on the unique interactions between BCF, the bipyridine moieties in PFO-BPy, and the nanotubes.
Since BCF doping of PFO-BPy-wrapped (6,5) SWCNTs is more efficient than doping with F,TCNQ and more stable than doping
with AuCl,, it provides a reliable alternative for spectroscopic studies of the interactions of charge carriers and excitons in SWCNTs.
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B INTRODUCTION The control of charge carrier density in semiconducting
polymers and SWCNT's through chemical doping is crucial for
a wide range of applications, most recently for thermoelectric
generators." ' Doping also changes their optical properties by
bleaching the ground state absorption and quenching photo-
luminescence accompanied by the appearance of charge
induced absorption and emission (i.e., polaron or trion)
bands."*~"® These spectral changes can give direct insights into
the interactions of charge carriers with electronic states or
other quasiparticles (e.g., excitons), which strongly depend on
the material. For the purpose of this study, we will only
consider p-doping.

A variety of molecular dopants and different doping
mechanisms have been studied for organic and polymeric
semiconductors.'® Molecular doping can be categorized as
charge transfer doping, Bronsted acid doping, or Lewis acid
doping. In the first case, the interaction of a molecular oxidant
with an organic semiconductor leads to either full electron
transfer—i.e., integer charge transfer (ICT) doping—or the

Single-walled carbon nanotubes (SWCNTs) are quasi-one-
dimensional carbon allotropes that can be conceptualized as
seamlessly rolled-up sheets of graphene. Their structure is
defined by two chiral indices (n,m), which directly determine
their diameter as well as their electronic (metallic versus
semiconducting)’ and optical properties (absorption and
emission wavelengths).” Since nanotube growth produces a
mixture of different SWCNT species with different diameters,
various methods to separate them such as selective dispersion
by polymer-wrapping have been developed.” > Polymer-
wrapping of SWCNTs relies on specific interactions between
the backbone of the conjugated polymers and the SWCNT
lattice.” Hence, any changes to the electron density and
structure of the polymer can also have a significant impact on
the electronic and optical properties of the wrapped nano-
tubes.””” The most selective and most commonly used
wrapping polymers for small-diameter (<1 nm) nanotubes
are the polyfluorene copolymers poly(9,9-di-n-octylfluorenyl-
2,7-diyl) (PFO) and poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(6,6'-(2,2'-bipyridine))] (PFO-BPy). They selectively wrap Received: December 19, 2024
and thus disperse (7,5) and (6,5) nanotubes, respectively, in Revised:  February 20, 2025
toluene (see Figure 1a).”'® They both have very large optical Accepted:  February 26, 2025
band gaps (>2.8 eV) and ionization energies (IEs), exceeding Published: March 5, 2025
those of the respective nanotubes, which leads to the formation

of type I heterojunctions.”
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Figure 1. (a) Molecular structures of dopants and semiconductors used in this study and their corresponding EAs and IEs. EAs for dopants were
retrieved from Han et al.,* Vijayakumar et al,* and Lu et al.** IPs of SWCNTs were obtained from Tanaka et al,*' and IEs of polymers from Balci
Leinen et al. and Park et al.>** (b) Absorption spectra of dispersions of PEO-wrapped (7,5) SWCNTs (top, blue) and PFO-BPy-wrapped (6,5)
SWCNTs (bottom, purple) in toluene. Minority species of other semiconducting nanotubes in the (7,5) SWCNT dispersion are marked with an
asterisk; PSB refers to the phonon sideband of the main excitonic E,; transition. (c,d) Absorption spectra of pure PFO and PFO-BPy in toluene,

respectively.

formation of a charge transfer complex (CTC doping).'”"*
Common oxidants for charge transfer p-type doping of organic
semiconductors and SWCNTs include AuCl;, and F,TCNQ
(see Figure 1a). These dopants, however, often exhibit limited
solubility in nonpolar solvents'”*® or high chemical reactivity,
which results in unwanted side reactions and limited doping
stability.”"">* Furthermore, effective p-doping by electron
transfer generally occurs when the electron affinity (EA) of
the dopant exceeds the IE of the semiconductor. For example,
F,TCNQ only induces weak doping in semiconductors with a
relatively high IE, such as small-diameter carbon nanotubes.'*
Bronsted acids (e.g, hydrochloric acid and toluene sulfonic
acid) are also effective dopants and have been applied
extensively to polymers”*** and carbon nanotubes.””*° The
mechanism of Brensted acid doping is still unclear, but likely
involves protonation of the organic semiconductor, followed
by electron transfer between a charged and neutral semi-
conductor species or segment.27

While charge transfer doping and Brensted acid doping have
been utilized for organic semiconductors for decades, Lewis
acid p-doping is a relatively new approach.”® It involves the
coordination of nonoxidative Lewis acids (e.g, AlX;, BX;, with
X =F, Cl, Br) to Lewis basic moieties (e.g., pyridinic nitrogen),
thus altering their electronic properties.”””” In particular, the
strong Lewis acid tris(pentafluorophenyl)borane (B(C4Fs); or
BCF, see Figure 1a) has been used recently to dope or co-dope
organic semiconductors.”® Its presence significantly enhanced
the performance of organic light-emitting diodes,”" field-effect
transistors,*>*> solar cells,”**> and thermoelectric devices.*
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Despite its comparatively low EA of only 4.81 eV, it can p-
dope nitrogen-containing Lewis basic polymers with high
ionization energies of up to 5.82 eV.”’ However, BCF can also
dope polymers without Lewis basic moieties. This effect was
recently attributed to the formation of strongly Brensted acidic
complexes of BCF with water (BCF:OH,), which are capable
of protonating polymer chains without Lewis basic moieties
similar to other Bronsted acids.””*® However, these BCF:OH,
complexes do not form in the presence of highly Lewis-basic
moieties as BCF preferentially coordinates to them.**™**

Here, we employ BCF as a p-dopant for polymer-wrapped
semiconducting carbon nanotubes with small diameters in
toluene dispersions. We find that the doping efficiency, and
hence impact on the optical properties of (6,5) and (7,5)
nanotubes, depends on the presence of Lewis basic bipyridine
units in the wrapping-polymer (PFO-BPy or PFO, respec-
tively) and the concentration of the polymer when bipyridine
units are present. We propose a possible doping mechanism
based on "B NMR and '"F NMR measurements. Compared
with other common dopants for SWCNTs, BCF enables well-
controlled, efficient, and stable p-doping of PFO-BPy-wrapped
SWCNTs in toluene dispersions. It is thus an excellent choice
for detailed spectroscopic studies of charge carriers in
semiconducting nanotubes.

B METHODS

Materials. All chemicals were used as purchased. Dopants
were stored in a dry nitrogen glovebox, and doping solutions
were freshly prepared on the day of usage. Doping experiments
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Figure 2. (a) Absorption spectra of PFO-BPy-wrapped (6,5) SWCNTs redispersed in pure toluene and doped with different concentrations of
BCEF, inset: PFO-BPy polaron absorption. (b) Absorption spectra of (6,5) SWCNTs, redispersed in a 100 yg mL™" solution of PFO-BPy in toluene,
doped with different amounts of BCF. (c) E,; absorption bleach values, extracted from extended data shown in Figure S4. (d) Normalized PL
spectra of (6,5) SWCNTs redispersed in pure toluene and doped with different amounts of BCF. (e) Normalized PL spectra of (6,5) SWCNTs,
redispersed in a 100 ug mL™" solution of PFO-BPy in toluene and doped with different amounts of BCF. (f) Normalized E;, PL intensity plotted

against the BCF concentration.

were performed under atmospheric conditions and with non-
dried solvents. AuCl, (>99.99%) and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (>97%) were purchased
from Sigma-Aldrich. Tris(pentafluorophenyl)borane (>98%)
was purchased from Tokyo Chemical Industries (TCI) and
2,2'-bipyridine (>99.94%) was acquired from BLD Pharma-
tech.

Selective Dispersion of SWCNTSs. Dispersions of (6,5)
SWCNTs or (7,5) SWCNTs were produced by shear force
mixing (Silverson L2/Air, 10,230 rpm, 20 °C, at least 72 h) of
CoMoCAT raw material (Sigma-Aldrich, SG65i, 0.5 g L™") in
a solution of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(6,6'-
(2,2"-bipyridine))] (PFO-BPy, American Dye Source, My, ~
38 kDa, 0.5 g L™") or poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO,
Sigma-Aldrich, My, > 20 kDa, 0.9 g L™') in toluene. The
resulting slurry was centrifuged twice at 60,000g for 45 min
(Beckman Coulter Avanti J26SXP centrifuge). Finally, the
supernatant was filtered through a poly(tetrafluoroethylene)
(PTFE) syringe filter (Whatman, pore size of S ym). Further
details can be found in Graf et al. and Lindenthal et al.****

Controlling the Polymer Concentration in SWCNT
Dispersions. (6,5) or (7,5) SWCNT-dispersions were filtered
through a poly(tetrafluorethylene) (PTFE) membrane filter
(Merck Omnipore, JVWP, pore size 0.1 ym). The resulting
filter cakes were submerged in hot toluene (80 °C, 8 times for
10 min) to wash away residual free polymer. Small parts of the
filter cake were sonicated (Branson 2510, 30 min at 20 °C) in
either pure toluene or a solution of the respective wrapping
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polymer in toluene to yield SWCNT dispersions with a
controlled polymer concentration.

Doping of Polymers. Stock solutions of PFO and PFO-
BPy were created by dissolving 1 mg mL™" of the respective
polymer in either toluene (for absorption measurements) or
d®-toluene (for NMR measurements). Stock solutions of the
polymers were then mixed with (d*)toluene and a freshly
prepared stock solution of BCF (1 mg mL™") in (d® )toluene
to achieve the desired doping levels.

BCF and F,TCNQ Doping Procedure. Stock solutions of
either BCF (1 mg mL™") or F,TCNQ (0.5 mg mL™") and
wrapping polymer (PFO or PFO-BPy, 1 mg mL™) in toluene
were mixed with freshly sonicated SWCNT dispersions and
pure toluene, such that the resulting samples contained a
SWCNT concentration corresponding to an optical density of
0.2 cm™! at the E,, transition and the desired concentrations of
wrapping polymer and BCF. Absorption and photolumines-
cence (PL) spectra were recorded within 15 min of preparing
each sample to minimize effects of dedoping or doping-
induced aggregation.

AuCl; Doping Procedure. Stock solutions of AuCl; (0.5
mg mL™") and wrapping polymer (1 mg mL™") in a volumetric
5:1 mixture toluene/acetonitrile were combined with SWCNT
dispersions and pure toluene and acetonitrile. The resulting
samples contained a SWCNT concentration corresponding to
an optical density of 0.2 cm™" at the E,, transition, the desired
concentrations of wrapping polymer and AuCl;, while
maintaining a volumetric ratio of 5:1 toluene/acetonitrile.
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NMR Spectroscopy. NMR spectra were recorded with a
Bruker Avance III 600 (field intensity of 14.1 T, "H: 600.18
MHz) with d®-toluene as the solvent. Chemical shifts (J) are
reported in parts per million in relation to CFCl, for '’F NMR
spectra and BF;—Et,0 for ''B NMR spectra. Note that no
standard was used to avoid possible interactions with BCF.
Analysis of the spectra was performed with MestReNova x64.
The molar ratios of PFO-BPy/BCF mixtures are expressed as
the ratio of polymer monomer units/BCF. Since the molar
weights of PFO-BPy monomers and BCF are quite similar, the
molar ratio roughly resembles the mass ratio of BCF/PFO-
BPy.

Absorption Spectroscopy. Absorption spectra were
recorded with a Cary 6000i UV-—vis—NIR absorption
spectrometer (Varian, Inc.) and quartz cuvettes with either a
0.1 or 1 cm path length. For SWCNTSs, the resulting spectra
were fitted with the Fityk 1.3.1 software by subtracting a
Naumov background and fitting the peaks with Gaussian line
profiles to obtain absorbances (A) for the E,; absorbance
peaks; for details see Pfohl et al.* The normalized bleach was
calculated as 1 — A(E;;)/A(E11) eference:

Photoluminescence Spectroscopy. PL spectra were
acquired from (6,5) SWCNT dispersions by excitation at
575 nm with a picosecond-pulsed supercontinuum laser
(NKT) Photonics SuperK Extreme. Emitted photons were
collected by a NIR-optimized 50X objective (N.A. 0.6,
Olympus) and spectra were recorded with an Acton
SpectraPro SP2358 spectrometer with a liquid-nitrogen-cooled
InGaAs line camera (Princeton Instruments, OMA-V:1024). A
lamp spectrum of a stabilized tungsten halogen lamp (Thorlabs
SLS201/M, 300—2600 nm) was recorded at regular intervals
to perform detection efficiency corrections.

B RESULTS AND DISCUSSION

Doping of PFO-BPy-Wrapped (6,5) SWCNTs with BCF.
Dispersions of PFO-BPy-wrapped (6,5) SWCNTs and PFO-
wrapped (7,5) SWCNTs in toluene were obtained via shear-
force mixing (for details, see Methods). Figure 1b shows the
corresponding absorption spectra with their characteristic E,;
and E,, absorption peaks for the sorted nanotube species and a
few minority species that were present. Raman spectra,
recorded on drop-cast films of SWCNTs (Figure S1),
indicated small amounts of other semiconducting SWCNTSs
but no metallic nanotubes. Arnold and co-workers had shown
previously that the coverage of different nanotube species with
polyfluorene wrapping polymer depends strongly on the
concentration of the latter in solution.*® Hence, we controlled
the concentration of the polymer (PFO-BPy or PFO) for all
doping experiments (see Methods) by removal of excess
polymer from the initially obtained dispersions via filtration
and subsequent dispersion in pure toluene (0 ug mL™") or in a
polymer solution (100 ug mL™") to adjust its concentration
(see Figure S2a—c). Note that it is not possible to remove all
of the wrapping polymer, hence the diluted dispersions as used
for doping studies still contained about 1 yug mL™' PFO-BPy
(see Figure S2d), which should lead to submonolayer coverage
of the SWCNTs (around 50%).*° The same applies to (7,5)
SWCNTs dispersions with PFO (Figure S3).

Doping experiments with BCF were performed at an
absorbance of 0.2 at the E,; transition of the SWCNTs
(corresponding to ~0.36 ug mL™' of SWCNTs) and a
constant PFO-BPy concentration of either 0 or 100 yg mL™".
At a polymer concentration of 100 ug mL™' (PFO-BPy/
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SWCNTs = 280:1), we expect full coverage of the SWCNTs
by PFO-BPy.* All dispersions were sonicated prior to each
doping experiment to minimize the influence of aggregation.
Absorption spectra of BCF-doped (6,5) SWCNTs with and
without added PFO-BPy are shown in Figure 2a,b. Upon
addition of increasing amounts of BCF, the (6,5) SWCNT E,;
transition is bleached and a red-shifted absorption between
1160 and 1180 nm appears, which is ascribed to a trion
(charged exciton).'* These spectral changes are typical for p-
doping of SWCNTs and have been reported for several
different dopants.*’~*

The evolution of the normalized bleach of the E;;
absorption with increasing BCF concentration for (6,5)
SWCNTs without additional PFO-BPy is shown in Figure
2¢. For BCF concentrations of less than 100 yg mL™" only a
slight bleach (~15%) can be observed. At BCF concentrations
above 100 g mL™" the SWCNTs are increasingly doped and
E |, bleaching reaches ~60% for the highest BCF concentration
of 500 ug mL~". This behavior is similar to chemical doping
with common oxidants such as F,TCNQ and AuCl,.*°

For low PFO-BPy concentrations (Figure 2a), it is also
possible to follow the doping process of the residual PFO-BPy
in the (6,5) SWCNT dispersion (see Figure S4 for a complete
set of spectra with BCF concentrations up to S00 xg mL™").
Interestingly, the PFO-BPy polaron at 420 nm (for spectra of
BCF-doped PFO-BPy without SWCNTs see Figure SSa)
emerges at exactly the same BCF concentration as the
SWCNT trion (i.e., at 100 ug mL™"). The PFO-BPy polaron,
the E,; bleach and the SWCNTs trion absorption all follow the
same trend as a function of the BCF concentration (Figure
S6). This is not the case for other dopants (e.g., AuCl;), which
strongly dope (6,5) SWCNTSs but not the wrapping polymer**
and indicates a synergistic interaction between BCF, PFO-BPy
and the SWCNTs.

Since a higher PFO-BPy concentration should result in
higher polymer coverage of the SWCNTs,* we also expect a
stronger BCF doping effect for (6,5) SWCNT dispersions
doped at a PFO-BPy concentration of 100 ug mL7"
Absorption spectra of these dispersions (Figure 2b) exhibit
the same general trends for increasing BCF concentrations and
indeed a significantly stronger doping at the same BCF
concentrations. Up to a BCF concentration of 90 yg mL™", no
bleaching occurs at all; however, between 90 and 110 pg mL™!
of BCF, the Ej; bleach reaches more than 80% (Figure 2c). At
even higher BCF concentrations, the E;; absorption peak
nearly vanishes and the normalized bleach reaches ~95%.
These values are significantly higher than those for the (6,5)
SWCNT dispersion without extra PFO-BPy.

Figure S7 gives a more detailed representation of the data in
Figure 2c together with the corresponding absorption spectra.
They show a strong blueshift (up to 20 nm) of the Ej;
absorption as previously discussed by Eckstein et al.'> The
peak position of the PFO-BPy polaron shifts from roughly 420
to 450 nm (Figure S8), thus indicating a higher doping level of
the polymer. Again, the PFO-BPy polaron absorption, the
SWCNT E,; bleach, and the SWCNT trion absorption for
different BCF concentrations (Figure S9) follow the same
trend, similar to the 0 ug mL™" PFO-BPy sample (Figure S6).

As photoluminescence (PL) of SWCNTs is even more
sensitive toward doping than absorption, we also recorded PL
spectra of BCF-doped (6,5) SWCNT samples with and
without added PFO-BPy (Figure 2d,e). For better compara-
bility, the spectra were normalized to the E;; emission of the
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Figure 3. (a) Absorption spectra of (6,5) SWCNTs redispersed in pure toluene and doped with different amounts of F,TCNQ. (b) Absorption
spectra of (6,5) SWCNTs redispersed in a 100 ug mL™" solution of PFO-BPy in toluene and doped with different amounts of F,TCNQ. (c)
Normalized E,;; bleach values for both dispersions depending on the F,TCNQ concentration.
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Figure 4. (a) Absorption spectra of PFO-wrapped (7,5) SWCNTs (with residual (6,5) SWCNTs) redispersed in pure toluene and doped with
different amounts of BCF. (b) Absorption spectra of (7,5) SWCNTs redispersed in a 100 ug mL™" solution of PFO in toluene and doped with
different amounts of BCF. (c) Normalized E,; bleach values for PFO-wrapped (6,5) and (7,5) SWCNTs.

undoped sample, and the PL intensities were plotted on a
logarithmic scale. Both types of samples showed very strong
quenching of the E,; emission upon addition of BCF. Trion
emission (at 1180 nm) also appeared as expected from
previous reports on doped (6,5) SWCNTs.”" Again, a clear
difference in the degree of doping can be observed. While E,;
emission remained visible for the 0 yg mL ™' PFO-BPy sample
when doped with 200 ug mL™' BCF, it was completely
quenched in the 100 ug mL™' PFO-BPy sample. Plotting the
normalized E;; emission for both experiments against the BCF
concentration (Figure 2f) further shows that a higher PFO-
BPy concentration leads to overall stronger quenching
compared to samples without additional PFO-BPy.

This significantly stronger doping of the (6,5) SWCNTs by
BCF when additional PFO-BPy is present and the simulta-
neous and similar doping trends of the wrapping polymer
strongly indicate a synergistic effect between BCF and PFO-
BPy with its bipyridine units in the doping process of the
SWCNTs. However, the possibility of simultaneous but
nevertheless independent doping of PFO-BPy and (6,5)
SWCNTSs cannot be excluded yet.

The observed doping of PFO-BPy wrapped (6,5) SWCNTs
with BCF can be compared to the well-known molecular p-
dopant F,TCNQ at the same polymer concentrations.
Corresponding absorption spectra and normalized bleaching
values at different F,TCNQ_ concentrations are presented in
Figure 3a—c. The E;; bleach and trion absorption that are
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associated with increasing p-doping levels are observed again.
The normalized bleach values of samples with 0 and 100 ug
mL~' PFO-BPy are very similar to each other and correspond
to the levels obtained by BCF for 0 yug mL™' PFO-BPy (see
Figure 2a). Due to the strong absorption of F,TCNQ in the
same range as the PFO-BPy, a direct comparison between
doping of the wrapping polymer and SWCNTs is not possible.
Overall, there seems to be no specific interaction between
PFO-BPy and molecular dopants in general, but the interaction
between BCF and PFO-BPy appears to be crucial.

Doping of PFO-Wrapped (7,5) SWCNTs with BCF. To
corroborate that PFO-BPy and its bipyridine unit indeed play
an integral role in the BCF-doping of nanotubes, we tested the
doping of PFO-wrapped (7,5) SWCNTs with BCF at PFO
concentrations of 0 and 100 ug mL™". Due to the slightly
smaller bandgap and lower ionization energy of the (7,5)
SWCNTs compared to (6,5) SWCNTs (Figure 1a), we would
expect even stronger doping of the (7,5) SWCNTs by BCF if
solely Bronsted acid doping took place. Additionally, PFO does
not wrap (7,5) SWCNTs as tightly as PFO-BPy wraps (6,5)
SWCNTs,”" which would facilitate access of a BCF:OH,
complex®”** to the nanotube surface.

PFO is less selective toward (7,5) SWCNTs than PFO-BPy
is toward (6,5) SWCNTs. Hence, depending on the polymer
concentration, other semiconducting nanotube species such as
(6,5) SWCNTs will also be dispersed by PFO from the
CoMoCat nanotube source material. This is evident from the

https://doi.org/10.1021/acs.jpcc.4c08584
J. Phys. Chem. C 2025, 129, 5520-5529


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08584?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

BCF-water complex

Pure BCF

10:1

1:1
PFO-BPy:BCF

1:5
PFO-BPy:BCF

R

1°F NMR in d8-toluene
-133.0

" 1340 4350 -1
Chemical shift (ppm)

BCF coordinated to BPy

2,2"-bipyridine:BCF

-156 -157 -158 -159 -160 -161 -162 -163 -164 -165

Chemical shift (ppm)

Figure 5. "’F NMR spectra (546.73 MHz, d®-toluene) of pure BCF, a 10:1 molar ratio of 2,2’-bipyridine/BCF, a 1:1 molar ratio PFO-BPy/BCF,
and a 1:5 molar ratio of PFO-BPy/BCF (top to bottom). Green shaded areas indicate peaks associated with BCF:OH, complexes, and purple
regions refer to peaks associated with BCF:BPy complexes. Schematic depictions of complexes are shown above the NMR spectra.

E,; absorption of (6,5) SWCNTs at around 990 nm in the
absorption spectra (Figure 4a,b) and the radial breathing
modes in the Raman spectra (Figure S1b). While usually
undesired, these residual PFO-wrapped (6,5) SWCNTs enable
a direct comparison to BCF-doping of the PFO-BPy-wrapped
(6,5) SWCNTs.

Upon addition of up to 100 ug mL™' of BCF to the
dispersions, we observe similarly low bleaching of the (6,5)
and (7,5) SWCNTs E,; absorption with or without additional
PFO (see Figure 4ab). For higher BCF concentrations, the
(7,5) SWCNTs with 100 ug mL™" PFO showed a stronger
bleach than the (7,5) SWCNTs without added PFO. For the
highest BCF concentration of 200 ug mL~', the trion
absorption of the (7,5) SWCNTs at 1220 nm emerges.
Overall, the bleaching remains below 60% and the E;,
absorption peak remains well-defined with only a small blue-
shift of 1 nm. In contrast to PFO-BPy (see inset in Figure 2a),
PFO does not show any spectral signs of doping (see inset in
Figure 4a) even for the highest BCF concentration of 200 ug
mL™", which is consistent with the lack of doping of pure PFO
solutions shown in Figure S5b,c as well as PFO film data by
Zapata-Arteaga et al.*’

The normalized bleaching values of the E;; absorption of
(6,5) and (7,5) SWCNTs are shown in Figure 4c. While there
is a stronger bleach of around 60% for the (7,5) SWCNTs at
higher PFO concentrations (compared to ~30% for the sample
at lower PFO concentration), the differences for the PFO-
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wrapped (6,5) SWCNTs are negligible. Overall, these
absorption spectra indicate only very limited doping of PFO-
wrapped SWCNTs compared with PFO-BPy-wrapped
SWCNTs under otherwise identical experimental conditions.
Given the smaller bandgap of (7,5) SWCNTs compared to
(6,5) SWCNTSs, this experiment provides further evidence for
a specific interaction of BCF with PFO-BPy and with PFO-
BPy-wrapped SWCNTs.

BCF Doping Mechanism. The presented evidence for a
synergistic interaction between BCF and PFO-BPy-wrapped
nanotubes raises the question of a possible doping mechanism.
Hence, we investigated the interaction and doping of pure
PFO-BPy and PFO with BCF in more detail. Solutions of both
polymers (100 g mL™" in toluene) were exposed to increasing
amounts of BCF (see Figure SSa,b). While PFO showed no
signs of bleaching or polaron formation, not even at much
higher BCEF/PFO ratios (50:1, Figure SSc), PFO-BPy was
clearly p-doped as indicated by significant bleaching and red-
shifted polaron absorption at BCF/PFO-BPy molar ratios
above 1:1 (for calculation of molar ratios, see Methods). BCF
only has an electron affinity of 4.81 eV (Figure 1a) and should
not be able to dope any of the polymers via ICT or CTC.
Previous studies also showed that PFO is not doped by the
BCF:OH, complex.’® Hence, the bipyridine unit of PFO-BPy
must play a crucial role in doping the polymer.

To understand this behavior, we performed '’F and ''B
NMR spectroscopy on solutions of PFO-BPy and the model
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Figure 6. (a) Absorption spectra of (6,5) SWCNTs at a polymer concentration of 100 ug mL™" doped with 120 ug mL™"' BCF over the course of
24 h. (b) Absorption spectra of (6,5) SWCNTs at a polymer concentration of 100 ug mL™" doped with 40 yg mL™" AuCl, over the course of 24 h.
(c) E,; absorption of (6,5) SWCNTs doped with either BCF (top) or AuCl; (bottom) plotted against time after doping. The absorption of an
undoped dispersion is indicated by a dashed line. The red dotted line serves as a guide to the eye.

compound 2,2"-bipyridine (BPy) in d%toluene that were
doped with various amounts of BCF (Figures S and S10, S11).
It is well-known that 'B and 'F NMR chemical shifts (§) of
organoboron compounds are especially sensitive to changes of
the coordination state and ligand electronegativity. Trivalent
organoboranes exhibit ''B NMR shifts between 30 and 60
ppm, whereas tetravalent organoborates display significantly
upfield-shifted ''B NMR signals, typically in the range of —30
to 0 ppm.>” In its pristine trivalent form BCF shows a single
broad "B NMR peak at § = 56 ppm,”” as well as three F
NMR signals at § = —129.5, —140.5, and —161.5 ppm.>* When
subjected to moisture (such as atmospheric humidity or trace
amounts of water in solvents), BCF forms tetravalent
complexes with water, as schematically shown in Figure S.
Hence, we only observe upfield-shifted ''B NMR signals at § =
—1.6 ppm (Figure S10, top) and '"F NMR signals at § =
—134.9, —156.4, and —163.6 ppm (Figure S11, top),
confirming the presence of the tetravalent BCF:OH,
complex.”*

Since the only structural difference between the two
wrapping polymers is a bipyridine unit, we used 2,2’-bipyridine
(BPy) as a model compound to examine Lewis acid—base
complexation in this system, as schematically shown in Figure
S. Providing a large excess of BPy (10:1 BPy/BCF) to achieve
complete complexation of the BCF leads to a slight upfield
shift of 1—4 ppm for the '’F NMR signals and 2 ppm for the
''B NMR signals. This is in agreement with previous reports of
stronger shielding upon coordination of BCF to pyridinic
nitrogen moieties and indicates a higher complexation strength
compared to the BCF:OH, complex.*®

For a 1:1 mixture of PFO-BPy/BCF (Figures S and S10,
third trace), which does not yet show any signs of doping
(Figure S5a), only the ’F NMR and ''B NMR signals of the
complexed BCF are present. The small change in chemical
shift of 0.5—1 ppm compared to the BCF:BPy complex can be
explained by a slightly different chemical environment within
the BCF:PFO-BPy complex. We also observe a significant line
broadening compared to the BCF:OH, and BCF:BPy complex,
which can be attributed to reduced molecular tumbling of the
BCF molecules when complexed to the polymer.>

In contrast, the "’"F NMR spectrum of the 1:5 mixture of
PFO-BPy/BCF (Figure S, bottom trace) shows sharp peaks
that can be assigned to the BCF:OH, complex. 10-fold
magnification of the '"F NMR spectrum (Figure S11),
however, reveals that the broad signals of the BCF:PFO-BPy
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complex are still present. This is similar to the ''B NMR
spectrum, in which a sharp peak for the BCF:OH, complex
and an underlying broad peak for the BCF:PFO-BPy complex
is visible (Figure S10, bottom trace).

The NMR data together with the UV—vis absorption data
strongly indicate that doping of PFO-BPy occurs via the
Bronsted acidic BCF:OH, complex, which only forms after
saturation of all polymer BPy units with BCF, and not via
Lewis acid—base complexation. Despite having two possible
coordination sites in a single BPy unit, one BCF molecule
occupies both, as the addition of two mol equivalents of BCF
already leads to substantial doping (Figure SSa). Applying
these insights to the PFO-BPy-wrapped SWCNT's, we propose
that the SWCNTs are not simply doped by BCF:OH, but
through a unique interaction between BCF:OH, and the
BCF:PFO-BPy complex. Such interaction also explains the
dependence of the doping efficiency on the PFO-BPy
concentration and the fact that significant doping occurred
only above a 1:1 molar ratio of PFO-BPy/BCF for a PFO-BPy
concentration of 100 ug mL™%

A possible doping mechanism for the SWCNTs might be
inferred from previous work on the BCF-doping of polymers.
For semiconducting polymers, Yurash et al. found a two-step
doping mechanism with the first step being the protonation of
a polymer chain by a BCF:OH, complex to create a positively
charged chain segment and a [BCF(OH)BCF]™ anion
stabilized by a second BCF molecule.”® The doping process
is completed by intra- or interchain electron transfer from a
neutral chain segment to the protonation site.”””® For the
PFO-BPy-wrapped SWCNTs, we propose a similar three-step
mechanism: (1) Lewis acid—base complexation of BCF by the
PFO-BPy bipyridine units up to a 1:1 molar ratio. (2)
Protonation of the PFO-BPy wrapped around the SWCNT s by
BCF:OH, and formation of a [BCF(OH)BCF]~ anion. (3)
Electron transfer from the SWCNT (instead of a neutral
polymer chain segment) to the doped PFO-BPy polymer
segments leading to p-doping of the SWCNT. The proposed
steps are visualized in Figure S12. Note that this process would
not be possible with PFO-wrapped SWCNTs because the
polymer would not be doped without the presence of the
bipyridine units and the resulting BCF complex. Although this
mechanism is consistent with the available experimental data,
further theoretical studies are needed to resolve the details.

BCF versus Other Common p-Dopants. Regardless of
the precise doping mechanism, one of the main questions is
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whether BCF-doping provides any advantages compared with
other common molecular dopants for SWCNTs. Various
oxidants have been applied to obtain p-doped (6,5) or other
SWCNTs.***%%¢ Due to their large bandgap, (6,5) SWCNTs
usually require fairly strong p-dopants compared to larger
diameter nanotubes. Typical dopants include F,TCNQ_but
also AuCl;. F,TCNQ suffers from several disadvantages as a p-
dopant for polymer-wrapped small-diameter SWCNTs. It is
barely soluble in nonpolar solvents such as toluene, while BCF
is highly soluble. Despite an EA of 526 eV, F,TCNQ_is not
able to induce strong doping in small diameter nanotubes as
shown in Figure 3. The maximum E|; bleach values are below
40%. Furthermore, the intense absorption of F,TCNQ_ and
F,TCNQ anions’® between 400 and 700 nm makes analysis of
any changes in E,, or PFO-BPy absorption impossible. In
contrast to that, BCF does not have any absorption bands in
the visible range.””

AuCl; is a very strong dopant that is often used for
spectroscopic studies of small-diameter SWCNTs.*”**% Only
low concentrations of AuCl; are required for efficient doping,
and it has no absorption features that would obstruct spectral
analysis. However, AuCl; is essentially insoluble in nonpolar
solvents such as toluene. Hence, a mixture of acetonitrile and
toluene is usually used for doping in a dispersion, which
reduces the dispersion stability significantly.

The difference in long-term stability between doping of
(6,5) SWCNTs with BCF and AuCl; is demonstrated in Figure
6. A (6,5) SWCNT dispersion with 100 ug mL™' PFO-BPy in
a 1:5 mixture of acetonitrile/toluene was doped with 40 ug
mL™" AuCly and compared to a similar dispersion with only
toluene as the solvent doped with 120 g mL™" of BCF.
Doping with BCF results in an initial absorption bleach of E;
of around 50%. The absorption increases again within the first
hour and then stabilizes at around 75—80% of the initial
absorption value (Figure 6a,c). The PFO-BPy polaron
absorption is decreasing simultaneously (see Figure S13),
which points toward slight dedoping of the polymer and the
SWCNTSs. The same dedoping behavior can be observed for a
BCF concentration of 200 ug mL™", which led to higher initial
doping level of the (6,5) SWCNT (Figure S14). In this case,
the E;, absorption stabilizes after 6 h at 25% of the original
absorption. These observations indicate a loss of BCF possibly
due to side reactions, e.g., with residual water. While this
means that samples should be measured instantly to correlate
doping concentration with doping level, the intrinsic dedoping
over time also provides an opportunity to measure the same
sample at various doping levels without additional sample
preparation. Importantly, there are no signs of aggregation
(Figure S15), which makes BCF an interesting dopant for
spectroscopic studies of doped (6,5) SWCNTs in dispersion.

In contrast to that, the (6,5) SWCNT dispersion in toluene/
acetonitrile shows an increased scattering background (see
Figure 6b), indicating SWCNT aggregation despite previous
sonication. Upon addition of AuCls, the E;; absorption is
bleached to ~60% of its initial value. Within the first hour,
AuCly the E;; absorption starts to increase again, indicating
dedoping but then decreases (Figure 6c). This loss of
absorption is due to strong nanotube aggregation’’ not
increased doping as the corresponding absorption spectra do
not show higher trion absorption but the scattering back-
ground increases. Indeed, visual inspection of the cuvette
reveals clouds of aggregated SWCNTs for AuCl; doping
(Figure S15). This renders AuCl; a less-than-ideal dopant for

extended doping experiments on SWCNTs and shows the
potential of BCF as a dopant for detailed spectroscopic studies
of SWCNT dispersions.

Bl CONCLUSIONS

In this study, we explored the unique p-doping of PFO-BPy-
wrapped (6,5) SWCNTs by BCF. Despite its comparatively
low electron affinity, BCF is able to induce efficient p-doping
of small-diameter PFO-BPy-wrapped (6,5) SWCNTs, while it
does not dope PFO-wrapped (7,5) SWCNTs. The increase of
BCF doping strength with higher PFO-BPy concentrations, an
effect that is not observed for other dopants such as F,TCNQ,
as well as the simultaneous doping of the PFO-BPy and the
(6,5) SWCNTs indicate a specific interaction between BCF,
the bipyridine groups of the PFO-BPy and the nanotubes.
Based on the proposed BCF-doping mechanism for semi-
conducting polymers, we suggest a three-step process that
involves the complexation of BCF by the bipyridine of the
polymer, protonation of the PFO-BPy that is wrapped around
the SWCNTs by BCF:OH, and formation of a [BCF(OH)-
BCF]™ anion, and finally electron transfer from the SWCNT to
the protonated PFO-BPy polymer. The applicability of BCF as
an efficient dopant should not be limited to PFO-BPy-wrapped
SWCNTs as there are several conjugated polymers, which are
applied for nanotube sorting and contain Lewis-basic nitro-
gen.’®” Overall, BCF is an excellent dopant for small-
diameter, polymer-wrapped SWCNTs in toluene dispersions
with a higher doping efficiency than F,TCNQ and much better
long-term dispersion stability than doping with AuCl;. These
properties are especially important for fundamental spectro-
scopic studies of the interactions of charge carriers with
excitons in one-dimensional nanotubes without any spectral
broadening or energy transfer, which are usually observed for
aggregates, networks, or dense films.
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