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ABSTRACT: Solid-state dispersions of isolated single-walled

carbon nanotubes (SWCNTSs) in polymer matrices or networks S iII/r. Tfk hV . 1 o X? _>: ?f{;‘ ]/XA{Y

of electronically coupled SWCNTSs are gaining interest for a broad Y : :

variety of optoelectronic applications. However, little is known

about either the stability or degradation mechanisms of these ©:=c >N \ 0, ¢

systems. We show dramatic sp>-to-sp® defect transformations of the . o ) Electron riI'

SWCNT sidewall when either the S;; or S,, exciton transitions are ©-n C60 ~< Transfer A
¥ 1

optically pumped in ambient conditions, leading to the rapid decay
of absorption and emission properties in less than 24 h for
conditions similar to exposure to solar illumination. Importantly, we demonstrate that either (i) encapsulation to block reactive O,
from SWCNT excited states or (ii) exciton quenching via donor-to-acceptor electron transfer is an effective route for “kinetic
stabilization” against photodegradation, with <8% loss in absorbance after 1200 h of illumination. We find that SWCNT:polymer
loading does not impact degradation. Our study suggests that the sp* defects are associated with the formation of oxygenic groups on
the SWCNT sidewall. While such defect populations can detrimentally evolve over time in films where SWCNTSs are
environmentally exposed in the presence of light, we offer multiple pathways to arrest this degradation and enable their robust
application as advanced optical materials in optical and electronic devices.
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B INTRODUCTION Consequently, for any potential technology, it is crucial to
develop a fundamental understanding of how to maintain the
chemical integrity of such sophisticatedly tailored or purified
systems to ensure robust and consistent operation.

To date, studies of the stability or degradation of SWCNTs
under real-world operating conditions have been limited.
Consequently, the impacts of experimental and environmental
conditions on the temporal evolution of defect populations
(via optoelectronic properties) are still poorly understood.
Over the last decade or so, there have been studies of the
radiation hardness of carbon nanotube transistors and
electronic circuits, in the context of extraterrestrial exposure
to high energy radiation, which point to resistance of the
carbon nanotube networks to chemical damage, due to the
robustness of the C—C bonds to protons® or y rays.””'?
Similarly, the prevailing opinion in the community is that
CNTs are inherently photostable when photoexcited in the
visible and near-IR.">'* As such, when degradation of devices

Now, 30 years since their discovery, single-walled carbon
nanotubes (SWCNTs) have steadily advanced from a novel
form of nanocarbon to a technologically relevant material with
applications that range from photovoltaics"” to medicine’ to
telecommunications.” Much like their allotropic relatives—
fullerenes—a major reason that SWCNTs exhibit such
versatile functionalities is because their properties are highly
tunable through both physical (ie., tube size and chirality
selection, endohedral filling, strategic formation of hetero-
junctions) and chemical routes (i.e., covalent modification of
the nanotube sidewall with number, site, and adduct
specificity).

Applications such as quantum emission’ and biological
imaging® can benefit from the tunable emission wavelength
and enhanced quantum yield that result from the introduction
of sp® sidewall defects with a high degree of specificity and
design intention. Such advanced optoelectronic applications of
SWCNTSs require exquisite control when it comes to defect =
type, number, and location on the tubes, with most studies Received: December 2, 2021 O
aimed at understanding the chemical routes to, and properties Accepted:  February 10, 2022
of, functionalized SWCNTs. In contrast, sp® sidewall defects Published: February 28, 2022
are undesirable in applications such as transistors and
photovoltaics, where the defect sites may serve as traps and
recombination centers for charge carriers or excitons.’
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is observed, it has generally been attributed to other
constituents in the device."”'® As an example, “photo-
bleaching” of SWCNT emission intensity was observed for s-
SWCNTSs where O-related defects were created by ozonolysis,
but the authors speculated that the photodegradation of
surfactant micelles led to the creation of new exciton
quenching sites.'® Flavel and Chen found recently that
SWCNT/Nafion composite contacts enable high-efficiency
silicon solar cells, but with poor long-term stability that the
authors attributed to the hygroscopic nature of Nafion."
Importantly, neither of these studies employed spectroscopic
measurements that could report directly on the integrity of
SWCNT sp® bonds (e.g, absorbance and/or Raman) to
determine if the SWCNTs also experienced photodegradation.

In this work, we investigate the effects of the two most likely
ambient stressors to SWCNTs (air and light) by monitoring
singlet exciton absorption, emission, and corresponding Raman
signature changes under continuous photodosing. Specifically,
we show how quickly these ambient stressors can lead to
SWCNT sidewall transformations that degrade the nanotubes’
optoelectronic properties. Yet, by elucidating factors that
determine the decomposition pathway, we also show multiple
effective strategies to arrest decomposition almost entirely. We
focus this stability investigation on solid-state films of
semiconducting (s-) SWCNTs, where the poly[(9,9-dioctyl-
fluorenyl-2,7-diyl)-alt-co-(6,6'-(2-2'-bipyridine) )] (PFO-BPy)
wrapping polymer is highly selective for species having (n,m)
chiral indices of (6,5). This (6,5) s-SWCNT is a commonly
studied system that is currently being evaluated for a variety of
novel applications.'”~"” Our sample preparations cover a broad
range of nanotube and polymer ratios in the solid state to
model applications where the SWCNTs (i) may not be
physically coupled (narrow band emitters), (i) are almost
entirely coupled (transport layers), and (iii) form an electron-
transfer heterojunction with an acceptor (energy harvesting).
We also account for different light stressors and excited-state
degradation processes by selectively filtering the photo-
bleaching lamp array to include or exclude photon absorption
by the polymer and to also selectively photo-excite the
nanotube’s lowest energy excitons.

We observe ambient light-induced oxidative degradation for
(6,5) s-SWCNT:PFO-BPy systems, regardless of the extent of
nanotube coupling or light filtering, with Raman and PL
measurements showing changes that are consistent with the
light-induced (excited-state) formation of sp* defects (Figure
1). Importantly, we demonstrate that dielectric encapsulation
can almost entirely mitigate this degradation; continuous
bleaching dynamics improve from fully bleached within a few
days to only 3% bleached after more than 50 days. Our
observations suggest that photoexcited s-SWCNTs can under-
go light-induced degradation under ambient conditions and
that exposure to highly reactive ozone or radicals (e.g,
diazonium salts, azides, etc.) is not a prerequisite to
rehybridizing their sp> bonds to form sp® defects.””’ As an
alternative to dielectric encapsulation, we also show that the
photoreactive (6,5) s-SWCNT excited states can be kinetically
stabilized in ambient conditions when an efficient and rapid
electron-accepting species (e.g, Cq) is present, such as might
be found in an s-SWCNT heterojunction-based photovoltaic
device. These findings underscore that photodegradation
processes during operation must be considered when designing
and constructing optoelectronic devices containing s-SWCNTSs
with tailored optical and electronic properties. More
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Figure 1. Scheme depicting (A) the observed photodegradation (via
sp° oxygenic sidewall functionalization) of (6,5) s-SWCNT thin films.
This photodegradation can be mitigated by (B) ultrafast electron
transfer to a Cg, acceptor or (C) dielectric encapsulation with ALO;.

importantly, we demonstrate that multiple options are available
to ensure the robust operation of SWCNT-based optoelec-
tronics, suggesting that such technologies are indeed a viable
endeavor from the standpoint of intrinsic stability.

B RESULTS AND DISCUSSION

To establish baseline photodegradation behaviors in air, we
first discuss the ambient photobleaching dynamics of neat
PFO-BPy films and films with (6,5) s-SWCNTSs dispersed as
isolated nanotubes within the polymer matrix. Continuous
photodosing experiments were carried out on a custom-
automated in situ ghotobleaching spectrometer (AIPS), as
described previously”' and in the Supporting Information (SI)
(Figure S1). Both polymer and (6,5) s-SWCNTs contribute to
photon absorption in composite films since PFO-BPy absorbs
wavelengths shorter than 400 nm and (6,5) s-SWCNTs have
first (S;;) and second (S,,) excitonic absorbances at ~1000
and ~575 nm, respectively. We isolate the contributions of
individual species to photodegradation by cross-examining
photodosing experiments on a matrix of neat polymer and
CNT-composite films using full spectrum as well as spectrally
filtered irradiance conditions (using a 470 nm long-pass, LP,
filter; see Figure S1) compiled in Figure 2.

Figure 2A,B compares bleaching behaviors between neat
polymer and the (6,5) s-SWCNT composite by tracking the
absorptance (FA) spectra over ca. 120 h of continuous
irradiation. The AIPS data in Figure 2A demonstrate that the
neat polymer absorbance (peak at 360 nm) degrades
substantially during continuous unfiltered photodosing in air.
It should be noted that the (6,5) s-SWCNTs studied in this
paper exhibit a weak third (S;;) excitonic transition at ~350
nm as well. For the low SWCNT loadings we study, this
absorption is negligible compared to that in the polymer (e.g,,
see SI part 6). When the composite film is subjected to the
same unfiltered bleaching conditions (Figure 2B), the PFO-
BPy still bleaches significantly but at a slightly slower rate
relative to the neat film. From the normalized FA kinetics at
360 nm (Figure 2E, unfiltered), bleaching of the polymer
absorbance is indeed marginally accelerated in the absence of
the nanotubes, consistent with reports that related polymer
systems can be stabilized against photodegradation through the
addition of nanotubes.”” This slower bleaching of polymers in
composite films can be understood in terms of PFO-BPy
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Figure 2. Panels (A—D): AIPS time-dependent FA spectra (left axes) and photobleaching irradiance spectral photon fluence (right axes) for a neat
PFO-BPy film (panel A, unfiltered irradiation), a composite (6,5) s-SWCNT:PFO-BPy film (panel B, unfiltered irradiation), a neat PFO-BPy film
(panel C, 470 nm filtered irradiation), and a composite (6,5) s-SWCNT:PFO-BPy film (panel D, 470 nm filtered irradiation). Arrows indicate the
loss of polymer and (6,5) s-SWCNT absorbance features during the photobleaching experiment. Panels (E) and (F) show normalized time slices of
optical density (OD) at 360 nm (tracking PFO-BPy) and 1000 nm (tracking the S;; exciton), respectively, for samples that were photobleached
with and without filtering the irradiance spectrum using a 470 nm long-pass (LP) filter.

excitation energy transfer to the nanotubes.” Even so, we find
that the PFO-BPy absorption only becomes steadfast when the
photodosing array is filtered to avoid direct photoexcitation of
the polymer (with a 470 nm LP filter), as shown in Figure
2C,D for the neat polymer and composite films, respectively.
The time slices at 360 nm are also shown in Figure 2E (LP470-
filtered, pure PFO-BPy) for reference to the unfiltered
bleaching data, exhibiting only a 1.3% decrease over 240 h
(10 days) of irradiation in air.

Turning to the bleaching behavior of the S;; and S,, optical
transitions of the (6,5) s-SWNCTs, Figure 2B,D shows that
either irradiance condition (unfiltered and 470 nm LP-filtered)
results in the total loss of both nanotube exciton features in less
than 100 h. Interestingly, when comparing the time-slice FA
data at 1000 nm for the LP470-filtered vs unfiltered conditions
(Figure 2F), the 1000 nm bleach dynamics do not appear to be
strongly affected by the photoexcitation (or lack thereof) of the
PFO-BPy host. This convincing result leads us to believe that
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the decomposition mechanism affecting the polymer is self-
contained. In other words, we see no significant evidence that
the polymer degradation drastically alters the nanotube
photobleach; degradation of the polymer is primarily
commensurate with excitations on the polymer alone. We
highlight the importance of this preliminary conclusion, as it
suggests that using different wrapping polymers could be a
path toward fine-tuning the stabilization of the polymer
component and by extension the nanotube composite material.
Of note, all of the spectral transformations discussed above
appeared permanent. No recovery of the S;; or S,, exciton
peaks was observed after storing the irradiated films in the dark
in nitrogen, a preliminary indication that reversible photo-
induced doping (ie., reversible photoredox chemistry) or
simple physisorption processes (vide infra) are not the
dominant pathways for the loss of optical resonances.

Given the above observations, we sought to better
understand their origins. The progressive, and eventually

https://doi.org/10.1021/acsanm.1c04140
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Figure 3. Spectroscopic characterization of degraded film evolution from pristine (t = 0) to significantly degraded (36 h exposure). Panel A:
ellipsometry analysis of the oscillator strength changes in the S;, band and region of interest. Panel B: NIR PL emission, scaled to the initial oxide-
encapsulated (t = 0) sample S, emission peak. Panel C: Raman spectra, normalized to the signature sp> G-band. In each frame, the t = 0 spectrum

is plotted in gray as a comparison to all other spectra.

complete, loss of S;; and S,, peak intensities suggests a
corresponding loss of the sp’-hybridized orbitals and
associated 7 — #* transitions that provide oscillator strength
to these optical resonances. We envisioned two most plausible
explanations: (1) photodoping, potentially induced by light-
assisted physisorption of molecules (e.g, oxygen, water) that
can undergo redox chemistry with the SWCNTs or light-
assisted charge transfer to/from physisorbed molecules, or (2)
light-induced covalent bond formation with atmospheric
molecules that convert nanotube sidewall sp® bonds to sp’
bonds.

With these possible mechanisms in mind, we designed a
systematic spectroscopic study to isolate, characterize, and
track the degradation process over time. We subjected 10
identical (6,5) s-SWCNT:PFO-BPy films to up to 36 h of
continuous ambient photobleaching (unfiltered light) and
characterized the evolution of Raman scattering, near-infrared
photoluminescence (NIR PL) emission intensity, and
absorbance features of each film; the films were removed
one at a time for full ex situ characterization. To prevent any
obfuscation of the results by additional ambient exposure, each
film was encapsulated with 100 nm alumina (demonstrated
below to halt photodegradation) when removed from the
bleaching apparatus to ensure no further degradation prior to
(and/or during) optical characterization since our spectros-
copies were conducted in air. (We found that direct,
monochromatic injection into S,, caused rapid and continuous
loss of S;; PL yield without encapsulation, similar to that
observed on the AIPS.) The UV—vis—NIR spectra for all 10

3505

films are shown in Figure S2, taken after removal from the
bleaching setup and subsequent encapsulation. We note that
the e-beam deposition process used to encapsulate each film
has been shown to create a small population of emissive sp*
defects, discussed more below. However, based on these
reports,'® we estimate that the defect population generated by
our encapsulation process would at most correspond to about
1/2 h of light exposure on the AIPS setup, meaning for the
data shown in Figure 3 (36 h of light exposure), the observed
kinetics are dominated by ambient photobleaching rather than
any potential e-beam encapsulation effects.

As summarized in Figure 3, and discussed more below, we
observe significant changes to the dielectric function, NIR PL,
and Raman spectra (panels A—C, respectively) that are
consistent with the continual growth of the sp® defect density
on the SWCNT sidewalls. Of note, the ellipsometry data (see
the full model in Figure S3) in Figure 3A immediately
eliminate the photodoping hypothesis (1) mentioned above
since no trace of the trion optical transition, a key indicator of
a charge carrier population,”" appears during illumination. To
further confirm this, Figure S2 shows (for reference) the trion
signature at ca. 1170 nm (a wavelength not accessible to our
AIPS system) for (6,5) s-SWCNTs that were subjected to
intentional chemical doping.”* The complete, anisotropic
dielectric function model for the films is presented in Figure
S3. Accurately modeling the films this way removes artifacts
due to thin film effects, film-to-film thickness variations, and
evolution of the background refractive index due to the
bleaching polymer. This ellipsometry analysis is sensitive to the

https://doi.org/10.1021/acsanm.1c04140
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continuous bleaching, broadening, and red-shifting of the S,;
mode, even while the PL and Raman show little change at early
times and give no signal at the latest times.

The lack of a trion optical transition in the photodosed (6,5)
films suggests that the S,; broadening and bleaching arise from
another source, such as sidewall functionalization. Since sp®
sidewall defects are known to form a bright and energetically
distinct emission from localized sp® sites on the SWCNT,***°
we turn to near-infrared (NIR) PL measurements to track such
defect-related emission features. The PL spectra plotted in
Figure 3B are scaled to the S;; emission counts at 1000 nm of
the pristine film. As previously observed, we find that oxide
encapsulation leads to relatively intense peaks at ca. 1130 and
1250 nm even at t = 0 (no photodosing), which have been
attributed to oxy§en-related defect sites induced by the oxide
deposition step.'® Photodosing leads to a relative growth of
defect PL emission between 1200 and 1500 nm, with a
continual drop in S;; emission. Figure S4 more clearly shows
the overall drop in the total PL intensity measured over a
constant excitation power and detector integration time. No
signal was detectable for the final film (36 h).

Semiempirical and density functional theory (DFT)
calculations suggest that the most stable oxygenated
SWCNT defects are epoxide and ether groups.””*”*® The
DFT studies of Ma et al. suggest that the lowest-energy
emission peaks, with separations of ca. 135 and 310 meV from
the S,, exciton emission, correspond to excitons strongly
localized at “ether-d” (C—O—C bonds perpendicular to
SWCNT axis) and “epoxide-I” (C—O—C bonds parallel to
SWCNT axis) defect sites, respectively.”” The same group
showed that oxide thin film deposition onto (6,5) SWCNTs
produced emission peaks corresponding to both ether-d and
epoxide-I defect sites at room temperature.'® As such, we
conclude that the PL peaks observed in Figure 3B at ca. 1130
and 1250 nm for both oxide-encapsulated and oxygen-
modified (6,5) s-SWCNTs likely correspond to ether-d and
epoxide-I defect groups, respectively.

The Raman spectral data over time (Figure 3C) also show
classic behavior indicating sp*to-sp’ rehybridization,”** as
evidenced by the growth of the D-band (ca. 1320 cm™)
relative to the G-band (ca. 1592 cm™). The Raman spectra are
normalized to the G-band intensity, and we see no change in
the relative intensities of the sub-bands that comprise the G-
band, even for the sample illuminated for 27 h. (We were
unable to detect the G-band signal for the 36 h sample.) Since
the D/G ratio is known to increase with the number density of
sp’ sidewall defects,” the continual growth of D/G during
illumination suggests that the ambient photobleaching
observed in the absorbance (Figure 2) is correlated with a
continual sp*-to-sp® rehybridization. These results support the
mechanism in hypothesis (2), whereby oxidative photo-
degradation occurs via the conversion of sp* bonds to oxygenic
sp> sidewall defects, a possibility that has also been observed
for a number of intentional oxygenic functionalization
studies.'®?”?73%3! " Furthermore, and consistent with the
ellipsometry results, no evidence of photodoping is observed,
which is known to either change the scattering cross section or
soften/stiffen the Raman modes, causing changes in the
relative intensities or frequency shifts of the (6,5) s-SWCNT
Raman bands.*”*

From the thorough examination of the optical properties
(Figure 3A—C), it is clear that a continuous and extensive
conversion of sp* carbon to sp® occurs on the nanotubes
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during ambient illumination, evidenced by (i) complete,
irreversible loss of the nanotube S;; and S,, exciton peaks in
the UV—vis—NIR absorption, (ii) a clear broadening of the Sy,
peak with no appearance of new absorption features in the IR
spectrum that can be attributed to a trion for degraded films,
(iii) growth of a red-shifted, deep defect PL band, and (iv) a
gradual relative growth of the Raman scattering D-band.
With knowledge in hand regarding the photodegradation
mechanism, we now turn our attention to strategies for
arresting this degradation. Since photoinduced oxidative sp
defect formation is obviously thermodynamically spontaneous
under ambient conditions, we explore routes for kinetic
stabilization, whereby the rate of this spontaneous degradation
pathway is either dramatically reduced or is outcompeted by
another more desirable kinetic pathway. An obvious strategy
for reducing the rate of oxygenic sidewall functionalization is to
reduce or eliminate the access of oxygen to the photoexcited
nanotubes. Thus, we utilized dielectric encapsulation on the
film and repeated the AIPS testing in air. Figure 4a
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Figure 4. Illustrations of arresting photodegradation by (A) dielectric
encapsulation of a (6,5) s-SWCNT:PFO-BPy film exposed to
continuous unfiltered irradiation in air or (B) photoinduced electron
transfer (PET) to a Cg, electron acceptor in a (6,5) s-SWCNT:PFO-
BPy/Cgj bilayer film exposed to continuous LP770-filtered irradiation
in air.

demonstrates that, indeed, dielectric encapsulation with a
thin (50—100 nm) coating of alumina confers >1200 h of
photostability to both the PFO-BPy polymer and the (6,5) s-
SWCNTs under unfiltered bleaching conditions.

We next examined whether an alternative pathway for the
nanotube photoexcited state could provide effective kinetic
competition to oxidative degradation. SWCNT-based photo-
voltaics operate on the principle broadly applied to “excitonic”
solar cells, whereby bound electron—hole pairs (excitons) are
rapidly dissociated at a donor/acceptor interface to produce
“free” electrons in the acceptor phase and holes in the donor
phase. (Cgo-1,)[5,6]fullerene (Cg, Buckminsterfullerene) has
been utilized as a highly efficient electron acceptor for small-
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diameter (6,5) and (7,5) s-SWCNTs>* with exciton dissoci-
ation efficiencies as high as 85%> through rapid photoinduced
electron transfer (PET) at the subpicosecond time scale.® As
such, we hypothesized that the rapid removal of SWCNT
electrons by photoinduced charge transfer to Cg, may prevent
photodegradation in photovoltaic bilayers.

We prepared a bilayer of compact (6,5) s-SWCNTs with
thermally evaporated Cg, on top and subjected the film to
continuous ambient photodosing using a 770 nm long-pass
(LP770)-filtered spectrum to ensure only the nanotube excited
states were activated. As control experiments, we confirmed
that the nanotube bleaching kinetics match the LP470
experiments (refer to Figure 2), where both the S;; and the
S,, states were dosed in ambient, when no Cg is present (see
Figures SS and S6). Figure 4b shows that when Cg, is present,
the photodegradation pathway indeed appears to be out-
competed by the rapid CT excited-state quenching pathway via
electron transfer from the (6,5) s-SWCNT to Cg,, evidenced
by the steadfastness of the S;; peak at 1000 nm, maintaining
over 92% of the peak S;; FA during the 1311 h long
continuous irradiation experiment.

This result provides some insight into potential photo-
degradation mechanism(s), as depicted in Figure S, although
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0

(6,5) SWCNT

Figure S. Potential pathways for the observed photodegradation. In
both pathways, a photon (hv) first excites the SWCNT from the S,
ground state to the first singlet excited-state S;. (A) In the singlet
oxygen pathway, intersystem crossing (ISC) converts some fraction of
singlets to triplets (T,), which can undergo singlet oxygen
sensitization (SOS) via energy transfer that excites oxygen molecules
from the ground triplet state to the excited singlet state. Reactive
singlet oxygen molecules can react with the SWCNT sidewall to
convert sp®> to sp® bonds. (B) In the superoxide pathway,
photoinduced electron transfer (PET) occurs from either SWCNT
excitons or SWCNT electrons that formed via autodissociation,
converting oxygen molecules to superoxide molecules (O,7). Reactive
0, molecules can react with the SWCNT sidewall to convert sp” to
sp® bonds.

some questions remain. Our prior studies demonstrate that the
holes remaining in the SWCNTs following PET to Cg, are
quite long-lived, lasting well beyond $ ns,*® a lifetime that is
several orders of magnitude longer than the singlet exciton
lifetime. Thus, we can be confident that excited-state holes
alone are insufficient to drive the observed photodegradation.
This leaves exciton- or electron-mediated pathways as potential
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culprits for photodegradation. We speculate that one potential
exciton-mediated process could be the intersystem crossing
(ISC) of SWCNT singlet states to produce triplet excited
states that are subsequently quenched by oxygen molecules
(Figure SA). Recent studies suggest that (6,5) s-SWCNT
triplets are sufficiently energetic to sensitize singlet oxygen.”’
Long triplet lifetimes make this a prevalent reaction pathway
for many organic molecules, and the highly reactive singlet
oxygen molecules produced in such pathways are known to
subsequently react with conjugated organic molecules.*®

Electron-driven radical formation and reaction, following
resonant SWCNT excitation, have been proposed as a route
for SWCNT sidewall functionalization with several different
classes of molecules.>**~*" In the current study, a potential
one-electron pathway, involving only oxygen molecules (i.e.,
no protons), would be the reduction of oxygen molecules to
generate superoxide radicals (Figure SB).*” The redox
potential of the O,/O couple is —0.33 V vs the standard
hydrogen electrode® or —4.11 V vs vacuum. This potential is
roughly 250 mV more negative than the electron affinity (EA)
value of —3.86 V vs vacuum proposed for (6,5) s-SWCNTs,"*
providing a thermodynamic driving force for this reaction.
Interestingly, even though the SWCNT electron is transferred
to Cg, there is no evidence for oxidation or dimerization of the
Cgo cage in our spectral data (Figure S6), which would be a
characteristic sharp peak around 428 nm, even after more than
1300 h of continuous photodosing. This implies that the
energy lost during CT may be sufficient to avoid Cg
polymerization as well as photodegradation, which would be
consistent with the EA value of ca. —4.29 V vs vacuum
proposed for Cg,* making Cg production of superoxide
nonspontaneous. Future studies should explore the role of the
acceptor’s EA value, the rate of PET, and the lifetime of the
charge-separated state on the effectiveness of this PET-based
mechanism for mitigating photodegradation.

We note that we also compared a sample sealed in a “dry air”
environment (0% relative humidity)*® to a sample sealed in an
“ambient air” environment (11—15% relative humidity) to
probe the degree to which water molecules may impact the
functionalization (e.g, through hydroxyl radical formation).
We observed a negligible difference in the photodegradation
kinetics of these two samples (Figure S7), indicating that water
molecules are not required to drive the photodegradation. The
potential role that water molecules, especially in higher
humidity environments, may play in accelerating the photo-
degradation should be explored in future experiments.

Finally, since physically blocking the access of oxygen
molecules to the SWCNT surfaces with AlL,O; dramatically
reduces the rate of photodegradation, we also probed the
degree to which the excess polymer host matrix may provide
any physical barrier to SWCNT degradation. Figure 6 shows
the S;; degradation kinetics for several (6,5) s-SWCNT:PFO-
BPy films with varying polymer content. These samples were
either prepared by spin-coating (as for the high-polymer-
content samples presented earlier in this study) or prepared by
spray-coating (required to generate sufficiently thick samples
with low polymer content for subsequent photodegradation
and optical characterization). The latter samples, with the
lowest polymer content, were prepared via centrifugation-
based and post-deposition removal of excess PFO-BPy,
ultimately down to a point where the film primarily exists as
highly interconnected SWCNTs, with only the small amount
of PFO-BPy remaining that is strongly wrapped around the s-
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Figure 6. Comparison of bleaching rates of the time-dependent
optical density (OD) data normalized to the t = 0 amplitude of the S;;
absorbance peak (centered at 1000 nm) for a broad range of (6,5) s-
SWCNT:PFO-BPy ratios, plotted against exposure time to illustrate
the inefficacy of the polymer host at preventing oxygen access to the
carbon nanotube surface, compared to a (6,5):PFO-BPy sample
encapsulated by Al,O; and a (6,5):PFO-BPy/Cg, bilayer.

SWCNTs. For all films, the S;; absorbance peak was tracked
via the normalized OD at 1000 nm (Figure 6). For reference,
the encapsulated film and Cg, bilayer data are also shown,
which showed minimal loss of the S;; feature for the
experiment duration of over 1200 h. On the other hand, all
of the unencapsulated films exhibited rapid loss of S;; peak
absorbance. Interestingly, the irreversible rate of S;; photo-
bleach appears to be somewhat independent of the relative
amount of polymer in each film, judged by the ratio of the
PFO-BPy peak at 360 nm relative to the S;; SWCNT peak
(Figure S8). Figure 6 suggests that the PFO-BPy polymer
matrix is substantially less effective at blocking oxygen ingress
and reaction with the excited states on (6,5) SWCNTs than a
thin oxide layer.

One should note that it is not terribly surprising that even a
high loading of polymer is inadequate as an environmental
barrier. Polymers, and especially light-emitting polymers,*” are
known to be highly permeable to gases such as O,. On the
other hand, thin metal or metal-oxide layers can be excellent
gas diffusion barriers, provided they are uniform and dense.
Although e-beam-evaporated films can be noncontinuous, we
constantly rotate the substrate during deposition from an off-
center source to reduce the pore/crack density and maximize
coverage. Even though atomic layer deposition (ALD) could
potentially provide a more conformal coating than evaporation
techniques, our data appear to show that our e-beam-
evaporated oxide is sufficient to afford long-term protection
of the underlying CNT film.

B CONCLUSIONS

In this study, we investigated the photostability of technolog-
ically relevant blends of PFO-BPy and (6,5) s-SWCNTs under
a variety of conditions and presented four key findings. First,
the optoelectronic pumping of the SWCNT singlet exciton in
air drives an irreversible bleach of these features, characterized
by the loss of conjugation on the carbon nanotube as sp
carbons are photochemically converted to sp®. Second, these
observations are reproduced regardless of whether the PFO-
BPy polymer also participates in photon absorption and
regardless of whether the tubes have high connectivity in the
film or if they are dilutely dispersed within the host polymer
matrix. Under these ambient conditions, the S;; exciton is
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completely bleached within 6 days during continuous
irradiation with ~1.1 sun equivalent of broad-band white
light. Third, we find that the dielectric encapsulation of the
blend films completely arrests these degradation pathways,
which extends extrapolated lifetimes to longer than 100 years
(essentially no degradation observed over more than 1200 h of
continuous testing) in air. Finally, we find that the rapid
extraction of photoexcited electrons from (6,5) s-SWCNTs in
donor/acceptor bilayers kinetically outcompetes the photo-
degradation mechanism. The results of this study provide
important mechanistic insights into the potential degradation
pathways of highly enriched s-SWCNTs as active layers in
associated devices, along with concrete strategies toward
mitigating such degradation for robustly operational SWCNT
technologies for optoelectronic applications.

Ultimately, these results are specific to (6,5) s-SWCNTs
photoexcited in air. Such nanotubes exhibit excellent stability
in the absence of oxygen, which has likely contributed to the
belief that they are generally photostable. We find that
photoexcitation at either the S;; or S,, to form excitons is
sufficient to drive this oxygen-related degradation. While we do
not test for stability under electronic injection of carriers, it
seems likely that any system, which forms excitons in the
SWCNT component, will be at risk of this degradation, and
this should be further studied. Lastly, we note that (6,5) tubes
have a small diameter and therefore a higher z-orbital vector
strain, which in fullerenes is known to increase carbon cage
reactivity.*® Similar studies may in fact show that larger
diameter SWCNTs could be intrinsically more stable.

B EXPERIMENTAL SECTION

Sample Preparation. A dispersion of 0.5 mg/mL of commercial
(6,5)-enriched SWCNT powder (CHASM Inc.) was probe tip-
sonicated with 2 mg/mL poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
(6,6'-{2,2'-bipyridine})] (PFO-BPy, American Dye Source, Inc., My,
= 35—65 kDa) in toluene (Analytical Grade; Fisher Scientific Inc.)
using a 0.5 in. probe tip for 15 min at 300 W (Cole-Parmer CPX 750)
in a flowing water bath at room temperature. All centrifuge runs were
conducted using an SW32Ti swinging-bucket rotor and Beckman-
Coulter Optima L100XP ultracentrifuge. The tip-sonicated samples
were immediately centrifuged at 13 200 rpm (29 760g) for S min at 20
°C. The purple supernatant (ca. 15 mL) was recovered and
concentrated to approximately S mL by heating to 80 °C on a hot
plate and passing a gentle stream of nitrogen over the solution surface.
Six concentrated samples were combined together and centrifuged at
24100 rpm (99 202g) for 20 h at 20 °C, and the (6,5):PFO-BPy
pellet was recovered using approximately 0.5 mL of supernatant. The
solution was combined with other recovered pellet solutions, and the
supernatant was added to reach the desired volume (1—3 mL). Inks
used for spray-coating were prepared the same way but dispersed in
10—15 mL of neat toluene after final centrifugation.

For solutions that required a smaller volume of toluene than what
was needed to recover the pellets, all pellets were dispersed together
in 20—30 mL of supernatant and centrifuged at 24 100 rpm (99 202g)
for 40 h at 20 °C. The resulting pellet was recovered using a thin
spatula and dispersed in a desired amount of supernatant (1—3 mL).
PFO-BPy powder was added until the ink reached the concentration
to maintain the desired [(6,5)]:[PFO-BPy] ratio.

Thin films were prepared by spin-coating or spray-coating onto
clean, polished quartz substrates (25 mm X 11 mm X 1 mm). To
ensure a homogeneous dispersion, inks were bath-sonicated
immediately before deposition. For spin-coated samples, thin films
were prepared by applying 100 yL of warm (~70 °C) SWCNT:PFO-
BPy solution onto room-temperature quartz plates in a dry nitrogen
atmosphere glovebox at 4000 rpm for blend solutions or 6000 rpm for
neat PFO-BPy solutions using a 1 s ramp time and a 60 s total spin
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time. All films were stored under dry nitrogen and protected from UV
while not being used for measurements in air. Spray-coated samples
were prepared by spraying dilute inks at 300 yL/min, directed by a
stream of dry nitrogen gas at 7 std L/min, onto the quartz substrates
on a heated stage (130 + 10 °C) using an ultrasonic spray head
(SonoTek, 0.8 W), with raster pattern designed to maximize
uniformity over the sample area. The films were left on the hot
plate for several minutes after spraying to ensure they were completely
dry. For the (6,5) SWCNT/Cg4, donor/acceptor bilayer, ~90 nm of
Cgo was deposited on the SWCNT thin film via thermal evaporation
at a pressure of <1 X 107 Torr and a deposition rate of 0.5 A/s.

UV—vis—NIR measurements were carried out on inks or thin film
samples using either a Cary 5000 or 7000 spectrometer in dual beam
transmission mode, with reference baselines taken either from toluene
in a 2 mm cuvette for solution measurements or through a blank
quartz substrate for film measurements, respectively.

Controlled Photon Dosing and Degradation. A custom-built
automated in situ photobleaching spectrometer (AIPS) was used to
record time-dependent photobleaching dynamics of the thin film
samples. The same instrument has been described previously in
detail.”" The system consists of a 4-bulb array (Sylvania 58321) that
outputs ~1.11 sun equiv (~110 mW/cm?) of photon flux between
300 and 1100 nm (refer to the right y-axis in Figures 1A,B and S1 in
the Supporting Information) that is mounted above a rotating platter
of samples. The time-dependent absorptance (fraction of absorbed
light, FA) spectra are sampled in situ via dual spectrometers
(transmittance and reflectance) during the course of the experiment.

In situ spectroscopic measurements are enabled by a separate light
source (Ocean Optics DH-2000-BAL) and two spectrometers (Ocean
Optics HR2000 and Ocean Optics R400-7-SR). The incident light is
guided to the sample through the core of a “six around one”
reflectance probe, where the six external fibers collect the reflected
light. A collimating lens is used to capture the transmitted light into a
single core fiber. These separate reflectance (FR) and transmittance
(FT) measurements are used to determine the fraction of absorbed
light, which is calculated by FA = 1 — FR — FT. The measurements
were carried out in air, and the temperature of the sample platter was
monitored during the experiment. Glass long-pass or laminated notch
filters were used to tune the bulb array output spectrum (transmission
profiles of the filters and the corresponding spectral photon fluence
spectra are shown in Figure S1). The photon intensity of the bulb
array in this experiment was measured as 2.2 X 10'7 photons/(s m*)
at 360 nm, the peak absorbance wavelength of the polymer, for the
unfiltered irradiance conditions and calculated as <5 X 103 photons/
(s m?) at the same wavelength with the LP470 filter in place. It should
be noted that the absorptance spectra have not been corrected for
contributions to the measured spectrum from the quartz substrate
(cf, the feature between 450 and S00 nm) supporting each film.

Photoluminescence, Raman, and Ellipsometric Spectrosco-
py Measurements. Infrared photoluminescence excitation using a
home-built PL instrument*’ was used to confirm that our films are
highly monochiral. A separate Princeton PL spectrometer system was
used to measure S;; PL yield while directly exciting the S,, transition
at (574 nm) and recorded on an InGaAs array (full details in SI part
4). Raman spectra were excited resonant to the S,, in a backscattering
configuration and recorded using a Jobin Yvon T64000 triple
spectrometer with a nitrogen-cooled silicon charge-coupled device
(CCD). Multimodal ellipsometry combines transmission—absorbance
data with reflection and transmission spectroscopic ellipsometry to
model the dielectric function of encapsulated films (full methods in SI
part 3).

Thin Film Encapsulation. Encapsulation was achieved by the e-
beam deposition of alumina coatings around 50—100 nm thick. The
substrate was rotated during the deposition and maintained at roughly
a 30° angle with respect to the line of sight to the target. It is possible
that the deposition thickness, rotation, and slight oblique angle aid in
the effectiveness of the e-beam film, which likely exhibits some scale
of porosity. To minimize exposure of the films, we run the deposition
at room temperature and do not flow any oxygen or plasma. For NIR
PL, Raman, and NIR absorption spectral characterization of degraded
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films, we encapsulate the films after photon dosing on the AIPS to
prevent further photodegradation. However, we recognize that the e-
beam deposition of dielectrics has the potential to slightly oxidize the
tubes during the first 10 nm or so of the deposition, and therefore, we
account for this in the analysis and find that it does not impact the
overall degradation kinetics observed.

B ASSOCIATED CONTENT
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