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ABSTRACT: The semiconducting single-walled carbon nano-
tube (SWCNT), noncovalently wrapped by a polymeric
monolayer, is a nanoscale semiconductor—electrolyte interface
under investigation for sensing, photonics, and photovoltaic
applications. SWCNT complexes are routinely observed to (Ox*
sensitize various electrochemical/redox phenomena, even in the ‘
absence of an external field. While the photoluminescence R Y
: ed
response to gate voltage depends on the redox potential of the
nanotube, analogous optical voltammetry of functionalized
carbon nanotubes could be conducted in suspension without
applying voltage but by varying the solution conditions as well
as the chemistry of the encapsulating polymer. Steady-state
photoluminescence, absorbance, and in situ measurements of O,/H,O reactivity show correlation with the pH/pK,-dependent
reactivity of z-rich coatings. The nanotube emission responses suggest that the presence of photogenerated potential may
explain the observed coating electrochemical reactivity. This work finds that electronic and chemical interactions of the
nanotube with the encapsulating polymer may play a critical role in applications that depend on radiative recombination, such as
optical sensing.
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B INTRODUCTION

The near-infrared (NIR) photoluminescence' of semiconduct-
ing single-walled carbon nanotubes (SWCNTs) enables

persions show that semiconducting SWCNTSs can sensitize, or
catalyze, coating-related redox reactions.”*™** These reactions
were found even in the absence of external light excitation

optoelectronic,” sensor,””” analytical,’ and imaging applica-
tions.” ™! Upon photoexcitation, various nonlinear processes
have been observed in the nanotubes, including carrier
ionization,""? carrier multiplication,“"15 existence of trions,16
biexcitons,'”'® generation of spontaneous/long-lived charge
carriers,'”"** and Auger effects.'®'”>*"*” These phenomena
were observed in individual nanotubes in an environment of
low (nonpolar solvents, or air) or high (polar solvents)
permittivity, when exposed to a range of optical fluences, with
ultrafast laser sourses”>>**®*? or continuous wave sources.’”'
Overall, independent of dielectric environment, photogener-
ated potentials near the nanotube surface were observed.”**"**

Recent evidence shows that, for encapsulated/dispersed
SWCNTs, the photoinduced excitations may interact with the
coating.”” Routine preparation of colloidal suspensions of
SWCNTs is achieved with a variety of coating molecules,
including polymers that have z-rich electronic systems and/or
electrochemically active moieties. Studies of colloidal dis-
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(though not entirely isolated from ambient lighting) or
voltage.**~*” The role of the coating in this activity was not
defined, although the emission response of nanotubes to redox
solutes was reported to be coating-dependent.*® The presence
of photogenerated charge on the coating offers an explanation
for observed redox sensitization. However, if the coating is not
directly photoionized, the mechanisms that sensitize a reaction
in suspension are not clear. Many coatings that stably suspend
nanotubes, e.g, DNA and cellulose polymers, have pH-
dependent redox properties (show electrochemical response
in the presence of reducing or oxidizing agents).*’ ™’ Notably,
0,/H,0 redox activity is frequently observed in aqueous

35,37,40,41,58—60

suspensions of coated nanotubes as well as in
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suspensions of biomolecules such as DNA oligomers in contact
with dye photosensitizers.®'

Herein, we investigate the excited-state electrochemical
behavior of carbon nanotubes and their interaction with
nonconducting polymer coatings. Two chemically distinct
coatings were explored—single-stranded DNA (ssDNA
(GT)sg and shorter oligomers)45 and carboxymethyl-cellulose
(CMC).* We investigated the pH-dependent response of the
SWCNT emission using buffers to control the O,/H,0 redox
potential of the nanotube environment. We observed a distinct
optical response of nanotubes to pH that mimics the nanotube
response upon applied electrochemical potentials. We also
found distinct photoluminescence features that corresponded
to ionization constants of the SWCNT coatings. These features
depend on excitation fluence, nanotube bandgap, temperature,
and redox solute concentration. Coating-related photocatalysis
was also observed upon exposure to relatively large CW laser
fluences. We propose that the electrochemical character of
colloidal SWCNT's can be assessed quantitatively via spectros-
copy without the need for external voltage and that ionizable
groups on the coatings play a distinct role in their
electrochemical behavior.

B EXPERIMENTAL METHODS

Materials. CMC-SWCNTs were prepared with S mg high-
pressure carbon monoxide (HiPco, Unidym, Sunnyvale, CA)
nanotubes mixed into 1 mL 0.1% carboxymethyl-cellulose
sodium salt (Sigma C4888) in deionized water (PureLab ultra,
18.2 MQ2). DNA-SWCNT was prepared using 10 mg of HiPco
mixed into 2 mg of single-stranded (GT);, DNA (IDT)
predissolved in 1 mL of 0.1 M NaCl. Both mixtures were probe
tip sonicated (Sonics & Materials, Sonics Vibracell) at 10 W
with a 3 mm stepped microtip (Sonics & Materials) in 2 mL
Eppendorf tubes for 30 min in a —20 °C cold block
(Biocision) contacted by dry ice. A pulse program was used
during sonication (1 min on, 15 s off). The resulting black
suspension was bench centrifuged for 10 min at 30 000 rcf
(Eppendorf Centrifuge S5430R); the top 90% was ultra-
centrifuged for 30 min at 171 180 rcf (avg) (Sorvall Discovery
90SE). The top 80% of this supernatant was removed to an
Eppendorf; S00 uL aliquots were exposed for 3 days to a
Neodymium magnet (Applied Magnets) to clear residual
metallic particulates (see Supporting Information, Figure
SM1). The supernatant above the aggregate/pellet was
removed and stored at 4 °C. Sodium azide (0.05% w/v,
Sigma $2002) was added to inhibit microbial growth. Working
colloid was prepared using three wash-spins with deionized
water in a MWCO centrifugal filter (Millipore, Amicon 100
kDa, 13,000 rcf, 6 min) followed by a final 10 min table-top
centrifugation (~32000 rcf). Based on similar preparation
procedures, >80% of SWCNT in colloid after preparation
average 136 nm in length.” Other reagents and materials used
in this work are reported in the Supporting Information.

Excitation fluence was measured with a power meter
(Thorlabs, PM100D) and photodiode power sensor. The
illumination area was calculated using the formula d = (4/
7)*(A/D)*f, where d is the diameter of the focused beam, D is
the visual diameter of the beam on the focusing lens, and f is
the focal length (reported by vendor). Fluence values likely
underestimate the true fluence since the true focal area is
expected to be smaller than the estimated one. During all
experiments, each sample was exposed to the CW laser for less
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than S s. Reported illumination fluence values incorporate
experimental exposure times.

Sample Characterization Using UV/Vis/NIR Spectro-
photometry, pH Measurement, Zeta Potential, and
DNA Labeling. UV—vis—NIR absorbance spectroscopy was
conducted with a Jasco V-670 spectrophotometer using 1 cm
path-length cuvettes (Eppendorf 952010069). The average
power of the instrument excitation beam is 4 mW which forms
roughly a 0.31 cm” focal spot on the sample; 1 s is a typical
exposure time for each 10 nm scanned. The extinction
coefficients epna(910 nm) = 0.022 54 L~mg_1-cm_1 and
€cmc(630 nm) = 0.036 L'mg™"-cm™" were used for calculating
DNA-SWCNT and CMC-SWCNT concentration, respec-
tively.

A SevenCompact pH/Ion voltage meter (Mettler Toledo,
Columbus, OH) was connected to an InLab Micro pH
electrode (Mettler Toledo, Columbus, OH) with temperature
adjustment. Reference pH, standard solutions (Sigma) were
used for frequent calibration. Time-dependent pH measure-
ments used the LabXdirect software program (Mettler Toledo,
Columbus, OH). Briefly, 25 mL glass vials containing a Teflon
stir rod contained SWCNT-buffer colloids. For well-plate
experiments reported in the main text, “initial pH” electrode
readings were taken in each well immediately after
encapsulated-SWCNT was added into buffer. Samples used
for spectroscopy were not exposed to the pH probe; a fresh
sample series was prepared. pH of laser-exposed samples was
measured in each well under ambient lighting.

To determine thymidine base primary amine functionaliza-
tion, 0.3 mg/mL ssDNA (GT), was mixed into pH buffer and
left for 6 h exposed to ambient or 5% CO, atmosphere. After 6
h, a final 1.7S mg/mL fluorescamine/DMSO solution (a $:1
excess of fluorophore:amine) was incubated with ssDNA in
buffer (60% v/v DMSO/buffer solution). The solution was
incubated for 15 min at room temperature. To control for pH
effects on fluorescamine optical density, all final DMSO/
buffers were adjusted to pH 3.0 with the addition of HCI or an
equivalent volume of deionized water. Reported pH values
reflect measurements taken immediately after DNA was added
into buffer. DNA-free fluorescamine blanks controlled for
background signal. 4.,: 400 nm, A.,: 480 nm.

Well-Plate Photoluminescence-Excitation Spectros-
copy. For well-plate spectroscopy a continuous wave (CW)
730 nm diode laser with a maximum output power of 1 W, or a
SuperK Extreme supercontinuum laser connected to a variable
bandpass filter (Varia, NKT Photonics), was focused through
each sample with a 20X air objective (Olympus) below the
stage of an inverted microscope (Olympus IX-71). A custom
LabView (National Instruments) automation program was
used for data acquisition. Emission was recorded from 915 to
1354 nm. A 20 nm excitation bandwidth was used in all
experiments. Exposure times were held constant within
experiments. Light was collected with an IsoPlane SCT 320
spectrograph (Princeton Instruments, wavelength resolution
0.5-0.6 nm) and recorded by a —80 °C PioNIR InGaAs
camera (Princeton Instruments).”

Working sample colloids (110—130 uL) that contained a
final SWCNT mass below 300 nanograms (<2.7 ug/mL, or
mid-to-low nanomolar) were assayed in this work. For
spectroscopy and pH assays, all well plates were incubated
on the benchtop in the presence of room lighting (see Figure
S6) for 15 min and then taken for spectroscopy in a dark room.
For low O, and high CO, conditions, wells were incubated
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Figure 1. (a) Representative steady-state photoluminescence-excitation spectra (4.,: 730 nm) of DNA-SWCNT in different pH-controlled buffers.
(b) Steady-state absorbance of polymer coatings alone or polymer coated-SWCNTs. Vertical lines delimit the CW laser excitation used in this
work’s experiments. (c) Oxidation—reduction potential (ORP) probe measurement of each pH buffer alone or with 1 mM of the indicated

reductant/oxidant.
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Figure 2. (a) Normalized photoluminescence intensity of carbon nanotubes coated by CMC and DNA. Emission Peak 3, attributed to the (9, 4)
nanotube species, is shown; vertical lines denote the pK, constants of coating constituents. (b) Normalized absorbance intensity of the S, (left
panel) or S,, (right panel) transition arising from Peak 3 species in the pH assay. (c) Normalized photoluminescence intensity of CMC-SWCNT
from the pH assay; Peak 1 (990 nm) to Peak 5 (1280 nm). The CMC propionic acid (PrOH) pK, is indicated. (d) Electrochemical bandgap
(AEgeq) versus nanotube diameter, compared to diameter-dependent photoluminescence from CMC-SWCNT in pH = S buffer.

under a humidified atmosphere for 6 h, double-sealed with
Parafilm under atmosphere, and taken immediately for
spectroscopy. Samples exposed to the CW laser were
incubated alongside unexposed samples.

Statistics, Analysis, and Software. Error bars in each
figure represent standard deviation of N 3 technical
replicates; in several figure panels error bars are too small to
visualize. Spectral power, detector nonlinearity, and back-
ground correction were performed on all data using Matlab
(R2012a). All emission/absorption peaks representing various
SWCNT diameters were fit with a Lorentzian function without
deconvolution. OriginPro 9 was used to plot data. Adobe
Mustrator CS6 was used to generate figures and diagrams.
ChemBioDraw Ultra 13.0 was used to generate chemical
structures. In most cases, reported data are normalized to
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highlight photoluminescence trends/behavior. Raw emission
count differences between nonoverlapping data points ranged
from 10° to more than 10° a.u.

B RESULTS

Spectroscopic Assay, Redox System, and Coating
Sensitization Model. HiPco-produced SWCNTs were
suspended with carboxymethyl cellulose (CMC) or single-
stranded DNA (ssDNA) with the sequence (GT);,. SWCNT
photoluminescence shows multiple emission peaks with
intensities that depended on the pH of the buffer (Figure la
and Figure S1, 730 nm continuous wave, CW, excitation).
Distinct optical peaks were observed via absorbance spectros-
copy (Figure 1b and Figure S2). We note that the 730 nm CW
excitation laser was within the SWCNT S,, absorbance bands

DOI: 10.1021/acs.jpcc.9b07626
J. Phys. Chem. C 2019, 123, 24200—24208


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07626/suppl_file/jp9b07626_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07626/suppl_file/jp9b07626_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b07626

The Journal of Physical Chemistry C

—
Q)
~

—_
Q
—

Normalized
PL Intensity (a.u.)

PL Yield (a.u.)

0.3 Jiem®

0.0+

101 ~990 nm
~ Emission
3 Peak
TS L iy AN e
N> ~1130 nm
TG 05 i\ |Emission
% 8 3\ |Peak
z=< ’
| ~1190 nm
o Emission
0.0 Peak

113 0 5

Laser Fluence in Sample (J/cm?)

15 20

Figure 3. (a) Steady-state photoluminescence from the DNA-SWCNT peak ~1130 nm (Peak 3, A.,: 730 nm) as a function of buffer pH after the
laser fluence in the sample was changed (see legend). Vertical lines indicate the pK,’s of the ssDNA coating. (b) Raw/absolute photoluminescence
from (a), as a function of CW laser fluence, for three pH environments. (c) Steady-state photoluminescence, as in (a), after excitation with 20 J/

cm’. Three diameter-related emission peaks are shown.

(500—850 nm), but was not resonant with optical transitions
of either the polymer coatings or the nanotube S;; NIR bands.
Figure lc describes the pH buffer system used to generate
working CMC-/DNA-SWCNT suspensions. The reduction
potential of each pH buffer alone or with added redox solute
was measured with a platinum ORP electrode —0.15 molar pH
buffers, containing the O,/H,0 redox couple; hydrogen
peroxide (H,0,), a common oxidant; L-cysteine, a 2-electron
reductant; or ascorbate, a l-electron reductant/oxidant. The
reduction potentials of all buffers were largely linear across the
pH range.

The pH-dependent nanotube absorbance and emission were
measured across the full pH range using the buffer system
described above. Figure 2a reports the photoluminescence
intensity behavior of Peak 3 (from Figure 1a), attributed to the
(9, 4) species, of DNA- or CMC-SWCNTs diluted into pH
buffers, incubated, and exposed to a 730 nm CW laser fluence
of 12 J/cm® The pH-dependent behavior of the nanotube
photoluminescence differed between the two encapsulating
polymers. Moreover, distinct changes in photoluminescence
intensity appeared in the vicinities of specific pK, constants
(proton ionization values, dotted lines) that correspond to
known ionizable groups on either coating. For CMC-
SWCNTs, one inflection point in intensity versus pH appeared
at pH ~ 5. The pK, of propionic acid, the sole ionizable group
on CMC, is around pH 4.7. For DNA-SWCNT, similar
phenomena were found, corresponding to several known pK,
values of the DNA bases (Figure S3a).

We further investigated whether the optical absorbance of
the SWCNTs would exhibit coating and pH-dependent
features analogous to the photoluminescence response. UV—
vis—NIR spectrophotometry in the 500—1400 nm range was
used to measure DNA and CMC-coated-SWCNT absorbance
in pH buffers (Figure 2b, Figure S2). The S;; absorbance
behavior of Peak 3 species for DNA-SWCNT at pH > 7
roughly reflected photoluminescence behavior. On the other
hand, CMC-SWCNT §,; absorbance sharply decreased at pH
> 7, while emission tended to increase.

To analyze ionization (pK,-related features of the
polymers,”> summarized in Figure S3a and the Supporting
Information), we also plotted an energy diagram (Figure
S3b,c) for relative energy alignment between electronic states
in the nanotube and on the coatings; included are literature
reported values for anodic (oxidation) potentials of the (9, 4)
nanotube (Labels 1—2) and oxidation values for CMC and
ssDNA coating constituents (Labels 3—11). In the Supporting
Figure S3c, nearly all ground energy levels of the coating

constituents are situated near or below the nanotube highest
valence (sub-) band edge (Label 1) and in a few cases below
the nanotube second valence (sub-) band edge (Label 2). The
peak optical absorbance (ionization energy) of the CMC
polymer was experimentally determined and plotted (Label
3*). Although not shown in the diagram, excited/ionized states
for the ssDNA are near the SWCNT conduction bands.

The alignment diagram suggested reasonable overlap
between SWCNT bands and CMC ionization states. Spectral
peaks (Peaks 1—5) from CMC-SWCNT in the buffer assay
were reported in Figure 2¢c. The pK, of the ionizable group on
CMC (propionic acid, pH ~ 4.7) was delineated by a
photoluminescence feature near pH ~ S. This feature was most
distinct for the shortest wavelength emitting species (~990
nm) yet disappeared for the longest wavelength emitters
(~1280 nm). To test whether the photoluminescence features
were related to the SWCNT electrochemical bandgap
(AE ), values from optical voltammetry of CMC-
SWCNT™ were related to PL intensity in Figure 2d. In
contrast, no direct correlation between pK,-associated photo-
luminescence and calculated CMC charge density per length of
nanotube (Figure S4a and Supporting Text) or CMC-SWCNT
work function (Figure S4b) was found.

Dependence of DNA-SWCNT Excitation—Emission
Features on Laser Fluence, Semiconductor Bandgap,
Excitation Energy, Temperature, and Chemical Redox.
In contrast to the CMC polymer, the ssDNA coating contains
several ionizable chemical groups with pH-dependent electro-
chemical potentials. Photosensitization of this coating should
depend on the electrochemical potential both of the SWCNT
and of the electrolyte. We focus first on the dependence on
fluence and nanotube bandgap. To assess pH-dependent
photoluminescence behavior as a function of laser fluence,
DNA-SWCNT samples were exposed to the fluences varying
by almost two decades (Figure 3a). pH-related photo-
luminescence features became stronger with increased fluence.
A maximum between pH 1 and S coincides with the third pK,
value of guanine (pK, ~ 3.9). Another ssDNA pK,-related
feature developed at pH 7—8 (see arrows). Raw photo-
luminescence yields in three different pH buffer environments
were plotted as a function of radiant fluence in Figure 3b,
which showed an initial linear response, followed by a
superlinear slope, and finally decay at ultrahigh fluence.

This nonlinear response at high fluence was evaluated with
respect to nanotube optical bandgap. The response for clearly
separated DNA-SWCNT emission peaks (1, 3, and 4) from the
buffer assay at maximal output (20 J/cm?*) fluence is shown in
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Figure 4. (a) Steady-state photoluminescence from the DNA-SWCNT peak ~1130 nm (Peak 3), as a function of buffer pH, upon excitation with
the CW laser energies listed in the legend (bandwidth included). Arrows reference the text. (b) Steady-state photoluminescence from the DNA-
SWCNT peak ~1130 nm (Peak 3), as a function of buffer pH, after samples were incubated at room temperature (23 °C) or at 4 °C. (c) Steady-
state photoluminescence from the DNA-SWCNT peak ~1130 nm (Peak 3), as a function of buffer pH, when SWCNT were prepared using the
ssDNA repeat lengths listed. Arrows reference the text. CW laser fluence in the sample was 20 J/cm?”. (d) Steady-state photoluminescence from the
DNA-SWCNT peak ~1130 nm (Peak 3), as a function of buffer pH, with or without 1 mM ascorbate. Arrows reference the text. CW laser fluence

in the sample was 20 J/cm?

Figure 3c for large bandgap (~990 nm), medium bandgap
(~1130 nm), or smaller bandgap (~1190 nm) species. pK,-
related features were most prominent from the medium
bandgap (~1130 nm) SWCNT species.

Next, we investigated photochemical processes initiated by
the SWCNT, as this could not be excluded due to the large
power densities used in this study.62 Specifically, we focused on
carbon side-wall reactivity as opposed to the coating reactivity.
We measured photoluminescence at lower fluence (0.3 J/cm?),
outside of resonance with SWCNT excitation, as a function of
pH (Figure 4a). The position of the laser excitation
(bandwidth noted in the figure legend) was adjusted above
or below the S,, optical resonance. Although minor differences
were observed (arrows), results showed no major pK,-
dependent changes with respect to photon energies above
(2.18-2.1 eV) or below (1.55—1.52 eV) the SWCNT
excitation band.

We assessed pK,-related photoluminescence dependence on
the temperature (Figure 4b). Samples were kept on ice to
lower the temperature of the DNA-SWCNT colloids to 4 °C.
We found that differences in pK,-related photoluminescence
features re-emerged in the colder temperature.

Next, we examined the role of the coating using two
methods: adjusting the ssDNA (GT) base conjugation by
changing the oligomer length and exposing the complexes to a
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single-electron reductant/oxidant, ascorbate.*® Figure 4c shows
the effect of ssDNA polymer conjugation length on photo-
luminescence features for ssDNA of the order (GT) < (GT),
< (GT)s. A broad flat photoluminescence plateau was
observed for the shortest sequence, (GT);. This broad feature
disappeared and transformed into several pK,-related features
as length increased (arrows). Additionally, an excess of the
single-electron donor/acceptor ascorbate was introduced into
each colloid. Results in Figure 4d showed that ascorbate
abrogated the dip in DNA-SWCNT photoluminescence
between pH 4 and 6, as well as decreased photoluminescence
above pH ~ 12, similar to the curve for (GT)e-SWCNT in
Figure 4c. In conventional electrochemical studies, changes in
SWCNT emission wavelength are also observed at extremes of
applied voltage.**” The peak center wavelength exhibited a
distinct shift from this redox experiment (Figure SS) (blue to
red) and also showed coating pK,-related features.

Assay for Coating-Related O,/H,0 Redox Reactivity
in Colloid. We investigated the change in solution pH upon
excitation with high laser fluence since a change in pH can
result from photoelectrochemical reactions near the nanotube/
coating. A micro pH electrode was used to measure the
colloidal samples after room incubation (under ambient room
lighting: less than 12 mJ/cm?) (Figure S6) or after CW laser
exposure (at 12 J/cm?). Figure Sa reports the change in buffer
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Figure 5. (a) Change in solution pH (ApH) as a function of starting pH for DNA-SWCNT exposed to ambient illumination (12 mJ/cm?) or the
CW laser (12 J/cm?). Vertical lines are the ssDNA coating pK,’s. (b) As in (a) after 1 mM cysteine (CySH) or hydrogen peroxide (H,0,) was
added to each pH buffer. Vertical lines are the ssDNA coating pK,’s. (c) Steady-state photoluminescence yield from DNA-SWCNT in pH buffers
with or without 1 mM cysteine or hydrogen peroxide. Vertical lines show the pK, constants of the ssDNA coating.

pH (ApH) as a function of the initial pH measured after
benchtop incubation of working DNA-SWCNT colloids (cf.
Figure S7 for CMC-SWCNT). Positive ApH values indicate
alkalization, and negative values indicate acidification. The data
show pH changes that are significant considering the buffering
capacity was roughly 50 mM. Interestingly, for the reaction at
high fluence (12 J/cm?), the ApH features correlated with
coating ionization at the ssDNA pK, values (dashed lines). A
background solution reaction under ambient lighting (<12 mJ/
cm?®) was also present. More importantly, no measurable
reaction was detected when colloids were protected from
ambient light with tin foil (Figure S8).

We next investigated the change in solution pH after the
addition of cysteine, a reductant,”® or hydrogen peroxide, an
oxidant (Figure Sb). Alkalization was observed upon addition
of cysteine for lower illumination fluence (pH ~ 9—10) and a
shift of the acidic maximum occured from pH ~ 3 (without
cysteine) to pH ~ 2 (with cysteine). Upon introducing
hydrogen peroxide, acidification, pH ~ 10, occurred both
under ambient and intense illumination. After redox treatment,
pK,related photoluminescence behavior was similar to that of
the original samples (Figure Sc) with the exception of cysteine-
treated colloids at a pH around the cysteine pK,. Here, the
low-pH PL peak was shifted to more acidic values and the
alkaline PL maximum was flattened. Hydrogen peroxide did
not attenuate photoluminescence, except under highly
oxidizing conditions below a pH of 3. Additional data
presented in Figure S9, wherein carboxylate oxygens were
introduced onto the coating, show correlation between
alkalization/acidification and emission intensity.

B DISCUSSION

This work examined carbon nanotube optical properties via
optical voltammetry-like measurements conducted in a
solution/colloidal phase. We investigated whether the z-rich
electronic system and redox-active moieties of the coatings on
semiconducting nanotubes play an active role in solvated-stage
photoelectrochemistry of the complexes, similar to photo-
charge characterized through ultrafast spectroscopic studies,”
without applying any potential to solution or connecting tube
to electrode. A classic semiconductor photoelectrochemical
model®* ™% was considered in this context. Photoelectrochem-
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ical behavior was shown for SWCNTSs coated by cationic
hydrocarbon in the presence of an appropriate redox couple,”
and SWCNTs were found to promote reactions through the
coating;38’4o’41 however, we did not find evidence for direct
involvement of the coating during excitation.

Under large illumination fluences, nonlinear optical
processes may occur in SWCNTs; for example, a photo-
ionization of excited states (cf. Figure 2a, Figure 2b, and Figure
S3). We note that excitation fluences similar to those used in
this work are routinely employed in laboratories; given that ca.
0.03 uJ/cm’® excitation was shown to be sufficient to promote
photogenerated potential on polymer-coated SWCNTs,*>**
this work’s findings may be relevant to SWCNT character-
ization in ambient conditions.

The use of a linear redox buffer (Figure 1) was critical to
unambiguously correlate photoluminescence and absorbance
variation (Figure 2) to coating ionization, specifically, the
redox active components of the polymer (Figure S3a). Since
pK,-related photoluminescence features were observed at all
laser exposures used in this work, the photogenerated steady-
state population density on the nanotube was likely responsible
for the reactivity.

Polymeric systems like ssSDNA can promote (catalyze)
charge transfer between a photosensitizer and redox solute.®!
Photosensitization requires the electrochemical potential of
interacting components to be aligned (Figure S3c). A
dependence of these results on the bandgap of the SWCNT
(Figure 2 c—d, 3c) supports the idea that sensitization of the
encapsulation depends on the interacting energies between
SWCNT and coating; however, data also suggest that an
optimal overlap exists between particular SWCNT bandgap
energies and the redox states on the coating. Interestingly, we
found that the ground-state absorption behavior resembled
photoluminescence behavior only for the DNA-SWCNT. It is
possible that the ionizable states on the CMC polymer do not
overlap the SWCNT bands to the same degree under similar
redox conditions. While the charge state of the coating was
reported to influence the redox phenomena observed,"® in this
work we showed evidence that this behavior can be attributed
to ionizable () groups on the coating.

In earlier photochemical doping experiments, covalent
modifications were found to be dependent on excitation
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energy and independent of temperature.” In this work,
(Figure 4a—b) we found a dependence on the solute
temperature while variations of excitation energy around
resonance did not show an appreciable effect. The reactive
nature of the coating, rather than of the SWCNT itself, was
also suggested by a general lack of photoluminescence
quenching after H,0, treatment, as well as a lack of
appreciable changes to the pK,-related optical features.
Furthermore, coating charge density and nanotube work
function trends (Figure S4) suggested that the pH/pK,-related
photoluminescence features were not directly related to classic
charge separation (doping) between coating and nanotube.
Rather, emission behaviors may be a result of electronic
hybridization effects.**®” These effects would explain spectro-
scopic (intensity and wavelength) changes68 often discussed in
relation to the coating’s electronic conjugation (Figures 4c—d,
SS).

Colloidal redox phenomena are commonly observed when
SWCNT are exposed to standard illumination sour-
ces.*¥*0*%0 Detection of solution reactivity (ApH, Figures S
and S7) following the coating’s pK, supports a photo-
sensitization scheme in which the SWCNT excited state is
sensitive to modification of the reduction/oxidation environ-
ment, including the addition of ionizable groups to the coating
(Figure S9). We further discuss one implication for routine
characterization in the Supporting Information. Finally, it will
be important to investigate these optical phenomena using
enriched/separated SWCNT samples, when available. Sim-
ilarly, full excitation—emission mapping may be used to assess
spectral contributions from other SWCNT species if longer
exposure times and off-resonance excitation are acceptable.

B CONCLUSIONS

We found a distinct optical response of nanotubes exposed to
aqueous redox buffers that mimics a nanotube response to
applied electrochemical potentials. While the photolumines-
cence response to a gate voltage depends on the redox
potential of the nanotube, here we found that a similar optical
response in aqueous suspension can occur in the absence of
applied voltage; we refer to this phenomenon as optical
voltammetry. The experimental results were highly dependent
on the chemistry of the encapsulating polymer, as evidenced
with two anionic polyelectrolyte coatings. Nanotube steady-
state photoluminescence and absorbance responded to a linear
0,/H,0 redox buffer nonmonotonically. Correlation to
ionization (pK,) properties of the coating suggest that the
nanotube acts as a photosensitizer (while direct carbon side-
wall reactivity was discounted). Coating- and illumination
fluence-dependent O,/H,O reactivity was detected through
pH changes in colloid. Therefore, ionizable coating compo-
nents may be major sites of SWCNT excited-state interactions.
This work also suggests that nonlinear processes at relatively
large illumination fluences, employed in routine spectroscopic
assays, can initiate electrochemical reactions on SWCNT/
coating complexes. The reversibility of coating electronic
transformations by SWCNT excited states is a nascent area;
further studies on the identity of the photoexcitations that
contributed to these findings are warranted. Such information
may lead to improved control of exciton recombination for
sensing, photonics, and photovoltaic applications.
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