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ABSTRACT: Photoluminescent sp® defect states intro-
duced to single wall carbon nanotubes (SWCNTs) through
low-level covalent functionalization create new photo-
physical behaviors and functionality as a result of defect
sites acting as exciton traps. Evaluation of relaxation PL decay at 1.27 pm i
dynamics in varying dielectric environments can aid in ;/}7;
advancing a more complete description of defect-state 4 D20 DZOM /i; - A
relaxation pathways and electronic structure. Here, we THF +Toluene $/§; 3;; ;HF +Toluene
exploit helical wrapping polymers as a route to suspending —*

(6,5) SWCNTs covalently functionalized with 4-methoxy- oo
benzene in solvent systems including H,O, D,0, methanol,
dimethylformamide, tetrahydrofuran, and toluene, span-

ning a range of dielectric constants from 80 to 3. Defect-

state photoluminescence decays were measured as a
function of emission wavelength and solvent environment. Emission decays are biexponential, with short lifetime
components on the order of 65 ps and long components ranging from around 100 to 350 ps. Both short and long decay
components increase as emission wavelength increases, while only the long lifetime component shows a solvent
dependence. We demonstrate that the wavelength dependence is a consequence of thermal detrapping of defect-state
excitons to produce mobile E;; excitons, providing an important mechanism for loss of defect-state population. Deeper
trap states (i.e., those emitting at longer wavelengths) result in a decreased rate for thermal loss. The solvent-independent
behavior of the short lifetime component is consistent with its assignment as the characteristic time for redistribution of
exciton population between bright and dark defect states. The solvent dependence of the long lifetime component is
shown to be consistent with relaxation via an electronic to vibrational energy transfer mechanism, in which energy is
resonantly lost to solvent vibrations in a complementary mechanism to multiphonon decay processes.
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ow-level covalent functionalization of semiconducting
single-wall carbon nanotubes (SWCNTSs) by oxygen,'
aryl,” and alkyl groups,” with the latter two classes
creating sp> defects, introduces new photoluminescent
emitting states that are strongly red-shifted from the emission
commonly observed from the nanotube band-edge E,; exciton
state.* In addition to being the source of new photophysical

-4 ACS Publications  © 2018 American Chemical Society 8060

behaviors, these states are drawing significant interest as the
basis for emerging functionality, with possibilities including
enhanced sensing and irnaging,l’s’é photon upconversion,7_9
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and potential to act as room-temperature single photon
emitters.'”"" Many of these behaviors arise due to localization
of the diffusive band-edge exciton at the defect site.'””~"> The
localized exciton adopts a modified electronic structure defined
by the molecular dopant forming the defect."”"*™'* Local-
ization also modifies photoluminescence (PL) saturation
behavior.'”'®' A particularly important signature of the
exciton localization at defect sites is that, because the exciton is
no longer free to diffusively sample PL quenching sites along
the length of the carbon nanotube,’® its PL lifetime is
significantly extended.'"™'*'*

The photoluminescence dynamics of the defect states is a
significant determining factor in the enhanced PL quantum
yield observed from these states.'” The observation of an
increased defect-state PL lifetime as SWCNT diameter
decreases (and emission energy increases) has pointed to the
primary nonradiative decay mechanism being that of multi-
phonon decay (MPD),"* since the MPD rate will decrease as
the number of phonons required to bridge the energy gap
increases.”’ While suggested by Perebeinos and Avouris in
2008,”" such a mechanism had been masked by diffusive
exciton quenching, and only became apparent due to
localization at defect sites.'* Defect-state decay at room
temperature is found to be biexponential,'"'* indicating that
relaxation may involve two levels within the defect-state
manifold."* Temperature-dependent spectra'® and density
functional theory (DFT) modeling®* suggest that these two
states are likely to be a bright (i.e., optically allowed) emitting
state and another that is dark (i.e., optically forbidden), with
energy ordering depending on the specific local molecular
structure associated with the defect. With the two decay
components being similar in time scale and in weighting, a
model has been proposed for which the shorter component
corresponds to a time scale for redistribution of the
populations within the two energetically closely spaced defect
states, while the long-time component corresponds to the time
scale for relaxation of the entire defect-state manifold back to
the ground state (see Figure 1a)."* The biexponential
relaxation behavior thus provides additional information on
the electronic structure associated with the defects. In addition
to relaxation to the ground state, thermal detrapping of defect-
state excitons to produce mobile E,; excitons (as observed in
the photon-upconversion process)’ provides another possible
channel for loss of defect-state population (Figure 1a), but
requires further evaluation.

A full mechanistic understanding of defect-state relaxation is
not yet available, in part due to samples being limited to those
primarily generated in aqueous environments (due to
limitations in functionalization chemistry and nanotube
suspension methods). Access to a broader range of solvents
would allow probing of how dielectric environment and
specific solvent-SWCNT interactions impact relaxation, further
enhancing our understanding of decay mechanism. Here we
present a route to polymer wrapping (Figure 1b) of
functionalized SWCNTs that allows for exchange of the
nanotubes from an aqueous environment into a range of six
different solvents spanning dielectric constants from 80
(water) to 3 (toluene). We obtain PL lifetime data for
methoxybenzene-functionalized (6,5) SWCNTs as a function
of the solvent environment, and as a function of defect-state
emission wavelength. We observe an increase in PL lifetime as
defect-state emission wavelength increases, which is attributed
primarily to the effects of thermal detrapping and allows an
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Figure 1. (a) Depiction of defect state formation and relaxation
processes. Initial band-edge exciton may emit light (E,;) or is
diffusively trapped at defect site. Possible defect-state relaxation
pathways include population redistribution between bright
emitting and dark states (red dashed arrow), radiative relaxation
to emit a photon from the E,;* defect state (green vertical arrow),
and nonradiative processes (depicted as dashed arrows) including
multiphonon decay (MPD), electronic-to-vibrational energy trans-
fer to solvent (EVET), and thermal detrapping to regenerate the
band-edge exciton. (b) Schematic illustrating single-handed helical
wrapping of a SWCNT surface with an [arylene]ethynylene
polymer.

assessment of the relative impact such detrapping has on
overall defect-state population loss. We also find that, for the
long lifetime component, decay times increase as dielectric
constant of the solvent decreases. Using quantum chemical
calculations and condensed matter theory models, we
demonstrate this observation to be a consequence of an
electronic-to-vibrational energy transfer (EVET) mechanism
for relaxation. In contrast, the short component is insensitive
to a change in solvent. The latter observations are shown to be
consistent with initial assignments of the short component
being due to a redistribution of exciton population among the
different states of the defect-state manifold, while the lonf,
component is due to overall relaxation to the ground state.'

RESULTS AND DISCUSSION

While dielectric effects on SWCNT optical properties have
been studied at the single nanotube level,**** similar ensemble
level studies are more problematic. The most common
methods for generating solution phase samples typically
involve the use of agents including surfactants® or DNA®®
to generate aqueous suspensions. Alternatively, wrapping
SWCNTs with polyfluorene polymers provides an efficient
route to toluene-based suspensions.”” In each case, subsequent
SWCNT exchange into a broad range of organic solvents is not
possible. The use of [arylene]ethynylene polymers as wrapping
agents, in conjunction with phase-transfer catalysts, however,
presents an effective route for exchanging aqueous SWCNTs
into stable organic suspensions in several solvent systems.”*™>”
To study the environment dependence of exciton dynamics
from sp® defects in SWCNTs, we followed the strategy of first
functionalizing SWCNTs with 4-methoxybenzene (in aqueous
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1% sodium dodecyl sulfate (SDS)), followed by exchange of
the surfactant via wrapping with an [arylene]ethynylene
polymer (specifically, poly[2,6-{1,5-bis(3-propoxysulfonic
acid sodium salt) }naphthylene]ethynylene (S-PBn(b)-Ph,),
see Methods). Purification of the assembled S-PBn(b)-Ph,-
[(6,5) SWCNT] superstructure by gel permeation chromatog-
raphy removes surfactants (SDS) and unbound polymer,
rendering a sample that displays a constant and periodic single-
stranded, self-assembled helical wrapping (see Figure 1b and
also Supporting Information Figure S1) that leaves ~80% of
the SWCNT surface exposed to the solvent environment,*®
while also endowing SWCNT solubility in a wide-range of
organic solvents. Importantly, the morphology of the semi-
conducting polymer-wrapped SWCNT superstructure and the
electronic structure of the polymer remain unchanged by
changes in solvent dielectric,”® providing an ideal platform for
elucidating and monitoring SWCNT spectroscopic features.”*
Specifically, this system offers an excellent template to study
the environmental influence on PL dynamics of excitons
localized at aryl sp® defects in SWCNTs. The aqueous
polymer-wrapped functionalized SWCNTs were ultimately
exchanged into a series of organic solvent systems for optical
studies. (See Methods for details.)

Solvent-Dependent Defect-State PL Spectra. In this
work, 4-methoxybenzene-functionalized S-PBn(b)-Ph,-[(6,5)
SWCNT] superstructures were dispersed in H,0, D,O,
methanol, dimethylformamide (DMF), thetrahydrofuran
(THF) and a toluene (80%)/THF (20%) mixture, with
respective static dielectric constants of 80 (H,O and D,0),
36.7, 32.7, 7.58, and 3. Shown in Figure 2 are the room

] T T~ i
N i [
7] 1 1 |E11 D,0
] 1 1
-‘% ! ! ! Toluene+THF
B 1
c
% - /\/\’1\
= 1 1 1
g THF
T 1/ I I
ko] 1 I 1
N1/ | . DMF
g ] T 1
5 1 1 1 MeOH
z ] 1 1
1 1 1 1
| | H,0
7 L] L]

1000 1100 1200 1300 1400

Wavelength (nm)

Figure 2. Ensemble PL spectra of 4-methoxybenzene-function-
alized S-PBn(b)-Ph,-[(6,5) SWCNT] superstructures, suspended
in six different solvent systems. Peaks due to band-edge exciton
emission (E,;) and defect-state emission (E;* and E,*7) are
labeled. Intensities are normalized to the E;; peak in each
spectrum. Spectra are offset for clarity.

temperature ensemble PL spectra of the functionalized (6, S)
SWCNTs, for each solvent system. Three PL peaks are
observed in each spectrum, corresponding to E;; emission
(1013 nm in H,0), and two defect-state emission peaks
labeled as E;* and the significantly weaker E;;*~ (at 1162 and
1283 nm, respectively, in H,O). The two defect-state emission
bands are understood to arise due to multiple binding
configurations of the aryl dopant being allowed on the
nanotube structure, effectively creating the possibility of
chemically distinct defect sites occurring on the SWCNT
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surface, each with a separately defined electronic structure and
emission energy'® (see Supporting Information Tables S2 and
S3). We note that, for S-PBn(b)-Ph, wrappings, the E;;
emission peak is red-shifted from that of (6,5) SWCNT in
aqueous sodium deoxycholate (DOC) suspensions (typically
observed at ~985 nm), as the result of significant 7—x
interactions between the polymer backbone and the nano-
tubes.”

Interestingly, the PL spectra are nearly identical for all six
solvents. Particularly, the relative intensity of both E;;* and
E,;* bands with respect to the E;; peak vary only moderately
between solvents. We note that the relative intensities across
the solvent choices are directly comparable because the same
source of functionalized SWCNTs was used in all cases.
Therefore, defect density is unchanged across the solvents. The
minor variability in relative intensities indicates that defect-
state oscillator strength is insensitive to these solvent
environments. Additionally, emission wavelengths for both
defect-state peaks are nearly unchanged as solvent varies, with
deviations within 10 nm (Figure 2 and Supporting Information
Table S1). Such experimental results are consistent with
theoretical studies showing the defect-state oscillator strengths
and emission energies should have only a limited dependence
on the external environment, as a consequence of the relatively
small permanent dipole introduced by functionalization at the
defect site."®> Despite the minor sensitivity of the spectral
response to solvent changes, solvent environment may still be
expected to have an impact on defect-state relaxation dynamics
through specific solvent-nanotube interactions and impacts on
multiphonon decay mechanisms. Therefore, we also performed
PL lifetime measurements on the functionalized SWCNTs in
different solvents to reveal environmental influence on the
exciton dynamics.

PL Lifetime Dependence on Defect-State Emission
Wavelength. As reported previously,'* we find that the
defect-state PL decays in all solvents are biexponential, with a
short component (7,) having decay times of tens of ps and a
long component (7;) having decay times of hundreds of ps (see
Figure S2, Supporting Information). The two decay
components are plotted as a function of defect-state emission
wavelength and for each solvent system in Figure 3. As noted
above and as depicted in Figure la, the fast decay (z,) in the
biexponential relaxation dynamics corresponds to the redis-
tribution or scattering of the excitonic population between the
bright and dark trapped exciton states, shown by the red
dashed arrow in Figure la.'* Importantly, the fast initial PL
decay does not represent a fast exciton recombination, but
instead is due to rapid equilibration of the initially trapped
exciton population across the bright and dark trap-state
manifold. Once the exciton population is equilibrated between
the bright and dark localized states, the relatively slow
recombination of the trapped excitons via various channels
(see below and Figure 1a) determines the decay time of the
slow component (7;). We first discuss the short and long decay
time dependences on emission wavelength.

Both the short (z,, Figure 3a) and long (7, Figure 3b) decay
components increase as longer emission wavelengths are
probed. Interestingly, decay times measured across a series of
different SWCNT chiralities show an opposing trend to that
displayed in Figure 3, with PL lifetime decreasing as chirality-
dependent emission energies decreased.'* This behavior was
understood as arising from a multiphonon decay (MPD)
process (Figure la), for which the MPD rate decreases
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Figure 3. (a) Short (z,) and (b) long (7;) PL lifetime components for defect-state PL decay as a function of wavelength for six different
solvent systems. Data points are shown as symbols, with line added as a guide to the eye. All excited-state dynamical data examine solvent-
dispersed 4-methoxybenzene-functionalized S-PBn(b)-Ph,-[(6,5) SWCNT] superstructures.

approximately exponentially with the number of phonons
required to bridge the chirality-dependent electronic gap.”' In
contrast, the wavelength dependence in Figure 3 indicates that,
for a given SWCNT chirality, a competing process coexists,
with an opposing energy dependence, but likely occurs on a
similar time scale as MPD.

We note that as emission is probed across the wavelength
range displayed for the defect states in Figures 2 and 3,
different emitting states, E;* at ~1162 nm and E;*” at
~1283 nm (see Table SI in the Supporting Information),
arising from the different available dopant binding config-
urations,"*** are sampled. Variation in relaxation behavior with
emission wavelength therefore may be tied to differing
behavior of the individual states. We consider a number of
possible origins for these differences. One candidate, tied to
nonradiative decay, is that each state may couple differently to
phonons in the MPD process.”’ A particular measure of
exciton—phonon coupling is vibrational reorganization energy,
which reflects the deformation of the nanotube structure that
occurs upon exciton trapping at the defect site, with the
magnitude being determined by the degree of coupling
between the localized exciton and the related SWCNT
phonons. This reorganization energy has been found
previously to be on the order of 100 meV for defect states.”
While variations in exciton—phonon coupling between defect
states might explain some of the wavelength dependence
observed in the decay times, DFT calculations show that this
coupling is expected to be similar for each binding
configuration (see Methods, and Figure S3 and Table S2 in
the Supporting Information), owing to a similarity of phonon
modes coupled to the electronic degrees of freedom for each of
the different binding configurations. Such an explanation of the
observed lifetime increase at longer wavelengths is therefore
unlikely.

Alternatively, we consider a possible wavelength dependence
in the radiative recombination rate, given by k, « (hw)?ldP,*
where A is the transition energy and d is the magnitude of the
transition dipole. Through DFT calculations (see Methods and
ref 22), we find that the defect-trapped exciton wave function
becomes more strongly localized as trapping energy increases.
This is the case as one moves to progressively more red-shifted
defect emitting states (Figure 1a). As a result (see Section I in
the Supporting Information), the magnitude of the associated
radiative transition dipole moment negatively correlates with
the trapping energy (i.e., the stronger the trapping, the lower
the transition dipole moment and thus k, see Table S2 in
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Supporting Information). Beyond the effects of localization on
the radiative recombination rate, the decrease in emission
energy (hw) itself also contributes to an expectation of
decreased radiative rate. These two factors will thus both result
in longer PL lifetimes at longer emission wavelength, which
qualitatively agrees with the trends seen in Figure 3a and b.
However, DFT calculations suggest that the magnitude of the
PL lifetime for the systems of interest is expected to be on the
order of a nanosecond for a trapped exciton (Table S2,
Supporting Information), similar to expectations for the
radiative lifetime of the E,; state,”””" while the apparent
lifetimes in Figure 3 are at least an order of magnitude smaller.
Therefore, the radiative recombination channel will contribute
nearly negligibly to the observed exciton relaxation lifetimes,
and so the wavelength dependence of the radiative lifetime
cannot be the source of the apparent wavelength dependence
in Figure 3.

As a final possibility, it was suggested in ref 14 that another
nonradiative decay channel could be phonon-assisted thermal
detrapping”® (evident in photon upconversion),” which
produces free E;; excitons that decay quickly (~10—20 ps)
through efficient diffusive sampling of quenching centers found
on the SWCNT surface.'* This process is schematically shown
in Figure la by the curved green arrow. We assume the rate of
thermal detrapping in the Arrhenius form kg = A e™5/kT2?
where the activation energy E, is taken to be the energy
difference between the free and trapped exciton states (0.157
and 0.258 eV for the E,;* and E;;*~ PL peaks in Figure 2,
respectively). By transition state theory, one can approximate
the pre-exponential factor as A = kgT/h, where h is Planck’s
constant. At room temperature, this results in A & 6 X 1012574,
and yields detrapping times on the order of

Ty = ki ~ 100 — 300ps for the E,;* transition, and in the

dt
several nanoseconds range for the E;;*~ transition. The large
uncertainty originates from the exponential sensitivity of the
detrapping rate on the energies of transitions.

The resulting magnitude of the detrapping times is seen to
be in qualitative agreement with the results of measurements in
Figure 3b. For all solvents, excluding water, lifetime changes
from =200 to =300 ps when the wavelength changes from
1160 to 1280 nm (Table S1, Supporting Information), the
spectral region corresponding to defect-state PL for the
different available dopant binding configurations.'*** We
hypothesize that water is an exception because nonradiative
recombination of trapped SWCNT excitons in water is
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dominated by the so-called EVET, discussed in detail in the
next section. These data therefore suggest that the thermal
detrapping defines an important deactivation channel for
trapped defect-state excitons, which explains the lifetime-vs-
wavelength behavior in Figure 3. Such a process is also
consistent with previous reports of photon up-conversion” and
an increase in defect-state PL intensity as T decreases,' >
which is also accompanied by an increased PL lifetime.'’
Furthermore, our results indicate that thermal detrapping and
MPD are the dominant channels of nonradiative decay in all
solvents (except H,O). Quantitatively, the decay lifetime of the

long PL component (Figure 3b) can be represented by
1

1 1 . .
= — 4+ — + koper Where kg, is the cumulative rate
i gz T™PD

constant of all contributing processes other than detrapping or
MPD that includes, for example, radiative recombination. For
all solvents except H,O, kg, is nearly negligible, resulting in
lifetimes for different solvents being nearly superimposed in
Figure 3b. For water, kg, becomes substantial due to efficient
EVET (see below).

The lifetime of the short component (Figure 3a) is given by
1

1 1 . . o
=t where 7,4 is the time constant for redistribution
1

s rd

of the bright and dark defect states.'* Here we assume that 7,
Tyvppy and Ky, do not depend on whether an exciton resides in
the bright or dark trapped state. The rate of redistribution is
not expected to be strongly dependent on emission wave-
length, since the scale of the associated bright-dark energy
splitting within the defect-state manifold is significantly less
than that for detrapping energy. Indeed, the lifetime of the
short component changes only from &55 to ~65 ps over the
wavelength range of 1160—1280 nm. This variation can be
reproduced approximately by assuming constant 7,4 = 80 ps
and that 7; varies from 200 to 300 ps within the same
wavelength range, in agreement with Figure 3b. Collectively,
these data indicate that the two main contributions to the long
component decay rate, 1/7;, in Figure 3b are MPD and thermal
detrapping, with the latter providing the apparent lifetime-vs-
wavelength dependence highlighted in Figure 3b. The short
component lifetime incorporates the same exciton recombina-
tion channels, but the redistribution process shortens the
apparent lifetime, since 1oLyl

z Td 7 T

Defect-State PL Lifetime Dependence on Solvent.
Inspection of Figure 3 also reveals a contrast in solvent
dependent behaviors between the short and long components
of the PL decay. While the long component shows significant
variation with solvent (Figure 3b), the magnitude of the short
component, with the exception of D,O, is insensitive to
specific solvent (Figures 3a and 4). As highlighted in Figure 4,
7, is nearly constant across a wide range of solvent dielectric
response. This is consistent with assignment of 7, as reflecting
the rate of redistribution between bright and dark states of the
trapped exciton. Scattering between the states is unlikely to be
dependent on solvent dielectric. The stark difference in 7, for
D,0 in comparison to H,O does, however, indicate an isotopic
dependence that may reflect some involvement of solvent
vibrational modes in the scattering process.

The long decay component shows a much stronger
dependence on the solvent (Figure 3b). Empirically, there is
a strong negative correlation between the magnitude of the
solvent static dielectric constant and 7; (Figure Sa), particularly
when evaluated at the longest defect-state emission wave-
lengths (1250 nm). Interestingly, a strong isotopic dependence
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Figure 4. Short PL lifetime component (7,) as a function of solvent
dielectric constant for the six labeled solvents. Data taken for PL
emission centered at 1250 nm.

in the behavior is also evident, with the lifetime in D,O being
twice that found for H,O. As with the wavelength-dependent
behavior discussed above, it is not likely that the solvent
dependence has its origin in radiative relaxation, since the
associated 10-fold longer time scale will not impact the
observed decays. Furthermore, the radiative rate is expected to
show only mild sensitivity to the dielectric range studied here
(see the Supporting Information). The solvent dependence
must therefore also originate in nonradiative relaxation
processes. The empirical correlation we show between lifetime
and static dielectric constant in Figure Sa may be useful for a
quick determination of how solvent may impact defect-state
dynamics and for developing practical strategies for tuning
environmental interactions. However, it does not provide
mechanistic insight, does not account for the long lifetime
observed in D,0, and is insufficient for explaining the more
complex lifetime behavior observed at intermediate emission
wavelengths (Figure 3b). We address these issues by
developing a model based on EVET for relaxation of the
defect states.

It has been shown previously that a solvent-to-solvent
variation in exciton relaxation rates in colloidal nanosystems
could be explained by an EVET process.””** More specifically,
polar solvents (e.g., water, methanol) often have combination
vibrational bands with phonon energies up to ~1 eV, so that an
electronic excitation of a nanosystem (e.g, semiconductor
quantum dot, SWCNT) can recombine nonradiatively by
transferring energy to the solvent via Forster resonance energy
transfer (FRET). We find that such a process, shown by the
dashed vertical black arrow in Figure 1la, can explain the
observed solvent dependence in 7;, and particularly account for
the large difference in behavior between H,O and D,O.

The magnitude of the EVET rate is linearly proportional to
the imaginary part of the dielectric function, or, equivalently, to
the absorption coeflicient of the solvent at the frequency
corresponding to the exciton transition.””* Solvent absorption
spectra in the range of the defect-state emission are shown in
Figure Sb. We focus first on the H,0/D,0 behavior. The
absorption coefficient of water (dark green line, Figure Sb) is
universally significantly larger than that of D,O (light green
line) in this spectral region. This is due to the pronounced
isotopic red shift of all the characteristic rotational and
vibrational modes of D,0O relative to H,O. Such a large
mismatch of absorption coefficients, and, therefore, of the
EVET rates, explains qualitatively why the lifetime of the long
component is so different for these two solvents.
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Figure 5. (a) Long PL lifetime component (7;) as a function of solvent dielectric constant for the six labeled solvents. Data taken for PL
emission centered at 1250 nm. (b) Near-infrared absorption spectra for six solvent systems, each obtained in a 1 cm path length cuvette.

Quantitatively, the EVET rate I" for the relaxation of the
trapped exciton in SWCNTs is (see the Supporting
Information for derivation and discussion)

R 2
r=(=|rL

[RX] a (1)
where R, is the solvation radius for the SWCNT and R, is the
characteristic radius of the exciton localization. The EVET rate
[',q in the point dipole approximation is
d> 4e.”
R> 3¢?

S S

)

and the factor of (Ry/R,)* in eq 1 corrects I" bd Dy accounting
for the finite extent of the transition dipole (see the Supporting
Information). The complex dielectric function of the solvent,
at the frequency corresponding to the energy of the transition,
is €, = €, + ie,". The following parameters are assumed: the
characteristic value of the trapped exciton transition dipole is d
= 38 D (Table S2, Supporting Information), and the solvation
radius is R, ~ 0.7 nm.”"** The real part of the dielectric
function for H,O and D,O at optical frequencies is almost
identical (e," = €yy,0" = €p,0 & 1.75 at A = 1160 nm) and is only
weakly wavelength-dependent.”” The absorption coefficient for
H,0 and D,0 at 4 = 1160 nm are a0 ~ 1.152 cm™! and ap,o

~ 0.017 cm™' (Figure 5b). The absorption coefficients are
converted to the imaginary part of the dielectric function as
e = ai\/e—s’ to produce €0” =2.7 X 107 and €, " = 4.1
X 1077. The resulting point-dipole EVET lifetimes, 1/ [,g are
~21 ps and ~1.4 ns for water and heavy water, respectively.
Equation 1 accounts for the extended nature of the transition
dipole and yields the final EVET lifetimes of 170 ps and 10 ns
for water and heavy water, respectively, when the “radius” of
the trapped exciton is taken to be R, &~ 2 nm.'®

The above estimates suggest that the EVET lifetime for D,0
is expected to be almost 2 orders of magnitude longer than that
of H,0, and also much longer than those for the MPD and
thermal detrapping processes (see above). Therefore, one can
neglect the EVET relaxation channel for D,O, and it is
reasonable to assume that the only difference between exciton
relaxation in D,O and water is the EVET channel, so that

1 1
5(H,0) Teyer(H,0)

1
7(D,0)

(3)
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We take values of 7j(D,0) =~ 220 and 330 ps (Figure 3b) at
wavelengths of 1160 and 1260 nm, respectively. With
Tever(H,O) = 170 ps estimated above, one obtains 7;(H,0)
~ 96 and 112 ps at the same two wavelengths. These values
agree well with the actual experimental values for 7;(H,0) in
Figure 3b, especially considering the level of approximations
used to obtain eq 1.

To discuss behavior in the other solvents represented in
Figure 3, we first consider 7; in the long-wavelength range. This
is the regime in which the effects of thermal detrapping are
reduced, and also where the solvent absorbance varies the least
with wavelength. For wavelengths ~1250—1280 nm, the
absorption coeflicient is seen to be the largest for water,
followed by methanol and DMF whose absorption coefficient
is a factor of ~2—3 lower, with THF and toluene being least
absorptive. This qualitatively agrees with the lifetime trends of
Figure 3b, where methanol and DMF display the shortest 7; of
all the solvents except H,O. More quantitatively, lowering the
EVET rate in eq 3 by a factor of 3 from that of H,O (reflecting
the corresponding change in absorption coefficient) yields 7; &
230 ps, close to the lifetime values for methanol and DMF in
Figures 3b and Sa. At this point, it is useful to comment on the
pronounced negative correlation between the static dielectric
function and 7, Figure Sa. As is clear from the above
discussion, the static dielectric function is not directly related
to the EVET, which is sensitive to the dynamic (ie.,
vibrational) properties of the solvent. However, strong EVET
coupling (i.e., large absorption coeflicient in Figure Sb) in the
considered solvents originates from the presence of high-
frequency IR-active vibrations. Such IR-active vibrational
modes are typically present in molecules possessing large
static dipole moments. In turn, the ability to reorient this
dipole moment in an external electric field is what results in a
large static dielectric permittivity. This is the reason for the
correlation in Figure Sa, which effectively establishes the
magnitude of the static dielectric constant as a proxy for the
EVET efficiency.

At shorter wavelengths (1100—1200 nm), the general trend
with solvent is somewhat preserved in Figure 3b: H,0
consistently has the shortest 7;, methanol and DMF typically
have the shortest 7; values of the organic solvents, and D,0O
consistently displays the longest lifetime. There are specific
points in the spectral response (e.g., near 1150 nm), however,
at which lifetime behavior is more scrambled. These behaviors
can be tied to the more complex structure of the solvent
spectra in this region. From eq 1, the EVET time scales, and
therefore defect-state PL lifetimes (Figure 3b), are expected to
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be inversely proportional to the absorption coefficient in
Figure Sb. Such an exact correspondence, however, is not the
case. For example, at A = 1190 nm the H,0 and methanol
absorption coeflicients are very close. However, 7, and
therefore the EVET rate, for these two solvents remains
significantly different.

One source of these discrepancies is likely due to dynamic
change in defect-state energies on time scales faster than the
EVET rate. The observed line width of defect-state emission
for single defects on single carbon nanotubes (20—50 meV)"!
is partially due to transient changes in exciton—phonon
coupling and solvent structure at the nanotube surface™ that
can occur on time scales (~ps) shorter than the characteristic
EVET rates. These dynamic changes can alter both the effective
magnitude of R, (eq 1) and defect-state energy, thus impacting
its energy overlap with the solvent absorption. The effect
diminishes the impact of sharp features of the solvent
absorption spectrum so that, for example, the strong but
narrow absorption maximum of methanol at 4 = 1190 nm
(Figure Sb) does not increase the observed EVET rate to
match that of water. Unlike the other solvents, the water
absorption in Figure Sb is consistently high and essentially
uniform in the spectral window between the E,;* and E;/*~
transitions. Therefore, dynamic averaging of energy overlap is
not expected to strongly affect exciton relaxation in water. This
also explains why EVET in water is much more effective than
for other solvents, effectively generating a pronounced
absorptive gap between H,O and all other solvents over the
wavelength range chronicled in Figure 3b.

The above discussion also neglects any specific interactions
that may occur between solvent and defect site. We note that
eq 1 implicitly treats the solvent as a continuum medium
without accounting for such specific interactions. However, the
static dipole associated with the functional group'** can
enhance interactions with the solvent molecules that may
increase solvent-exciton coupling, while also making the
effective solvation radius R in eqs 1 and 2 somewhat
solvent-dependent.

Solvent Dependence of Decay Component Ampli-
tudes. The relative amplitudes of the decay components
extracted from biexponential fits to the defect-state PL decay
(see Methods) provide additional information on relaxation
mechanisms and defect-state electronic structure. The depend-
ence of the amplitudes of the long PL decay components on
the emission wavelength for different solvents is shown in
Figure 6. Except for H,O, all amplitudes are relatively the same
for each solvent system and increase in weighting as defect-
state emission wavelength increases. Weighting of the long
decay component in H,O remains nearly constant across the
emission wavelength range and is significantly lower than that
for the other solvents.

We analyze this behavior within a simplified model that
consists of a single bright state and n > 1 degenerate dark states
(Figure la). Of these states, the bright state is the lowest
energy, as suggested by DFT calculations (Table S3 and Figure
SS, Supporting Information). This model is described in detail
in the Supporting Information (section III). We first consider
the case of weak EVET, relevant for all solvents except H,O.
Under these conditions, as noted above, the redistribution
within the defect-state manifold is significantly faster than the
subsequent exciton recombination, which is reflected in the
factor of ~4—5 fold difference between short and long
component lifetimes in Figure 3. The defect bright and dark
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Figure 6. Relative weighting of the long lifetime component for
biexponential PL decay fits (see Methods) as a function of defect-
state emission wavelength for six different solvent systems. Data
points are shown as symbols, with lines added as a guide to the
eye. All PL data were acquired from solvent-dispersed 4-
methoxybenzene-functionalized S-PBn(b)-Ph,-[(6,5) SWCNT]
superstructure samples. Note that weighting for the short lifetime
component will be 1 minus the long lifetime weighting.

states thus rapidly equilibrate and the bright state population is
given by pid = 1/(1 + ne™*/5T), where n is the degeneracy of
the dark states and € is the bright-dark energy splitting. It is
shown in the Supporting Information (section III) that the
normalized amplitude of the long PL component in this case is
A =pY/(1 — py), where py is the initial (i.e., immediately after
trapping) total population of dark states.

As noted above, the wavelength variation of the lifetime
components is related to sampling different emitting states,
E,;* at ~1160 nm and E;*~ at ~1280 nm, arising from the
different available dopant binding configurations.'”* Of the
possible binding configurations, those with the larger trapping
energy, and therefore longer emission wavelengths, have a
larger difference in energies between the lowest bright and dark
states (see Supporting Information Table S3 and Figure S$ for
relative ordering and energy separations of bright and dark
defect states). This, in turn, means that p{? is larger for the
defect with larger trapping energy, thus producing larger
amplitude A This agrees with the data shown in Figure 6.

In the case of H,O, the EVET exciton recombination
channel dominates over thermal detrapping. In this case, the
recombination rate constant k can become larger than the
redistribution rate constant k4, and the amplitude of the long
PL component becomes (see Supporting Information section
III for the derivation)

kglk + kg —ne™® "BTkrd)p
(1 - p) o

Importantly, both terms in this expression decay with k, so that
A| can become small if k is large. Physically, this is reasonable
because an exciton scattered into the bright defect state from
the dark ones via redistribution recombines rapidly via
combined EVET and MPD. Therefore, the instantaneous
population of the bright trapped state is small, resulting in a
small A;. This result agrees with the generally small amplitude
of the long PL component of water over the entire spectral
window in Figure 6. The wavelength dependence of A in eq 4
can be complex since not just €, but also k.4 and k, can vary as a
function of 4-methoxybenzene binding configuration at the
SWCNT surface.

2
—e/k;T ke

A =ne 2
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CONCLUSION

In summary, we have observed significant dependence of
defect-state relaxation dynamics on emission state energy and
solvent environment in functionalized SWCNTs. The wave-
length dependence of the dynamics originates in thermal
detrapping of excitons from defect sites to regenerate diffusive
band-edge excitons. This process is fundamental to the
observation of photon upconversion in functionalized
SWCNTSs. Analysis of the energy dependence of the dynamics
demonstrates that the detrapping rate can be competitive with
other population loss or relaxation pathways. The strong
solvent dependence of the dynamics is evidence of non-
radiative exciton relaxation through an EVET, which we
introduce as an additional mechanism for excited-state
relaxation in SWCNTSs. EVET rates are dependent on spectral
overlap between defect-state electronic transitions with the
near-IR solvent absorption due to vibrational overtones and
combination modes. Of the solvents studied, H,O is found to
be the most effective medium for EVET due to its strong and
continuous absorption throughout the defect-state emission
region. Thus, in addition to multiphonon decay, demonstrated
in earlier work to be an important pathway for defect-state
relaxation,'”" thermal detrapping and EVET are shown here
to be competing decay channels. These processes act on
similar time scales and are tunable by solvent choice. Defect-
state dynamics thus can be readily tailored by environmental
control. Interestingly, the short decay component is found to
be independent of solvent. This observation is consistent with
our earlier interpretation of the defect-state dynamics as being
defined by a redistribution of bright and dark state populations
happening on short time scales, while relaxation of the entire
defect-state manifold to the ground state occurs on long time
scales.'* This interpretation is further supported by the
behavior of the amplitudes of the decay components, also
dependent on both emission wavelength and solvent. These in-
depth studies of defect-state dynamics add significantly to our
understanding of the associated relaxation mechanisms and
electronic structure, required for developing a complete picture
of defect-state photophysics. The results also provide addi-
tional insight into how we may modulate environmental
interactions toward optimizing PL quantum yields and
controlling the dynamics associated with defect-state quantum
emission.

METHODS

Preparation of Functionalized SWCNT Samples. Samples
highly enriched in (6,5) chirality SWCNTs in 1% sodium
deoxycholate (DOC) were prepared from CoMoCAT SG65i
(Sigma-Aldrich) starting material by using a two-steg aqueous two-
phase extraction process, as described previously.'** Functionaliza-
tion of the (6,5)-enriched sample with 4-methoxybenzene proceeded
by first exchanging the DOC-wrapped samples into 1% (w/v) sodium
dodecyl sulfate (SDS) by ultrafiltration. A volume of 50 L of doping
solution (0.1 mg/mL of 4-methoxybenzene diazonium tetrafluoro-
borate salt in DI water) was then added to 1 mL of the SWCNT
solution, adjusted to a concentration for which an optical density of
~0.1 is obtained at the E;, absorption peak. The reaction is
monitored via PL spectroscopy and the progress is stopped after
attaining the desired defect-state PL level by exchanging the samples
into 1% (w/v) DOC. This initially functionalized sample serves as the
sole source of material for subsequent exchange into the polymer
wrapping and different solvent systems.

SWCNT Polymer Wrapping and Exchange into Varying
Solvents. Aqueous suspensions of DOC-wrapped (6,5) SWCNT,
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prefunctionalized with 4-methoxybenzene, were wrapped with the S-
PBn(b)-Ph, polymer as follows. The complete synthesis of S-PBn(b)-
Ph, is described in the Supporting Information. A volume of 12 mL of
an aqueous suspension of functionalized-[(6,5) SWCNTs] was added
over the course of 3 h to a 10 mL solution of S-PBn(b)-Ph, (3:7
MeOH/H,0, 0.5 mg/mL). The mixture was stirred overnight and
was exchanged into a S mM carbonate/15 mM NaCl buffer (pH ~ 9)
using a Microcon centrifugal filter YM-100 (Millipore, Bedford, MA).
Free, unbound polymers were removed via gel permeation
chromatography: a 2 mL polymer/SWCNT solution (SWCNT
concentration of ~0.5 mg/mL) was injected into a series of two
preparative columns (160 X 16 mm each) loaded with sephacryl-
based separatory medium connected in the order of S-500 (Sigma-
Aldrich; MW fractionation range 40—20 000 kDa (dextran) and S-200
(Sigma-Aldrich; MW fractionation range 1—80 kDa (dextran)),
mounted on a GE/AKTApurifier HPLC system (GE Healthcare Bio-
Science AB, Bjorkgatan, Uppsala, Sweden), and eluted with a S mM
carbonate/15 mM NaCl buffer in 3:7 MeOH:H,O at a flow rate of 1
mL/min; three-wavelength detection (for all samples, carbon
nanotubes were detected at 580 nm; phenylene-based polymers
were detected at 315 and 440 nm) was used to identify fractions that
did not contain SWCNTs (see the Supporting Information). The
fractions were collected as 1 mL aliquots; the polymer/SWCNT
fractions eluted at an earlier time (18—25 min range) followed by the
free, unbound polymers (26—48 min range). We note that this
chromatography procedure also serves to narrow the length
distribution of the collected polymer/SWCNT fraction, providing
average length distributions of 700 + S0 nm.*’ Polymer/SWCNT-
containing fractions (eluting over an 18—2S5 min range) were
collected together and desalted via centrifuging through a Microcon
centrifugal filter YM-100 (Millipore, Bedford, MA) while washing
(~4 x S mL) with aqueous solvent mixture containing no salt. The
polymer-wrapped SWCNT are exchanged into various solvent
systems as follows (see also Scheme 1 and Figures S6—S8, Supporting
Information):

[H,0]. The desalted SWCNT solution was partitioned between two
vials. The volume of each was adjusted to 6 mL of H,O and bath
sonicated for 30 min.

[D,0]. From the previously prepared SWCNT H,O solution, 1 mL
was placed in a separate vial under vacuum for 24 h. The resulting
solid was taken up in 1 mL of D,O and bath sonicated for 30 min.

[MeOH]. To 4 mL of the obtained SWCNT H,O solution, 150 uL
of 15-C-5 crown ether was added in order to complex the sodium
cations, after which the solvent was removed under vacuum for 24 h.
The resulting sticky green solid was redissolved in 4 mL of MeOH
and bath sonicated for 30 min.

[DMF]. To disperse the polymer-wrapped SWCNT in DMF, 1 mL
of the obtained SWCNT MeOH solution was placed under vacuum
for 24 h. The sticky green solid was then dissolved in 1 mL of DMF
and bath sonicated for 30 min.

[THF]. Here 20 mg of amphiphilic counterion S-8 (see Supporting
Information Figure S8) was dissolved in S mL of a mixture of 1:1
DMSO/MeOH at 60 °C, and cannula transferred to 2 mL of the
SWCNT MeOH solution. A fluffy green solid precipitated
immediately and the reaction mixture was stirred for 1 h at 60 °C,
then cooled to room temperature. The resulting precipitate was
filtered through a 0.20 ym hydrophobic PTFE membrane (Millipore-
FGLP), and the filtered solid was washed with 7:3 THF:MeOH in
order to remove the excess unmetathesized S-8. The resulting solid
was taken up in 1.2 mL of THF and bath sonicated for 30 min.

[THF:Toluene]. To prepare the SWCNT THEF/toluene (20:80)
solution, 0.2 mL of the SWCNT THEF solution was diluted with 0.8
mL of toluene and bath sonicated for 30 min.

Optical Measurements. Solution-phase ensemble photolumines-
cence spectra were obtained using a Horiba Nanolog spectrofluor-
ometer incorporating an 800 nm long-pass filter in the collection
beam path. PL lifetimes were obtained using tunable pulsed
Ti:sapphire laser excitation (150 fs pulsewidth, 90 MHz repetition
rate). Laser excitation at 840 nm (at the (6,5) SWCNT phonon
sideband) was coupled into an inverted microscope body and focused

DOI: 10.1021/acsnano.8b02909
ACS Nano 2018, 12, 8060—8070


http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02909/suppl_file/nn8b02909_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02909/suppl_file/nn8b02909_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02909/suppl_file/nn8b02909_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02909/suppl_file/nn8b02909_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02909/suppl_file/nn8b02909_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b02909

ACS Nano

onto the sample with an infrared objective (Olympus, SOX, NA =
0.65). PL was collected by the objective and filtered through a 10 nm
bandpass tunable filter that was tuned across the defect-state emission
wavelength range. The selected defect-state PL band was directed
onto a superconducting nanowire detector via an infrared pellicle
beam splitter (Thorlabs BP133). HydraHarp 400 (Picoquant) time
correlated single photon counting electronics were used to record the
PL transients. Transients were reconvolution fit (accounting for the
instrument response function (IRF)) to a biexponential decay where
PL intensity I(f) = A,e™" + Aje™/™'* Representative transients
obtained at four different excitation wavelengths and for two different
solvent systems (H,O and THF/toluene) are available in the
Supporting Information, Figures S9 and S10.

Computational Methodology. Pristine (6,5) single-walled
carbon nanotube segments of ~12 nm (generated from 3 unit-cells)
in length (approximately 3 unit-cells) were generated using VMD
1.9.3 software.”® These finite SWCNTs must first be capped in order
to replicate the electronic structure of an infinite-length system. We
used the capping scheme (hydrogen atoms at every terminal carbon
atom) that was previously developed for (6,5) tubes.*”*° The systems
were then functionalized with aryl-based functional groups at
approximately the center of the SWCNT. The functionalization
schemes generated are presented in a previous report.>® To avoid the
formation of open-shelled systems, a hydrogen atom was placed in
positions either adjacent to the functional group (ortho) or across the
hexagonal ring from the functional group (para) as previously
described.'®*

Time-dependent density functional theory (TDDFT) was used to
optimize excited state geometries of each system using the CAM-
B3LYP density functional, as has been previously shown to reasonably
determine electron localization in functionalized SWCNT systems”'
and reasonably agrees with experiment.*>>* Since optical energies in
these systems have been previously shown to be independent of basis
set size,”® the minimal STO-3G basis set”* was used. Our TDDFT
calculations provide the optical transition energies and intensities
(oscillator strengths) required for estimating radiative lifetimes 7 as

277c360me

= 22
@

fyere ()
where c is the speed of light, &, is the permittivity of free space, m, is
the mass of an electron, e is the elementary charge, and fii and @ are
the oscillator strength and frequency of the transition, respectively,
calculated with TDDFT as implemented in the Gaussian09 software
package.”® This approach is very similar to previous modeling of
lifetimes.*®*’ Reorganization energies were calculated with the
following equations:

AE, = reorganization energy in ground state = ESSIP - ESS(I; (6)
AE, = reorganization energy in excited state
= Eabs - (Eemis + AEI) (7)

where AE| and AE, are the reorganization energies in the ground and
excited state respectively, E5; and ESp are the total energies of the first
excited and ground states, respectively, at optimal geometries, and E
and E,.; are the vertical transition energies from the ground and
excited state geometries, respectively. A graphical representation of
these parameters is found in Figure S3, Supporting Information.
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