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The excitonic structure of single-wall carbon
nanotubes (SWCNTs) is chirality dependent and consists of
multiple singlet and triplet excitons (TEs) of which only one
singlet exciton (SE) is optically bright. In particular, the dark
TEs have a large impact on the integration of SWCNTs in
optoelectronic devices, where excitons are created electrically,
such as in infrared light-emitting diodes, thereby strongly
limiting their quantum efficiency. Here, we report the
characterization of TEs in chirality-purified samples of (6,5)
and (7,5) SWCNTs, either randomly oriented in a frozen
solution or with in-plane preferential orientation in a film, by
means of optically detected magnetic resonance (ODMR) spectroscopy. In both chiral structures, the nanotubes are shown to
sustain three types of TEs. One TE exhibits axial symmetry with zero-field splitting (ZFS) parameters depending on SWCNT
diameter, in good agreement with the tighter confinement expected in narrower-diameter nanotubes. The ZFS of this TE also
depends on nanotube environment, pointing to slightly weaker confinement for surfactant-coated than for polymer-wrapped
SWCNTs. A second TE type, with much smaller ZFS, does not show the same systematic trends with diameter and
environment and has a less well-defined axial symmetry. This most likely corresponds to TEs trapped at defect sites at low
temperature, as exemplified by comparing SWCNT samples from different origins and after different treatments. A third triplet
has unresolved ZFS, implying it originates from weakly interacting spin pairs. Aside from the diameter dependence, ODMR
thus provides insights in both the symmetry, confinement, and nature of TEs on semiconducting SWCNTs.
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he optical and electronic properties of single-wall forbidden due to their finite momentum (the so-called K-
carbon nanotubes (SWCNTs), which depend critically momentum dark excitons), while intravalley Coulomb
on their specific chiral structure, have found a large interactions give rise to one odd and one even parity singlet
number of promising applications in optoelectronics.' > Due exciton (SE), of which only the odd parity exciton is optically
to their quasi-one-dimensional structure, their excited states allowed (bright exciton). When also spin multiplicity is taken
consist of strongly bound electron—hole pairs (excitons), into account, a 16-fold degeneracy is found with 4 SEs and 12
which can be observed even at room temperature (i.e., binding triplet excitons (TEs) of which only the odd parity SE is
energies of the order of several hundred meV).*” Since the
unit cell of graphene contains two carbon atoms, two August 22, 2022
equivalent valleys exist in the first Brillouin zone, which result January 11, 2023
in a complicated exciton fine structure for SWCNTs, with January 20, 2023

multiple singlet and triplet excitonic states.”” Due to the strong
Coulomb coupling, both intravalley and intervalley excitons
can be created, where the two intervalley excitons are optically
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optically bright. This imbalance between bright and dark states,
combined with efficient exciton transport along the nanotube
backbone (i.e., exciton diffusion lengths >100 nm) such that
nonradiative recombination can occur at structural defects,®
results in extremely low fluorescence (PL) quantum
efficiencies (tzrpically only a few percent, even in optimized
conditions”™""). Several strategies have been proposed to
enhance this PL quantum yield, e.g, by creating localized
potential wells in the nanotube backbone through covalent sp*-
functionalization that trap the otherwise highly mobile
excitons,'”~"* thereby preventing nonradiative recombination
at quenching defects (even allowing very short SWCNTs to
fluoresce brightly'®), by endohedral functionalization of the
SWCNTs with low-dielectric constant solvents,"”'” by
solubilizing long, defect-free and empty SWCNTs without
applying any sonication,”'® or by breaking the CNT symmetry
in a magnetic field and as such brightening the symmetry-
forbidden dark excitons.'®

To stimulate future applications in nanophotonics, a deeper
understanding of the role of TEs in the photophysics of
SWCNTs is highly needed. In particular for light-emitting
devices (LEDs), where excitons are created electrically, dark
TEs play a dominant role in limiting the internal quantum
efficiency.'* Without a detailed understanding and control over
these TEs, the applicability of SWCNTs in LEDs is strongly
hampered, even though their chirality-dependent, narrow-band
emission shows great promise for obtaining infrared-emitting
LEDs. As shown for other organic LED materials with
emission in the infrared,” upconversion via triplet—triplet
annihilation (TTA) to repopulate excited singlet states or
adding spin filters could be employed to harvest the TE
emission, which evidences the importance of studying these
TEs in SWCNTs. Furthermore, spin-allowed conversion of the
dark TEs into bright trions may also serve as a useful radiative
pathway.'* In another promising application, the longer-living
triplet states emerge as possible candidates for quantum
information storage, similar to the well-known NV center in
diamond.”'

Unambiguous experimental demonstration of TEs within a
single nanotube has been a challenge due to the complexity of
the exciton level structure and the possible occurrence of
defect state emission. For example, lower-energy emission has
been observed when coating SWCNTs with EuS,** gold
nanoparticles,”® or palladiumporphyrins** that can be consid-
ered as spin filters, but its attribution to TEs has been debated
as similar lower-energy emission was observed for trions or sp*-
defect sites.">** More recently, the fine structure observed in
low temperature magneto-PL experiments of some particular
sp>-functionalized SWCNT's was attributed to the presence of
TEs,*® and functionalization of SWCNTs with organic radicals
was also found to enhance intersystem crossing (ISC) to
TEs.”” Moreover, energy transfer from singlet oxygen
molecules was found to directly create TEs on nearby
SWCNTSs, resulting in delayed fluorescence.”® Also other
techniques such as transient absorption spectroscopy hinted at
the existence of TEs,”””" with lower-energy absorption and
long excited-state lifetimes.

However, an unambiguous proof of the existence of TEs in
(6,5) SWCNTs was provided by combining optical spectros-
copy with a spin-sensitive technique, namely optically detected
magnetic resonance (ODMR).”" ODMR has been extensively
employed to investigate photoexcited triplet states in organic
molecules. In this experiment, the sample is simultaneously
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subjected to optical excitation populating the triplet states, to a
static magnetic field splitting up the spin levels due to the
Zeeman interaction (m, = 0, +1, for a triplet) and to
microwaves inducing transitions between these triplet states. In
this way, the intensity of the samples’ photoemission, which is
associated with the paramagnetic excited state of interest, can
be enhanced or reduced when the microwaves resonantly hit
the spin transitions. The changes in light emission are then
monitored as a function of magnetic field forming the ODMR
spectrum. The main advantage of ODMR is its spin sensitivity
to detect, on a background of the intense prompt singlet
emission, a weak changing emission (of the order of 107*—
107 of the singlet emission) arising either from (i) the
radiative decay of an excited triplet state (thus increasing the
phosphorescence),” (i) ground-state recovery after (non-
radiative and radiative) triplet decay (thus increasing the
singlet excitation and emission),”” or (iii) a more complex
triplet to singlet conversion process, such as TTA.*"*>**

Stich et al. presented the ODMR spectrum of polymer-
wrapped (6,5) SWCNTs drop-cast on a substrate.”' By
changing the frequency at which the microwave intensity is
modulated during the experiments, to provide for phase-
sensitive detection, they were able to derive a TE lifetime of 30
us at a temperature of 5 K. By changing the intensity of the
laser excitation and measuring the corresponding intensity
changes of the ODMR signal, a triplet formation yield of 5%
was obtained. However, the origin of the ODMR spectrum and
in particular its fine structure was not investigated in detail and
was preliminarily ascribed to a combination of one triplet
center with rhombic symmetry and one triplet with unresolved
zero-field tensor.>"** Following this observation, Negyedi et al.
built a spectrometer to perform spectrally resolved ODMR,*°
that allows to simultaneously measure the regular PL emission
and the ODMR signal of SWCNTs. Recording of the ODMR
map by changing the excitation and emission wavelengths
allowed for the identification of phosphorescence, and as such,
the SE-TE energy difference could be determined for several
SWCNT chiralities.”” However, the study was performed at a
fixed magnetic field and at relatively high temperature (77 K)
such that the fine structure of the ODMR signal, consisting of
signals from different TE manifolds, was not resolved.

Here, we investigate in detail the symmetry and structure of
TEs in high-purity (6,5) and (7,5) single chirality samples
embedded in different matrices by performing ODMR as a
function of temperature and sample treatment on both
randomly and in-plane preferentially oriented SWCNTs. We
resolve the different components of the ODMR spectra,
determine the zero-field splitting (ZFS) parameters and
symmetry in the spin Hamiltonian, and relate this to different
types of TEs. This work demonstrates the strength of
combining the advanced methods of SWCNT separation
with the powerful ODMR technique, to acquire information
about TEs in SWCNTs.

RESULTS AND DISCUSSION

ODMR Sample Requirements. In an ODMR experiment,
changes in SWCNT emission are probed as a function of
magnetic field, while sending microwaves with a fixed
frequency to the sample. Microwave-induced population
changes of specific triplet spin state levels can enable/suppress
direct emission from the triplet states (phosphorescence),
resulting in an enhanced/decreased SWCNT emission, that
additionally will result in an increased/decreased recovery of
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Figure 1. Absorption and PLE spectra of (6,5)-PFO-BPY-toluene and (7,5)-PFO-toluene samples. (a) Normalized absorption spectra (in
black) are compared to normalized emission (in red) and excitation spectra (in blue), obtained by integrating the PLE maps over the full
excitation and emission range, respectively. (b) and (c) Represent the PLE maps of the (6,5)-PFO-BPY-toluene and (7,5)-PFO-toluene
solution samples at room temperature. To allow direct comparison of the PLE intensities from both solution samples, the PLE maps were
divided by the maximum absorption in the original optical transition of the SWCNTs (i.e., at 997 nm for (6,5) and 1045 nm for (7,5)
SWCNTs). (d) and (e) Present the PLE maps of the drop-cast (6,5)-PFO-BPY-film and (7,5)-PFO-film samples acquired at low temperature

(10 K). Here, the PLE intensities were first normalized to 1.

ground state population. Alternatively, it can enhance or
decrease the population of the bright singlet states through
TTA.*" Palotas et al.’” indeed found by spectrally resolved
experiments that the ODMR signal consists of singlet as well as
triplet emission contributions shifted with respect to each
other in energy. To selectively investigate TEs from different
SWCNT chiralities, it is therefore essential that the collected
emission (either singlet emission or phosphorescence) stems
only from the chirality under investigation. This can in
principle be achieved for a sample containing a mixture of
various chiralities, when spectrally resolving the ODMR signal
by probing its intensity as a function of excitation and emission
wavelength, similar to the approach in the more standard
fluorescence—excitation (PLE) spectroscopy, thereby creating
an ODMR map.*”*® However, since in these ODMR
experiments low temperatures are required, it is very difficult
to keep the nanotubes perfectly isolated in a matrix. Therefore,
intermolecular electronic interactions can lead to efficient
exciton energy transfer’’ °° toward the lower-bandgap
SWCNTs and can also influence the optical properties of the
bundled nanotubes. The energy transfer of SEs can indirectly
change the distribution of TEs over the different chiralities, as
these TEs are mainly generated by ISC from the SEs.
Meanwhile, TEs can also be directly transferred between
neighboring SWCNTs as demonstrated in recent transient
absorption experiments on mixtures of enriched (6,5) (donor)
and (7,5) (acceptor) SWCNTs.® The presence of these
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interactions between various SWCNTs complicates the
ODMR signal interpretation and therefore prevents a detailed
analysis of the chirality-dependent fine structure in the ODMR
spectra, such as the magnitude and symmetry of the ZFS term
in the spin Hamiltonian. Moreover, it is important to
investigate the influence of the nanotube environment on the
localization and symmetry of the TEs, as was previously
studied for the SEs, as well as on the population distribution
over their spin levels.

Therefore, to unambiguously characterize the TEs in
SWCNTs, we exploit the developments in postsynthesis
separation of specific chiralities by aqueous two-phase
extraction (ATPE)**™ and conjugated polymer-wrapping
methods,*~*° yielding highly pure, single-chirality solutions of
isolated (6,5) and (7,5) SWCNTs, either coated by surfactants
in an aqueous suspension (obtained through ATPE) or
wrapped by a polymer in toluene (see the Materials and
Methods section for a detailed explanation of the sample
preparations). Figure la presents the absorption spectra of the
(6,5) and (7,5) SWCNT solutions, chirality-sorted using
polymer wrapping with poly-[(9,9-dioctylfluorenyl-2,7-diyl)-
alt-co-(6,6’-[2,2'-bipyridine])] (PFO-BPY) and poly[9,9-dio-
ctylfluorenyl-2,7-diyl] (PFO) in toluene, respectively, which
can be directly compared with the emission and excitation
spectra obtained from the room-temperature PLE maps of the
same solutions in Figure 1b,c. These absorption and PLE
spectra demonstrate that the PL detected from the samples
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Figure 2. ODMR spectra (in black) of (a) (6,5)-DOC-TMOS, (b) (7,5)-DOC-TMOS, (c) (6,5)-PFO-BPY-toluene, (d) (7,5)-PFO-toluene,
and (e) (7,5)-SMP-toluene samples recorded at a temperature of 2.5 K. Spectra were acquired with laser excitation at 561 nm for (6,5)
SWCNTs and at 635 nm for (7,5) SWCNTs and an InGaAs detector, collecting both the bright SE emission and the eventual
phosphorescence from the TEs. The ODMR intensity is presented by normalizing over the total emission intensity. The insets present the
dipole forbidden Am, = 2 transitions, the so-called half-field signals. More information on the different aspects of the ODMR signal analysis
can be found in the SI, Section S3. Superimposed on the ODMR spectra (in black), a simulation is presented (in red), which is composed of
a superposition of 3 triplet systems, two with axial symmetry (E = 0) and different D-parameters (TE1 in blue and TE2 in green) and one
triplet (TE3 in magenta) with unresolved ZFS (D = E = 0). The obtained fitted D-values are also presented in the figure in the corresponding

color (see also Table 1 for the other fit parameters).

originates essentially from a single chiral species. Similar room
temperature absorption spectra and PLE maps can be found in
the Supporting Information (SI), Figures S1—S2, for the
solutions of (7,5) SWCNTs wrapped with the 1,1’-(((1E,1'E)-
(9,9,-didodecyl-9H-fluorene-2,7-diyl)bis(ethane-2,1) )bis(6-
methyl-4-ox0) 1,4-dihydropyrimidine-5,2-diyl) )bis(3-dodecy-
lurea) polymer (SMP) and the aqueous surfactant solutions of
(6,5) and (7,5) SWCNTs originating from the ATPE
separation.

The ODMR experiments need to be performed at low
temperature, such that relaxation rates of the different spin
levels are strongly reduced. For the polymer-toluene samples,
ODMR is performed by either directly freezing the toluene
solution (3D randomly oriented SWCNTs) or by preparing
drop-cast films of these solutions (2D randomly oriented
SWCNTs in the film plane, further referred to as in-plane
preferentially oriented SWCNTs). Indeed, SWCNTs will be
randomly oriented when directly freezing the toluene solutions
in liquid nitrogen after which the sample is transferred into the
cryostat (note that freezing of the samples is thus performed in
the absence of the magnetic field). Quite differently, drop-
casting of the solutions will result in a preferential alignment of
the long axis of the SWCNTs in the film plane, while still being
randomly oriented within the plane of the film.”” To verify the
drop-casting was successful, PLE maps of the drop-cast films at
room and low temperature were compared with those of the
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corresponding solutions. For example, in Figure S3 in the SI,
the film and solution spectra for the (7,5)-PFO samples are
directly compared at room temperature, showing only slight
variations in peak position and line widths expected from the
different external environment (polymer/toluene versus
polymer alone) and thus indicating that the SWCNTSs remain
largely isolated in the film samples. Second, Figure 1d,e
provides the low temperature PLE maps of the drop-cast films,
resulting typically in small shifts of the optical transitions (of
the order of 10 meV) and virtually no changes in the overall
shape of the emission spectra at low temperature. Similarly as
for the toluene samples, drop-cast films were also prepared
from the surfactant solutions, to obtain in-plane preferentially
oriented SWCNTs (see Figure SS in the SI for their low
temperature PLE maps).

In contrast, an aqueous solution of SWCNTSs cannot be
directly frozen as the water prevents a good glass formation.
Indeed, without addition of a glassing agent, the freezing of
water results in a very inhomogeneous distribution of strains
exerted on the different SWCNTSs, and irreversible modifica-
tions of the SWCNT samples. To prevent this, we first
prepared a gel-like sample by adding 10% tetramethyl
orthosilicate (Si(OCH;), or TMOS) to the aqueous
suspension and allowing it to gel for 30 min. TMOS was
selected as a glassing agent, as it does not influence the PL
peak positions, line widths, or intensities with respect to the

https://doi.org/10.1021/acsnano.2c08392
ACS Nano 2023, 17, 2190-2204
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Table 1. Spin Hamiltonian Parameters Obtained from Fitting the Full-Field ODMR Spectra in Figure 2, Using an EPR

Simulation Composed of a Sum of 3 Triplet Systems (TE1-3)“

Sample/Parameters (6,5)-DOC-TMOS (7,5)-DOC-TMOS
& 2.0008 + 0.0030 2.0023 + 0.0030
TE1 ID,| (MHz) 556.5 + 2.9 4964 + 4.0
op, (MHz) 63.8 + 3.8 713 £ 4.5
o 2.0019 + 0.0030 2.0017 + 0.0030
TE2 ID,| (MHz) 159.1 + 1.9 1774 + 1.7
op, (MHz) 550 +23 76.7 + 2.0
TE3 % 2.0023 + 0.0030 2.0007 + 0.0030
G11—3 (MHz) 15.57 + 0.60 7.51 + 0.53

(6,5)-PFO-BPY-toluene
2.0007 + 0.0030

(7,5)-PEO-toluene
2.0013 + 0.0030

(7,5)-SMP-toluene
2.0015 + 0.0030

S71.7 £ 7.7 5129 + 4.0 508.9 + 4.0
684 + 3.9 69.7 £ 5.1 849 £ 5.1
2.0022 + 0.0030 2.0008 + 0.0030 2.0013 + 0.0030

159.6 + 3.8 146.7 + 2.0 180.0 + 2.0
64.0 + 3.0 52.6 £ 3.7 764 + 3.7
2.0021 + 0.0030 2.0007 + 0.0030 2.0007 + 0.0030
24.8 + 4.7 143 £ 1.5 13.6 + 1.5

“In these simulations, an isotropic g-tensor is assumed (as it is not resolved in the X-band ODMR spectra) as well as axial symmetry for TE1 and
TE2. Line broadenings include both an intrinsic Gaussian line width (taken to be the same for all triplets for simplicity, denoted as o,_3), and for
each of the two axial triplets, an additional Gaussian distribution of the D-value was used in the simulation (where op, the width, i.e., is defined as
the standard deviation of this Gaussian distribution, meaning 68% of D-values lie in this range). The error bars take into account the fit errors as
well as experimental accuracies, e.g., the magnetic field accuracy which is dominant for the determination of the g-factor.

DOC solution at room temperature (as demonstrated in
Figure S4 in the SI). Moreover, the TMOS gels can be
reversibly frozen and warmed up without changing the ODMR
signals of the SWCNTs (Figure S6 in the SI), indicating the
SWCNT's remain stable in the sample upon reversible freezing,
making TMOS the ideal matrix to investigate the aqueous
suspensions with ODMR for a random orientation of
SWCNTs. Other glassing agents like agarose gels and a
poly(vinyl alcohol) matrix were also tested, but in contrast
with TMOS resulted in quenched PL intensities and line
broadening.

ODMR of Randomly Oriented SWCNTs. We start with
ODMR measurements from frozen TMOS samples [i.e., (6,5)-
DOC-TMOS and (7,5)-DOC-TMOS; Figure 2a,b] and frozen
toluene solutions [ie., (6,5)-PFO-BPY-toluene, (7,5)-PFO-
toluene, and (7,5)-SMP-toluene; Figure 2c—e; see methods for
a more detailed discussion of the sample preparation]. In these
frozen samples, we can assume a random orientation of the
SWCNTS, such that every possible orientation of the TEs with
respect to the externally applied magnetic field is equally
present. Hence, the ODMR spectrum consists of an
orientation-weighted summation of all possible individual
resonance contributions of many SWCNTs in different
orientations relative to the static magnetic field and thus
exhibits the fundamental line shape signatures of a so-called
triplet powder pattern (see Section S3 and Figure S7 in the SI
for more information regarding this triplet powder pattern).*®

Figure 2 presents the triplet ODMR signals of these samples,
appearing each time in two magnetic field regions, the so-called
full-field region centered around the expected resonance field
of spins with g & 2 (2336 mT) and at about the half-field value
[effective g-value g, ~ 4 (%168 mT); inset of each figure
panel]. The latter feature is considered as very direct evidence
for triplet spin states, as it corresponds to the magnetic dipole
forbidden Am, = 2 transition.*® The experimental ODMR
intensity is presented as the change in photoluminescence
intensity (APL) normalized over the emission intensity (PL)
when the microwaves are not in resonance, i.e., APL/PL,
allowing for a better comparison between different experiments
(e.g., with different laser excitation wavelength and power and
sample-specific SWCNT PL quantum efficiencies and
concentrations). As described in detail in section S3 of the
SI, the broad full-field spectrum stems from the magnetic
dipole—dipole interactions between the spins of electron and
hole composing the TE, represented in the spin Hamiltonian
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by the ZFS term, which can be expressed using two
independent parameters, D and E, the axial and rhombic
ZFS parameters, respectively. These parameters can in general
be derived from the experimental spectrum and provide
information on the symmetry and localization of the electronic
state (see section S3 of the SI). To this end, we employ the
open-source MatLab toolbox Easyspin for simulating electron
paramagnetic resonance (EPR) spectra,” which calculates the
orientation-dependent transition probabilities for magnetic
dipole transitions.

While at first sight, the spectra might seem to resemble those
of a rhombic triplet system, as previously postulated,””*> such
a simulation does not reproduce well the positions of all the
peaks (see Figure S9 in the SI) and, moreover, cannot explain
the orientation-dependent ODMR as well as the changes of the
ODMR spectra as a function of temperature and sample
treatment (vide infra). Moreover, the half-field OMDR signals
all seem to contain more than one resonance position,
particularly observed for the (7,5) SWCNTs, that show two
relatively narrow resonances. Significantly improved simu-
lations are obtained by assuming the spectrum is a super-
position of 3 triplet systems (Figure 2 and Table 1). A first
triplet (TE1), i.e., the triplet with the largest ZFS (outer flanks
of the experimental ODMR spectrum), can be simulated with a
purely axial symmetry (E = 0; blue curves in Figure 2). Even
when allowing the E-value to be varied in the fit and starting
from a more rhombic symmetry, a final fit with E close to 0 is
obtained. The orientation-dependent ODMR spectra (vide
infra) also point out that the TE1 triplet has a purely axial
symmetry, in agreement with the expected high axial symmetry
of the SWCNT system. As the half-field ODMR data all
contain more than one resonance line, a second triplet with
significant ZFS should be present. This second triplet, TE2
(green curves in Figure 2), shows a narrower ODMR
spectrum, pointing at a smaller ZFS. Because of the strong
overlap with the other two triplets (TEl and TE3), the
simulations of the powder spectra cannot exclude a
contribution from E # 0 for this triplet, which would result
in slight variations in the center of the triplet ODMR spectra
where the spectra are overlapping. Since we cannot resolve the
symmetry of this triplet at this point, for simplicity E is
assumed to be zero throughout this work. We will show later
that this provides close fits of the experimental ODMR spectra
also for in-plane preferentially oriented SWCNTs.
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Finally, the third contribution (TE3, magenta in Figure 2)
stems from weakly interacting electron—hole pairs with
minimal overlap between the spin densities of electron and
hole, and thus, a small, unresolved ZFS such that the signal
appears as a single narrow line, i.e, D = E = 0 for the purpose
of the analysis. This third triplet can more easily be simulated
by a spin S 1/2 system, reducing the number of fit
parameters, analogous to the resonance of so-called distant
polaron pairs observed in organic materials.”****%*'Figure 2
shows (red curves) the final simulation of the spectra as a sum
of 3 triplet systems.

In addition to the above-mentioned assumptions with
respect to symmetry and ZFS parameters, the origin of the
ODMR line widths are also difficult to unravel with the current
set of data, be it from a distribution of TEs with slightly
different ZFS (inhomogeneous D-value distribution) or from a
difference in intrinsic line width of the different TEs. For the
sake of simplicity, we therefore assume the intrinsic line width
of the TEs to be the same (simulated as the H-strain in
Easyspin), thus mainly determined by the line width of the TE3
triplet, and simulate the additional line broadening for the TE1
and TE2 triplets as an additional inhomogeneous line
broadening (D-strain in Easyspin). Since we find that H- and
D-strain are highly correlated parameters, this assumption is
necessary to optimize all parameters through a least-squares
algorithm.

It should be noted that the relative intensities of the
transitions in ODMR are not necessarily the same as the EPR
transition probabilities calculated by the simulation program
Easyspin, due to the additional processes that affect the
subsequent photoemission (including ISC selectively feeding
the triplet levels; radiative and nonradiative decay in the case of
phosphorescence detection with corresponding ground state
recovery or the TTA process, in the case of a change in SE
emission,”>*! with different probabilities for the different
triplet sublevels). Indeed, it can, for example, be noticed that
the outer flanks of the broad triplet ODMR spectrum for the
(7,5)-PFO-toluene sample shows negative ODMR intensities,
corresponding to a decrease of PL intensity as opposed to an
increase in most of the spectra. These outer flanks in a powder
spectrum correspond to the specific orientation of the
magnetic field parallel to the Dj-axis (see Figure S7) and
thus indicates that the triplet relaxation pathways for this
specific orientation of the magnetic field are different than for
other orientations, thereby influencing the ODMR intensity in
a different manner (see also further).

Nevertheless, taking all these aspects into account, the
powder EPR triplet simulations provide a very good fit to the
experimental ODMR data, allowing to fit the parameters of the
spin Hamiltonian by a least-squares fitting algorithm, including
the isotropic g-values, the D-parameters, and D-strains, i.e., a
Gaussian distribution of D-values around the central value to
account for inhomogeneous broadening. Since the model does
not allow for negative ODMR intensities to be included, we
leave out those negative parts of the experimental data from
the chi-squared minimalization when fitting the ODMR
spectrum of the (7,5)-PFO-toluene sample. The spin
Hamiltonian parameters (presented in Table 1), with their
complex influence on each triplet spectrum, are optimized by
numerical least-squares minimization using appropriate iter-
ative procedures. At each of these iteration points, the weight
factors of the three triplet spectra composing the model
function are separately optimized with high gains in numerical

2195

efficiency. Indeed, as the model function is a simple linear
combination of three component functions, the least-squares
optimized weights can be analytically calculated using a (three-
parameter) linear regression analysis.

The results in Table 1 clearly indicate that both the SWCNT
chiral structure and the environment have their effect on the
ZFS parameters. This also becomes clear when directly
comparing the different ODMR spectra with each other by
overlaying them in a single figure (see Figure S10 in the SI).
When comparing the (6,5) and (7,5) TEl triplet spectra
within a similar environment, i.e., those having the largest D-
parameters (D;, blue simulations in Figure 2), the (6,5)
SWCNTSs have an 11.5—12.3% larger D,-value as compared to
the (7,5) SWCNTs, which is in agreement with a tighter
confinement of these excitons on the smaller-diameter (6,5)
SWCNTs (see next section describing the dependence on
SWCNT diameter).

Second, when comparing the ODMR spectra of a single
chiral species in different environments, the TE1 triplets in the
polymer-wrapped SWCNTs each time systematically show
2.7-3.3% larger D,-values than those of the bile salt
surfactants. This shows that also the environment has an
influence on the localization of these TEs, though to a lesser
extent than the SWCNT diameter, showing a tighter
confinement in polymer-wrapped SWCNTs.

For the TE2 triplet, however, a similar systematic behavior
between the different samples and environments does not
occur for the observed D,-values. As we will show further on,
this triplet spectrum most likely originates from TEs trapped
close to defects and therefore could be much more dependent
on the exact environment and sample preparation conditions
rather than on the SWCNT diameter.

Dependence of D; on SWCNT Diameter. The D-value
of a molecular triplet excited state has often been related in
literature to the degree of localization of the electrons. The
magnetic dipole—dipole interaction between spins, also called
spin—spin interaction, involves an r~* dependence on the
interelectronic distance r, from which a fast decrease of D can
be expected as the electronic state becomes more delocalized.
From their experimental D-value, Stich et al. estimated a radius
of the TE in (6,5) SWCNTs of 0.65 nm,”" using the equation
for the radius (in nm) r = (2.785/D)"3 (r in nm, D in mT).
Also, they argued that the spectra with smaller ZFS would
therefore belong to TE states with higher delocalization.
However, it is important to realize that it is not straightforward
to determine the size and localization of the TEs only from the
magnitude of D. This is evident from the basic formula for the
spin—spin contribution:>

3 rfi B 3z§i 3

i<j L (1)
which involves full integration over the coordinates of the
electrons involved. As such, D depends on more than only the
distance distribution between the electrons. In fact, in high-
symmetry cases, with three equivalent principal directions, the
ZFS parameters are found to be zero regardless of the degree
of (de)localization. In the other limiting case of two well-
separated localized spins, one indeed finds the simple r3
relation stated earlier between distance and D-parameter,
which is used as a ruler in distance measurements between
radical groups in macromolecules.®® But in general, for the
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Figure 3. Normalized ODMR spectra of SWCNT samples with different sample treatments recorded at a temperature of 2.5 K with an
InGaAs detector. (a) (6,5)-DOC-TMOS samples prepared from “raw” (black) or “chemically purified” (red) SWCNTs, and (b) (7,5)-DOC-
TMOS samples prepared without (black) or with (red) sonication during the solubilization process. Spectra were acquired with 561 and 635
nm laser excitation for (6,5) and (7,5) SWCNTs, respectively. To better compare the spectra, each time the red spectrum was normalized
and the intensity of the black spectrum was adapted to show a similar intensity of the broadest TE1 triplet, thereby showing a clear relative
increase of the signal intensity of the central TEs (TE2 and TE3), hinting that the latter TEs are associated with defects.

calculation of the ZFS parameters, the specific electronic and
geometrical properties of the molecular system must be
carefully taken into account.

Theoretical calculations of the ZFS parameters of TEs in
SWCNTs have been published by Szakacs et al,** based on a
semiempirical electronic model (xHUGE: extended HUbbard
with GEometry optimization).’” In this framework, the main
contributions to the ZFS parameters are described in terms of
parametrized two-center integrals for each conjugated C—C
bond (the single-site integrals vanish). This was previously
successfully applied to a series of planar aromatic molecules
and to the Jahn—Teller-distorted Cy, fullerene® and has the
merit of showing a more detailed picture of the origin of the
ZFS parameters with other possible functionalities for the size-
dependence magnitude. For example, a chain of identical C—C
bonds with equal distribution 1/N of the TE over N atoms, the
sum of N terms with each a 1/N* weight would lead to a 1/
length dependence. Imagining a TE strongly localized around a
zigzag SWCNT, this would correspond to an inverse
proportionality with the diameter. Looking at the observed
difference of (6,5) and (7,5) D;-values and their respective
diameters (0.747 and 0.817 nm; 9.3% difference), such a 1/
diameter dependence corresponds quite well with our
observations (11.5—12.3% larger values for (6,5) with respect
to (7,5)). It is therefore tempting to assign the D;-values
observed for each SWCNT to a TE in which the spin density is
narrowly distributed on the circumference of the SWCNT
diameter and therefore inherits the axial symmetry of the
SWCNT system. Note that also for self-trapped electrons on a
SWCNT, such a ring-like distribution was found theoretically
in the limit of small electron—phonon coupling.*® Further
investigation of the exact diameter/chirality dependence of D;-
values, including more than 2 chiral structures, will be essential
to verify this conclusion.

The calculations by Szakacs et al. were an interesting
exercise at a time when no experimental results were available
for SWCNTs; however, a direct comparison with the current
experimental data is not possible since (6,5) and (7,5)
chiralities were not specifically included in that study.”* The
semiconducting nanotubes closest to our experimental cases
are the (6,4) and (7,3) chiralities with values D" = —276
MHz (—-0.0092 cm™') and D7 = —201 MHz (—0.0067
cm™'), respectively. The absolute values are of the same order
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of magnitude as our experimental ones (see Table 1), although
significantly smaller than the ID,l-values of the species with
largest ZFS and larger than the ID,l-values of the second TE. It
is worth noting the relatively large change in calculated value
between (6,4) and (7,3) chiralities (with nearly equal
diameter: 0.683 and 0.696 nm, respectively; 1.9%), in contrast
with the much smaller changes observed here experimentally
for D, between (6,5) and (7,5), in spite of the larger diameter
difference between them (9.3%). Unfortunately, these
calculations do not provide a solid basis for interpretation of
our results. In addition to the above remarks, the calculations
were limited to unrealistically short tube length, hardly more
than the diameter, and no detailed information was provided
about the distribution of the TE wave function over the C
atoms of the SWCNTs, leaving open questions about
localization and influence of the tube edges. The semi-
conducting and metallic chiralities also were treated identically,
which leaves one with conceptual intricacies.

In triplet EPR spectroscopy, it is well-known that the sign of
the D-value can be obtained from the small, but significant
difference in intensity between the left and right flanks of the
triplet spectra, due to the thermal population differences
between the spin levels. From our ODMR results, one would
tend to conclude that the ZFS for (6,5) and (7,5) triplets have
opposite signs, since for the (6,5) chirality, the transition at B
= 328 mT has a higher intensity than the transition at B & 346
mT, while the opposite is true for the (7,5) SWCNTs.
However, these relatively small intensity variations may be of
different origin, since we are measuring ODMR and not EPR.
As already discussed earlier, ODMR involves additional
mechanisms that may affect the detected emission intensity.
Looking back at the semiempirical calculation,”* the negative
sign of D, seems to be an intrinsic feature of the applied
model, which would be challenged by the possibly opposite
signs for the two species studied here. However, with no
further information, it is uncertain whether the differences in
intensities stem from opposite signs of the ZFS or are caused
by the ODMR process itself. Therefore, we here only list the
absolute value of the D-parameter.

We envisage that our data on (6,5) and (7,5) SWCNTs, and
eventual future ones for other chiralities, will trigger a critical
inspection and extension of the available theoretical methods
for the calculation of the TE states.
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Figure 4. (a) ODMR spectra of (6,5)-DOC-TMOS samples at different temperatures, ranging from 2.5 K up to 70 K. Spectra were acquired
with a 561 nm laser excitation and the InGaAs camera and a similar integration time was used for each of the spectra. (b) Normalized
ODMR intensities of the TE1 contribution with respect to the summed TE2+TE3 contributions to the total ODMR spectra at different

temperatures.

Influence of Sample Preparation Conditions on the
ODMR Spectra. To verify that TE2 indeed stems from
trapping of TEs close to defects in the SWCNT structure, we
compared the ODMR spectra of two samples of (6,5)-DOC-
TMOS, where the first sample was prepared from a SWCNT
batch straight after synthesis (denoted as “raw” in Figure 3),
while the second sample was first chemically purified by an air
oxidation and acid treatment before solubilization and chiral
sorting (denoted as “purified”). The chemically purified sample
is expected to contain more defects, as also verified by Raman
spectroscopy (see Figure S11 in the SI), which might serve as
traps for the TEs at low temperature. Second, we also compare
two (7,5)-DOC-TMOS samples, for which during the
solubilization either sonication or no sonication was applied,
thus resulting in more defects for the sonicated SWCNT
samples. Figure 3 presents the comparison of the ODMR
spectra of these samples normalized on the signal intensity of
the TE1 triplets (D,). This comparison clearly shows that the
ODMR spectra of the chemically purified and sonicated
samples (in red in Figure 3) contain a much larger relative
contribution from the central TEs (TE2 and TE3), which can
therefore be tentatively assigned to TEs trapped close to
defects. Such a trapping of the TE2 exciton at low temperature
in a potential well that is determined by the defect can also
explain the quite different ZES parameters of the TE1 and TE2
triplets. Indeed, the magnitude of the D-value and its symmetry
are highly sensitive to the spatial overlap of the electron and
hole spin density distributions. As such, one might intuitively
expect a more confined triplet to show a larger ZFS; however,
as shown by eq 1, a full integration over the coordinates of the
electron and hole needs to be performed, and if the TE spin
distribution is more isotropic, this will result in a smaller D-
value. As pointed out above, even though we cannot resolve
the exact symmetry of the TE2 triplet due to overlap with the
contributions of the other two triplets, its smaller D-value
might thus point at a less pronounced axial distortion. Future
studies of particularly defect-engineered SWCNTs, such as
those obtained through sp*-functionalization,'”'**” could help
to clarify this observation.

ODMR Spectra As a Function of Temperature. The
origin of the triplet spectra can also be further verified by
temperature-dependent experiments. Figure 4a presents the
ODMR spectra of (6,5)-DOC-TMOS samples acquired at
different temperatures. First of all, the intensity of the ODMR
spectrum rapidly decreases with increasing temperature, a
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typical observation for triplet spin systems due to decreased
spin polarization at elevated temperatures (i.e., the required
difference in the population of the triplet sublevels to allow for
these populations to be changed by the microwaves). Figure 4b
compares the intensity losses at increasing temperatures for the
TE1 contribution with respect to the summed TE2+TE3
contribution, obtained by fitting the ODMR spectra with fixed
ZFS parameters (those optimized at 2.5 K and presented in
Table 1) and only allowing the relative amplitudes of the three
different TEs to change. Since at the highest temperatures, the
separate contributions of TE2 and TE3 are hard to disentangle,
we present their combined intensity in Figure 4b. Interestingly,
we observe distinct temperature dependences for the TEs
(Figure 4b), with TE1, the broadest triplet, decreasing the
fastest, while the sum of TE2 and TE3 still shows a remaining
ODMR intensity even at 70 K. These distinct dependences not
only support the assignment of our ODMR spectra to different
TEs but the different temperature dependence also confirm
that the more central triplets, TE2 and TE3, are localized at
defect sites that act as a trap. This conclusion is based on the
fact that the relative decrease in ODMR amplitude can be
ascribed to a decrease of the steady-state population of a
specific TE level. One possibility is that at increased
temperature, the nonradiative recombination of the TEs
increases, for example, because the TE becomes more mobile
and encounters nonradiative quenching sites along the
nanotubes. As the TE2 excitons are more energetically
localized, the increase in nonradiative quenching will only
occur at higher temperatures. If this is the case, then the
ODMR signal of more localized (less mobile) TE2/TE3
excitons should decrease more slowly with increasing temper-
ature than the delocalized (more mobile) TE1 excitons.
ODMR on Drop-Cast Films. The individual transitions
constituting the ODMR spectrum are usually characterized by
a narrow line width, while a powder spectrum is always much
broader, as it is the sum of transitions in all possible molecular
orientations. Indeed, the ODMR spectra depicted in Figures
2—4 are quite broad, which leaves ambiguity for their
interpretation, in particular concerning the exact symmetry of
the TEs. Conveniently, reducing the dimensionality of the
system from the 3D bulk gel sample to a 2D thin film allows
for a more detailed analysis of the ODMR spectrum and
consequently for verification of the symmetry of the TE1 and
TE2 triplets and the corresponding assignment of the ZFS
parameters. For this reason, we changed the sample
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morphology by drop-casting thin SWCNT films from aqueous
and from toluene solutions. In general, due to their large aspect
ratio, the SWCNTSs tend to lay flat on the glass substrate while
evaporating the solvents, and at the same time, the projection
of their long axis is randomly oriented within the film plane.
This is in particular true for the drop-casting from toluene
solutions, which turns out to result in a well-defined alignment
of the SWCNTs in the film plane. On the contrary, drop-
casting from aqueous suspension results in a less pronounced
in-plane alignment and lower overall PL efficiencies (see
further).

First, we investigated the drop-cast (6,5)-PFO-BPY film, of
which the ODMR spectra and their respective simulations are
presented in Figure S. Spectra are acquired at intervals of 5° for
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Figure S. (a) Normalized angle-dependent ODMR spectra of the
(6,5)-PFO-BPY-film with experiment (in black), total simulation
(in red), and triplet contributions (in blue, green, and magenta,
same color coding as in Figure 2). While ODMR spectra were
acquired for intervals of 5°, we show only a selection of angles in
this panel to allow for comparison between experiment and
simulation. (b) Normalized ODMR intensity and simulation color
map (normalized for each individual angle) of the same
experimental data (here with all angles included), with super-
imposed the transition resonances of the two axial triplets with
nonzero D-tensor (dashed and dotted lines for TE1 and TE2,
respectively). (c) Normalized half-field angle-dependent ODMR
spectra acquired at a few discrete angles, showing clear
contributions from multiple triplets.

an angle @ varying from —20° to 105°, where 0 represents the
angle between the external magnetic field and the plane of the
film, with & = 90° corresponding to the case where the
magnetic field is oriented perpendicular to the film plane. The
ODMR spectral shape strongly depends on the film orientation
in the external magnetic field, confirming the expected high
degree of ordering of the SWCNTs in the plane of the film.>*>”
To simulate these ODMR spectra, we adopt the following
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assumptions and conventions, which are also represented more
schematically in Figure S12 in the SI. First, the principal axis of
the ZFS tensor, i.e., the D,-axis in Figure S12, is oriented along
the tube axis Zyr. This is a reasonable assumption given the
high axial symmetry of the SWCNT system, and in particular
for the D, triplet due to its notable dependence on SWCNT
diameter (see above). Second, we assume the SWCNTs tend
to lay with their long axis, Zy, in the plane of the film, and we
simulate their specific orientation with the normal on the film
plane by a probability distribution which contains one single
parameter, b, to express the specific distribution:

bz
b + (1 — b*)cos®

P(B) =
B @

with f the angle of the SWCNT axis with respect to the normal
on the film (see Figure S12). This distribution function was
previously derived and applied to fit ODMR spectra of drop-
cast and spin-coated films of rigid rod-like molecules, by
assuming that these molecules follow the significant reduction
in one dimension of the volume elements in the solution upon
drying and thereby orient themselves close to parallel to the
film plane.®” One could expect a similar behavior for much
longer rod-like SWCNTSs as used in this work, which was also
confirmed by AFM measurements in similar drop-casted
SWCNT films.*” To allow for variability of the distribution
function under different drying conditions (e.g., toluene versus
D,O or starting from different SWCNT concentrations), we
allow the parameter b to be adapted in the least-squares fit of
the angle-dependent ODMR spectra.

In the limit b = 0 and for an orientation of the magnetic field
perpendicular to the film plane (6 = 90°), the sample can
effectively be treated as 2D. In this particular case, the
spectrum must exhibit singularities corresponding to tran-
sitions with the field along the Dy and Dy orientations of the
ZFS tensor, since the external magnetic field B is in the (Dy,
Dy) plane of the nanotube reference system. Indeed, if the D,
= Zyr axis is lying perfectly in the plane, there is no
contribution of the D,-type singularities to the ODMR
spectrum (see also Figure S7). In another case, when the
external magnetic field B lies in the plane of the film (6 = 0°),
the spectrum must contain contributions from all orientations
weighted with the above-mentioned probability distribution
and thus should resemble more the 3D powder-like pattern,
though with differently weighted contributions. As shown in
Figure 5, the @ = 0° measurement closely matches the 3D
powder-like spectrum, confirming the (random) orientation of
CNTs in the plane of the film. Similarly as for the powder
spectra, the angle-dependent ODMR spectra are simulated
with a sum of 3 triplet systems, of which the parameters (g-
tensor, D-tensor, D-strain and intrinsic line widths) and the
single parameter b characterizing the orientational distribution
are taken as fit parameters which are shared for all the
orientation-dependent ODMR spectra, while only the angle of
the external magnetic field with respect to the plane of the film
is changed from one simulation to the next. Finally, to account
for slight variations in the light excitation between experiments
(at different angles of the film in the cavity), we furthermore
allowed the relative contributions of the 3 triplet systems to
vary from spectrum to spectrum. As discussed above, these
amplitudes are efficiently determined by a linear regression
analysis combined with the iterative optimization of the spin-
Hamiltonian parameters. In principle, one expects g-anisotropy
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Table 2. Spin Hamiltonian Parameters and Angular Distribution Parameter b Obtained from Fitting the Full-Field
Orientation-Dependent ODMR Spectra of the SWCNT Films, Using an EPR Simulation Composed of a Sum of 3 TEs”

Sample/Parameters (6,5)-PFO-BPY-film
&1 1.9995 + 0.0030
ID,l (MHz) 568.7 + 1.3
op, (MHz) 467 + 1.6
& 2.0004 + 0.0030
ID,| (MHz) 1822 + 1.8
op, (MHz) 79.0 + 2.7
&3,perp 1.9993 + 0.0030
&3 para 2.0076 + 0.0030
OH,1-3 (MHz) 9.94 + 0.88
Angular distribution parameter b (eq 2) 0.187 + 0.012

(6,5)-DOC film
1.9999 + 0.0030
580.3 + 1.8
50.4 + 3.8
1.9999 + 0.0030
2211 + 43
68.4 + 7.4

1.9997 + 0.0030
2.0104 + 0.0030
11.8 + 3.5
0.313 + 0.021

(7,5)-PEO-film
1.9994 + 0.0030
499.5 + 2.5
63.0 + 2.8
2.0004 + 0.0030
190.1 + 3.2
712 + 42
2.0002 =+ 0.0030
1.9968 + 0.0060
143 + 1.6
0221 + 0.020

(7,5)-SMP-film

2.0008 + 0.0030
485.6 + 3.0
759 + 4.2

2.0010 + 0.0030
1822 + 2.8
774 + 4.4

2.0034 + 0.0030
1.9884 + 0.0030
152 + 1.8
0.644 + 0.044

“In this case, the broadest 2 TEs are simulated with an isotropic g-value, an axial D-tensor, an intrinsic Gaussian line width oy, taken the same for all
TEs, and additionally a Gaussian distribution of D-values with line width op. The third TE is simulated with a slight axial g-anisotropy. The error
bars take into account the fit errors as well as experimental accuracies, e.g.,, the magnetic field accuracy which is dominant for the determination of

the g-factor.

for each of the TEs, however, for TE1 and TE2 this is not
observed due to the large ZFS with significant inhomogeneous
broadening; therefore, the simulations are performed with
isotropic g-values. For the narrow TE3 spectral feature, the
orientation-dependent ODMR spectra reveal a small but
significant axial anisotropy in the g-tensor, leading to an
additional parameter in the global fit. The simulations of the
orientation-dependent ODMR spectra thus contain only 2
additional fit parameters compared to the powder spectra,
namely the orientational distribution function parameter b and
the g-anisotropy, while much more experimental data are
available, allowing the Hamiltonian parameters to be better
defined.

Figure 5 shows the so-obtained experimental results and fits
for the (6,5)-PFO-BPY-film sample, showing very good
correspondence between experiment and simulations and
Table 2 presents the obtained fitted parameters. As for the
powder-like ODMR spectra shown in Figure 2, we do not
simulate the half-field transition but show the experimental
data to confirm that indeed multiple TEs with different D-
values (i.e., resulting in a different position of the half-field
resonances) are present in the experimental data. Note that
these half-field transitions, which are weaker and thus require
significantly longer integration times, were only obtained for a
few angles of interest (Figure Sc). Interestingly, for some of the
angles, e.g, 6 = —20° the half-field spectra clearly show 3
transitions, while only 2 of our simulated triplets (those with
nonzero D parameter) can lead to an observable half-field
transition, with the transition moving to lower field position for
increasing magnitude of the D-value. This indicates that the
current simulation with 2 axial triplets is most likely not yet the
full story. However, the already close correspondence of the
full-field ODMR spectra with the simulations would not allow
to introduce another triplet in our spin Hamiltonian.

Figure 6 displays the results of a similar orientation-
dependent experiment for the (7,5)-PFO film with the
simulated parameters also presented in Table 2. Overall, the
simulations represent the experimental data very well,
particularly for orientations where the magnetic field is close
to perpendicular to the film plane. However, for orientations
with near in-plane magnetic field alignment, negative ODMR
intensities are observed at the outermost transitions, for which
D, is near-to-parallel to the magnetic field, similarly as
observed in the powder spectra.
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Figure 6. (a) Normalized angle-dependent ODMR spectra of the
(7,5)-PFO-film with experiment in black, total simulation (in red)
and triplet contributions (in blue, green and magenta, same color
coding as in Figure 2). While ODMR spectra were acquired for
intervals of 5°, we show only an extract of angles in this panel to
allow for a decent comparison between experiment and simulation
(b) Normalized ODMR intensity and simulation color map
(normalized for each individual angle) of the same experimental
data (here with all angles included), with superimposed transition
resonances of the two axial triplets with nonzero D-tensor (dashed
and dotted lines for TE1 and TE2, respectively). (c) Normalized
half-field angle-dependent ODMR spectra acquired at a few
discrete angles, showing clear contributions from multiple triplets,
some with negative ODMR intensity.

Additionally, drop-cast films of the (7,5)-SMP sample and
the surfactant-coated sample were studied, for which the
results are shown in Table 2 and Figures S10—S12. For the
surfactant-coated samples, the drop-casting resulted in films
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with lower optical quality, and the total emission collected
from these films was rather low, thereby requiring long
integration times for the ODMR experiments and thus only a
few discrete angles were selected for those angular variations.
Nevertheless, for the (6,5)-DOC-film, a similarly good
correspondence between experiment and simulation was
found as for the (6,5)-PFO-BPY-film (Figure S14), while for
the (7,5)-DOC-film the signal-to-noise ratio was too low to
extract decent fit parameters from the simulations (mainly due
to the very low concentration of the starting solution, thereby
obtaining a large ratio between the excess surfactant and
SWCNTs and requiring several drops on top of each other to
obtain a measurable PL signal, both resulting in a worse
alignment of the SWCNTs relative to the film plane), but
similarly as for the (7,5)-PFO-film, also negative intensities
were found for those specific orientations where the magnetic
field is oriented parallel to the SWCNT axis (i.e., the D,
-orientation, Figure S15). On the other hand, negative
intensities are not observed for the (7,5)-SMP-film, but again
the ODMR intensities corresponding to magnetic field aligned
parallel to the D,-orientation do not seem to match the EPR
simulations and are now a factor of 2 higher than expected
(Figure S13).

When comparing the D-values for the film samples and the
solution “powder-like” samples, slight differences are observed
in the absolute numbers. Note that in theory the angular
variation on the in-plane preferentially oriented SWCNT films
contains more information and thus allows for a more precise
determination of the D-values. Nevertheless, the TEs might
also feel the very different local environment, with the solvent
(TMOS-D,O or toluene) no longer present in the films. Most
importantly, similarly as for the powder-like spectra, a clear
difference is observed between the D, -value for the (6,5) and
(7,5) SWCNTs, hinting again at its inverse dependence on
SWCNT diameter. This dependence should be further
investigated using a broader range of SWCNT diameters and
chiral structures. Interestingly, the slight g-anisotropy of the
TE3 triplet is also different for the (6,5) and (7,5) SWCNTs,
with (6,5) SWCNTSs g,,,, < gyare While for (7,5), the opposite
is observed, the origin of which is not yet properly understood.

It is worth considering the correspondence (and differences)
between our ODMR spectra and the EPR simulations in more
detail to gather information about the properties of the TEs, in
particular related to photogeneration and emission and to
relaxation. In general, the good agreement between the
experimental spectra and EPR simulations for the (6,5)
chirality, for the frozen solution as well as for the PFO-BPY-
film, may be considered surprising as the simulation does not
take into account the specific processes leading to ODMR. In
the standard EPR simulations, thermal equilibrium is assumed
for the spin sublevels, corresponding to a higher population in
the lower energy triplet states. Both allowed transitions with
AMg = + 1 between the spin states quantized in the static
magnetic field give rise to absorption of the microwaves
proportional to the population differences. However, in
ODMR, the population of the triplet states depends first on
the TE photogeneration rate by the ISC process from the
excited singlet state and then on the decay rates via different
pathways (radiative or not) to the singlet ground state. Both
generation and decay rates are in general different for the three
sublevels, which leads to steady-state unequal populations (i.e.,
in the absence of microwaves). Consider an illustrative case
(see also Figure S8) where the M = O triplet level is depleted
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compared to the Mg = + 1 levels, the quantized spin states
along the static magnetic field. Microwave excitation resonant
with one of the allowed transitions (AMg = + 1) will pump
TEs into the (more emissive) Mg = O state, leading to an
increase in phosphorescence (as Mg = 0 is more emissive).
Simultaneously, one finds a recovery of ground state
population, which is a possible mechanism for increase in
fluorescence as more electrons become available again for the
singlet optical cycle. (Likewise, if TTA is the dominant process
to observe ODMR, via changes in the singlet exciton emission,
the TTA efliciency can depend on the specific triplet sublevel,
thus changing the population of the singlet excited states after
microwave transitions change the population of the triplet
sublevels.) In this example, the ODMR signal, i.., the
microwave-induced change in emission, is found to be
proportional to the microwave absorption, i.e., the signal
detected in EPR. The good fit of the spectra of the (6,5)
SWCNTs, both in samples with random orientation and with
in-plane preferentially oriented nanotubes, indicates that the
steady-state population distribution and the preferential
pathways for emission are essentially independent of field
orientation relative to the nanotube axis. In the case of the
(7,5) SWCNTs, a more complex situation occurs as can be
seen from the negative ODMR features for the (7,5) PFO
samples, observed both in frozen toluene solution and in drop-
cast film, and also from the deviating intensities for the (7,5)
SMP film, when the static field is parallel with the nanotube
axis. This may result from a reversal of the steady-state
populations, e.g, when the relative depletion of the Mg = 0
level would be overcompensated by preferential ISC to this
state, leading to a microwave-induced decrease in the emission
intensity. It is interesting, however, that this happens for this
singular orientation with higher symmetry (field parallel to the
axial symmetry axis) where the mixing by the magnetic field of
the zero-field eigenstates is vanishing, and one may expect
particular selection rules for the relevant processes: ISC,
(non)radiative decay, and TTA. It is intriguing that these
deviating features seem to be intrinsic to the (7,5) chirality, not
appearing for the (6,5) SWCNTs, which indicates differences
in triplet dynamics.

In the light of the ODMR mechanisms, we also may
consider two other effects observed in our measurements. First,
one is tempted to determine the sign of the ZFS parameter
from the difference in intensity between the two allowed
transitions from Mg = 0 to Mg = + 1, as is well-known in
standard EPR, based on the Boltzmann distribution dictating
the ratio of the population differences for the two transitions,
hence the ratio of intensities. In the illustrative case considered
earlier, the intensities would be equal as the Mg = + 1
populations were assumed equal, a good assumption in the
high-field limit as the pure quantized Mg = =+ 1 states are time-
reversal symmetry related (and thermal population differences
are negligible). In a general case, however, there will be
differences in generation and decay rates for these levels that
will govern the population differences in a more subtle way,
not related to temperature and difficult to predict. Second, this
implies that the sign of the ODMR signal in the half-field
spectrum, related to the transition between Mg = —1 and Mg =
+1, also depends on these subtle differences in population and
on the differences in emission probabilities between these two
states. In spite of this, the question arises why negative half-
field signals were observed in particular for the (7,5) chirality
in close to in-plane field orientations (Figure 6¢). In any case,
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the exact mechanisms involved are not yet fully understood
and require further investigations.

CONCLUSIONS

In conclusion, we investigated triplet excitons in (6,5) and
(7,5) SWCNTs with angle-dependent ODMR spectroscopy,
thereby resolving the contributions from three distinct TEs,
two with different ZFS tensors and one with unresolved ZFS.
By combining powder-like spectra from frozen solution with
angle-dependent ODMR spectra of SWCNTSs randomly
oriented within the plane of a film, the symmetry of the TEs
could be unambiguously determined. The one with largest ZFS
(TE1) has a pronounced axial symmetry and shows an inverse
proportionality dependence of the ZFS parameter on SWCNT
diameter. It is therefore assigned to a TE of which the spin
density is homogeneously spread on a narrow ring around the
SWCNT, inheriting the SWCNTS’ axial symmetry. A second
triplet (TE2) has less pronounced axial symmetry, smaller ZFS
parameters, and can be observed up to higher temperatures,
indicating a slower increase of decay rates for those TEs,
ascribed to deeper energetic stabilization. The relative
abundance of these two triplets changes with sample
preparation conditions (i.e., chemical purification or sonica-
tion) such that we conclude that the second triplet is most
likely associated with defects. Finally, a third triplet with an
unresolved ZFS term in the spin Hamiltonian is also observed
(TE3), very similar to the signals observed for distant polaron
pairs in other organic semiconductors.

Interestingly, the ZFS values show a significant diameter
dependence, while they are less sensitive to SWCNT
environment (surfactant coating, polymer wrapping in
solutions and films). Moreover, the ODMR intensity from
(7,5) SWCNTs shows both positive and negative signals for
different orientations of the SWCNT relative to the magnetic
field, while for (6,5) SWCNTs, the ODMR spectra are very
similar to the EPR simulations. The observation of both
positive and negative ODMR signals for (7,5) SWCNTs might
indicate different relaxation dynamics from the triplet spin
sublevels to the ground state, thereby either increasing or
decreasing the emission upon microwave absorption.

Since dark excitons, including TEs, play a significant role in
the low quantum efficiency of SWCNTs, the ability to study
different TEs on the same SWCNT chirality is certainly
intriguing. In particular the changes in TE relaxation rates,
symmetry, and ZFS tensor close to defects may be interesting
in view of the ongoing search toward enhancing SWCNT
emission efficiencies through sp*-functionalization.”” In future
work, it will therefore be interesting to investigate the effect of
sp>-functionalization on triplet symmetry, ZFS tensor, and
formation yield in more detail. The potential inverse
dependence of the ZFS on diameter warrants further
experimental and theoretical investigation across a wide
range of SWCNT diameters. In particular, the very accurate
determination of spin Hamiltonian parameters in this work will
aid theoreticians to develop accurate models for the TEs on
SWCNTs.

MATERIALS AND METHODS

Sample Preparation. Surfactant-Based Aqueous Suspensions.
High pressure CO-conversion (HiPco)®® SWCNTs (batch 197.2,
Rice University®') were individually isolated by mixing with heavy
water (D,0) and 1% (10g/L) of sodium deoxycholate (DOC)
surfactant. The suspension was stirred for 3 weeks using a magnetic
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stirring bar and intermittently sonicated 3 times for 15 min in a bath
sonicator (Bransonic, 1510E-MTH, 70W, 42 kHz). After 3 weeks of
stirring, a centrifugation at 16215g for 24 h was performed to remove
any undissolved species and impurities (14000 rpm; Sigma 2-16KCH
with swing-out rotor). Chirality-sorting of (6,5) and (7,5) SWCNTs
was achieved by a two-step ATPE protocol as presented in refs 40 and
42, yielding aqueous samples denoted as (6,5)- or (7,5)-DOC-D,0
solutions. To compare the effect of various processing conditions,
chemically purified HiPco®> SWCNTSs as well as unsonicated
SWCNT samples (solubilized only by gentle stirring) were also
prepared from the same HiPco batch and solubilized and sorted with
the same procedures. Afterward, the samples were dialyzed to a 20 g/
L DOC/D,0 solution using an ultrafiltration cell (Amicon) with 100
kDa membranes to remove the other surfactants and polymers used in
the ATPE separation. To avoid bundling of the SWCNTs upon
freezing of the surfactant, the solution was mixed with 10%
tetramethyl orthosilicate (TMOS, Sigma-Aldrich, > 99%), which
allows to fix the SWCNTs into a gel without destroying the surfactant
structure around them and thus keeping the PL of the SWCNTs
unchanged (see also Figure S4). These TMOS bulk samples were
prepared for both the (6,5) ATPE-sorted SWCNTs as well as the
(7,5) ATPE-sorted SWCNTs, which will be denoted as (6,5)- and
(7,5)-DOC-TMOS. Films of (6,5) and (7,5) sorted surfactant
samples were also prepared, by simply drop-casting a small aliquot
of the solution on a precut glass slide and repeating this at least 4
times to obtain a film with a sufficient optical density, which will be
denoted as (6,5)-DOC-film and (7,5)-DOC-film respectively.

Polymer-Wrapped Toluene Suspensions. Samples of (6,5) and
(7,5) SWCNTs wrapped with different polymers and dissolved in
toluene were prepared by dispersing the starting CoMoCAT SWCNT
raw material (Chasm, SG65i) in toluene with either poly-[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-[2,2'-bipyridine])] (PFO-BPY)
or poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO) purchased from Ameri-
can Dye source, or 1,1'-(((1E,1'E)-(9,9,-didodecyl-9H-fluorene-2,7-
diyl)bis(ethane-2,1))bis(6-methyl-4-ox0)1,4-dihydropyrimidine-S,2-
diyl))bis(3-dodecylurea) (SMP) which was synthesized in house
following the previously published procedure.63 To extract (7,5)
SWCNTs, we ultrasonically dispersed CoMoCat SWCNTs in PFO
and toluene. PFO (22 mg) was dissolved in 10 mL of toluene while
heating (70 °C). SG6Si (10 mg) was suspended in the PFO solution
and sonicated for 30 min using a probe sonicator operating at 40%
amplitude (Cole Palmer Model CPX 750, 20 kHz). The dispersion
was cooled during sonication by a surrounding bath of cool (~18 °C)
flowing water. To extract (6,5) s-SWCNTs from SG65i, the SWCNTs
(0.5 mg/mL) were dispersed in PFO-BPY in toluene (2 mg/mL) by
tip sonication for 15 min at 40% intensity. For either sonicated
dispersion, the tip-sonicated SG65i/polymer mixture in toluene was
immediately transferred to a centrifuge tube following sonication, and
the dispersion was centrifuged for S min at 13200 rpm (29760g) and
20 °C (Beckman-Coulter Optima L-100 XP Ultracentrifuge, SW32 Ti
Rotor and Beckman-Coulter centrifuge tubes, polyallomer). A
uniform SWCNT dispersion was obtained by decanting the
supernatant by pipet and filtering the supernatant through a kimwipe
if precipitate particles were visible in the solution.

To prepare the SMP-wrapped (7,5) SWCNTs, excess PFO in
solution is first removed via successive centrifugation steps. The (7,5)
s-SWCNT dispersion was centrifuged at 20 °C and 24100 rpm
(99202g) for 12—20 h to remove excess polymer. The pellet,
containing PFO-wrapped (7,5) SWCNTS, was separated from the
supernatant, which contained excess PFO. This long centrifuge
process was repeated for the redispersed pellet in toluene until the
absorption of the PFO approached that of the (7,5) S,, excitonic
transition. The pellet was then redispersed in toluene in a heated
ultrasonic bath for more than an hour to yield a homogeneous (7,5)-
PFO dispersion. To exchange the PFO with SMP, we then added 1
mg/mL of the SMP polymer to the homogeneous (7,5)-PFO
dispersion. We then sonicated this dispersion via tip sonication for 15
min at 40% intensity in a bath of cool (~18 °C) flowing water,
followed by centrifugation at 20 °C and 13200 rpm (29760g) for S
min.
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The so-obtained solutions were either measured by directly
freezing the toluene solutions, denoted as (6,5)- or (7,5)-PFO/
PFO-BPY/SMP-toluene, or by drop-casting the solutions on a precut
glass slide, similarly as for the surfactant films, denoted as (6,5)- or
(7,5)-PFO/PFO-BPY/SMP-film.

Absorption Spectroscopy. Absorption spectra were obtained in
a CARY 5000 UV—vis-NIR spectrometer using quartz microcells with
a path length of 3 mm and a sample volume of 60 uL.

Photoluminescence-Excitation Spectroscopy. Two-dimen-
sional PLE maps were collected in an in-house developed
spectrometer consisting of a Xe-lamp (Edinburgh Instruments,
custom adapted Xe900-XP920) for excitation and a liquid-nitrogen
cooled InGaAs or extended InGaAs array detector for detecting the
emission spectrum (Princeton Instruments Pylon-IR:1024 or OMA
V:1024/LN-2.2). Spectra were recorded in 90° geometry in a 3 mm
microcell, with S nm steps in excitation wavelength. Appropriate filters
were used to eliminate stray light and higher order diffractions from
the spectrometers, and all spectra were corrected for detector and
spectrograph spectral efficiency, filter transmission, reabsorption
within the cell, and (temporal and spectral) variations of the
excitation light intensity. Low-temperature PLE spectra were acquired
in backscattering geometry inside a Optistat CF-V cryostat (Oxford
instruments) equipped with a Mercury iTC temperature controller
unit and using liquid Helium as cooling agent.

Raman Spectroscopy. Raman spectra were acquired with a Dilor
XY800 triple Raman spectrometer with liquid-nitrogen cooled CCD
detector, under excitation at 568 and 650 nm originating from a
widely tunable, frequency-doubled optical parametric oscillator (C-
WAVE-GTR from Hiibner Photonics).

ODMR Spectroscopy. The ODMR spectrometer is based on a
continuous-wave X-band EPR spectrometer (Bruker ESP300E, 9.44
GHz) equipped with a rectangular TE102 resonator with optical
access and with an Oxford liquid helium flow cryostat that can be
cooled down to 2.5 K. For the randomly oriented samples, 100 uL of
the TMOS-D,0 solution before gelling or 100 yL of the toluene
solution was added to regular 3 mm suprasyl EPR tubes, cut in length
and mounted on the end of a quartz rod, which is used for guiding the
emitted light. Before mounting the samples in the cryostat and
magnetic field, they were frozen in liquid nitrogen, to prevent any
preferential magnetic-field induced alignment in the frozen samples.
Samples were excited with laser light (using a 568 nm laser (Sapphire
568—200 CW from Coherent) or a 635 nm diode laser (MRL-II1-635
nm from CNI lasers) focused on the samples through the optical
window of the rectangular TE102 cavity. The emission was collected
by light guiding through the quartz rod, passed through an 830 nm
long-pass edge filter (BLP01-830R EdgeBasics from Semrock), and
detected using a Si photodiode (S8745-01, Hamamatsu, sensitive up
to 1100 nm) or a Peltier-cooled InGaAs photodiode (G12180-230A,
Hamamatsu, sensitive up to 1550 nm). To collect the ODMR spectra,
the microwaves were on—off modulated at a frequency of 317 Hz and
subsequently introduced to the linear power amplifier (KU PA
9001250-2A, KUHNE electronics), providing a microwave output of
up to 2 W. The signal from the Si photodiode was connected to a
lock-in amplifier (Model 7260, EG&G Instruments) to allow for
phase-sensitive detection of the ODMR signal, using the on—off
modulation of the microwaves as the reference signal. ODMR spectra
were each time divided by the number of scans and normalized over
the total emission power coming from the sample, to allow for a direct
comparison of ODMR intensities.

For angle-dependent ODMR measurements, thin films were
prepared on a microscope glass substrate with an active area of 5 X
3 mm. They were either fixed inside a short EPR tube which was
attached to the above-mentioned quartz rod ((6,5)-PFO-BPY-film),
or mounted on the flattened side of a similar quartz rod ((7,5)-PFO-
film), such that in both cases the film sample could be rotated around
the axis of the rod which is perpendicular to the external magnetic
field (see Figures S17—S18 in the SI for a schematic drawing of the
quartz rod and the mounting of the rod in the EPR cavity).

As a reference, also the PFO and PFO-BPY polymers themselves
were analyzed separately by ODMR, using different laser excitation
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energies but the same 830 nm long-pass edge filter. These polymers
show slight fluorescence (and a narrow ODMR spectrum) passing
through the filter when excited in their specific absorption peak (at
405 nm), but with the excitation wavelengths used for the SWCNT
triplet investigations, no signal is observed from the polymers (Figure
S16).
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