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Abstract

Here, we developed a novel, multi-mode superresolution method to perform full-scale structural
mapping and measure the energy landscape for single carrier transport along conjugated polymer
nanowires. Through quenching of the local emission, the motion of a single photo-generated
hole was tracked using blinking-assisted localization microscopy. Then, utilizing binding and
unbinding dynamics of quenchers onto the nanowires, local emission spectra were collected
sequentially and assembled to create a superresolution map of emission sites throughout the
structure. The hole polaron trajectories were overlaid with the superresolution maps to correlate
structures with charge transport properties. Using this method, we compared the efficiency of
inter- and intra-chain hole transport inside the nanowires and for the first time directly measured
the depth of carrier traps originated from torsional disorder and chemical defects.
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Conjugated polymers exhibit many degrees of conformational freedom and weak inter-
chain interactions, which result in complex structure at nanoscale.1=3 The heterogeneous
structure leads to dispersive charge transport behavior and limits the performance of
conjugated polymer based devices.3—> Recent research has shown that well-controlled
anisotropic conjugated polymer nanostructures, such as nanorods and nanowires, exhibit
increased charge carrier mobility and improved performance for a variety of applications.6-2
Investigation of charge transport dynamics in these systems could help us establish a clearer
relationship between nanostructure and charge transport properties. However, previous
studies of charge transport in conjugated polymer nanostructure typically combine electron
microscopy with ensemble voltage-current analysis, which involves averaging over large
areas and many charge carriers.% 10 As such, important information about local structure,
such as inter- and intra-chain coupling strength, the physical nature (spatial extent, depth) of
charge carrier trap sites, and how these parameters dictate single carrier transport remains
unclear. Obtaining a deeper understanding about the nanostructure-charge transport property
relationship is crucial for the continued development of conjugated polymer based devices.

Recently, single-molecule/superresolution microscopy has emerged as promising tools for
characterization of conjugated oligomer/polymer nanostructure as well as charge transport
dynamics.11-18 However, as single molecule approaches, these methods depend critically
on photon budget, which limits the amount of obtainable information. There is currently

a lack of method that can characterize single carrier dynamics with high spatial/temporal
resolution, while providing complete structural information. In this work, we overcome
these limitations by developing a novel, tracking and hyperspectral imaging approach,
which first tracks nanoscale hole polaron motion at 1 kHz framerate, then utilizes binding
and unbinding dynamics of water-soluble quenchers onto the nanostructure to reconstruct
superresolution map of emission sites throughout the structure. By overlaying the hole
polaron trajectories with the superresolution maps, structural information can be correlated
with charge transport properties.
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We used this method to characterize charge transport in poly(9,9-dioctylfluorene) (PFO)
nanowires. The nanowire emission showed strong dependence on excitation polarization,
indicating extended chain-packing along the longitudinal axis. Tracking of single photo-
generated holes in the pristine nanowires revealed that hole polarons exhibited efficient
anisotropic transport through the g phase, yielding intra-chain and inter-chain zero-field
hole mobilities of 10771076 cm?/Vs and 1079-10~7 cm?/Vs, respectively. A variety of 0—
0/0-1 peak ratios were observed in the local g phase emission spectra. It was found that
the inter-chain hole mobilities decreased with increasing of the 0-0/0-1 emission peak
ratio, whereas the intra-chain hole mobilities showed an opposite trend, indicating that

the anisotropic charge transport was strongly dictated by the local intra- and inter-chain
coupling strengths.19-20 The efficiency of long-range hole transport was limited by the
presence of the glassy a phase that polaron trapping at the grain boundaries can be observed,
which reduced the hole mobilities to 1079-1078 cm?2/V/s. To investigate the impact of
chemical defects on charge transport, the nanowire suspension was excited with a UV
lamp in air to induce formation of keto defects. The partially oxidized nanowires exhibited
hole mobilities of 10710-100 cm?/Vs, which were two to three orders of magnitude lower
than that of the pristine ones. Hole polaron trajectory analysis showed that holes were
highly trapped around the chemical defects. From the escape dynamics of hole polaron
trapped by the o phase and the keto defects, we estimated the depth of charge carrier

traps originated from torsional disorder and chemical defects to be 220-260 meV and
280-340 meV, respectively. These results provided an unprecedented level of detail about
anisotropic charge transport at single carrier level and greatly improved our understanding
about structure-charge transport property relationship in conjugated polymer nanowires and
related systems.

PFO nanowires were synthesized using a novel self-assembly method. In a typical
nanoprecipitation process, a solution of conjugated polymer in tetrahydrofuran was rapidly
mixed with water under sonication, yielding exclusively spherical nanoparticles.21-24 We
discovered that nanoprecipitation of PFO with side-chain oxetane terminus (do-PFO, Figure
S1, synthesis procedures are provided in Sl), under the presence of 0.25 wt% Triton X-100,
resulted in self-assembly of a variety of nanostructures (Figure 1, Figure S2, S3). The
self-assembled nanowires were immobilized on a glass coverslip, and excited with a 405
nm laser, under N, atmosphere. For polaron tracking, fluorescence microscopy images were
collected using a SCMOS camera, at 1 kHz framerate. Similar to many other conjugated
polymer nanostructures, the nanowires exhibited pronounced fluorescence blinking under
photoexcitation (Figure 2a, Figure S4), due to temporary oxidation of the conjugated
polymers (formation of hole radicals).2>-26 The hole acts as an exciton annihilation center
and effectively quenches local emission (see Sl for additional discussion). 16: 27-28 There
are many excited state processes in conjugated polymers that can generate holes, including
photo-induced charge transfer to trace amount of oxygen molecules in the environment,
charge transfer to substrate, charge separation at grain boundary, etc.2%-30 The photo-
generated holes are typically highly trapped, due to attraction of the opposite charge, self-
trapping caused by geometric relaxation of the surroundings, as well as energetic barriers
induced by disorder of the material. Highly confined motion with low carrier mobility

was previous observed for photo- and electrode-injected holes. 1727 In self-assembled
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PFO nanowires, we observed surprisingly efficient long range hole transport under zero
electric field, likely facilitated by the highly ordered  phase. 31 As shown in Figure

2 b—f, a photo-generated hole resulted in a dark spot on the nanowire, which moved

along the wire over time. To locate the exact position of the hole polaron, we adapted

a frame-by-frame subtraction method that is previously developed for blinking-assisted
localization microscopy.32-33 For nanowire segments that exhibited two-state photo-blinking
(Figure 2a), the point-spread-functions (PSFs) during the fluorescence “off” states were
subtracted frame-by-frame from the PSF of the adjacent fluorescence “on” state to recover
the quenched PSFs (Figure 2b—f), which were then fitted to a 2D Gaussian function to
obtain the position of the hole polaron. The localization error of this method is dictated by
the localization photon number and shot noise of background fluorophores in the images,
respectively.33 Based on the typical polaron quenching depth and nanowire brightness, the
tracking uncertainty at 1 kHz is expected to be 5.6-11.1 nm, which can be further reduced to
<5 nm through binning. (Figure S5, see Sl for additional discussion).

After polaron tracking, the nanowires were submerged under quencher solution to perform
superresolution spectral mapping. We tested various type of water-soluble quenchers,
including multiple variants of black hole quenchers and viologen derivatives, and found that
methyl-viologen dichloride performed the best for our experiment. Photobleaching-assisted
mapping is also possible. 14 34 However, the formation of emissive keto defects during

the photobleaching process could complicate analysis. To obtain spectrum information, a
transmission grating was placed in front of the camera to disperse single particle emission.
Fluorescence microscopy images were collected at 50 Hz framerate. As methyl-viologen
cations (MV2*) adsorbed onto the nanowire, the conjugated polymer emission was gradually
quenched due to formation of conjugated polymer/MV2* charge-transfer complex. 35-37
Occasional fluorescence recovery can be observed when a quencher unbound from the
surface. A combination of change point analysis and hidden-Markov modeling were

used to identify single quenching/recovery steps (Figure 2g, Figure S6-S8, see Sl for
additional discussion).38-39 Bleaching/blinking-assisted localization analysis was performed
with the single-step quenching and recovery dynamics, i.e., the positions and spectra of

the emitters quenched or recovered at each step were determined from the zeroth and the
first-order fluorescence spots, respectively. The superresolution images were then overlaid
with diffraction-limited images and hole polaron trajectories (Figure 2h, fluorescent beads
were used as fiduciary markers for alignment.). As discussed above, the localization error of
bleaching/blinking-assisted localization microscopy is determined by the localization photon
number and shot noise induced by the background fluorophores. Decreasing of the nanowire
intensity resulted in reduced shot noise in the subtracted image and improved localization
precision. Typically, as the nanowire emission changes from maximum to fully quenched,
the localization error decreases from 5.2-9.0 nm to 2.7-3.6 nm (Figure S5, see Sl for
additional discussion). However, the actual mapping resolution is defined by the quenching
radius of the charge-transfer complex, which was reported to be 5-15 nm, depending on

the systems.40-41 From our tests, 5-10 adsorption events can readily quench the emission
from self-assembled ~20 nm PFO beads, which indicates that while the adsorption occurred
at the interface, the actual quenched volume was much larger, due to efficient migration

of excitons to the electron-deficiencies. We also performed structural mapping using
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spontaneous polaron motion. As the polaron moves in the nanostructure, different areas are
quenched, which allows simultaneous polaron tracking and superresolution mapping through
single particle localization and correlated spectrum analysis.18 The structural information
obtained from this method is very limited, as it depended on the random walk of a single
carrier. In addition, to ensure enough photons for simultaneous polaron tracking and spectral
analysis, the experimental framerate is limited to 50 Hz. Comparison of experiment results
obtained from the two methods showed that, while there is consistency in the slower
interfacial hopping dynamics resolved, some faster polaron motion was not captured at the
50 Hz frame rate (Figure S9, see Sl for additional discussions).

For pristine PFO nanowires, superresolution mapping revealed distinct regions of the o and
B phases (Figure 2g, Figure 3a). We found that the g phase was mainly responsible for

hole transport in the nanowires. Hole polarons showed rapid oscillation within the p phase
and abrupt hopping between the p phases separated by regions characterized by torsional
disorder (Figure 3a—d). The nanowire emission showed strong dependence on excitation
polarization (Figure S10), indicating extended chain-packing along the longitudinal axis.
Mean square displacement (MSD) analysis of polaron motion along and across the
nanowires revealed highly anisotropic charge transport. The longitudinal MSD showed two-
step behavior with steep increase at the early time and slower increase at longer timescales
(Figure 3e), which is consistent with the physical picture of rapid hole transport within the
g phase domains and slower inter-domain hopping. Compared to the longitudinal MSD,

the transverse MSD showed slower increase with a lower plateau, consistent with slower
transverse motion confined by the width of a nanowire (Figure 3e). Both longitudinal

and transverse MSD can be fitted to a bi-exponential confined diffusion function. Early
time MSD fitting yielded longitudinal and transverse hole mobilities of 1077-1076 cm?/Vs
and 1079-10~7 cm?/Vs, respectively (Figure S11). Considering the chain-packing inside

the nanowire, these results likely suggested that, within the g phase, the intra-chain hole
transport was over one order of magnitude more efficient than the inter-chain hole transport.
From the early time confinement length, we estimated the typical domain size of the g
phase to be 500-2000 nm? (Figure S11). At longer timescale, both the transverse and the
longitudinal hole mobilities dropped to 1079-1078 cm?/Vs, due to the presence of the glassy
a phase. For PFO nanowires with distinct domains of the o and the g phases, we investigated
local charge transport behavior by dividing the hole polaron trajectory into small segments
and overlaying them with the superresolution map. MSD analysis was performed on the
segments for which the hole transport occurred within a single phase. It was observed that
the longitudinal hole maobilities within the g phase were almost two orders of magnitude
higher than the mobilities within the o phases (Figure S11). From the local g phase emission
spectra, we observed a variety of 0-0/0-1 emission peak ratios (Figure 3c). The intra- and
inter-chain hole mobilities determined from the early time MSD showed dependence on

the local spectra. As shown in Figure 3f, the inter-chain hole mobilities decreased with
increasing of the 0-0/0-1 emission peak ratio, whereas the intra-chain hole mobilities
showed an opposite trend. These results are consistent with the previous research, which
showed that the 0-0/0-1 peak ratio indicated the competition between intra- and inter-chain
couplings in conjugated polymer systems. 1%-20 For conjugated polymer structures with
strong intra-chain coupling, emission from the lowest edge of the excited state vibronic
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bands is strongly allowed that the 0-0 peak typically has the highest intensity. In contrast,
for conjugated polymer structures with strong inter-chain coupling, the 0-0 transition has
low oscillator strength and the side band transitions become dominant, which results in
lower 0-0/0-1 peak intensity ratio.

As discussed earlier, the presence of torsional disorder limited the long-range charge
transport efficiency in the nanowires. Besides disorder, long-term operation and exposure

to molecular oxygen can induce formation of chemical defects in PFO devices, which can
also reduce charge carrier mobility. 4244 To compare the impact of structural disorder and
chemical defects on charge transport, polaron tracking was also performed with partially
oxidized PFO nanowires. The nanowire suspension was excited with a UV lamp in air

to induce formation of keto defects. Superresolution mapping of the partially oxidized
nanowires showed distinct areas with broadband green emission, consistent with the spectral
signature of fluorenone. 42-43 Hole polarons generated in the photo-oxidized nanowires
exhibited complex motion occurring on multiple timescales. Trapping by both chemical
defects and disorder can be observed for the same hole polaron (Figure 4a). To separate the
two kinds of trapping dynamics, we divided hole polaron trajectories into small segments
and analyzed them using MSD. In some segments, we observed that the hole polarons were
highly confined within the g phase and exhibited trapping/release dynamics near the grain
boundaries (figure 4b—e), whereas in some other segments, hole polarons were found to be
highly trapped around the chemical defects, i.e., slow transitions between the fluorenone
and a few local sites can be observed (Figure 4f-i). The two kinds of trapping dynamics
yielded very different MSD. Polarons trapped by chemical defects typically exhibited highly
restricted motion with the MSD showing confined diffusion behavior and mobilities ranging
from 10710 to 1072 cm?/Vs (Figure 4j, Figure S11). For polarons showing disorder trapping,
the MSD showed two-step behavior similar to that observed for pristine nanowires (Figure
4j). The steep early increase corresponds to confined motion within the g phase, whereas the
slower confined diffusion occurring on longer timescales corresponds to interfacial trapping.
The mobilities of the interfacial hole polarons were estimated from fitting of the MSD

tails, which ranged from 1072 to 1078 cm?/Vs (Figure 4j). Change point and autocorrelation
analysis were performed with the escape dynamics of polaron trapped by the « phase and
keto defects (Figure S12, see Sl for additional discussion). We found that disorder trapping
occurred on millisecond timescale, whereas the average time that a polaron resided in a

keto defect was nearly an order of magnitude longer (Figure 4k). By plugging the polaron
hopping time and distance into the Miller-Abrahams equation, we estimated the overall
energy barrier for disorder and defect trapping to be 370-410 meV and 430-490 meV,
respectively. Assuming a polaron binding energy of 150 meV, the actual depths of hole traps
originated from torsional disorder and keto defects are 220-260 meV and 280-340 meV,
respectively (Figure 4l). 45-46 These results are consistent with previous electro-chemical
studies of fluorenone, which showed that the highest occupied molecular orbital (HOMO) of
fluorenone is 200-300 meV higher than the HOMO of fluorene,*” making them hole traps
in PFO systems. In contrast, in pristine PFO nanowires, hole polaron likely possesses lower
energy within the ordered p phase, through delocalization along the polymer backbone. As a
result, hole polarons were highly confined within the g phase and disorder trapping mostly
occurred at the grain boundary.

Nano Lett. Author manuscript; available in PMC 2023 June 19.
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In summary, we developed a novel, multi-mode superresolution imaging method to perform
full-scale structural mapping and measure the energy landscape for single carriers transport
along conjugated polymer nanowires. Through quenching of the local emission, the

motion of a single photo-generated hole was tracked using blinking-assisted localization
microscopy. Then, utilizes binding and unbinding dynamics of quenchers onto the nanowire,
local emission spectra were collected sequentially and assembled to obtain a superresolution
map of emission sites throughout the structure. Superresolution mapping revealed that the
nanowires exhibited semi-crystalline structures with distinct regions of the o and p phases.
In pristine nanowires, it was observed that hole polarons mainly transported through the

g phase and were occasionally trapped at the grain boundaries. Rapid anisotropic motion
can be observed for polarons within the g phase, yielding intra-chain and inter-chain

hole mobilities of 1077-1076 cm2/Vs and 107°-10~7 cm2/Vs, respectively. A variety of
0-0/0-1 peak ratios were observed in the local p phase emission spectra. It was found

that the inter-chain hole mobilities decreased with increasing of the 0-0/0-1 emission

peak ratio, whereas the intra-chain hole mobilities showed an opposite trend, indicating
that the charge transport is strongly dictated by the local intra- and inter-chain coupling
strengths. The presences of disorder and chemical defects were found to greatly reduce
charge transport efficiency. In partially oxidized nanowires, holes were highly trapped
around the keto defects, yielding mobilities of 10710-107 cm2/Vs, whereas mobilities

of 1079-1078 cm?/Vs were obtained from polarons trapped at the « and p phase grain
boundaries. From the escape dynamics of polaron trapped by the o phase and the keto
defects, we estimated the depth of the two kinds of hole traps to be 220-260 meV

and 280-340 meV, respectively. Overall, the unprecedented sensitivity of our method
makes it uniquely suited for characterization of single carrier dynamics on nanoscale and
correlating nanostructure with charge transport properties. In comparison, conventional
methods for charge transport characterization, such as time-of-fight and 1-V analysis, are
ensemble measurement involving averaging over large areas and many carriers. 10 48-49

As a result, the single carrier transport parameters can only be interpreted indirectly
through Monte-Carlo simulation and comparison with the experimental results, making it
difficult to obtain a clear structure-charge transport property relationship. While we only
demonstrated polaron tracking and structural mapping in conjugated polymer nanowires in
this work, the method can be readily applied to various other nanoscale conjugated polymer
systems as well as nanostructures of other materials, where similar charge carrier induced
fluorescence quenching behavior is presented. Characterization of single carrier transport in
these nanoscale systems could offer a unique window to such process in bulk materials and
provide implications for optimizing semiconductor structures for specific applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 1.
Self-assembly of various conjugated polymer nanostructures. (a) Schematic illustration of

conjugated polymer nanostructures by self-assembly in a binary solvent. (b-d) Morphology
evolution of conjugated polymer nanostructures by self-assembly in water in presence of
0.25 wt% Triton X-100. (b) ellipsoids, (c) mixture of ellipsoids and wires, (d) wires.
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Figure. 2.
Hole polaron tracking and superresolution mapping of PFO nanowires. (a) Fluorescence

intensity trajectory of a PFO nanowire, showing two-level blinking behavior. (b) A
fluorescence microscopy image of the nanowire, before generation of any hole polaron.
Scale bar: 1um. (c) The fluorescence microscopy image of the nanowire after generation
of a hole polaron, at t1. Scale bar: 1um. (d) Quenched PSF, at t1. Scale bar: 1um. (e)

The fluorescence microscopy image of the nanowire after generation of a hole polaron, at
t2. Scale bar: 1um. (f) Quenched PSF, at t2. Scale bar: 1um. (g) Fluorescence intensity
trajectory of a PFO nanowire, showing binding and unbinding dynamics of MV2*,
Quenching and recovery steps indentified were plotted in red. (h) Superresolution image
of the corresponding nanowire, overlaid with the original, diffraction-limited image. The o
and p phases were plotted in dark blue and cyan, respectively.
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Figure. 3.

Anisotropic charge transport in PFO nanowires. (a) A hole polaron trajectory overlaid
with the local superresolution spectral map, showing two p phases segmented by
torsional disorder. The color of the superresolution map indicates the peak wavelength
of the local emission spectrum. Binning was performed to reduce the localization
uncertainty to ~5 nm. (b, ¢) The emission spectrum of the regions shown in

panel a, indicated by different colors. (d) The corresponding longitudinal (cyan) and
transverse (dark blue) single polaron motion trajectories. The red arrow indicates

a transition event between the p phases. (€) Longitudinal (blue) and transverse

(green) MSD of a hole polaron trajectory, both fitted to a bi-exponential confined
diffusion function. (x(r)) = (xj(0)) + L7, {1 — exp(—=2D,.t/L7,)} + Lip{1 — exp(—2Dp,t/ L7,)}. For

longitudinal transport, D, = 4.3 x 10° nm2/s, L,, = 35nm, D, = 8.9 x 10> nm?/s, L,, = 85 nm.

For transverse transport, D,, = 3.7 x 10* nm2/s, L,; = 22 nm, D, = 8.3 x 10°> nm2/s,
L., =25 nm. (f) Intra-chain (cyan) and inter-chain (dark blue) hole mobilities obtained from
early time MSD fitting versus 0-0/0-1 peak ratio of the local spectra.
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Figure. 4.

Hole polaron trapping in PFO nanowires. (a) Hole polaron trajectories overlaid with
superresolution spectral map of a partially oxidized PFO nanowire. The color of the
superresolution map indicates the peak wavelength of the local emission spectrum. Binning
was performed to reduce the localization uncertainty to ~5 nm. (b) Localization scatter plot
of a single polaron confined within a g phase between two glassy areas. (c-e) The local
emission spectra of the three regions shown in panel b, indicated by different colors. (f)

Localization scatter plot of a single polaron trapped around a keto defect. (g-i) The local

emission spectra of the three regions shown in panel f, indicated by different colors. (j)
MSDs of hole polaron trajectory segments showing disorder trapping (blue) and defect
trapping behavior (green), both fitted to a bi-exponential confined diffusion function. For
defect trapping, D, = 7.2 x 10> nm2/s, L,; =26 nm, D, = 2.3 x 10°> nm2/s, L, = 35 nm. For

disorder trapping, D, = 6.4 x 10° nm?/s, L, =43 nm, D,, = 1.1 x 10*nm?/s, L,, = 68 nm. (K)
Polaron escape time from glassy phase (blue) and keto defect (green). (I) Estimated depths
of hole traps originated from torsional disorder (blue) and keto defects (green).
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