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ABSTRACT: We demonstrate simultaneous spatial and spectral subtraction-
based super-resolution microscopy based on photobleaching, photoblinking, or
photoactivation in multichromophoric systems to detail the characteristics of
individual emitters in small aggregates isolated and immobilized in polymeric films.
In particular, we investigate the prototypical multichromophoric electron-donating
system poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV)
and electron-accepting N,N’-dipentyl-3,4,9,10-perylenedicarboximide (pPDI)
molecules prepared as small aggregates via tandem analysis of spatial and spectral
information of individual emitters within a diffraction-limited spot. In MEH-PPV
aggregates, this approach reveals evidence of both chain-limited and domain-
limited exciton migration as well as preferential photodegradation of regions with a
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high number of intermolecular contacts. In small aggregates of pPDI, evidence of individual subunits with distinct spectral

characteristics and electronic coupling properties is found.

Bl INTRODUCTION

Recent advances in optical fluorescence microscopy present
opportunities to improve understanding of morphological and
photophysical properties of molecules of interest for use in a
variety of optoelectronic applications.”” Such molecules
typically have endogenous chromophores, such that far-field
optical approaches can be employed, thus avoiding challenges
associated with other high-resolution imaging techniques
including electron microscopy and scanning probe microscopy,
techniques that are time-consuming, are restricted to small
imaging areas, and may require perturbative sample prepara-
tion.>* Furthermore, optical approaches can yield information
on correlations between conformational and photophysical
properties as well as on heterogeneity of these properties.”°
Despite such advantages, there are challenges associated with
using the intrinsic photoluminescence of molecules to
understand molecular conformation, photophysics, and
correlation between these properties, particularly in multi-
chromophoric systems where multiple emitters exist within a
diffraction-limited spot and where interactions between
chromophores may lead to quenching or spectral shifts that
alter intensity and/or prevent direct detection.” Here, we show
how use of a spatial and spectral subtraction-based super-
resolution microscopy using photobleaching, photoblinking, or
photoactivation of intrinsic emitters in systems with multiple
chromophores within a diffraction-limited spot yields new
insights into properties of individual emitters.

As a proof of principle, we study two prototypical systems of
interest in organic optoelectronic devices, poly[2-methoxy-S-
(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and
N,N’-dipentyl-3,4,9,10-perylenedicarboximide (pPDI). Poly-
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phenylene vinylenes are representative conjugated polymers
that may serve as electron donors and hole-transporting
materials.”” Similarly, PDI derivatives have been extensively
investigated as potential electron acceptors.'” In both cases,
these classes of molecules are of interest because of their
tunable exciton bands, as dictated by particular substituents as
well as by intermolecular interactions that affect their
electronic coupling and resultant photophysics.'”'> Indeed,
in solid-state devices, the properties of these molecules are set
largely by their conformation. For MEH-PPV and similar
molecules, this is evident even at the single-molecule level, as
these molecules are multichromophoric in absorption and
emission. Such properties have been extensively studied at the
single-molecule level and to a certain extent in aggregates that
more fully recapitulate intermolecular interactions present in
devices.""*™"> For PDI derivatives, particular molecular and
supramolecular structures also strongly dictate photophysical
behavior, with large-scale fibrillar structures showing particular
promise for electron transport.'®™'*

In an effort to enhance physical understanding of multi-
chromophoric and supramolecular structures, super-resolution
imaging methods have been developed that take advantage of
stochastic inherent or induced photoactivation, transient
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Figure 1. (a) Experimental setup and a representative image of zeroth- and first-order data on the left and right sides of the EM-CCD, respectively.
NDs, neutral density filters; 1/4, quarter-wave plate; DM, dichroic mirror; Obj, objective; EF, emission filter; and TG, transmission grating. (b)
Schematic depiction of the experimental approach: from the zeroth-order image, a fluorescence intensity trajectory is obtained; in this example, two
emitting sites that sequentially photobleach are evident. The initial feature has contributions from both the green- and blue-emitting sites, and
subtraction reveals information about the green-emitting site. (c) Schematic depiction of positions obtained from performing localization
microscopy (red and blue circles) as well as that obtained via afSHRImP (green cross). (d) Schematic depiction of the corresponding fluorescence
spectra obtained from the first-order data for each section shown in (b) as well as of the spectrum obtained by subtracting the spectrum in section 2

from that in section 1 (S1—S2, green).

binding, blinking, or bleaching.lg_24 Herein, we use such an
approach incorporating concurrent spatial and spectral super-
resolution imaging to characterize individual emitters on small
aggregates of MEH-PPV and pPDI. While many researchers
have studied aspects of these molecules or aggregates thereof
to characterize and understand correlations between molecular
conformation and photophysical properties, few have done so
with resolution beyond the diffraction limit, which can provide
insight into individual emitter properties within these systems.
Vacha and coworkers first brought localization microscopy to
bear on MEH-PPV, showing that the centroid position varied
over time, tracking the center of mass of emitters and tracing
out the conformation of the molecules.”® In an earlier work,
Rothberg and coworkers monitored the fluorescence spectra of
single MEH-PPV molecules over time, in essence performing a
spectral version of the approach demonstrated by Vacha,
showing that typical molecule emission shifted to blue over the
course of photodegradation and photobleaching.*® Addition-
ally, Yu et al. used spectral subtraction to provide evidence of
efficient energy transfer in the collapsed regions of MEH-PPV
molecules.”” Park et al. used a super-resolution technique
predicated on serial emitter photobleaching to locate the
position of each emitter and trace out individual MEH-PPV
molecular conformation.” Jiang and McNeill used localization
imaging together with spectral subtractions to characterize
emitters quenched by polarons in the conjugated polymer
F$BT.”*

Here, we perform simultaneous subtraction-based super-
resolution localization and spectroscopy on aggregates of
MEH-PPV and pPDI to directly address each emitter in the
assembled structure and their corresponding photophysical
behaviors. This dual subtraction-based approach reveals that
MEH-PPV prepared as small aggregates shows emission that
shifts toward higher energy over the course of photo-
degradation, with evidence of both chain- and domain-limited
exciton migration. Applying the multidimensional super-

resolution technique to pPDI assemblies reveals individual
subunits with spectral characteristics consistent with distinct
electronic-coupling properties.

B EXPERIMENTAL DETAILS

Sample Preparation. MEH-PPV (M,, = 252 kDa; PDI =
1.8) was purchased from Polymer Source. pPDI was purchased
from Sigma-Aldrich. Both were dissolved in toluene to prepare
a stock solution. Polystyrene (PS) (P4250-S, Polymer Source,
M, = 168 kDa; PDI = 1.05) stock solutions were
reprecipitated in hexane three times and dissolved in toluene.
This solution was then photobleached at 533 nm for =48 h to
eliminate fluorescence from impurities. For all experiments,
probes were diluted in %3.5 wt % PS with toluene as the
solvent. The solutions were spin-coated onto a glass coverslip
at 3000 rpm, resulting in a film of ~180 nm thickness. Sample
films were prepared such that isolated fluorescent features were
present at a density of ~0.3 spots/um” for MEH-PPV and
~0.2 spots/um” for pPDI. Films were exposed to nitrogen gas
flow for ~#60 min to remove residual solvent. In some cases,
solvent vapor swellin% was then applied to induce a small
degree of aggregation. ° In those cases, a mixture of acetone
and chloroform with a 50/50 liquid volume ratio was applied
to swell the film from the initial thickness of ~#180 to ~300 nm
for 20 min. Swollen samples were then again exposed to
nitrogen gas flow for ~60 min to deswell and assist with the
removal of residual solvent, a procedure that has previously
been shown to return the film thickness to that measured
before solvent swelling.'> All experiments were conducted at
room temperature (~21 °C).

Experimental Setup. All imaging experiments were
performed on a wide-field fluorescence microscope on an
inverted microscope body (IX71, Olympus), as depicted
schematically in Figure 1. A 532 nm continuous-wave laser
(LRS-532-TM-30-5, Laserglow Technologies) was used as the
excitation source. Excitation light was passed through a

https://dx.doi.org/10.1021/acs.jpcc.0c07790
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07790?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07790?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07790?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07790?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07790?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

dichroic mirror (DI-03-R405/488/532/635-T1-25X36, Sem-
rock) and focused onto the back-focal plane of an oil-
immersion objective (UAPON 1000TIRF NA 1.49, Olympus)
to achieve wide-field illumination. Samples were illuminated at
power densities of ~#150 W/cm? for MEH-PPV and ~300 W/
cm® for pPDIL Fluorescence was collected by the same
objective and filtered using a long-pass filter (LP03-5S32RU,
Semrock). To simultaneously collect spatial and spectral
information, a transmission grating (GT13—03 300 grooves/
mm 17.5° groove angle, Thorlabs) was mounted in front of the
EM-CCD camera (iXon DV88S KCS-VP, Andor). The
position and orientation of the grating was set such that the
spatial (spectral) domain information was located on the left
(right) side of the EM-CCD without spatial overlap (Figure 1).
In the current implementation, counts per pixel in the first-
order image are approximately 2 times greater than those in
the zeroth-order image. Data were collected at frame rates
ranging from 0.2 to 1.0 s with the EM gain ranging from 80 to
150 over a customized pixel area of 1002 pixels X 401 pixels for
efficient CCD cooling and data processing. For the assessment
of spatial localization error, counts were converted to photons
via a function consisting of CCD settings and parameters
including the EM gain and quantum efficiency.

B RESULTS AND DISCUSSION

Spectral Calibration. For calibration of the spectral
portion of the data, TetraSpeck beads (100 nm; emission
peaks: 430/515/580/680 nm, T7279, Invitrogen) were
employed. First, an ensemble spectrum of the beads in
solution was measured to establish the spectral peak positions
to the red of the excitation line, with identified peaks at 581.5
and 675.5 nm (Figure Sla). Then, beads were deposited onto
a poly-L-lysine-coated coverslip and imaged on a wide-field
microscope. Emission was collected for 50 frames with 200 ms
exposure time, and movies were exported to Image] for
analysis. Following the generation of a three-frame-averaged
movie, as described in ref 22, smoothing and background
subtraction were performed. Such data processing is required
because of the noise associated with the high EM gain used,
which is necessary to attain sufficient intensity in both the
zeroth- and first-order modes. Smoothing was performed via an
Image] function that replaces intensity at each pixel with the
average of pixels in its 3 X 3 neighborhood to mitigate noise as
well as to account for the fact that the imaged spectrum may
span more than a single pixel in the y dimension. Following
this, background subtraction using a rolling ball algorithm with
a ball radius of 10 pixels was performed. Single-pixel line
profiles, chosen by selecting the line with maximum photon
counts among the several line profiles associated with a single
bead, were plotted (Figure S1b). Emission peak positions were
identified as pixels displaying maximum local intensity. From
these measurements, pixel to wavelength conversion was
formulated as

A= 1.175(x — (x, + D)) + 581.5 (1)

where «x is the position in pixels, x, is the zeroth-order centroid
position of the feature in pixels, and D is the distance in pixels
between the centroid position of the feature in the zeroth-
order image and the first peak of the spectrum. Using this
conversion, the apparent spectral heterogeneity of the
TetraSpeck beads was evaluated. First, the time-dependence
of the first spectral peak of a particular bead over 50 200 ms
frames was assessed. This revealed high apparent spectral

stability, with the peak at 582 + 1 nm and no trend over time
(Figure Slc,d). Then, variation across beads was investigated
(Figure Sle,f). Over 23 beads, this also yielded a peak position
of 582 + 1 nm and no apparent dependence on position,
suggesting that there was no effect of spherical or related
aberrations on the apparent wavelength. Given the high
spectral stability across time and beads revealed by calibration
with TetraSpeck beads, we use eq 1 for all further pixel to
wavelength conversions in this work.

Single-Emitter Validation. Following spectral calibration,
localization and spectral precision were established from
measurements on single pPDI molecules, all of which
displayed a similar intensity and had single-step photo-
bleaching behavior. In contrast to the implementation of
super-resolution imaging based on photobleaching demon-
strated previously,” for combined imaging and spectroscopy,
data smoothing and background associated with the presence
of the transmission grating were performed on the three-frame-
averaged movie (1 s per frame before averaging for this data
set), as described in the Spectral Calibration section above.

To assess uncertainty in position of individual identified
emitters, 2D Gaussian fitting with a Levenberg—Marquardt
algorithm was used and parameter fit uncertainty or = '/,(6x +
8y) was determined via the parameter covariance matrix. This
measure has previously been reported to yield similar results to
that estimated from experimental parameters.'” We inves-
tigated whether this was the case for measurements on 19
single pPDI molecules, which have more similar signal levels to
the small aggregates evaluated in this study than do TetraSpeck
beads. Fit uncertainty, as determined from 2D Gaussian fitting,
was plotted against photons collected in a given frame (Figure
S2a) and compared to a theoretical prediction for localization

2 2 2 1/2

error via (0} = (% + %) ] with o; being the
localization error along x or y, s the standard deviation of the
point-spread function (114 nm for our experimental setup), a
the size of the pixel (90 nm), N the number of photons
collected from the emitter in a single frame, and b the
background photons per pixel, for which we use the residual
background-averaged value after background subtraction (b =
3.3).”" While the trend in fit uncertainty vs number of photons
generally follows the theoretical prediction, uncertainty
assessed through fitting overestimates fit uncertainty relative
to the prediction for low photon counts and underestimates
the quantity at higher photon counts. Evaluating the
localization error directly from the standard deviation of
localizations of each pPDI molecule assessed vs average
number of photons per frame for each molecule yields
localization error quite similar to the theoretical prediction
(Figure S2b,c). The overall consistency with the theoretical
prediction suggests not only that background subtraction does
not strongly affect the localization error but also that drift is
not a significant source of localization error in this study. The
finding on drift is further supported by drift assessment studies
(Figure S3), and data are not dedrifted in this study.

As for the TetraSpeck beads, we also evaluated apparent
spectral heterogeneity of single pPDI molecules over time as
well as across molecules (Figure S4). Spectra from the same 19
single pPDI molecules assessed for localization error are shown
in Figure S4a. We note that only a portion of the 0—0 vibronic
band is evident because of the dichroic mirror employed in this
study, and thus we focus on the 0—1 vibronic band. The
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Figure 2. Case study of an MEH-PPV feature with two emitting sites. (a) Fluorescence intensity trajectory plotted from a single pixel associated
with the feature (gray) shows a two-step decay, with the analyzed sections labeled S1 and S2, and a schematic depiction of emitters present in each
section. Red line indicates intensity as identified by STaSI. (b) Frame-by-frame localizations (small points) and weight-averaged localizations of the
imaged feature present in S1 (red) and S2 (blue) as well as the first bleached emitter position obtained from afSHRImP (green cross). Circles
represent the standard error of points identified from localization (S1, S2) or afSHRImP (S1 — S2) imaging. Scale bar: 22.5 nm. (c) Corresponding
spectra obtained by averaging all spectra collected during S1 (red), S2 (blue), and via subtraction (green).

spectral stability of a representative molecule is shown in
Figure S4b,c. This revealed high spectral stability, with the
maximum value of the 0—1 peak centered at 582 + 1 nm over
180 frames, with no trend over time. The standard deviation,
which is somewhat higher than that for the TetraSpeck beads,
is consistent with the lower signal to background ratio present
for these single molecules compared to the bead sample. As for
the beads, we also compared the peak position across pPDI
molecules, revealing the peak of the 0—1 vibronic band to be
581 + 3 nm, with no trend as a function of distance from the
center of the zeroth-order image (Figure S4d,e).

Case Study 1: MEH-PPV Features with Few Emitters.
Given the high localization and spectral precision obtained
from single pPDI molecules, we conclude that the multi-
dimensional approach is feasible. However, to provide spatial
and spectral information on individual emitters within a
diffraction-limited spot, clarifying the precision of spatial and
spectral information obtained following the subtractions shown
schematically in Figure 1 is also necessary. To that end, we
provide a case study on a single MEH-PPV feature that shows
two-step photobleaching behavior, consistent with the
presence of two emitting units on a single molecule or small
aggregate, as schematically depicted in Figure 1.

For the subtraction-based approach shown in Figure 1, we
employ all-frame single-molecule high-resolution imaging with
photobleaching (afSHRImP), as reported in ref 22. Briefly,
every pair of frames in the three-frame average-intensity
trajectory is subjected to subtraction. 2D Gaussian fitting is
performed on each resulting image, and fit uncertainty and
eccentricity of the resulting fits are displayed in a matrix. From
this matrix, visual inspection allows identification of sections
for further analysis, with sectioning additionally validated by
performing fast Step Transition and State Identification
(STaSI), which identifies states and interstate step transitions
from the discrete fluorescence intensity trajectory data.’’

Data from an exemplary MEH-PPV feature in which two-
step bleaching occurs are shown in Figure 2. First, frame-by-
frame localization analysis was performed (small symbols in
Figure 2b). Then, frame subtractions were undertaken, and the
full arrays of the resulting fit uncertainties and eccentricities are
shown in Figure SS5. Subtracted images between frame pairs
were considered to be associated with photophysical events
(photobleaching in this case) when the resulting image could

be fit to a 2D Gaussian with fit uncertainty <0.10 pixels (9
nm) and eccentricity < 0.65, where the eccentricity, ¢, is given
by e = (1 — (#/L?))"?, with L being the semimajor axis and !
the semiminor axis of the fit Gaussian.”

For the exemplary feature associated with the data in Figures
2 and S5, there is an obvious intensity decrease that occurs
around the fifth frame of the trajectory. This corresponds to
the region of low-fit uncertainty and eccentricity that can be
seen in the afSHRImP matrix (blue pixels, Figure SSa,b). We
select the frame associated with the end of a section (S1 in this
case) by identifying the frame at which nearly all combinations
with previous frames result in fits with low uncertainty and
eccentricity (in this case, frame 5). As a check for this
identification, we perform STaSI, which also identifies the
relevant frame as frame 5. All combinations of frames in S1 and
S2 whose subtractions satisfy the fit uncertainty and
eccentricity constraints detailed above are, following weight
averaging by fit uncertainty, used to identify the position
associated with the emitter only emitting in S1. All
localizations performed on data in S2 are similarly weight-
averaged by fit uncertainty to determine the position of the
emitter in S2. Because localizations within particular sections
can be averaged, the effective number of photons is greater
than that associated with a single frame, and the standard error
of the mean is decreased relative to the localization error
assessed through a single frame. This is shown in Figure S6 for
the sections and afSHRImP analysis associated with the data in
Figure 2. Figure S6 also includes data from other MEH-PPV
and pPDI features analyzed analogously in this manuscript
(vide infra). As shown for pPDI single molecules in Figure S2c,
localization error found empirically for identified features in
Figure S2 is quite similar to the theoretical prediction, and the
ability to average over sections or afSHRImP points greatly
reduces the error relative to that associated with a single frame.

In the technique we term spectral SHRImP, spectra from
frames associated with S1 (S2) are averaged to produce the red
(blue) spectrum in Figure 2, with the green spectrum
associated with the emitter on only in S1 identified through
subtraction of the blue from the red spectrum. As expected, the
distance between emitters identified by afSHRImP is greater
than that determined by localization imaging, which averages
over emitter positions if more than one is present. For the
same reason, the spectrum of the first emitter to turn off as
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Figure 3. Analysis of photophysical properties of MEH-PPV features with few emitters. (a) Peak position of the 0—0 vibronic peak for identified
emitters following spectral SHRImP. (b) Peak height ratio of the 0—0/0—1 vibronic peak for identified emitters following spectral SHRImP. In (a)
and (b), n = 13 for first emitter to photobleach, n = 14 for second emitter to photobleach, and n = 14 for last emitter to photobleach. Box plots
show a line at the median, box ranging from 25th to 75th percentile and whiskers ranging from 5Sth to 95th percentile. Small squares indicate mean
values. Crosses indicate minimum and maximum values. (c) Correlation between the spectral shift of the 0—0 peak and the intensity change
associated with a photobleaching event, with the spectral difference of an emitter relative to the previously photobleached emitter shown as either

red (red-shifted) or blue (blue-shifted) points. Linear fits are included as guides to the eye.

revealed by subtraction is more different than (and more red-
shifted than) the spectrum of the second emitter than is the
spectrum associated with S1, which has contributions from
both emitters. This is consistent with previous measurements
that show that MEH-PPV emission tends to shift toward the
blue over time.****??

This intriguing finding led us to investigate additional MEH-
PPV features with one- and two-step photobleaching behavior
via the combined spatial and spectral subtraction-based super-
resolution technique described above. We note that given the
initial concentration of MEH-PPV molecules and the degree
and time of swelling, as described in the Experimental Details
section, previous work suggests that typical MEH-PPV
aggregates in this study are composed of fewer than 40 single
molecules and extend less than 100 X 40 nm.'”’* Twenty-
three features with two- or three-step photobleaching were
studied. In all cases, sectioning was performed via STaSI; the
characteristics of the final surviving emitter were determined
through localization imaging and averaging the spectra of all
frames associated with the final section, and the characteristics
of the first and/or second emitters to photobleach were
determined via afSHRImP subtractions for spatial information
and spectral averaging and subtraction for spectral information,
both as described above. Spectra were fit to two Gaussians to
determine the emission peaks and peak heights of the 0—0 and
0—1 vibronic bands. This analysis revealed that the behavior
seen in the molecule depicted in Figure 2 is representative—
the 0—0 peak position shifts toward the blue (Figure 3a) and
the 0—0/0—1 peak ratio decreases (Figure 3b) for emitters
that survive photobleaching the longest. The tendency for
MEH-PPV fluorescence to shift toward the blue upon
extended excitation and partial photobleaching has been
noted previously both via direct spectral measurements” >
and as inferred from polarization modulation measurements.”
The blue shift in emission upon extended exposure to
excitation light has been proposed to be a consequence of
efficient energy funneling to highly ordered, tightly packed
domains which, in turn, are prone to photochemical defects
and efficient photobleaching because of the long residence
time of excitation in these domains. The highly ordered, tightly
packed domains are the most red-lying states and are
traditionally associated with a high number of intermolecular
contacts and long conjugation lengths, which are consistent
with larger 0—0/0—1 ratios.>”*® As a result, over time, the

emission spectrum shifts both toward the blue and toward
exhibiting lower 0—0/0—1 peak ratios. This work directly
confirms that photobleaching events occur preferentially in
domains with particular spectral character consistent with
ordered, tightly packed domains.

Additionally, to highlight the utility of the multidimensional
approach based on spatial and spectral subtractions, we
investigated whether spatial and spectral characteristics of
emitters and spectral and spatial changes that occurred upon
serial emitter photobleaching were correlated. In particular, the
distance between emitters, intensity change, spectral shift of
the 0—0 peak, and change in the 0—0/0—1 ratio upon serial
photobleaching events were investigated. Generally, correla-
tions between spatial, intensity, and spectral information were
weak. Figure S7, for example, shows the 0—0 peak position of
identified emitters vs the position relative to the center of mass
of emission as well as vs the distance between emitting sites,
and Figure S8 shows the shift in the 0—0 peak position vs the
distance between emitting sites. In Figures S7b and S8, these
quantities are identified with the dual subtraction technique as
well as via the simpler technique that monitors the spectral
peak and the centroid position over time without subtractions.
While the subtraction-based technique shows a greater degree
of distance between emitters and greater difference in peak
position than the subtraction-free technique, neither approach
suggests a strong correlation in these quantities. In contrast, a
notable correlation was found between the spectral shift of the
0—0 peak and the intensity change associated with a
photobleaching event, and this correlation was made more
obvious by applying the subtraction-based technique vs the
simpler temporal evolution technique (Figures 3c and S9). In
particular, large spectral shifts were found to accompany small
intensity changes, and this was especially prominent among the
blue-shifting spectra, which—as described above—was the
typical direction for the spectral shift over the course of
photobleaching. Intensity change with individual photobleach-
ing events has been interpreted within the domain-limited
model of exciton diffusion as a proxy for domain size.'>*”**
The data suggest that small domains tend to be spectrally
distinct from larger domains which, in turn, suggests that
particular intrachain conformational properties or defects exist
that create relatively small, localized low-energy domains.

Case Study 2: MEH-PPV Feature with a Complex
Intensity Trajectory. Next, we introduce the spatial and
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Figure 4. Case study of an MEH-PPV aggregate with a complex intensity trajectory. (a) Fluorescence intensity trajectory showing nonmonotonic
decay with analyzed sections, as identified by STaS], labeled S1, S2, S3, and S5. S4 is not labeled because the intensity is near the background level.
Red line indicates intensity, as identified by STaSL (b) Frame-by-frame localizations (small points) and weight-averaged localizations of the imaged
feature present in S1, S2, S3, and SS (large points) as well as the bleached emitter position determined by the subtraction of S3 from S2 using
afSHRImP (cross). Circles show the standard error of positions identified through frame-by-frame localizations and afSHRImP. Scale bar: 22.5 nm.
(c) Spectra obtained by averaging all spectra collected during the corresponding sections. Subtraction spectrum is obtained by subtracting the S3
spectrum from the S2 spectrum. Solid lines represent the best fit curves to two Gaussian functions.

spectral subtraction-based super-resolution technique to an
MEH-PPV feature displaying a more complex intensity
trajectory that shows evidence of a greater number of emitting
sites and nonmonotonic change in emission intensity (Figure
4). To determine sections in this more complicated trajectory,
STaSI was used to identify intensity changes. From this
analysis, five sections were identified (S1—SS), with one of
those sections (S4) with intensity similar to the background
level. Thus, we consider S1, S2, S3, and SS to contain
information on one or more emitting sites. Evaluating spectra
after averaging within each of these sections again reveals a
general blue shift as a function of time; the 0—0 and 0—1 peaks
monotonically evolve from 562.0 and 597.6 nm in S1 to 556.6
and 588.7 nm in S5, respectively, though without a clear trend
in the peak height ratio as a function of time.

Applying afSHRImP constraints along the full trajectory
revealed the same sections identified by STaSI except S1 and
S2, for which no afSHRImP pairs met the eccentricity and fit
uncertainty constraints. Despite this, comparing localization
imaging and spectra from S1 and S2 suggests both spatial and
spectral distinctions between these sections. A possible
explanation is that the same set of chromophores is emitting
over S1 and S2 but the relative intensity is somewhat different,
as could result from subtle physical and photophysical changes
occurring in the sample. For example, relaxations of either the
polymer host or the MEH-PPV may result in subtle changes in
torsion in the MEH-PPV, creating slight changes in emission
intensity and spectra for each emitter active during this time.
Performing a spectral subtraction between S2 and S1 shows a
0—0 peak in a similar position but a red-shifted 0—1 peak
relative to the spectrum associated with S1 (Figure S10). This
behavior is similar to that shown by MEH-PPV molecules
dispersed in a polymeric matrix and thermally annealed at
temperatures below the glass-transition temperature of the
matrix.”” In both our experiment and the one described in ref
32, no significant conformational change is expected in the
matrix or the MEH-PPV molecules, yet subtle spectral changes
occur. In the case presented here, the likely origin is that upon
photobleaching of a particular emitting site, the exciton
migration path is altered and (given the consistent blue shift
of the emission in MEH-PPV molecules and aggregates upon
photoexposure) involves less interchain exciton transport than

that supported by the aggregate before partial photo-
degradation.

For those sections where STaSI identifies a change in
intensity and afSHRImP subtractions suggest a change in
emitter position, spatial and spectral subtractions were
performed. These subtractions show a spectrally and spatially
distinct emitter that photobleaches between S2 and S3
(Figures 4 and S10). This emitter is at a notable physical
distance from other identified features and has a distinct
spectrum made obvious only when the subtraction is
performed. In particular, this emitter is red-shifted relative to
other spectra identified in either the simple systems
represented by the data in Figures 2 and 3 or the more
complex example examined here. Additionally, the peak height
ratio is lower than that associated with any other identified
emitter in this study, with a strongly suppressed 0—0 transition,
as is typically associated with H-aggregates.””*’

Data present in sections 3—5 can be explained via multiple
pictures that cannot be neatly discriminated even with the
spatial and spectral information afforded through the approach
described here. One possibility is that S3 contains a single
emitter that photobleaches (S4), after which another is
photoactivated (SS). It is possible that the emitter associated
with SS was also emitting during S1 and/or S2 and was in a
dark state for a portion of the trajectory. Other possibilities
include that S3 contains two emitting chromophores, one of
which is also active in SS or that the same emitter is on in S3
and SS but emitting with different intensity, as is suggested for
the emitter(s) present in S1 and S2. Localization imaging finds
distinct positions for emissions in S3 and S5, and the spectra
associated with S3 and S5 are nearly identical in peak positions
but somewhat different in peak height ratios (Figures 4 and
S10). These factors suggest that the last two possibilities are
the most likely but do not preclude other possibilities
described above.

The two models that have commonly been used to explain
exciton migration in MEH-PPV single molecules and
aggregates are chain-limited and domain-limited exciton
migration: the former assumes that exciton migration occurs
over the full polymer or aggregate and the latter assumes that
excitons migrate within particular domains bearing only a
single-emittin% site and between which exciton transfer does
not occur.'”” It is generally accepted that aspects of both
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Figure S. Case study of two pPDI aggregates with complex intensity trajectories. (a) Fluorescence intensity trajectory showing nonmonotonic
decay with analyzed sections, as identified by STaSI, labeled S1, S2, S3, SS, and S6. S4 is not labeled because the intensity is at the background level.
Red line indicates intensity, as identified by STaSI. (b) Weight-averaged localizations of the imaged feature present in S1, S2, S3, SS, and S6 as well
as of the bleached emitter position determined by the subtraction of S5 from S3 and SS from S1 using afSHRImP. (c) Spectra obtained by
averaging all spectra collected during the corresponding sections except S4. Subtraction spectrum is obtained by subtracting the S2 spectrum from
the S3 spectrum. (d) Fluorescence intensity trajectory showing nonmonotonic decay with analyzed sections, as identified by STaS], labeled S1, S2,
S3, and SS. S4 is not labeled because the intensity is at the background level. (e) Weight-averaged localizations of the imaged feature present in S1,
S2, S3, and S5, as well as the bleached emitter position determined by the subtraction of S2 from S1, S3, and S5 using afSHRImP. (f) Spectra
obtained by averaging all spectra collected during the corresponding sections except S4. Subtraction spectrum is obtained by subtracting the S2
spectrum from the S1, S3, and SS spectra. In (b) and (e), circles show the standard error of positions identified through frame-by-frame
localizations in particular sections and by afSHRImP. If no circle is present, standard error is smaller than the symbol. Scale bar: 11.25 nm.

types of behavior are at play within conjugated polymers and
aggregates thereof, with a likelihood that there are particular
domains between which exciton migration does not occur but
also domains in which more than one emitting site may be
present and within which excitons may diffuse. In the
representative aggregate explored here, behaviors consistent
with a range of exciton migrations are present—the large
spatial and spectral difference found between the emitter that
turns off between sections 2 and 3 and other emitters suggests
emission that is emerging from two distinct domains, while the
emitters represented by sections 1 and 2 and sections 3 and S
may represent exciton migration within a particular domain.
Case Study 3: pPDI Aggregates with Complex
Energetic Behavior. For characterizing and validating
aspects of the technique used in this study, single molecules
of pPDI were employed. Such molecules were also subjected to
solvent vapor swelling to form small aggregates, as described in
Experimental Details, and their fluorescence was collected in
the zeroth- and first-order channels. Unlike for MEH-PPV
aggregates, no previous measurements on pPDI are available to
guide estimation of and validate pPDI aggregate size and
shape, but the initial concentration and swelling conditions
together with the results on MEH-PPV suggest that aggregates
consist of fewer than 40 single molecules. As for the MEH-PPV
aggregate with complex photophysics described above, for
pPDI aggregates, sectioning of intensity trajectories was
performed via STaSI. The aggregates generally had spectra
very similar to those of single molecules, with the average

spectra of the single molecules showing nearly identical peak
positions, but a somewhat larger 0—0/0—1 peak height ratio
than those of the aggregates (Figure S11). Figure S shows two
representative cases for pPDI aggregates, each of which shows
a complex intensity trajectory and evidence of multiple distinct
emitters. Of the 16 aggregates examined, 14 showed spectral
behavior similar to that shown in Figure Sc. Here, a pPDI
aggregate displays a small degree of spectral blue shift near the
575 nm peak over the course of the trajectory, behavior similar
to that seen in MEH-PPV aggregates. We note that the spectral
shift (from 5§75.9 to 572.9 nm) from S1 to SS is a greater shift
than is seen in single molecules over a similar number of
frames (Figure S4b), even in this aggregate with higher
intensity, and thus lower uncertainty in the spectral peak
position. The weight-averaged positions identified through
localization imaging suggests emission emanating from differ-
ent locations on the aggregate over the course of the trajectory,
with a particular distinction between the location of emission
during the latter sections (S5, S6) relative to the earlier ones.
Performing spatial and spectral subtractions between S1 and
SS and between S3 and SS reveals similar locations and very
similar spectra, suggesting that the emission in S1 and S3
comes from the same emitters. The subtraction spectrum
shows that the emitter that photobleaches between sections 3
and § is red-shifted and has somewhat different vibronic band
character compared with the monomer, presumably due to
some degree of exciton delocalization over the original
aggregate, consistent with ref 41, where some linear molecules
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consisting of multiple core PDI units show consecutive
bleaching behavior of this type."" We suggest that adjacent
pPDI molecules are weakly coupled in this aggregate (as well
as in most aggregates examined), and thus have emission
characteristics similar to those of isolated single molecules.

In contrast to the case described above, occasionally, cases
such as those shown in Figure Sd—f were observed. In S1, the
spectrum is similar to that in the case shown in Figure Sa—c
and to that of single molecules. At the intensity transition that
separates S1 and S2, there is an abrupt and stark spectral
change, with the spectrum shifting from one quite similar to
that of a single pPDI molecule to one with a peak at ~575 nm
and a broader peak to the red. Of the 16 aggregates examined,
two showed a spectral pattern with this character, with the
second showing a clear vibronic progression with peaks at
~570 and 610 nm. For the aggregate shown in Figure 5d—f,
the spectrum evident in S2 shifts to the blue and the feature
position shifts as the intensity increases in S3 before returning
to the background level and then increasing again to a level
similar to that in S3 in S5, with a near-identical position and
spectrum to that in S3. Supposing that the spectrum associated
with S1 consists of the sum of two emitting units, spectral
subtraction reveals that the spectrum associated with the first
photobleached emitter is single molecule in character. The
spectrum associated with the emitter or emitters remaining
after S1 exhibits distinct characteristics, showing two red-lying
bands with relatively low intensity. As described in ref 42, 7-
stacking in PDI derivatives can induce large spectral shifts, and
the spectral changes seen are similar to those associated with
H-aggregates, though the presence of Hj or hJ aggregates is
also possible.””~** Taken together, it appears that there are at
least two emitting units in this aggregate, one that has single
molecule character weakly coupled to one or more units having
distinctly different character associated with strong electronic
coupling. Evaluating the temperature-dependent behavior of
such an aggregate could clarify the nature of coupling.**

Beyond the case studies shown in Figure S, pPDI aggregates
were also assessed for correlations between spatial and spectral
measures. As for MEH-PPV (Figure 3c), the most robust
correlation was found between intensity change (a marker of
domain size) and 0—1 spectral shift upon photobleaching
events (Figure S12). Like in MEH-PPV aggregates, the
emitters associated with lower energy peaks (those that lead
to blue-shifted spectra upon photobleaching events) are
associated with small changes in intensity, suggesting the
presence of small, localized domains with particularly low
energy. Again, the effect is seen more strongly in features that
have been subjected to the subtraction-based techniques than
in those that have been tracked temporally but without
subtractions. In contrast, for pPDI aggregates, the emitters
associated with red shifts upon photobleach show a positive
correlation between intensity change and degree of spectral
shift. This difference appears to be driven in part by the few
cases (as shown in Figure Sd—f) in which a very large spectral
shift occurs and evidence of strong electronic coupling is
present.

B CONCLUSIONS

In this study, we demonstrate super-resolution imaging that
employs subtractions in both the spatial and spectral domains
enabled by inherent photophysical events such as photo-
blinking, photobleaching, and photoactivation of emitters in
multichromophoric systems that do not extend beyond the

diffraction limit. Unlike typical methods that capture the
photophysical properties averaged over all emitters present,
this dual subtraction-based approach reveals the positions and
spectra associated with individual emitters within these
systems. Using this technique to identify the positions and
spectra associated with exciton recombination events in small
MEH-PPV aggregates reveals that photobleaching occurs
earlier in low-energy emission sites than in higher energy
ones. This spectral evolution over time sometimes but not
always is accompanied by a significant emitter position
change—when a limited position change is present, this
suggests within-domain changes to the exciton migration
pathway that occurs during photodegradation of the system; in
contrast, when larger spatial displacements are present upon
photophysical events, this suggests the presence of distinct
domains consistent with the domain-limited exciton migration
model. The correlation between the measures of spatial and
spectral change was relatively weak in the systems considered
except for the change of intensity and spectral peak position
upon the photobleaching event, indicating the association of
small domains with distinct spectra, a correlation that was
made readily apparent upon using the dual spatial and spectral
subtraction-based technique described here. Applying the
multimodal technique to small aggregates of a perylene
diimide derivative also revealed that these aggregates were
heterogeneous, with some consisting of individual subunits
with distinct spectral characteristics and electronic coupling
properties. Through a series of case studies, our findings
demonstrate that the spatial-spectral subtraction-based super-
resolution technique described here can be used to directly
probe the properties of individual emitters and correlations
between those emitters within a diffraction-limited spot in
complex multichromophoric systems.
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