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ABSTRACT: Organic semiconductors have attracted considerable attention due to E D D+A.
their applications in low-cost (opto)electronic devices. Many successful organic = % ol & O,
materials utilize blends of several types of molecules that contribute different functions F8 TCHS-Pn.. I ..... gro LO 'O:f
(e.g., serving as donors and acceptors in solar cells). In blends, the local environment, * 0, I F8 TCHS-Pn (D)
which is inherently heterogeneous, strongly influences the (opto)electronic perform- E TIPS-IF or PCBM (A)

ance and photostability. We use functionalized fluorinated pentacene (F8 TCHS-Pn)

a,back

Ea,f* Ea,backf

molecules as single-molecule probes of the nanoscale environment in blends

containing donor and acceptor molecules incorporated into a polymer (PMMA)

matrix. Single F8 TCHS-Pn donor (D) molecules were imaged in PMMA in the presence of functionalized indenofluorene
(TIPS-IF) or PCBM acceptor (A) molecules using wide-field fluorescence microscopy at various concentrations. Long-lived dark
states attributed to a reversible formation of an endoperoxide (TCHS-EPO) were observed, and the EPO formation and reversal
processes, which evolved upon acceptor addition, were quantified. Our study provides a nanoscale-level insight into how the
presence of acceptor molecules alters the photophysics of the donor molecules dispersed in the polymer. Kinetics of the F8
TCHS-Pn photo-oxidation reaction and its reversal in such blends are determined by a fine balance of the acceptor-modified
morphology (which in our case speeds up the photo-oxidation and slows down its reversal) and singlet oxygen quenching by
acceptors (which prevents repeated photo-oxidation/reversal events).

B INTRODUCTION

Organic semiconductors have attracted attention due to their
applications in low-cost, solution processable, and lightweight
(opto)electronic devices; applications ranging from thin-film
transistors (TFTs) to solar cells and photorefractive displays
have been demonstrated, many of which have already been
commercialized.” Regardless of the application, organic
materials have several pertinent issues that need resolving.
These include dependence of the (opto)electronic properties
on nanoscale morphology (which is difficult to assess and to
control) and low stability with respect to photo-oxidation, both
of which are a subject of the present study.

Many successful organic (opto)electronic materials utilize
blends of two or more types of molecules serving different
functions. Some of the best performing TFTs utilize mixtures
of small molecules (that provide high charge carrier mobility)
with amorphous polymer (which provides enhanced process-
ability), which have been shown to reduce trap densities and
boost charge carrier mobilities as compared to pristine small-
molecule films.” In solar cells and photorefractive materials,
blends of polymers and small molecules (e.g, acting as the
donor and acceptor, respectively) promote charge photo-
generation. In any application, charge generation and/or
transport considerably depend on the microstructure and
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morphology of the blend.>* However, quantitative assessment
of the nanoscale-level morphology in blends and, for example,
how it affects the photophysics is not straightforward, so that
even the highest-resolution methods such as scanning probe
microscopies’ do not provide the molecular-level relationship
between the particular features of the molecular arrangements
in the blend and resulting dynamics of photoinduced
interactions.

Single-molecule fluorescence spectroscopy (SMFS) has
elucidated various aspects of photophysics in molecules
relevant for organic electronics.”® In these experiments, most
typical systems under study are ultralow concentrations of
fluorescent molecules of interest incorporated into non-
fluorescent amorphous polymer matrices (such as poly(methyl
methacrylate) (PMMA) or poly(styrene) (PS)), and analysis of
their fluorescence time trajectories may provide unique insights.
Examples of these include nanoscale observations of photo-
excited charge carrier diffusion,” chain folding-related fluo-
rescence quenching,8 exciton localization/delocalization char-
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acteristics,”'* and elucidation of mechanisms and products of
the photodegradation."' ~"*

We recently reported on photophysical properties of a variety
of functionalized pentacene (Pn) and anthradithiophene
derivatives with high fluorescence quantum yields (QYs) and
photostability, which makes them suitable for room-temper-
ature SMFS studies in air.'> These molecules have been widely
utilized in organic electronic devices,”"°™"? and therefore,
issues pertaining to the photophysics and stability affected by
the nanoscale morphology are important for further utility of
these molecules in agplications and molecular design of
improved structures.”’~>* One such derivative, a stable
fluorinated Pn functionalized with tricyclohexylsilylethynyl
(TCHS) side groups, F8 TCHS-Pn, is utilized as a single-
molecule reporter, incorporated in PMMA, in the present
study. As discussed above, an important consideration for
organic semiconductor blends is how the nanoscale morphol-
ogy evolves as molecules of other types (e.g.,, acceptors) are
added to the blend. To mimic such evolution (e.g., occurring in
the process of bulk heterojunction (BHJ) formation or in BHJs
with different compositions), we gradually add acceptor
molecules, either a functionalized indenofluorene (IF) deriva-
tive'”>*** or a “universal acceptor” PCBM,”® to the F8 TCHS-
Pn:PMMA samples and monitor changes in the photophysics
of the F8 TCHS-Pn molecules. In particular, we use SMFES to
establish (i) how the nanoscale environment in a polymer
evolves upon addition of acceptor molecules and (ii) how the
presence of acceptors influences interactions of the donor with
oxygen and resulting photodegradation and its reversal.

B EXPERIMENTAL SECTION

Sample Preparation. The following types of films were
prepared for single-molecule imaging: (i) plain F8 TCHS-Pn
(donor-only samples) at varying donor concentrations, (ii) F8
TCHS-Pn at a fixed concentration, but with varying
concentrations of added acceptor molecules, either PCBM
([C60]PCBM obtained from Nano-C) or TIPS-IF, and (iii)
TIPS-IF at a fixed concentration, with varied concentrations of
F8 TCHS-Pn donor molecules. Molecular structures are shown
in Figure 1(a). Both donor and acceptor molecules served as
guest molecules in a PMMA (75 000 m.w., Polysciences, Inc.)
host. Samples were prepared in a 1 wt % solution of PMMA in
toluene with a fluorophore (F§ TCHS-Pn) concentration of a
multiple of 3.4 X 107'° M, which served as our baseline
concentration (1X). Acceptor (TIPS-IF or PCBM) molecules
were added to achieve varied average acceptor—acceptor
spacings based on the molar fraction of the acceptor and
PMMA as detailed in our previous studies’”** and in the
Supporting Information. Most data were obtained in donor-
only samples at 1X and 2X donor concentrations and in
donor—acceptor samples at 1X donor concentrations when the
average acceptor—acceptor separation was in the range of 6—20
nm and at 6X—100X at the average acceptor—acceptor
separation of 5 nm. Other concentrations were also used for
intermolecular distance calibration purposes, as described in the
Supporting Information. Slide preparation and cleanliness
controls followed the procedures of ref 15 and are described
in the Supporting Information. Cleanliness of all constituents
(coverslip, toluene, pristine PMMA host, and acceptor-only
samples) was ensured each time before proceeding with
preparing samples of interest by imaging them under the
same experimental conditions as the donor-only or donor—
acceptor samples. All films were spun at 3000 rpm for 50 s from
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Figure 1. (a) Molecular structures of F8 TCHS-Pn and TIPS-IF and
(b) HOMO/LUMO energy levels of the donor (F8 TCHS-Pn) and
acceptor (TIPS-IF and PCBM) molecules under study. (c) Absorption
spectra of F8 TCHS-Pn and TIPS-IF molecules and PL spectrum of
F8 TCHS-Pn molecules in toluene.

60 uL of solution and had a thickness of 19 + 2 nm as
confirmed by AFM.

Single-Molecule Imaging and Analysis. Single-molecule
fluorescence imaging of F8 TCHS-Pn molecules was performed
under circularly polarized 633 nm wide-field illumination using
an Olympus IX-71 inverted microscope with a 100X
UPlanSApo (NA 1.4) oil objective and an Andor iXon
EMCCD (DU-897) detector using integration time of 100
ms as described in our previous work'® and in the Supporting
Information. The excitation power was about 70 W/cm? and
the typical duration of the video was 100 s. On selected
samples, up to 6 consecutive videos were taken from the same
sample area (Figure S10).

Potential individual fluorophores were detected and their
fluorescence time trajectories obtained, using custom MATLAB
scripts. The time traces were selected for further analysis if the
trace exhibited a two-level behavior with a digital “on”—“off”/
“off’—“on” switching, with a threshold of three standard
deviations above the average “off” count level. To ensure that
the threshold choice did not affect the data processing due to
noise, a custom MATLAB script was written to select traces
that had events lasting less than 20 frames (each frame is 0.116
s) for further examination, and if the counts were only slightly
below (above) the threshold for the “on” (“off”) levels, then
their durations were combined with those of the adjacent “on”
(“off’) events. From each type of the sample, fluorescence
trajectories from ~150—350 fluorophores were analyzed

(Tables S1 and S2) depending on the sample and the type of
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analysis. The cumulative distribution function (CDF) S(t) was
calculated directly from collected “on” or “off” times ¢; using

1
S()=— Y t<t
(1) NZ,

where N is the total number of “on” (“off’) events and ¢ is a
unique time in the set of collected “on” (“off’) times. The
complementary CDF (CCDF) is F(t) = 1 — S(t). The last “off”
(“on”) time durations in the “nonblinker” (“blinker”)
“on”—“off” (e.g,, “on”—“off’—“on”) time traces were discarded
from the analysis. The CCDFs for the “on” (for “blinkers” and
“nonblinkers”) and “off’ (for “blinkers”) times were fit to the
single-exponential, power-law, Weibull, and log-normal func-
tions using the maximum likelihood estimation (MLE) and
Kolmogorov—Smirnov (KS) test.”” Statistical p-tests were
performed to assess the relevance of each function to the
description of each data set (Table S2). Details of this analysis
can be found in the Supporting Information.

To assess correlations between the “on” time and the
preceding “off” time durations, we selected “blinker” time
trajectories with well-defined “on” periods (i.e, those not
limited by the duration of the video) following the “off”
periods. In such trajectories, the “off” time duration was paired
with the immediately following “on” time duration. In the figure
showing the correlation between the “on” and the preceding
“off” time durations, each data point for the “on” time duration
corresponds to an average over an 8 s window of the
corresponding “off” time duration. Donor-only traces include
data from 84 “blinker” fluorophore traces from two donor-only
samples, while the donor—acceptor traces include data from
123 “blinker” fluorophore traces from two donor—acceptor
samples with a 5 nm-spaced TIPS-IF acceptor.

B RESULTS

Donor—Acceptor Systems under Study. For our studies,
we selected a functionalized fluorinated Pn derivative, F8
TCHS-Pn, as the donor and a functionalized IF derivative,
TIPS-IF, and PCBM as acceptors (Figure 1). Both donor and
acceptor molecules were incorporated in PMMA. The choice of
these molecules was inspired by our previous work with these
materials in organic donor—acceptor BHJ devices'”"” and
particular considerations discussed next.

The F8 R-Pn derivatives incorporated in PMMA at ultralow
concentrations have been studied at the single-molecule level
using SMFS and shown to exhibit high fluorescence QY
(~0.7—0.8, depending on the side group R) and considerably
higher photostability than the nonfluorinated functionalized Pn
derivatives (such as TIPS-Pn)."> Of all the studied F8 R-Pn
derivatives incorporated in PMMA, the derivative function-
alized with the bulkiest TCHS side groups, F8 TCHS-Pn,
demonstrated the highest photostability in air (@5 ~ 1075,
which is the probability of photobleaching upon absorption of a
photon), indicative of a protective role of these groups with
respect to reactions with oxygen. However, how the degree of
such protection depends on the local nanoenvironment has not
yet been elucidated and is one of the insights revealed in the
present study.

The IF and PCBM derivatives have been used as acceptors
and/or electron transporting materials in a variety of organic
(opto)electronic devices due to their low LUMO energies
(Figure 1(b)). 1730733 Important for our present studies is that
both TIPS-IF and PCBM feature very low fluorescence QYs

(for example, TIPS-IF has a short, 9.7 ps excited-state lifetime
due to efficient nonradiative decay via conical intersection™*).
This enabled us to incorporate relatively high concentrations of
these molecules into PMMA without considerably raising the
fluorescence background at 633 nm excitation used in our
experiments that efficiently excites F8 TCHS-Pn molecules
(Figure 1(c)). In particular, we were able to monitor changes in
the photophysics of single F8 TCHS-Pn fluorophores due to
changes in the nanoenvironment induced by an addition of
acceptor molecules at concentrations such that the average
acceptor—acceptor separation was varied between 5 and 20 nm
(Figure 2(a)) and compare observations in various donor—
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Figure 2. (a) Schematics of the experimental configurations under
study: ultralow concentrations of the F8 TCHS-Pn donor and either
PCBM or TIPS-IF acceptor at concentrations that yield average
acceptor—acceptor separations varying between S and 20 nm, all
dispersed in PMMA. Donor-only (in PMMA) samples were also
studied. (b) Average number of F8 TCHS-Pn molecules in the field of
view (area with a ~ 40 ym diameter), at a fixed donor concentration
(3.4 X 107'° M, or 1X), depending on the average acceptor—acceptor
separation, where the infinite separation corresponds to donor-only
samples. At average acceptor—acceptor separations of below ~2R,
(where R is a FRET radius), no F8 TCHS-Pn molecules are detected
in samples with 1X donor concentrations due to efficient FRET, and
the donor concentration must be increased to increase the probability
of F8 TCHS-Pn donor to be located at a distance further than R, from
the nearest acceptor. Error bars reflect area-to-area variation in the
number of observed fluorophores in each sample. Lines are fits to the
distance-dependent FRET efficiency.

acceptor samples to those in donor-only samples. The TIPS-IF
acceptor was the main acceptor choice in our experiments.
Detailed studies of samples with high PCBM concentrations
were not carried out to minimize effects of Pn—fullerene
reactions during the sample preparation® on the data; however,
experiments with low PCBM concentrations and selected
experiments at high concentrations revealed similar trends to
those in samples with TIPS-IF acceptors.

Details on sample preparation and on conversion between
concentrations of molecules used and resulting average
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acceptor—acceptor separation can be found in the Experimental
Section and in the Supporting Information. An additional
calibration of intermolecular distances is enabled by the Forster
resonance energy transfer (FRET) between F8 TCHS-Pn
donor and TIPS-IF or PCBM acceptors (Figures 2(b) and S1—
S4) occurring at donor—acceptor distances lower than the
FRET radius (R,) of 2.7 nm (3.4 nm) for TIPS-IF (PCBM).
Under our experimental conditions for single-molecule
imaging, F8 TCHS-Pn donor molecules that were within the
FRET radius of the nearest acceptor molecule appeared dark,
thus excluding this population from our studies. This effect is
illustrated in Figures 2(b) and S3, which show a dramatic
decrease in the number of detected fluorophores as the average
acceptor—acceptor separation decreases below the 2R, value.
Therefore, at the 5 nm average acceptor—acceptor separation,
higher donor concentrations (as compared to those in all other
donor—acceptor samples) were used to increase the probability
of obtaining the donor—acceptor spacing higher than R, as
discussed in detail in the Supporting Information. In this case,
FRET also served as a super-resolution tool enabling
experiments at donor concentrations of up to 2 orders of
magnitude higher than that used in our donor-only samples,
ensuring that only one donor molecule is emissive within the
diffraction limited image (Figures S1—S3).

The considerations above ensured that single donor
molecules under study were spaced at least ~3—3.5 nm away
from the nearest acceptor molecule. Therefore, they do not
directly participate in energy or charge transfer interactions
with the acceptor but rather serve as sensors for acceptor-
induced changes in local nanoenvironment that are important
for their photophysics.

Effect of Acceptor Addition on Fluorescence Time
Trajectories. The total number of detected photons (Nyo o)
was determined for each sample by integrating individual time
traces (Figure 3(a)) to construct histograms (Figure 3(b)) of
the number of detected photons Ng,. The histograms showed
satisfactory fits to a single-exponential function exp[—Nj/
Nmt‘det],ls’sé’37 which has previously served as an indicator of
photobleaching mechanism not involving two-photon pro-
cesses such as excited-state absorption.”” Involvement of higher
excited states is not expected due to a low excitation intensity
and the wavelength which does not invoke the T, — T,
transitions™® used in our experiments.'”'**” As shown in the
inset of Figure 3(b), the total number of detected photons
Nmt,det decreased at the average acceptor—acceptor separation
of below 9 nm.

Another pronounced effect of acceptor addition was a
consistent increase in blinking (Figure 4). Here we consider the
molecule to be “blinking” when its fluorescence trajectory
exhibits at least one “off’—“on” transition during our
observation time of 100 s, whereas molecules with only one
“on”—“off” transition are “nonblinking” (Figure 3(a)). While
only ~10—14% of F8 TCHS-Pn molecules are “blinkers” in
donor-only samples, this number increases to over ~50% in
donor—acceptor samples at average acceptor—acceptor separa-
tion of less than 8 nm.

These observations are indicative of an acceptor-mediated
change in the immediate environment of F8 TCHS-Pn single-
molecule reporters that affects their photophysics, prompting
detailed evaluation of kinetics of the transitions the molecule
undergoes.

Evolution of Average “On” and “Off” Time Durations.
To gain insight into the underlying processes behind
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Figure 3. (a) Examples of “nonblinker” and “blinker” F8 TCHS-Pn
fluorescence time trajectories obtained in donor-only and donor—
acceptor samples with the average acceptor—acceptor separation
indicated. (b) Example of a histogram obtained from an ensemble of
249 fluorophores in a donor—acceptor sample with 9 nm-spaced TIPS-
IF acceptors and of a single-exponential (exp(—Nye/Nigaer)) fit from
which the total number of detected photons Ny 4. was calculated.
Inset shows a change in Ny 4. as TIPS-IF acceptors are added. Line
provides a guide for the eye.
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Figure 4. Percentage of “blinking” molecules (defined as those
exhibiting at least one “off’—“on” event over the 100 s duration of
experiment) depending on the average acceptor—acceptor separation.
Error bars correspond to the area-to-area variation in each sample.
Data from three different donor-only samples (infinite acceptor—
acceptor separation) are also included.

observations of Figures 3(b) and 4, we separately analyzed
the fluorescence time trajectories for “nonblinkers” and
“blinkers”. Because of our long integration time of 100 ms,
microsecond time-scale blinking (e.g, due to the intersystem
crossing (ISC)) is not detected (so that the molecule appears
to be “on” even after the ISC from S, to T, occurred, provided
it is then followed by the T|—S, relaxation, Sy—S, re-excitation,
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and emission).” Thus, all “blinking” events studied in our
experiments are related to longer time-scale processes, with
“on” and “off” time durations of at least 3 s and ~20—40 s on
average, exemplified by the time traces shown in Figure 3(a).
Processes involving long-lived dark states (characterized by
long “off” times) have been previously attributed to charge
transfer reactions, in which case the dark state is a charge-
separated state (so the fluorescent parent molecule temporarily
becomes a nonfluorescent ion), or to photo-oxidation reactions
(so that the fluorescent parent molecule reacts with oxygen to
create a dark intermediate followed by photo-oxidation
products with different emission properties).""'**" These
scenarios as possible mechanisms behind our observations
will be examined in the “Discussion”.

From the observed “on” (for “blinkers” and “nonblinkers”)
and “off’ (for “blinkers”) time durations, the complementary
cumulative distribution functions (CCDFs) were calculated
directly from the experimental data*®* as described in the
Experimental Section. Since most of the “blinking“ molecules
exhibited only one “blinking” event over our observation time,
statistical analysis of single-molecule blinking events was not
possible; thus, the data were compiled for ensembles of ~150—
350 fluorophores, depending on the acceptor concentration
(Tables S1 and S2). Examples of CCDFs obtained from such
ensembles for “on” and “off” time intervals are shown in Figure
S, exhibiting trends toward shorter “on” and longer “off” time
durations, on average, upon acceptor addition.

Next, the statistical p-tests were employed to identify the
most probable distribution which describes the CCDF data,
with the distributions tested including power-law, log-normal,
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Figure S. Complementary cumulative distribution functions (CCDFs)
for (a) the “nonblinkers” “on” and (b) “blinkers” “off” time durations
complied from ~90—170 fluorescence time trajectories, depending on
the sample. The CCDF value at a given “on” or “off” time duration
represents the probability of an “on” or “off” event to have the
duration longer than the selected time. Fits to the data with functions
that yielded highest p-values are also shown. The “on” CCDFs were
predominantly Weibull-distributed (e.g., with a p-value of 0.93 for the
donor-only sample shown), and Weibull fits (exp[—(t/8)*]) to the
data are included. The “off’ CCDFs exhibited either log-normal or
Weibull behavior in donor-only samples and in donor—acceptor
samples with acceptor—acceptor spacing of 20 nm, depending on the
sample. Donor—acceptor samples with higher acceptor concentration
showed predominantly Weibull distribution (e.g, p = 0.41 for the
Weibull distribution in the donor—acceptor sample with 5 nm spaced
TIPS-IF acceptor).

Weibull, and single-exponential.*>*”*" In most samples, the

CCDFs for the “on” time durations (t,,) in “nonblinkers” were
best described by the Weibull function CCDF = exp(—(t,,/
), where A and 3 are fit parameters (Tables S2 and S3). For
example, p = 0.93 and 0.48 were obtained for the “on” time
CCDFs in a donor-only and in a donor—acceptor with 5 nm
spaced acceptor samples, respectively, in Figure 5(a), with all
other functions tested yielding p < 0.03 (Table S2). The
average “on” times (7),, calculated from the Weibull fit
parameters using (7)., = fI'(1 + 1/A) (where I is the Gamma
function) depending on the average acceptor—acceptor spacing
are shown in Figure 6(a). A decrease is observed from (32 + 1)
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Figure 6. Average “on” (both for “nonblinkers” and “blinkers”) (a)
and “off’ (“blinkers”-only) (b) time durations calculated from fit
parameters (e.g, (z) = fI(1 + 1/A), where I is the Gamma function,
and (7) = exp[y + 6°/2] in the case of Weibull and log-normal fits,
respectively, where A, f§, 1, and o are fit parameters) depending on the
average acceptor—acceptor separation. Lines provide a guide for the

eye.

s in donor-only samples to (14 + 1) s in donor—acceptor
samples at average acceptor—acceptor separation of S nm. The
dominant factor in this behavior was the Weibull scaling
parameter  which decreased upon acceptor addition, while the
parameter A did not show any strong trends, yielding values
between 1.3 and 1.6, depending on the sample (Table S3). In
“blinkers”, values of (7),, were similar to those in “nonblinkers”
in most samples (Figures 6(a) and SS), although the fit
parameters A and f§ incorporated into the average time (7),, for
“blinkers” were slightly different than those for the “non-
blinkers” (Table S3), which will be addressed later. Just as in
“nonblinkers”, the (), in “blinkers” decreased upon acceptor
addition (Figure 6(a)).

The p-tests for the “off’ time (t,;) CCDFs also indicated
preference for the Weibull distribution (so that CCDF =
exp(—(t,@/B)*), with the exception of some samples that
favored the log-normal distribution (CCDF = 1 — (1/
2)erfc(—(In(t,z) — /4)/(0‘\/2)), where erfc is the comple-
mentary error function and ¢ and ¢ are fit parameters) (Tables
S2 and $3).”° The average “off” times calculated from the fit
parameters are shown in Figure 6(b), exhibiting an increase in
the average “oft” time duration from 22 s in donor-only samples
(Figure SS) to 38 s in donor—acceptor samples with the
average acceptor—acceptor spacing of S nm. Similar to the “on”
times, this trend mostly reflects an increase in the Weibull
scaling parameter f upon acceptor addition; however, the
Weibull parameter A also changes, increasing from 1.1 in
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donor-only samples to 1.5 in donor—acceptor samples with §
nm spaced acceptors.

The Weibull distribution function has been widely used in
the analysis of fatigue behavior of materials and mechanical
strength of complex materials,*” as well as in descriptions of
chemical reactions with distributed activation energies."”** The
process is characterized by a time-dependent rate given by k(t)
= (A/P)(t/B)*~", where A and f3 are the Weibull fit parameters.
In the case A > 1 (A < 1), the rate of the process increases
(decreases) with time, and the CCDF = exp(—(t/#)*) (as
illustrated by Monte Carlo simulations, Figures S6 and $7).*
(If A = 1, the rate is time-independent, and the CCDF is single-
exponential.) In the SMFS data, the Weibull function has been
used, for example, to describe the distribution of the “on” time
durations resulting from the distributed probability of radical
ion pair ISC in perylenediimide single molecules dispersed in
PMMA™ and to describe heterogeneous kinetics of catalysis. "

The log-normal distribution has been associated with various
mechanisms such as those involving several independent
random variables, time-dependent rates, or stepwise processes
with “memory”.46’47 The latter, for example, has been used to
describe failure due to chemical reactions caused by a
cumulative effect of many small multiplicative shocks, so that
the rate of degradation at any given time depends on the
current amount of degradation.*® Another context for the log-
normal distribution is provided by the Albery et al.*” model that
relates dispersed kinetics of various processes in heterogeneous
systems to the Gaussian-distributed activation energies for such
processes. In SMEFS, the log-normal distribution has been
utilized in, for example, describing the “off” time distribution
due to distributed rates for back charge transfer’”*' and the
“on” time distribution due to those for the proton transfer.* In
our case, it is important that both the Weibull and the log-
normal distributions may suggest distributed activation energies
for the processes that are responsible for the molecule’s turning
“on” or “off’, which will be used in our discussions below.

Correlations between the Durations of the “On”
Times and of the Preceding “Off” Times. Next, we
examined possible correlations between the “on” time durations
and the immediately preceding “off” time durations in
“blinkers”, which revealed interesting differences between
donor-only and donor—acceptor samples (Figures 7 and S8).
In particular, in donor-only samples, the duration of the
following “on” times drastically decreased as the duration of the
“off” time increased. In contrast, no such trend was observed in
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Figure 7. Correlation between an “on” time duration and the
preceding “off” time duration in “blinkers” observed in donor-only and
donor—acceptor samples with the S nm spaced TIPS-IF acceptor
molecules. The lines indicate average “on” or “off” time duration
(Figure 6) in the corresponding types of samples.

donor—acceptor samples at high acceptor concentrations (5 nm
acceptor—acceptor spacing) (Figure 7), up to relatively long
“off” time durations. Another way of describing these trends is
that there is a considerably higher probability of obtaining long
“on” time durations following a long “oft” period in donor—
acceptor samples as compared to donor-only samples (Figure
$8). The observed drastic difference suggests that the acceptors
perform a critical role during the “off” time of the F8 TCHS-Pn
donor molecule by reducing the negative impact of the “off”
event on the successive “on” period.

B DISCUSSION

In this section, we discuss a physical picture consistent with our
observations. To aid the description of the observed behavior,
we considered a model schematically shown in Figure 8. In this

S 2 On Off k3
k k.
| ks = INT
k‘2 1 —
3 Eyi | Eason
ks, 2 ‘ k31 — 3
S Pn+'0, EPO

Figure 8. Model describing the processes involved and their
characteristic rates. The F8 TCHS-Pn molecule is excited with a
rate of kj, to the S; excited state (2) and relaxes to the ground state
(1) with or without emitting a photon with a total rate k,;. Transitions
to the triplet state T, occur with a rate kigc. Because of the long
integration times used in our experiments, these transitions and the
subsequent relaxation to the ground state occurring on the
microsecond time scales are not resolved, and the molecule appears
to be “on”. During these cycles, there is a low probability of generating
the singlet oxygen ('O,) via self-sensitization which then reacts with
the F8 TCHS-Pn molecule (Pn + 'O,) with a rate k;. The reaction
occurs via distributed intermediate states (INT), resulting in the
formation of 6,13-TCHS-EPO (denoted as EPO). The EPO can then
undergo an oxygen cleavage reaction (with a rate ky) to generate the
parent F8 TCHS-Pn molecule and singlet oxygen, which can react
again (the case of “nonblinkers”) or get re-excited (the case of
“blinkers”).

model, the detected emission occurs from the excited state (2)
to the ground state (1), and the transition to the state 3
corresponds to the molecule turning “off” (so that state 3 is a
“dark” state). The rate responsible for this process depends on
the nature of the “dark” state, which will be addressed later.
Similarity of the average “on” times obtained for “blinkers” and
“nonblinkers” in our samples suggests that both of these
populations share the same pathway for turning “off’, an
observation similar to previous reports of such behavior for a
variety of organic molecules incorporated in polymer
matrices.'>"® Once in the “dark” state, a “blinker” would revert
back to the ground state (with a rate ky; that determines the
“off” time duration) to be re-excited, whereas a “nonblinker”
would not. Because most “nonblinkers” do not turn back “on”
for at least 10 min (Figure S10), we consider these molecules
“photobleached” (even if the process is reversible at longer time
scales),”> which prompts discussion of photobleaching
mechanisms in acenes and in functionalized Pn derivatives in
particular.

Photodegradation of Pn Derivatives. It has been
previously shown that fluorination of the molecular core in
functionalized acene derivatives considerably improved their
photostability as compared to that in the nonfluorinated
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derivatives.">** A substantial reason for this enhanced stability

is the electron-deficient nature of the fluorinated core. Addition
of 8 fluorine substituents shifts the LUMO level from —3.35 eV
(TIPS-Pn) to —3.6 eV (F8 TIPS-Pn), making any reaction
involving electron transfer from the photoexcited pentacene
substantially less favorable. For example, the F8 TIPS-Pn
derivative incorporated in PMMA exhibits the photobleaching
QY (@) a factor of ~S5 lower than that for the (non-
fluorinated) TIPS-Pn derivative in PMMA." An additional
improvement in photostability can be achieved by a choice of
bulky side groups: for example, the F8 THCS-Pn derivative
under study (with bulky TCHS side groups) is about a factor of
~2 more stable than the F8 TIPS-Pn derivative (with
considerably smaller TIPS side groups) in PMMA.">"" As
these observations were made using low concentrations of
molecules dispersed in PMMA, steric inhibition of the
photodimerization® as a possible mechanism behind this
observation can be excluded. Additionally, it has been shown
that oxygen plays a critical role in photobleaching of F8 R-Pn
(where R represents various side groups) molecules dispersed
in PMMA (Figure S11)," which brings into focus interactions
between Pn derivatives and oxygen.

Due to the considerable importance of acenes for organic
semiconductor devices, acene—oxygen interactions have been
extensively discussed in the literature.””***'™*° The two
pathways of photo-oxidation considered for acene derivatives
are via electron transfer or energy transfer to oxygen (type I
and type II, respectively). The type I process results in a
formation of an acene cation and superoxide (O®~), whereas
the type II process proceeds by the ISC followed by the energy
transfer to the oxygen molecule in its ground state (0,) that
yields singlet oxygen (*0,).*** Both O*~ and 'O, are reactive
species that could attack the acene molecule leading to an
endoperoxide (EPO) formation, which is the main product of
acene photobleaching toward decomposition.

The relative contribution of the types I and II processes into
photodegradation depends on the derivative.”” For example, in
unsubstituted Pn the dominant pathway has been identified to
be a concerted type II reaction,” whereas for TIPS-Pn both
type I and type II processes were realized, with the type I
process proceeding faster. In particular, in R-Pn derivatives,
triplet state energies lower than the singlet—triplet energy gap
for O, (0.98 eV) have made the type II process
inefficient.””>*>*> However, for example, in a stable bistetracene
(BT) derivative, TIPS-BT, the type II process was still
dominant, even though the adiabatic triplet state energy was
0.7 €V, due to (i) a considerably higher rate of the backward
electron transfer as compared to the forward one and (ii) a 0.4
eV range of possible singlet—triplet gap energies caused by
energy differences in adiabatic and vertical transitions. A similar
situation was reported in the unsubstituted Pn.** Fluorination
of the Pn core has been observed to lower the triplet state
energy (e.g, from 0.96 eV in the unsubstituted Pn to 0.76 €V in
perfluoropentacene (PFP)).”’

In many functionalized acenes, the EPO formation was found
to be a reversible process, for example via thermolysis in an
inert atmosphere, with the reversibility time scale and the
activation energy for this process dependent on the derivative.””
Of importance to our present discussion is the observation that
the TIPS-EPO formed as a result of TIPS-Pn oxidation reverted
to the parent TIPS-Pn molecule with a clean cleavage of the
oxygen molecule. Similar observations were made on other
derivatives featuring side groups with triple bonds. Therefore,

the triple bonds, such as those featured by F8 TCHS-Pn
molecules used in our study, protect the acene molecule from
irreversible photobleaching (decomposition).*”

As discussed earlier, the fluorinated derivatives F8 R-Pn
exhibit considerably deeper LUMO energies compared with
their nonfluorinated R-Pn counterparts (e.g.,, by ~0.25 eV in F8
TIPS-Pn as compared to TIPS-Pn and by ~0.9 eV as compared
to the unsubstituted Pn).'”*>** This dramatically reduces the
driving force for the type I process, making the electron transfer
from the electron-deficient F8 TCHS-Pn to oxygen, with the
formation of F8 TCHS-Pn cation and superoxide, highly
unlikely. On the other hand, the triplet state energy for F8
TCHS-Pn is expected to be even lower than that in TIPS-Pn,
and so the type II process is also inefficient. These
considerations enable high photostability of F8 R-Pn
derivatives. Following the arguments of ref 23 we hypothesize
that the type II mechanism, in which the singlet oxygen is
generated via self-sensitization and then reacts with the F8
TCHS-Pn molecule, is the dominant mechanism of photo-
oxidation for this molecule. In TIPS-Pn, the types of the EPO
that formed as a result of photo-oxidation were 6,13-TIPS-
EPO:5,11-TIPS-EPO (98:2),”” which suggests that our main
photo-oxidation product is 6,13-TCHS-EPO. Next, we discuss
experimental observations that are consistent with our
hypothesis.

Nature of the “Dark” State. The reaction of an acene with
a singlet oxygen toward formation of an EPO can proceed via
different pathways.””** For example, in the unsubstituted Pn
and TIPS-BT, the concerted mechanism was found to have a
lower activation energy (13.6 and 17.7 kcal/mol for Pn and
TIPS-BT, respectively) for the EPO formation as compared to
the stepwise mechanism.”> On the other hand, the TIPS-Pn
derivative first forms an exciplex with the singlet oxygen which
then converts to the EPO.> Either scenario could be realized in
our system, and our present experiments cannot differentiate
between these relatively short-lived intermediate states (INT in
Figure 8). Regardless of the nature of the intermediate state, we
assign our long-lived, and potentially reversible, “dark” state (3
in Figure 8) to the 6,13-TCHS-EPO.

Photo-oxidation reactions have been previously observed
using SMFS.'"'* For example, in the case of terrylene, after the
parent molecule stopped emitting (turned “off”) for several
seconds, the fluorescence re-emerged having a different
emission rate and a spectrum that is characteristic of an
EPO."" For some of the molecules, several photo-oxidation
reactions, resulting in different reaction products, could be
observed over the period of ~60 s under photoexcitation. In
the fluorescence time trajectories (such as those in Figure
3(a)), this manifests in a different count level for each “on”
state following the “off” state. In our case, the dominant 6,13-
TCHS-EPO product would be nonemissive (“dark”) under 633
nm excitation”” used in our experiments. When a “blinker”
molecule turns back “on” following an “oft” period, it signifies
that the EPO reverted back to the parent F8 TCHS-Pn
molecule, which then continues to emit with the same photon
emission rate (Figure 3(a)) until the next cycle of singlet
oxygen generation and EPO formation.

Effect of Acceptor Addition on the EPO Formation
and Reversal. With an assignment of the molecule turning
“off” and back “on” to the forward and reversed (backward)
oxidation reactions, two pertinent questions arise regarding (i)
how the observed “on” and “off” time distributions (exemplified
by the CCDFs in Figure S) are related to the kinetics of these
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reactions and (ii) how the acceptor addition affects these
processes. These questions are to be addressed next.

As mentioned above, both the Weibull and log-normal
distributions (which provided best fits to our CCDF data) have
been utilized in describing chemical reactions with a distributed
activation energy. For example, in the case of Weibull
distribution, the time-dependent Weibull rate k() can be
related to the activation energies via k = k, exp[—E,/RT]
(where kj is a pre-exponential factor, E, is the activation energy,
R is the universal gas constant, and T is the temperature).
Then, the distribution function D(E,) for the activation
energies is given by**

A
1 A t —(t/ﬂ)A
( a) () / a 1( ) (4

where t is related to E, by E, = —RT(In(A/(ksf)) + (A — 1)
In(t/#)) and PDE(t) is the Weibull probability distribution
function PDE(t) = (A/B)(t/B)*" exp[—(t/$)*]).”” This
enables extraction of the distribution functions D(E,) based
on the A and f parameters obtained from fits to the “on” or
“off” time durations CCDFs. In the following estimates, k, =
kyT/h ~ 6.17 X 10" s! (where kg is the Boltzmann constant, h
is the Planck constant, and T = 295 K), used in the transition
state theory, will be assumed. (This assumption determines the
absolute scale for the activation energies and does not affect
their distribution and/or trends discussed below.)

The average “off” time duration (7). is related to the rate kj,
of Figure 8. If the “off” CCDFs were single-exponential, then
ky, would be a constant ({7),z = 1/k;;), which would
correspond to a single activation energy for the backward
reaction E,j,q from the EPO to the parent molecule. Because
the “off” times CCDFs obtained from our data were
predominantly Weibull-distributed, there is a distribution in
activation energies as shown in Figure 9(b). In donor-only
samples, the distribution D(E,},q) is narrow owing to the
values of the Weibull parameter A close to 1 (e.g, A = 1.1 for
the donor-only data in Figure 9(b)). The log-normal-tending
CCDFs observed in some donor-only samples (Table S2) then
would indicate a more symmetric, closer to the Gaussian,
distribution of activation energies. The most probable
activation energy E°, .4 in a donor-only sample yielded a
value of E°, 4,4 = 19.0S keal/mol or ~80 kJ/mol. This is lower
than the ~90 kJ/mol obtained for the thermolysis reaction in
several reversible functionalized acene-EPOs,** consistent with
a more favored reverse reaction in F8 TCHS-Pn. As acceptors
are added, the distribution D(E,y,,) shifts toward the higher
activation energies and broadens (Figure 9(b)).

The average “on” time duration ((7),,), in a simple case of a
single-exponential “on” CCDF, is related to the rate of the EPO
formation (k; in Figure 8) by (7)., = 1/(®g,k;), where @, is
the probability of generating singlet oxygen upon photon
absorption. In our case of Weibull-distributed “on” CCDFs, the
activation energies for the forward reaction (E, ) are distributed
according to D(E, ) as shown in Figures 9(a) and (c), and @,
determines the absolute scale for the activation energies given
by E°,;. The upper bound on @, is imposed by the ISC
efficiency. If we assume an ISC triplet yield of ~1% (so that
@, = 0.01),” the most probable activation energy (E’,;) in
donor-only samples for “nonblinkers” yields ~16.5 kcal/mol,
which is in between 13.6 and 17.7 kcal/mol obtained for
concerted reactions of the unsubstituted Pn and TIPS-BT,
respectively, with singlet oxygen.”> As the F8 TCHS-Pn
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Figure 9. Distributions of activation energies for the forward (E,) (a)
and reversed (E,;,q) (b) reactions of the F8 TCHS-Pn with singlet
oxygen. The scale is set with respect to E%, ¢ (E°,1,,4) which is the most
probable activation energy for forward (backward) reactions in donor-
only samples. As the acceptors are added, the activation energies for
the forward reaction shift to the lower values (a), while those for the
reversed reaction shift to the higher values (b). (c) Distributions of E¢
for “nonblinkers” and “blinkers” in donor-only samples. The scale is
set with respect to anyf which is the most probable activation energy
for forward reactions in “nonblinkers”. “Blinkers” exhibit a larger
population of molecules with lower activation energies as compared to
“nonblinkers”. The difference in the distributions is attributed to the
differences in the TCHS groups conformations that make the
molecule less vulnerable (right) or more vulnerable (left) for the
oxygen attacks as schematically shown.

derivative is about an order of magnitude more stable" than
TIPS-Pn, which in turn is about 50 times more stable than the
unsubstituted Pn,>” it is reasonable to expect that the activation
energy for the forward reaction for F8 TCHS-Pn would be
considerably higher than that for the unsubstituted Pn.
However, there is an alternative scenario which yields a
different scaling energy E°,; that could be operational here, as
discussed below. Regardless of the absolute scale set by the
value of anlf, as acceptors are added, the activation energies
shift to the lower values, making the forward reaction, on
average, more probable (Figure 9(a)). Figure 9(c) compares
the forward reaction activation energy distributions D(E,j) for
the “nonblinkers” and “blinkers” in donor-only samples. In spite
of the similarity in their average “on” time durations (Figures
6(a) and S6), the distributions are distinctly different, with a
considerably more pronounced contribution of the lower
activation energies in the case of “blinkers”.

One of the possibilities for the origin of the distributed
activation energies in Figure 9 is in the heterogeneity of the
conformations of the bulky TCHS side groups when a F8
TCHS-Pn molecule is incorporated in a PMMA matrix."> Some
of these conformations are more protective of the molecular
core with respect to reactions with oxygen (acting as an
“umbrella”) than others, resulting in a slightly higher or lower
activation barrier for the reaction. The presence of such side-
group-related effects, and protective conformations in partic-
ular, is validated by a factor of ~2 enhancement of
photostability of F8 TCHS-Pn molecules as compared to F8
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TIPS-Pn molecules dispersed in PMMA."® In this context, the
difference observed in the “nonblinker” and “blinker”
distributions in donor-only samples may suggest that after the
oxygen cleavage during the reverse reaction the TCHS
conformations are more randomized, considerably increasing
the occurrence of less protected configurations. Along the same
lines, the presence of acceptors reconfigures the volume
available to the F8 TCHS-Pn molecule in the blend, which
favors less protective TCHS conformations as compared to
those in donor-only samples. This makes the photo-oxidation
more probable and the reversal less probable on average.
Physical Picture. The overall physical picture consistent
with observations discussed above is schematically illustrated in
Figure 10. In donor-only samples, about 90% of the F8 TCHS-
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Figure 10. Schematics of the effect of acceptor-modified environment
on the photophysics of F8 TCHS-Pn donor molecules. In donor-only
samples, bulky TCHS side groups protect the molecule from reactions
with oxygen so that the molecule can be excited up to ~10° times
before it reacts (i.e., forms an EPO) and turns “off”. Once the reaction
happens, the EPO can undergo a reverse reaction to recreate the
parent F8 TCHS-Pn molecule and singlet oxygen. These can react
again, so that the molecule remains in the dark state (“nonblinker”), or
if the reaction does not occur then the molecule is excited again and
turns “on” (“blinker”). After this process, the protective conformation
of the TCHS groups is partially lost so that the molecule has a higher
probability to react with oxygen than it originally had. Addition of
acceptors modifies the environment and resulting TCHS conforma-
tions in such a way that the activation energy for the photo-oxidation
(reversal) becomes lower (higher). However, once the reverse reaction
happens, the singlet oxygen is efficiently quenched by the nearby
acceptor molecules, which dramatically increases the probability of the
F8 TCHS-Pn molecule to be re-excited (thus, increasing the
percentage of “blinkers”).

Pn molecules are “nonblinkers”: after they turn “off” they do
not turn back “on” for at least several hundreds of seconds.
There are two main possibilities behind this observation: (i) as
the parent molecule turns into its EPO, the activation barrier
E, . for the reversal is too high and (ii) the reversal does
occur, but the backward reaction generates the singlet oxygen,
which then attacks the molecule again before it can be re-
excited. The dramatic increase in the percentage of “blinkers” as
the acceptors are added (>50% in donor—acceptor samples
with less than 8 nm spaced acceptors, Figure 4) indicates a
considerable contribution of (ii). It also suggests that the
backward reaction is a concerted process characterized by a
high yield of the singlet oxygen. In donor—acceptor samples
with the average acceptor—acceptor separation of <10 nm, the

12491

acceptor molecules located well within the oxygen diffusion
length (L = \/ (6D7r,) ~ 14 nm, assuming the diffusion
coefficient D = 1.4 X 10~® cm®/s and the singlet oxygen lifetime
Toy = 25 ps in PMMA®**%°) from the F8 TCHS-Pn molecule,
act as singlet oxygen quenchers. They protect the F8 TCHS-Pn
molecule from a repeated reaction to form the EPO and enable
the F8 TCHS-Pn molecule to turn “on” again, thus turning a
“nonblinker” into a “blinker”. The effect of the singlet oxygen
quenching by acceptor molecules is also apparent from the
correlations of the “on” and “off” durations of Figure 7. With
the exception of rare cases of very long “oft” time durations, the
presence of acceptors “erases” the correlation between the “on”
and the preceding “off” time duration. This suggests that the
“off” event does not make the molecule more vulnerable toward
further oxygen attacks (e.g., due to repeated oxidation/reversal
reactions resulting in progressively less protective TCHS
conformations) in donor—acceptor samples, in contrast to
that in donor-only samples, as can also be appreciated from
comparison of the “blinker” and “nonblinker” distributions in
Figures 9(c) and S9. Even though the TCHS group
conformations in F8 TCHS-Pn molecules in donor—acceptor
samples are on average less protective than those in donor-only
samples, making the forward reaction more probable and the
reverse reaction less probable, once the reverse reaction does
happen, the molecule has a considerably lower probability to
immediately react again, until the next photoexcited cycle of the
singlet oxygen generation, and is not more susceptible toward
photo-oxidation during that cycle than before.

The observations above invoke the following estimates.
Considering for simplicity a constant value of the rate k; of the
EPO formation and using the average “on” time (7)., = 1/
(®g,k;) = 32 s (in donor-only samples), one obtains @k, ~
0.03 s™. Given the photobleaching QY (@) for F8 TCHS-Pn
in PMMA of ~107¢ and @y = ®,k;7,,, one obtains 7q, of 32
us (which is comparable with that of ~25 us reported in
pristine PMMA®). On the other hand, once the reverse
reaction (EPO — parent molecule) produces singlet oxygen
with a 100% yield, the probability of the repeat forward reaction
is then k7o, = 0.9, where 0.9 represents ~90% of “nonblinkers”
in donor-only samples, which (assuming 7o, = 32 ps) yields k;
~3 X 10* s\, This yields the probability of the singlet oxygen
generation per absorbed photon, ®q, of 107° Such low
probability would be consistent with the low adiabatic singlet—
triplet energy gap making the self-sensitization a rare process.
With these considerations, the most probable activation energy
for the forward reaction (E°; in Figure 9(a)) is about ~11
kcal/mol, which could correspond to that of the exciplex
formation, a precursor to the EPO formation.””®" The addition
of acceptors increases the rate k3 due to creating morphology
less protective of the F8 TCHS-Pn reactions with oxygen
(resulting in a lower (7),,) but quenches the singlet oxygen as
to considerably reduce the singlet oxygen lifetime 7o, which
dramatically reduces the probability of the immediate repeat
reaction.

B CONCLUSION

We obtained a molecular-level picture of the photophysics of
F8 TCHS-Pn (donor) molecules in PMMA serving as a probe
of evolution of the nanoenvironment due to an addition of
TIPS-IF or PCBM acceptor molecules. Reversible photo-
oxidation was observed, with the distributed activation energies
both for the forward (parent molecule — EPO) and for the
reverse (EPO — parent molecule) reactions. The acceptor
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addition shifted the most probable activation energy toward the
lower (higher) energies for the forward (reverse) reactions. We
attribute these observations to acceptor-induced change in the
polymer morphology that imposes the conformation of the
TCHS side groups such that the F8 TCHS-Pn molecule is less
protected from oxygen attacks. The singlet oxygen is produced
in high yield in the reverse reaction but is efficiently quenched
by acceptors, thus preventing the molecule from the repeat
oxygen attack. Therefore, the overall photostability of the
donor molecule in the presence of acceptors is determined by
an interplay between the acceptor-modified morphology and
the ability of acceptors to quench singlet oxygen. Under-
standing this interplay and how to slow down the photo-
oxidation/enhance the reversibility of photo-oxidation reactions
is important for improving stability of organic semiconductor
devices. How this interplay is influenced by the particular
features of the host polymer, electronic structure, and the side
groups of the molecules will be a subject of further
investigation.
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