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ABSTRACT

Organic semiconductors have attracted considerable attention due to their applications in low-cost (opto)electronic
devices. The most successful organic materials for applications that rely on charge carrier generation, such as
solar cells, utilize blends of several types of molecules. In blends, the local environment strongly influences exci-
ton and charge carrier dynamics. However, relationship between nanoscale features and photophysics is difficult
to establish due to the lack of necessary spatial resolution. We use functionalized fluorinated pentacene (Pn)
molecule as single molecule probes of intermolecular interactions and of the nanoscale environment in blends
containing donor and acceptor molecules. Single Pn donor (D) molecules were imaged in PMMA in the presence
of acceptor (A) molecules using wide-field fluorescence microscopy. Two sample configurations were realized: (i)
a fixed concentration of Pn donor molecules, with increasing concentration of acceptor molecules (functionalized
indenofluorene or PCBM) and (ii) a fixed concentration of acceptor molecules with an increased concentration of
the Pn donor. The D-A energy transfer and changes in the donor emission due to those in the acceptor- modified
polymer morphology were quantified. The increase in the acceptor concentration was accompanied by enhanced
photobleaching and blinking of the Pn donor molecules. To better understand the underlying physics of these
processes, we modeled photoexcited electron dynamics using Monte Carlo simulations. The simulated blinking
dynamics were then compared to our experimental data, and the changes in the transition rates were related to
the changes in the nanoscale environment. Our study provides insight into evolution of nanoscale environment
during the formation of bulk heterojunctions.

Keywords: Single molecule fluorescence spectroscopy, organic semiconductors, Monte Carlo, fluorescence inter-
mittency, photobleaching

1. INTRODUCTION

There is a significant interest in understanding photophysics of organic semiconductors due to their applications
in low-cost (opto)electronic devices.1 Most of these devices rely on the ability of the material to generate and/or
transport charge carriers, which often utilize donor-acceptor (D-A) blends and are strongly dependent not only
on molecular structures, but also on the nanoscale morphology and local environment.2–4 The contribution of
the latter to the photophysics is difficult to quantify due to a lack of nanoscale resolution afforded by typical
characterization methods. Therefore, approaches that enable direct studies of the molecular photophysics de-
pending on the nanoenvironment, in materials relevant for organic (opto)electronic devices, are necessary. In this
contribution, we use single-molecule fluorescence spectroscopy to probe intermolecular interactions and effects
of local environment on photophysics of functionalized acene derivatives which have been previously utilized in
thin-film-transistors and in D-A blends.1,5 These belong to one of the most promising classes of organic semi-
conductors: solution-processable, high-mobility small-molecule organic materials. More specifically, we report on
the photophysics of functionalized fluorinated pentacene (Pn-TCHS-F8) molecules used as the donor and their
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interaction with acceptor molecules (PCBM or functionalized indenofluorene derivatives (IF-TIPS)) and with
acceptor-modified polymer environment, measured on the single-molecule level.

Single molecule fluorescence spectroscopy has been used as a tool to understand nanoscale interactions and
environment in a variety of materials and systems.1,6 Because it requires high fluorescence quantum yield (QY)
and high photostability from the single molecule reporters and extremely low fluorescence background from the
surrounding environment, finding a relevant optoelectronic system for systematic studies represents a challenge.
Here, we utilize highly fluorescent and stable Pn-TCHS-F8 molecules as single molecule fluorescent donors and
non-fluorescent PCBM and IF-TIPS acceptors, all incorporated at varied concentrations into a non-fluorescent
PMMA matrix.

Analysis of experimental single-molecule fluorescence trajectories has enabled better understanding of en-
ergy and charge transfer processes between the photoexcited molecule and other molecules in the surrounding
environment.7–10 However, due to complexity of the nanoscale environment, quantitative assessment of structure-
property relationships is challenging. In order to gain physical insight into the dynamics of the nanoscale inter-
actions, Monte Carlo simulations have been utilized to model the charge carrier transitions that determine the
experimentally measured fluorescence time trajectories.11–14 In the present study, we use a modified Monte Carlo
model to provide insight into photophysics of individual Pn-TCHS-F8 molecules, depending on their nanoscale
environment. Understanding these interactions provides insight on the formation of bulk heterojunctions (BHJs),
which are the basis for most successful organic solar cells and other organic optoelectronic devices.1

2. EXPERIMENTAL

2.1 Materials

In order to investigate changes in the nanoscale environment during the BHJ formation and its effect on molecular
photophysics, we chose the fluorinated pentacene (Pn) with functionalized side groups of TCHS ((tricyclohexylsi-
lyl)ethynyl), Pn-TCHS-F8, as our single molecule reporter and created two types of samples. The first type of
sample was a fixed concentration of Pn-TCHS-F8, with acceptor molecules of either PCBM or IF-TIPS added
at variety of concentrations, which allowed for variation in the average spacing between the Pn-TCHS-F8 donor
and the acceptor molecules. The other type was a fixed concentration of the IF-TIPS acceptor molecules and
a variety of concentrations of Pn-TCHS-F8 added. All molecules used here have been utilized in our previous
studies of D-A BHJs in devices.5

PCBM and IF-TIPS were chosen as acceptor molecules because of their low LUMO energies (3.7 and 4.0 eV,
respectively) as compared to that of Pn-TCHS-F8 (3.54 eV) and their ultra-low fluorescence at the wavelength
of our experiments (633 nm), which minimizes fluorescence background. Both donor and acceptor molecules
were incorporated into a 20-nm thick host matrix of poly(methyl)methacrylate (PMMA). The base was a 1% wt
solution of PMMA in toluene and Pn-TCHS-F8 was added in multiples of 3.44 × 10−10M (“1x” concentration)
depending on what specific nanoscale environment in the film was desired (yielding an average donor-donor
spacing ranging between 0.54 and 5.3 µm, which ensures that single molecules could be optically resolved).
Acceptor molecules were added to these solutions in appropriate concentrations to achieve the desired average
acceptor-acceptor spacing in the film, which was varied between 5 and 20 nm. At 5 nm acceptor-acceptor spacing
effects of efficient FRET between Pn-TCHS-F8 donor and acceptor molecules, which rapidly quenched the donor
fluorescence if the D-A distance was below the FRET radius, were seen. To increase the probability of the donor
placement outside of the FRET radius from the nearest acceptor, experiments were performed at higher donor
concentrations (ranging between “6x” and “100x”). Experiments in samples with the acceptor-acceptor spacings
of below 5 nm could not be carried out due to increased fluorescence background from acceptor molecules.

The samples were prepared on glass coverslip substrates which were soaked in a detergent and water solution
overnight, then sonicated for 40 minutes in the same solution before they were rinsed thoroughly with deionized
water and dried under N2. The films were then deposited by spin-casting at 3000 rpm for 50 seconds from 60
µL of solution.
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Figure 1. Left: Schematic of the experimental set up for single molecule florescence spectroscopy. Middle: Frame from
the videos showing fluorescent single molecules. Right: Fluorescence time trajectories for a “non-blinking” molecule (top)
and a “blinking” molecule (bottom).

2.2 Single Molecule Spectroscopy

Single molecule imaging was done using an Olympus IX-71 inverted microscope with a 100x UPlanSApo (NA
1.4) oil objective and an Andor iXon EMCCD (DU-897) detector. The sample was imaged using wide-field
illumination from a 633 nm laser. Videos of 600 frames (with 100 ms integration time) were taken of each sample
and then processed using custom MATLAB scripts (Fig 1). The MATLAB scripts located the fluorophores
and created the fluorescence time trace for each fluorophore as detailed in our previous work.15 The time traces
were analyzed, and fluorophores that exhibited only one “on”-”off” event (“non-blinkers”) and multiple events
(“blinkers”) were separated.

The “on” and “off” times were determined using a custom MATLAB script. The last “off” or “on” time of
each trace was discarded due to an uncertainty in their actual duration. The “on” times and “off” times for
“blinkers”, as well as “on” times for “non-blinkers” were compiled in three separate lists. The “on” and “off”
times distributions were converted into complementary cumulative distribution functions (CCDFs) and then fit
using maximum likelihood estimation (MLE) to various distribution functions including Weibull, lognormal and
power-law (Fig. 2).16

3. MONTE CARLO SIMULATION

3.1 The model

In order to better understand the photophysical processes that are incorporated in the experimentally measured
fluorescence time trajectories, we used a model to simulate the transitions between various states. Previous stud-
ies have used a three level system, with a ground state, excited state and dark state, to model the charge carrier
kinetics as observed in single-molecule fluorescence experiments.11–14 In order to fully utilize our experimental
findings and separate blinking events from photobleaching, we added a fourth, irreversible dark state which sim-
ulates photobleaching. Also guided by our experimental data, which show similarity of “on” times CCDFs for
“blinkers” and “non-blinkers”, is our choice of a common intermediate level (denoted as “dark states” in Fig.3)
for “blinkers” and “non-blinkers”, from which the molecule can either return to the ground state to be re-excited
(for “blinker”) or is permanently photobleached (for “non-blinker”). Because of long integration times used in
our experiments, only long-lived (≥ 1 second) dark states are considered.

Other photophysical data for Pn-TCHS-F8 are used to determine additional constraints for the model. For
example, the fluorescence quantum yield (QY) for this derivative in PMMA is 0.82.15 This is the ratio of the
number of photons emitted compared to the number of photons absorbed. In our model, only the transition
between the excited state and the ground state radiates, and therefore the QY in a given time frame (dt) can be
defined as follows:

QY =
k21 ∗ dt
k2tot ∗ dt

=
k21
k2tot

(1)
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Figure 2. Complementary cumulative distribution functions of “on” times (left) and “off” times (right) from the experi-
mental data for 78 “blinkers” and 251 “non-blinkers” in the case of Pn-TCHS-F8-only in PMMA and 122 “blinkers” and
81 “nonblinkers” for Pn-TCHS-F8 and 5 nm-spaced IF-TIPS acceptors in PMMA. MLE fits with Weibull and lognormal
distribution functions are also included. The data illustrates dramatic effect of acceptor addition on the “on” times
distribution exhibited by the Pn-TCHS-F8 single molecule reporters.

where k21 is the transition rate between the excited state and the ground state and k2tot is the sum of the
transition rates of all the transitions out of the excited state (or state 2). In our four level system, a QY of 0.82
indicates that 18% of the time, the system would either transition into the dark state or relax nonradiatively
to the ground state. The average “on” times in our experimental data are on the order of 20-40 seconds at
the excitation rate k12 of 1.1 × 106. This makes the probability of transition to the long-lived dark state low
(<< 1%), so that most of the 18% are due to nonradiative relaxation which was incorporated in the model using
a rate k21n.

Figure 3. The four level system that includes the ground state, excited state, long-lived (reversible) dark state, and a
photobleached (irreversible) dark state. Rates incorporated in the model are also included.

The transitions between energy levels in our four level system are simulated using a Monte Carlo method.
In order for a transition to occur, the probability of transition must be determined first. The probability for a
charge carrier in a given state to leave that state in a given time frame is given by

Pij = kijdt (2)
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where kij is the transition rate from the current state i to the new state j. The calculated probability value is
compared to a random number and if the probability value is greater than the random number, the transition
occurs. This procedure becomes more complicated when there are multiple transition pathways out of a given
state. In this case, the total probability of transition is calculated by summing the individual probabilities,
and this value is compared with a random number to determine if a transition out of the state occurs. If the
transition occurs, then the state it transitions to is determined by comparing ratios of transition rates (the QY,
for example) with a random number.

To take into account variability in local nanoenvironment expected for polymer host matrices,11,12,14 we
incorporated variable rates of transitions involving the dark state (i.e. k23 and k31) into our model following the
approach of N. Wong et. al.12 In particular, a fixed transition rate was multiplied by eγ∗x, where γ is a fixed
integer coefficient and x is a random number chosen from a Gaussian distribution with a mean of zero and a
standard deviation of 0.5.

Figure 4. Top: Time traces from the Monte Carlo simulation of a “blinker” fluorophore (left) and a “non-blinker”
fluorophore (right). Bottom: Complementary cumulative distribution functions (CCDFs) for “on” times (left) and “off”
times (right) from 100 Monte Carlo time traces. This illustrates the change in shape of the CCDFs with the addition of the
Gaussian distribution (γ = 5 instead of 0) for the k23 and k31 transition rates. The transition rates for these simulations
were k12 = 1.1 × 106s−1, k21 = 7.0 × 108s−1, k12n = 1.53 × 108s−1, k23 = 35s−1, k31 = 0.05s−1, and k3out = 0.1s−1.

The simulation proceeds by preparing the system in the ground state, and it uses a 1 ns time step to step
through the subsequent transitions. Every 0.1 s, which is the EMCCD integration time used in our experiments,
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the photon counts are recorded, and a time trace similar to an experimentally observed fluorescence time trajec-
tory is generated. The simulated time traces are processed using the same methods as our experimental data to
produce CCDFs and MLE fits to various distribution functions (Fig. 4).

Figure 5. Top: Variations in the CCDFs of 100 Monte Carlo simulation time traces by varying the k3out transition rate.
As expected, the average “off” times (left) are significantly affected, in contrast to the “on” times (right). The fixed
transition rates were k12 = 1.1 × 106s−1, k21 = 7.0 × 108s−1, k12n = 1.53 × 108s−1, k23 = 35s−1, k31 = 0.05s−1, and
γ = 0. Bottom: Variations of the “on” times due to the change in k23 (left), with k12 = 1.1× 106s−1, k21 = 7.0× 108s−1,
k12n = 1.53 × 108s−1, k31 = 0.05s−1, k3out = 0.15s−1, and γ = 3. On the right, the variations in the “off” times due to
the change in k31, where k12 = 1.1 × 106s−1, k21 = 7.0 × 108s−1, k12n = 1.53 × 108s−1, k23 = 35s−1, k3out = 0.1s−1, and
γ = 0. The k3out and k31 are fit to an exponential curves because they were run with fixed transition rates (no exponential
multiplier). k23 was fit to lognormal curves because they included the distibution.

3.2 Testing

Rigorous testing was carried out to determine the validity of the stimulation as well as the ways in which
each parameter affects the time traces and the resulting CCDFs. Each parameter was varied while the other
parameters remained fixed. For example, as the transition rate between the dark state and the irreversible
(photobleached) state (k3out in Fig. 3) increased, the CCDF of the “off” times exhibited decays at earlier times,
whereas the “on” times were not affected, as expected. Figure 5 also shows the dependence of the CCDF of
the simulated data on the parameters k23 and k31, respectively, illustrating their pronounced effects on the “on”
and “off” times distribution, respectively. These tests provide a valuable aid in understanding trends in our

experimental data.
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4. RESULTS AND DISCUSSION

Figure 2 illustrates changes in the “on” and “off” times distributions for 203 (122 “blinkers” and 81 “non-
blinkers”) Pn-TCHS-F8 single-molecule reporters in PMMA with added 5 nm-spaced IF-TIPS acceptors, as
compared to those for 329 (78 “blinkers” and 251 “non-blinkers”) Pn-TCHS-F8 reporters alone in PMMA. The
average “on” times for the samples containing IF-TIPS acceptors with an average acceptor-acceptor spacing of
5 nm are considerably shorter than those for the samples without acceptors, whereas the “off” times appear to
be much less affected by the acceptor addition. Neither “on” nor “off” times follow the power-law distribution.
Instead, depending on the sample, either Weibull or lognormal distributions provide a better fit to the data.
For example, statistical analysis using the p-test indicates that in samples without acceptors, the “on” times
distribution is best described by the Weibull function. Qualitatively, similar effects were observed upon addition
of PCBM instead of IF-TIPS.

Our experimental results indicate that (i) the transition rates k23 and k31 are not constants, and their
variability due to variations in the local nanoenvironment must be taken into account and (ii) the acceptor
addition changes the environment in such a way that affects the rate k23. The nature of transition to long-
lived dark states inferred from blinking statistics of molecules incorporated into polymer matrices has been
discussed in the literature,10,12,17 with charge transfer to acceptor states in the polymer resulting in a change
from a fluorescent parent molecule to a non-fluorescent radical ion as a possible mechanism. Given that in
our experiments the Pn-TCHS-F8 single molecule reporters are positioned at least 3 nm away from the nearest
IF-TIPS acceptor molecule, the observed effect of the IF-TIPS addition (Fig. 2) must be related to the IF-TIPS-
modified polymer morphology and resulting distribution of the polymer acceptor states. Quantitative description
of these changes is forthcoming.

5. CONCLUSION

In summary, using both computational modeling and single molecule fluorescence spectroscopy we investi-
gated the nanoscale interactions of the Pn-TCHS-F8 with its environment modified by an addition of acceptor
molecules. The model enables better understanding of relationships between the transition rates and the fit
parameters obtained from the experimental CCDFs. In all samples studied, the blinking statistics observed
could be described in the framework of models relying on Weibull or lognormal distribution functions relying
on distributed (rather than constant) transition rates. We observed strong effect of an acceptor addition on
the “on” time distribution governed by the rate k23 for Pn-TCHS-F8 single molecules, whereas the “off” times
(governed by k31 and k3out) were considerably less affected. Quantitative description of such changes is currently
underway and will enable better insight into changes in nanoscale morphology and resulting photophysics during
the formation of bulk heterojunctions.
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