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ABSTRACT: The intersystem crossing and dispersive electron-
transfer dynamics of eosin Y (EY) photosensitizers are probed using
single-molecule microscopy. The blinking dynamics of EY on glass
are quantified by constructing cumulative distribution functions of
emissive (“on”) and nonemissive (“off”) events. Maximum like-
lihood estimation (MLE) and goodness-of-fit tests based on the
Kolmogorov—Smirnov (KS) statistic are used to establish the best fit
to the blinking data and differentiate among competitive photo-
physical processes. The on-time probability distributions for EY in
N, and air are power-law distributed after ~1 s, with fit parameters
that are significantly modified upon exposure to oxygen. By
extending the statistically principled MLE/KS approach to include
an onset time for log-normal behavior, we demonstrate that the off-
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time distribution for EY in N, is best fit to a combination of exponential and log-normal functions. The corresponding
distribution for EY in air is best fit to a log-normal function alone. Furthermore, power law and log-normal distributions are
observed for an individual molecule in air, consistent with dynamic fluctuations in the rate constant for dark-state population
and depopulation. These observations support the interpretation that dispersive electron transfer (i.e., the Albery model) from
the first excited singlet state (S;) of EY to trap states on glass is predominately responsible for blinking in oxic conditions. In
anoxic environment, both triplet-state blinking and dispersive electron transfer from S; and the excited triplet state (T,)

contribute to the excited-state dynamics of EY.

B INTRODUCTION

As global energy demand and atmospheric CO, levels continue
to escalate, there is an urgent need for low-cost, sustainable, and
carbon-neutral energy."” Dye-sensitized photocatalysis (DSP)
is a promising method to meet surging energy demands via the
direct conversion of solar energy to renewable fuels such as
H,.>~> In this approach, a photosensitizer that undergoes fast
photoinduced charge generation (i.e., on ps-ns time scales) is
coupled to an electrocatalyst for fuel production, which occurs
on relatively slow time scales (i.e, ms-s). One strategy to
minimize charge recombination losses and kinetic redundancy
in DSP is to prolong the lifetime of charge carriers by enhancing
intersystem crossing (ISC) to a long-lived triplet excited state
that precludes electron injection.”~’ For example, the photo-
sensitizer eosin Y (EY), a brominated derivative of fluorescein,
has been widely used in photocatalytic water splitting’~"* and
photoredox synthesis.'*'> Though EY demonstrates promise as
a photosensitizer for DSP, minimizing kinetic redundancy
requires understanding the extent and origin of kinetic
dispersion in the electron injection, recombination, and ISC
dynamics.

Heterogeneous excited-state dynamics in complex, con-
densed phase systems can be deciphered using single-molecule
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spectroscopy.m_26 For example, single-molecule blinking
dynamics (i.e., fluctuations in emission intensities under
continuous photoexcitation) have been used to probe the static
and dynamic inhomogeneities of the electron-transfer dynamics
occurring in dye-sensitized TiO,>°>° To understand the
underlying photophysics, the distributions of emissive and
nonemissive events (i.e., on and off times, respectively) must be
examined using a statistically robust method. A combined
maximum likelihood estimation (MLE) and Kolmogorov-
Smirnov (KS) test approach is increasingly applied to single-
molecule blinking data, as it provides for a more accurate
determination of functional form and corresponding fit
parameters as compared to standard least-squares fitting.”>~>’
For example, previous single-molecule studies have deployed
MLE/KS analysis to reveal log-normal distributions for
rhodamine dyes on TiO,, consistent with the Albery model
for dispersive electron transfer (i.e., where activation barriers are
normally distributed).”****° More recently, perylenediimide
dyes embedded in poly(methyl methacrylate) (PMMA) were
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found to exhibit Weibull distributions, consistent with radical
ion pair ISC via charge hopping.®'

Here, we use single-molecule spectroscopy to probe the
complex excited-state dynamics of EY photosensitizers immo-
bilized on glass. By extending the MLE/KS methodology to
include an onset time for log-normal behavior, competitive
photophysical processes can be readily identified. Overall,
significant differences in single-molecule emission behavior (i.e.,
in terms of event rate, photophysical distribution, and
photostability) are observed for EY in the presence and absence
of oxygen. The off-time distribution of EY in anoxic conditions is
best fit to a combination of exponential and log-normal
functions, consistent with a kinetic model that incorporates
both triplet-state decay and dispersive electron transfer. The
observation of log-normally distributed oft times in air is
consistent with rapid quenching of the excited triplet state by
oxygen, such that dispersive electron transfer from the excited
singlet state of EY to trap states in glass is predominately
responsible for blinking. Furthermore, both static and dynamic
heterogeneity of the electron-transfer process is observed,
consistent with the observation of dispersive kinetics in an
individual molecule of EY in air. Ultimately, elucidating the
heterogeneous excited-state dynamics and corresponding
photostability of EY is relevant to the design of next-generation
materials for DSP as well as a range of applications from
photodynamic therapy’* to cultural heritage research (e.g,,
Van Gogh’s use of eosin lake).** >

B EXPERIMENTAL SECTION

Sample Preparation. EY (~99%) was used as received
from Sigma-Aldrich. Ethanol (absolute anhydrous, 200 proof)
was obtained from Pharmco-Aaaper. Glass coverslips (Fisher
Scientific, 12-545-102) were cleaned in a base bath for 12—24 h,
rinsed in deionized water (ThermoScientific, EasyPure 1I, 18.2
MQ cm), and dried with clean air (Wilkerson, X06-02-000). All
dye solutions were prepared in ethanol using base-bathed
glassware. For single-molecule measurements, samples were
prepared by spin-coating 35 uL of a § X 107" M EY solution
onto a clean glass coverslip using a spin coater (Laurell
Technologies, WS-400—6NPP-LITE) operating at 3000 rpm.
The resulting samples were mounted in a custom-designed flow
cell and left open to ambient air (i.e, po, & 160 Torr) for oxic

conditions or continuously flushed with N, (Airgas, 100%) at a
rate of 0.2—0.5 scth (Key Instruments, MR3A01AVVT) during
anoxic experiments.

Single-Molecule Microscopy and Data Analysis.
Samples for single-molecule studies were placed on a nano-
positioning stage (Physik Instrumente, LP E-545) on top of a
confocal microscope (Nikon, TiU). Laser excitation at 532 nm
(Spectra Physics, Excelsior) was focused to a diffraction-limited
spot using a high numerical aperture (NA) 100X oil-immersion
objective (Nikon Plan Fluor, NA = 1.3). An excitation power
(Puy) of 0.37 uW at the sample was used for single-molecule
measurements. Emission from the sample was collected through
the objective, spectrally filtered using an edge filter (Semrock,
LP03—532RS-2S), and focused to an avalanche photodiode
detector (APD) with a 50 pm aperture (MPD, PDM0SOCTB)
to provide for confocal resolution. A z-axis microscope lock
(Applied Science Instruments, MFC-2000) was used to
maintain the focal plane of the objective during raster scans. A
custom LabView program was used to control the nano-
positioning stage and collect corresponding emission intensity
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using a 30 ms dwell time. Single-molecule emission was
established based on the observation of diffraction-limited
spots, blinking dynamics, irreversible single-step photobleach-
ing, and concentration dependence of the spot density. The spot
density was approximately five molecules per 36 pum?* for 5 X
107 M EY in N, and air.

Blinking dynamics were acquired using a 10 ms integration
time for at least 200 s and analyzed using the change-point
detection (CPD) method as described in detail elsewhere.’”
Previous studies have shown that using a simple threshold to
distinguish on and off events is problematic and that CPD
provides for a more accurate determination of the true number
and intensity of states that are accessible to the system.’®™*'
CPD reports the statistically-significant intensities and corre-
sponding temporal durations for up to 20 distinct intensity
levels. In addition to resolving multiple emissive intensities,
CPD also provides the ability to differentiate two types of events:
segments and intervals. Segments correspond to the temporal
duration of an event at a particular intensity. Intervals are
composed of successive segments that occur prior to a switch
(i.e., between on and off), with each single molecule exhibiting
an equal number of on and off intervals. Consistent with
previous reports,”””° we use the general terms “times” and
“events” to refer to segments. In CPD analysis, the first and last
events in a blinking trace are disregarded, since they are
artificially set by the observation window. The lowest
deconvolved intensity level is designated as a nonemissive
(off) or photobleaching event, depending on whether or not
emission is recovered. Levels with intensities greater than one
standard deviation above the root-mean-square (rms) noise
(i.e., about 4 counts per 10 ms) are denoted as emissive (on).
The single-molecule event rate is defined as the total number of
events recorded during the observation period.

Following CPD analysis, the resulting on- and off-time
distributions are converted into complementary cumulative
distribution functions (i.e., CCDFs) that describe the
probability of an event occurring in a time greater than or

equal to t according to CCDF =1 — %Zl t. <t The fit

parameters and corresponding goodness-of-fit of the exper-
imental CCDFs relative to the proposed functions (i.e., power
law, Weibull, and log-normal) are quantified using MLE and the
KS statistic (i.e., p-value) as previously described.”>™*’ Since
analytical expressions for the fit parameters of the log-normal
distribution with onset time cannot be determined using MLE, a
numerical method was used to refine these values. In this
approach, an initial guess for the mean of the distribution is used
to seed the numerical method, and the best fit is determined by
the set of parameters that minimizes the KS statistic. Standard
errors in the fit parameters are determined from the second
derivative of the log-likelihood with respect to the parameters.
For clarity, we use the term probability distribution for CCDF
throughout this paper. All data analyses and fitting procedures
were completed in Matlab (version R2018a).

B RESULTS

Blinking Statistics of Eosin Y in Anoxic Environment. A
single-molecule confocal microscope employing continuous
laser excitation at 532 nm was used to characterize the
photophysics of single EY molecules adsorbed onto glass and
in an anoxic environment. Figure 1 presents a typical single-
molecule data set, consisting of a false-colored image the
fluorescence from S X 107" M EY spun coat on glass and a
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Figure 1. Representative single-molecule data for EY in N,. (A) False-
colored 6 X 6 um® image of the fluorescence from 5 X 107" M EY in N,,
obtained using 532 nm excitation. Color scale corresponds to counts
per 30 ms. (B) 100 s excerpt of the blinking dynamics for an individual
EY molecule. The fluorescence intensity trajectory (black line) is
recorded using a 10 ms integration time. Analysis of the blinking
dynamics with CPD demonstrates that 14 statistically significant
intensities and 26 distinct events are observed (red line).

representative single-molecule emission-time trace (i.e., blinking
dynamics). Analysis of the blinking dynamics using the CPD
method demonstrates that 14 distinct intensity levels, 24 on
events, and 2 off events are detected, with an average event rate
of 0.13 s'. Blinking dynamics are observed until the
photobleaching event occurs at 85.9 s. The observation that
the blinking dynamics of EY demonstrate multiple emissive
intensities prior to photobleaching is consistent with prior
single-molecule studies of xanthene and anthraquinone dyes on
glass.”>*

To determine the range of photophysical behavior demon-
strated by EY, the blinking dynamics of 127 molecules were
measured, compiled, and quantified in terms of on- and off-time
probability distributions (i.e.,, CCDFs) and event rate. Figure 2
presents the resulting on-time probability distribution that
contains 1872 events, with an average on time of 3.5 s and
individual values that range from 0.02 to 151.66 s. The
corresponding off-time probability distribution contains 513
events, with individual values ranging from 0.04 to 195.62 s and
an average off time of 17.15 s. The average off time is much
longer than the reported triplet lifetime of EY (e.g., 5SS ps in
water,” 3.6 ms in PMMA,* and 1 ms on alumina**) indicating
that triplet-state decay is not the predominant mechanism
responsible for blinking. The average single-molecule event rate
is 0.09 + 0.01 s molecule™’, with the error corresponding to
the standard deviation of the mean. Finally, of 127 EY molecules,
87 (69%) underwent single-step photobleaching within the 200
s observation period. To probe the nature of the nonemissive
state, the on- and off-time probability distributions were fit to
several test functions that connect to different kinetic models.
For example, if blinking is due to the population and
depopulation of the triplet state of EY, consistent with first-
order kinetics, the on and off times will be exponentially
distributed. However, the probability distributions in Figure 2
are not well-described by exponential functions, motivating us to
consider more complex photophysics and corresponding test
functions (e.g,, the power law).

To identify the functional form of the probability distribu-
tions, the compiled blinking data were fit to power-law, Weibull,
and log-normal functions using the statistically robust MLE/KS
method.”” ™’ In this approach, the power law (i.e., P(t) = At™®)
is normalized from an onset time for power-law behavior (t,;,)
to give:
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Figure 2. On- and off-time probability distributions (solid lines) for EY
on glass in N, (red) and air (blue). (A) On times are shown with best fit
to a subset of the data by power laws (dashed lines). (B) Off times are
best fit to log-normal functions (dashed lines). The log-normal fit
parameters are significantly modified in air relative to N,.

1 t —-a
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tmin tmin ( 1 )

A combination of MLE and KS tests are used to establish the
best-fit parameters (i.e., a and t,,), and goodness-of-fit is
determined using a KS test, which quantifies the distance
between the empirical data and hypothesized model in a p-value.
Here, the probability that the data match the model is increased
as the p-value approaches unity, and p-values <0.05 indicate that
the model has less than a 5% probability of being the true
distribution.*”**

The results of the combined MLE/KS analysis of the on- and
off-time probability distributions for EY in N, are presented in
Table 1. According to the goodness-of-fit (i.e., p-values) alone,
the on-time distribution is best fit to a power law with & = 2.46 +
0.03 and p = 0.02. Attempts to fit the on-time data to Weibull
and log-normal functions produce p-values that are equal to
zero. Although the observation of a positive p-value supports the
power-law model, the calculated ¢, value of 7.55 s means that
the power law is only operative for a small subset (4%) of on
times (Figure 2). Ultimately, MLE/KS analysis demonstrates
that the on-time probability distribution is best fit to a power law
above an onset time of ~10" s, but for a majority of the data the
power-law function is inoperative.

The off-time probability distribution for EY in N, is best fit to
a power law with @ = 6.7 + 0.3, t,,;, = 107.43 s, and p = 0.74.
However, similar to the case for the on-time data, the power law
is not valid for the vast majority (98%) of the blinking data.
Instead, a log-normal distribution most closely represents the
complete off-time data as evidenced by a p-value of 0.03 as

P(t) =
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Table 1. Best-Fit Parameters and p-Values for Power-Law, Weibull, and Lognormal Distributions”

power law: ot(";nl (ﬁ) ‘ log-normal: m\}ﬂ 57((1"@)7”)2/7'62) Weibull: %(%)A_Ie_(t/B)A
foin (5) a p H o p A 5 p
ON N, 7.55 2.46 + 0.03 0.02 —0.01 £ 0.04 1.66 + 0.03 0 0.640 + 0.005 2.31 £ 0.07 0
air 0.83 2.38 + 0.02 0.11 —1.17 £ 0.01 1.0S £ 0.01 0 0.820 + 0.002 0.55 + 0.01 0
OFF N, 107.43 6.7 +0.3 0.74 1.64 + 0.08 1.72 + 0.0S 0.03 0.617 + 0.008 121+ 0.8 0
air 4.73 2.83 +0.04 0.20 0.10 £ 0.03 1.07 £ 0.02 0.007 0.90 + 0.01 1.9+02 0
“Errors represent one standard deviation.
compared to zero for the other functions. The log-normal 80 B
distribution occurs when the logarithm of the sampled variable 165 70t
(t) is normally distributed according to o 60
£ 50
Pt) = L A2 S 0
L2rot (2) £ 30
where the scale parameters y and ¢ correspond to the geometric § fg
mean and standard deviation of the variable’s natural logarithm, 5 0 ol )
respectively. The off-time probability distribution for EY in N, is 0 20 T4i(r)n . (650) 80 100

best fit to a log-normal function corresponding to y = 1.64 +
0.08 and 6 = 1.72 + 0.05 (Figure 2).

Overall, applying the CPD and MLE/KS analyses to the
blinking data reveals several important observations about the
photophysics of EY in N,. First, blinking dynamics are complex,
exhibiting multiple emissive intensities for each molecule. Since
EY is immobilized on glass and no evidence for modifications to
the transition dipole moment orientation were revealed during
successive fluorescence measurements, the observation of
multiple emissive intensities is unlikely to originate from
orientational fluctuations. For the collection of EY molecules
in N,: on times are power-law distributed after an onset time,
and off times are weakly log-normally distributed. These
observations are consistent with previous single-molecule
studies on glass, which attributed the power-law and log-normal
distributions to dispersive electron transfer between dyes and
trap states in the glass substrate.”>>*>

However, in the present case, the observation of statistically
insignificant p-values suggests that dispersive electron transfer is
not solely responsible for blinking. Previous ensemble-averaged
studies have shown that, upon photoexcitation, EY undergoes
rapid ISC (i.e, k. ~ 1 X 10% s71) to its lowest-energy triplet
state, which can be long-lived (i.e., >1 ms) on solid
substrates.'**>**%” Although the probability of a 1 s off event
occurring for a 1 ms triplet lifetime is very small (~1 X 107*),
triplet blinking could still be operative, especially at early times.
In this scenario, the off-time probability distribution would
contain contributions from two distinct processes: triplet-state
decay and dispersive electron transfer. The presence of
molecular oxygen is known to play a significant role in the
excited-state dynamics of EY through rapid quenching of the
triplet state to produce singlet oxygen.1 323643 Therefore, to
examine the possibility that ISC to/from the triplet state
contributes to the single-molecule photophysics of EY, we
performed blinking measurements in the presence of oxygen.

Impact of Oxygen on Blinking Dynamics. Representa-
tive single-molecule data for EY in the presence of oxygen are
shown in Figure 3. The false-colored image of the fluorescence
from 5§ X 107" M EY in air (Figure 3A) is pixelated as compared
to the corresponding data obtained in N, (Figure 1A),
demonstrating that nonemissive events with durations that
exceed the 30 ms bin time are frequently observed. The blinking
dynamics of EY in air are also quite distinct. The molecule in
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Figure 3. Representative single-molecule data for EY in air. (A) False-
colored 6 X 6 y m” fluorescence image of 5 X 107* M EY in air, with
color scale corresponding to counts per 30 ms. (B) 100 s portion of a
single-molecule blinking trace, which contains a total of 11 statistically
significant intensities and 149 events according to CPD analysis (red
line).

Figure 3B demonstrates 11 distinct intensity levels, 113 on
events, 36 off events, and an average event rate of 0.75 s7h
Furthermore, whereas 69% of EY molecules in N, underwent
photobleaching within 200 s, none in air demonstrated
photobleaching within the same time period. Indeed, molecules
in air exhibited persistent blinking dynamics for as long as 1000 s
(see Figure S1). These observations are consistent with previous
ensemble-averaged studies that demonstrated enhanced photo-
stability of EY in oxygen as compared to anoxic conditions.*®

As a result of these long observation periods and high event
rates, the compiled on- and off-time probability distributions for
17 molecules in air (Figure 2) contain thousands of events (i.e.,
6681 emissive and 1810 nonemissive events, respectively).
Emissive events ranged from 0.02 to 193.07 s in duration, with
an average on time of 0.66 s. Corresponding nonemissive events
lasting from 0.06 to 36.2 s are observed, with an average off time
of 2.0 s. Both the average on and off times are an order of
magnitude shorter in air relative to N,. The average single-
molecule event rate of 0.90 + 0.07 s~' molecule™" is an order of
magnitude higher than the event rate measured in N,.

Table 1 summarizes the MLE/KS fitting results for the on-
and off-time probability distributions of EY in air. The on-time
probability distribution is well-represented by a power law (i.e., p
=0.11) corresponding to @ = 2.38 + 0.02 and t,;, = 0.83 s. In this
case the power-law model is operative for 31% of the blinking
data. Attempts to fit the on-time data to Weibull and log-normal
distributions yield p-values that are equal to zero. The off-time
probability distribution for EY in air is somewhat fit by a power
law with @ = 2.83 + 0.04, t.,;, = 4.73 s, and p = 0.20. However, as
in the case for the off-time data for EY in N,, the power law is
only operative for a subset (10%) of the data. The observation of
a nonzero p-value of 0.007 suggests that a log-normal
distribution with ¢ = 0.10 #+ 0.03 and ¢ = 1.07 + 0.02 may be
a plausible model for the off-time data.
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The long observation periods and high event rates for EY in air
also provided for the ability to examine the photophysical
distributions of individual molecules. Figure S2 presents the on-
and off-time probability distributions obtained from a 500 s
blinking trace of a single EY molecule in air. The single-molecule
event distributions are best fit to power-law and log-normal
functions, consistent with the results derived from collections of
EY molecules. The single-molecule on-time probability
distribution is well-represented (i.e., p = 0.27) by a power law
corresponding to @ = 1.94 + 0.06 and t, = 0.20 s.
Corresponding off times are best fit to a log-normal distribution
with g = —0.17 + 0.09, 6 = 0.92 + 0.07, and p = 0.67. The
observation of log-normally distributed off times for an
individual molecule is consistent with a dispersive kinetics
model for blinking that incorporates dynamic heterogeneity
(i.e., rate constants that evolve in time).**™>’ Dispersive kinetics
for an individual molecule have been reported in multi-
chromophoric systems® as well as for molecules embedded
within crystal’’ and polymer®"*>** environments, which
provide enhanced stability. The present case is unusual in that
dispersive kinetics are observed for an individual molecule on
glass and in the presence of oxygen.

Overall, significant differences in single-molecule emission
behavior are observed for EY in the presence and absence of
oxygen. Many more blinking events are detected for EY in air as
compared to N, as evidenced by an order of magnitude increase
in the average single-molecule event rate. The on- and off-event
durations are also significantly shorter in air relative to N,.
Furthermore, the majority of EY molecules in N, exhibited
photobleaching within 200 s, but persistent blinking dynamics
are observed for EY in air. Both on-time probability distributions
are well-represented by power laws after an onset time, and
modifications to a are observed for EY in N, (i.e., a = 2.46 +
0.03) as compared to air (i.e, @ = 2.38 + 0.02). The best-fit
parameters of the off-time probability distributions are
significantly different for N, (i.e, 4 = 1.64 + 0.08 and ¢ =
1.72 + 0.05) relative to air (i.e,, # = 0.10 + 0.03 and 6 = 1.07 +
0.02). Altogether, oxygen plays a significant role in the emission
dynamics of EY, consistent with a physical mechanism for
blinking that involves population and depopulation of the triplet
state.

B DISCUSSION

Origin of Power-Law and Log-Normal Distributions.
Previous studies have demonstrated that the observation of
power-law and log-normal distributions is consistent with
dispersive electron transfer between photoexcited dyes and a
substrate (Figure 4A).*° Here k., and kg are the rate constants
for excitation and emission, respectively. The rate constants for
population and depopulation of the dark state (i.e., for injection
(kinj) and recombination (k,.), respectively) are not single-
valued, consistent with a Gaussian distribution of activation
barriers to electron transfer (i.e., the Albery model).”” Within
this three-electronic-state model for blinking, the off-event
duration (7,g) is equivalent to the dark-state lifetime (i.e., 7,,c =
1/k,..), and the Albery model predicts a log-normal distribution
of off times. The lifetime of the emissive state in Figure 4A
(Tona) is dependent on the rate constant for dark-state
population (k;;) and the fractional population of the singlet
excited state according to
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Previous work has shown that, since the on-time probability
distribution is a convolution of complex kinetics for emission
and injection, on times can be power-law or log-normally
distributed.”***” Thus, the observation of power-law and log-
normal distributions for EY supports the role of dispersive
electron transfer in the observed blinking dynamics. However,
this interpretation is incomplete for two reasons: (1) the Albery
model does not account for the observed oxygen-dependent
photophysics of EY that are consistent with triplet-state blinking,
and (2) fitting the off-time probability distributions yielded
statistically insignificant results (i.e., p-values <0.05), suggesting
that the log-normal distribution is an insufficient model for the
data. These issues motivated us to investigate kinetic models
that incorporate both triplet blinking and dispersive electron
transfer.
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Kinetic Models for Triplet Blinking and Dispersive
Electron Transfer. Previous single-molecule studies in
polymer® and crystal* environments employed a four-state
system involving a triplet state and a dark state to model power-
law behavior. In the present case, both power-law and log-
normal distributions are observed, albeit with relatively modest
goodness-of-fit values. Figure 4B presents a proposed four-
electronic-state system to account for the oxygen-dependent
photophysics of EY and the observation of log-normal
distributions. In this model, photoexcitation of EY to the first
excited singlet state (S;) is followed by rapid ISC to the triplet
state (T,), the latter of which is quenched by triplet oxygen
(*0,) to produce singlet oxygen ('O,) with corresponding rate
constant, k. If depopulation of T via quenching is rapid relative
to population of the triplet state via ISC, then a small steady-
state concentration of T is present, and the four-state system
effectively reduces to a three-state system (Figure 4A). In this
scenario, population of the dark state via dispersive electron
transfer is likely to occur from S, (ie., the reported redox
potential of EY in the excited singlet state, E0 (EY*/EY"), is
—1.53 V)”*° to localized trap states in glass

In this approximation, 7. is equivalent to the dark-state
lifetime (i.e., 7,.), and the off-time distribution is predicted to
follow a log-normal distribution. Corresponding on times for the
model in Figure 4B (7, 3) are dependent on the rate constant for
dark-state population (k;,;) and the fractional populations of the
excited singlet and triplet states according to

-1
_ k ( kexc ][ kisc ]
- inj ’
kinj + kﬂ k isc + kinj (4)

The on-time probability distribution is a convolution of the
kinetics for emission as well as dark-state population and
depopulation. Ultimately, rapid quenching of T, by oxygen
effectively reduces the system to the three-state dispersive
electron-transfer model for blinking (i.e., where “on” corre-
sponds to Sy 2 S, and “oft” is the nonemissive radical cation
state of the dye).”

If, however, oxygen is not present or k is not sufficiently large
as compared to kj,, then a more complex picture emerges
(Figure 4C). In this model, both triplet blinking and dispersive
electron transfer are operative, such that the measured off times
originate from both 7, and the lifetime of triplet state (i.e.,zr =
1/k;.). Therefore, the off-time distribution is expected to be a
convolution of an exponential distribution, consistent with first-
order kinetics for triplet-state blinking, and a log-normal
distribution corresponding to dispersive electron transfer from
S, and/or T,.” For the model in Figure 4C, on times (7,,c) are
dependent on the rate constant for ISC to the triplet state (k;.)
and the fractional population of the singlet excited state
according to

J -1

[ kexc
kisc
kinj + kﬂ ( 5)

Overall, the observation of complex on-time probability
distributions that are not particularly well-represented by any
of the tested functions is consistent with the models presented in
Figure 4B,C. The observation that a log-normal distribution
somewhat represents the off-time data for EY in N, suggests that
the model in Figure 4C may be operative. In this case, the
statistically insignificant p-value hints at the presence of more

7’-on,B

Ton, c=
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complex dynamics and an underlying onset time for log-normal
behavior. However, the current MLE/KS method does not
enable differentiation between competitive photophysical
processes within an individual probability distribution (e.g.,
attempting to fit the data to an exponential distribution for
triplet blinking and a log-normal distribution corresponding to
dispersive electron transfer). To test the hypothesis that triplet-
state decay contributes to the off-time probability distribution of
EY in N,, we explored fitting approaches that can be used to
detect the competitive photophysics that may be underway.

Recently, Mitsui and co-workers developed a “scanning”
MLE/KS method, where the onset time (f,,) of log-normal
behavior is progressively changed to determlne if the data
contains contributions from other functions.’® By calculating
the p-value as a function of t,;;,, they demonstrated the off-time
probability distribution of Atto 647N dyes on TiO, is well-
described using a combination of exponential, power-law, and
log-normal functions. An alternative approach, described by
Clauset and co-workers,”” uses the combined MLE/KS method
to determine the best ¢.;, such that the data are fit only where the
log-normal distribution is operative. In this framework, the log-
normal distribution is normalized from t,.;, (instead of zero as is
done for eq 2) to yield

PO = [f[ Il ”[W]

o
where y and o are the familiar log-normal fit parameters.

To explore the possibility that multiple processes contribute
to the off-time probability distribution of EY in N,, we examined
the data using the approach where ¢, is explicitly determined
using MLE/KS as well as the scanning MLE/KS method. Figure
S3 demonstrates the results of the scanning MLE/KS method.
In this case, a value for t,;, that is both statistically significant and
physically relevant could not be unambiguously determined.
Therefore, we shifted our approach to MLE/KS method, where
the best f,;, value is explicitly determined using eq 6. Figure S
presents the best fit to the off-time probability distribution of EY
in N, corresponding to a log-normal distribution with ¢_,;, = 0.14
$, 1 =1.63+0.06,0=1.8+0.1,and p = 0.07. The p-value of 0.07
indicates that the log-normal distribution is a plausible model for
the 98% of off times that occur after t_;,. Likewise, the log-

)_
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Figure S. Off-time probability distribution (solid line) of EY in N,
shown with best fit to an log-normal function after an onset time of 0.14
s (red dashed line) and an exponential function at early times (blue
dotted line).
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normal distribution is not operative for off times shorter than
0.14 s, supporting the idea that these early time events originate
from a different photophysical process such as triplet-state
decay. Importantly, we examined all of the on- and off-time data
for EY using this methodology, and no other distribution yielded
a t,;, value beyond the first data point (Table S1).

The observation that the off-time probability distributions for
EY in N, is best fit to a log-normal function after an onset time is
consistent with the kinetic model presented in Figure 4C. In the
absence of oxygen, both triplet blinking and dispersive electron
transfer are operative, such that the measured 7. values contain
contributions from both processes. Therefore, the off-time
probability distribution is a convolution of an exponential
distribution at early times, consistent with first-order kinetics for
triplet-state blinking, and a log-normal distribution at later times
corresponding to dispersive electron transfer from S; and/or T.
It is possible that a power law could be used to represent the tail
of the distribution (i.e., >10* s), consistent with the power-law
fitting results presented in Table 1 (ie, @ = 6.7 £ 0.3, ty, =
107.43 s, and p = 0.74). However, the addition of a third
function to fit the data is not justified, because (1) a statistically
significant p-value for the log-normal distribution after ¢, is
observed and (2) its physical significance is unclear.

Figure S presents the best fit of the early off times (i.e., from

0.04 to 0.14 s) to an exponential decay (i.e, P(t) = ~e~"/%)

—e

T
corresponding to 7 = 93 ms. The time constant of the
exponential decay is an order of magnitude longer than the
reported 1 ms triplet lifetime of EY on alumina,™ which
indicates that triplet-state decay is occurring at time scales faster
than the 10 ms integration time of the experiment. To test this
hypothesis, we measured the blinking dynamics of EY using a 1
ms bin time, but the corresponding signal-to-noise ratios were
too low to avoid the introduction of binning-induced artifacts to
the data.>”"® Nonetheless, extending the MLE/KS method to
include an onset time for log-normal behavior provides for
detection of early time contributions to the probability
distribution that correspond to triplet-state decay.

Ultimately, the robust MLE/KS analysis of the on- and off-
time probability distributions reveals the contributions of triplet-
state decay and dispersive electron transfer to the excited-state
dynamics of EY. In anoxic environment, both triplet-state decay
and dispersive electron transfer from S; and/or T contribute to
the blinking dynamics of EY (Figure 4C). In oxic conditions T
is rapidly quenched by O, to produce 'O,, and therefore,
dispersive electron transfer from S; to traps on glass is
predominately responsible for blinking (Figure 4B). The
relationship between log-normal fit parameters and dispersive
electron-transfer kinetics has been previously demonstrated,
with —p ¢ being proportional to the average rate constant for
dark-state depopulation (i.e., —poz = (In(k,))) and o
proportional to the energetic dispersion around the mean
activation barrier.”® The observed —pg value of —0.10 + 0.03
for EY in air is similar to the reported values for rhodamine dyes
that do not possess heavy atoms,*® further supporting the
interpretation that triplet-state blinking of EY is not operative in
the presence of oxygen. Finally, the observation that EY exhibits
persistent blinking dynamics (i.e., rare photobleaching events)
in oxic conditions is consistent with prior work and suggests that
the short lifetime of 'O, and its rapid diffusion from the glass
substrate limits the extent of oxidative degradation.*

Significant modifications to ¢ are observed for EY in air (i.e.,
Oo = 1.07 + 0.02) as compared to N, (i.e, 6,46 = 1.8 + 0.1),
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suggesting that different underlying processes contribute to
kinetic dispersion in these environments. It is likely that both
static and dynamic heterogeneity of electron transfer is
operative, consistent with the observation of dispersive kinetics
in an individual molecule of EY in air. Furthermore, temporal
fluctuations to the triplet-state lifetime and fluorescence
quantum yield due to spectral diffusion (e.g, during photo-
induced debromination)*® are also possible, consistent with the
observation of multiple emissive intensities in the blinking
dynamics of EY. These observations motivate further inves-
tigations to understand the role of spectral diffusion in the
excited-state dynamics of EY.

B CONCLUSION

We have used single-molecule spectroscopy to probe the extent
and origin of kinetic dispersion in the excited-state dynamics of
EY. By extending statistically principled approaches based on
MLE/KS to quantify blinking dynamics in the presence and
absence of oxygen, we discovered that both triplet-state decay
and dispersive electron transfer are operative. The on-time
probability distributions for EY in N, and air are power-law
distributed after ~1 s, with fit parameters that are significantly
modified upon exposure to oxygen. The off-time distribution for
EY in N, is best fit to a combination of exponential and log-
normal functions, consistent with a kinetic model that
incorporates the competitive processes of triplet-state decay
and dispersive electron transfer from S; and/or T} to trap states
on glass. The corresponding off-time distribution for EY in air is
best fit to a log-normal function alone, consistent with dispersive
electron transfer from S,. These observations support the role of
static and dynamic heterogeneity in the electron-transfer
dynamics, consistent with the observation of dispersive kinetics
in an individual molecule of EY on glass. These measurements
reveal the complex photophysical distributions of EY photo-
sensitizers, providing new insights that are relevant to the design
and development of next-generation materials for DSP,
photoredox synthesis, and photodynamic therapy.
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