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ABSTRACT: By removing the effects of ensemble averaging and molecular
aggregation, we untangle the factors that govern the dispersive electron
transfer kinetics of eosin-sensitized TiO2, focusing on the impact of
environmental heterogeneity versus injection from multiple excited states.
The blinking dynamics of single eosin Y chromophores on nanocrystalline
TiO2 films are analyzed using a change point detection algorithm for binned
data. Robust statistical analysis based on maximum likelihood estimation,
Kolmogorov−Smirnov tests, and log likelihood ratio tests is used to
determine the functional form that best fits the resulting on- and off-time
distributions and to distinguish between mechanisms for dispersive electron
transfer. Using this approach, we find that the on- and off-time distributions
for eosin Y on TiO2 are best fit to lognormal distributions corresponding to μon = −0.64 ± 0.04, σon = 1.52 ± 0.02, μoff = −0.23 ±
0.04, and σoff = 1.96 ± 0.03, respectively. Monte Carlo simulations based on the Albery model for dispersive electron transfer (i.e.,
where the median rate constant κ is modified by the exponential of a parameter, x, that is normally distributed, k = κ e−γx)
successfully reproduce this behavior using a median rate constant for injection and back electron transfer of ∼1010 and ∼104 s−1,
respectively, and a corresponding energetic dispersion, γ, of ∼200−350 meV. To examine how injection from both the singlet and
triplet excited states contributes to this dispersion, we studied two rhodamine sensitizers, R123 and 5ROX, that inject only from
their singlet excited state. Surprisingly, when access to the T1 state is minimized in going from EY to R123 and 5ROX, kinetic
dispersion actually increases. Collectively, these observations support the interpretation that static and dynamic inhomogeneities at
the EY−TiO2 interface govern kinetic dispersion, with dynamic fluctuations in binding configuration and/or vibrational motion
playing a decisive role.

■ INTRODUCTION
The need for clean, renewable energy sources is increasingly
vital with rising global energy consumption and growing
concerns over climate change. Dye-sensitized solar cells
(DSSCs), comprising mesoporous thin films of nanocrystalline
TiO2 sensitized with molecular chromophores, have tremen-
dous potential to address these concerns by inexpensively
converting sunlight into electricity.1,2 In DSSCs, upon
photoexcitation of the sensitizer with visible light, electrons
are injected from the molecular excited state into the
conduction band or energetically accessible trap states of
TiO2. Dyes are then regenerated by electron donation from an
electrolyte or through back electron transfer (BET) from the
semiconductor. Electron injection at the dye−semiconductor
interface has also been exploited for chemical fuel generation
in dye-sensitized photoelectrochemical cells (DSPECs).3−6

Because solar energy conversion efficiency in these devices is
dependent on the electron transfer processes between the dye
and the semiconductor, there is a substantial literature
precedent for time-resolved spectroscopy studies of the
injection and BET kinetics in dye-sensitized TiO2.

7−11

Numerous mechanistic studies have shown that while injection
typically occurs on picosecond timescales and unwanted BET

to repopulate the molecular ground state is relatively slow, the
reported kinetics are remarkably heterogeneous, varying by
several orders of magnitude in time.12−16 This kinetic
heterogeneity, sometimes termed “stretched exponential”,
“multiphasic”, or simply “dispersive” kinetics, is often
attributed to environmental heterogeneity in TiO2

12,13,16−19

and more recently competition between excited-state relaxa-
tion and injection from within the same manifold of dye
excited states.20 However, the extent and origin of kinetic
dispersion are difficult to determine using ensemble-averaged
spectroscopic methods alone, which are complicated not only
by averaging but also by the presence of molecular
aggregates.18

Several studies have shown that single-molecule blinking
measurements can probe the full distribution of electron
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transfer behavior occurring at dye−semiconductor interfa-
ces.21−28 Blinking is characterized as fluctuations in emissive
intensities that occur during continuous photoexcitation due to
the population and depopulation of optically bright and dark
vibronic states, respectively. For example, if blinking occurs
through a low-lying triplet state (T1), then these processes
obey first-order kinetics and the emissive and non-emissive
event durations (i.e., “on” and “off” times, respectively) are fit
to exponential functions to extract the rate constants for
intersystem crossing from the singlet excited state (S1) to T1
and decay to the singlet ground state (S0). In the case of
photoinduced electron transfer, the on- and off-time
distributions are related to the injection and BET kinetics,
respectively. Previous single-molecule studies have confirmed
that electron transfer kinetics at the dye−TiO2 interface are
not first-order. However, the functional form of the on- and
off-time distributions, and therefore the origin of dispersive
kinetics, remains a point of debate.
For example, the photophysical distributions of coumarin

343 and cresyl violet,21,22 Atto647N,29 a Zn porphyrin,30 and a
Ru(II) polypyridyl complex31,32 on TiO2 have been reported
to follow power laws, consistent with a mechanism in which
the rate constants for injection (kinj) and BET (kBET) vary due
to an exponential distribution of activation energies to
photoinduced electron transfer.31 Chen and Marcus also
proposed a reaction-diffusion mechanism to explain the
observation of power laws.33 However, others have questioned
the essentially ubiquitous application of power laws to blinking
data.24,25,34−36 For example, we demonstrated that while the
on- and off-time distributions of rhodamine-sensitized TiO2
appear to follow power laws, they are actually best fit to
lognormal distributions.24,25 The observation of lognormal
distributions is consistent with the Albery model for dispersive
kinetics where the activation barriers to electron transfer are
normally distributed.37 In both the power law and Albery
models, the dispersive kinetics at the dye−TiO2 interface is
typically attributed to environmental heterogeneity across the
sample: local variations in radii or surface charge of the TiO2
colloid that impact the relative energetics between the dye
states and the density of TiO2 states. However, there is some
evidence to suggest that not all kinetic dispersion has
environmental origins. Zigler et al. used transient absorption
spectroscopy to show that Ru polypyridyl complexes exhibit
significant kinetic heterogeneity due to slow injection from the
thermally equilibrated excited state and fast injection from
higher energy states within the dye excited-state manifold.20

The extent to which injection from multiple dye excited states
(e.g., S1 and T1) contributes to kinetic dispersion has not been
investigated at the molecular level. In this study, we examine
how environmental heterogeneity and injection from multiple
excited states contribute to kinetic dispersion using a
combination of single-molecule blinking measurements, robust
statistical analysis to identify the functional form of the
distributions, and Monte Carlo simulations.
The organic dye sensitizer eosin Y (EY) has been utilized in

DSSCs and several photocatalytic systems for H2 gener-
ation.14,38−41 Its four bromine atoms facilitate rapid
intersystem crossing from S1 to T1 (i.e., kisc = 8.4 × 108 s−1

in H2O),
42 and prior work has shown that injection to TiO2

from both excited states is energetically feasible. Figure 1
presents the exponentially distributed density of TiO2 states,
g(E),10,13,43,44 alongside the redox potentials of the singlet and
triplet excited states of EY (i.e., 1EY*/+ = −1.26 V and 3EY*/+

= −0.86 V vs NHE, respectively).39,45,46 Previous time-
resolved spectroscopy studies by Graẗzel and co-workers
demonstrated that injection from EY to TiO2 is multiphasic,
with the fastest component estimated to occur with a kinj of 3.8
× 1012 s−1.39,45 Although these studies revealed the injection
kinetics of EY-sensitized TiO2 to be dispersive and
predominately occur from S1, they are complicated by the
presence of molecular aggregates and ensemble averaging. The
extent to which rare T1 injection events contribute to this
kinetic dispersion is unknown.
Here, we use single-molecule blinking measurements to

probe the full extent and origin(s) of kinetic dispersion at the
EY−TiO2 interface. Robust statistical analysis determines the
functional forms of the photophysical distributions, and Monte
Carlo simulations based on a simple physical model
successfully reproduce the empirical data. By examining EY
alongside other xanthylium sensitizers (i.e., R123 and 5ROX,
Figure 1) that do not possess heavy atoms and inject from just
S1, we elucidate the impact of multiple injection pathways (i.e.,
from S1 and T1) on kinetic dispersion. In doing so, we
disentangle the role of environmental and photophysical
heterogeneity in kinetic dispersion, showing that the electron
transfer kinetics of EY are less dispersive relative to R123 and
5ROX. We discuss the possible origins of this behavior in the
context of Marcus−Gerischer theory for interfacial electron
transfer.

■ METHODS
Materials and Sample Preparation. EY (∼99%), R123

(99+%), and 5ROX (triethylammonium salt) were used as
received from Sigma-Aldrich, Acros Organics, and Thermo
Fisher Scientific, respectively. Ethanol (absolute anhydrous,
200 proof) was obtained from Pharmco-Aaaper. EY solutions
were prepared in ethanol using a base-bathed glassware.
Corresponding R123 and 5ROX solutions were made in
ultrapure water (Thermo Scientific, EasyPure II, 18.2 MΩ cm).
Glass coverslips (Fisher Scientific, 12-545-102) were cleaned
in a base bath for 12−24 h, rinsed in ultrapure water, and dried
using clean air (Wilkerson, X06-02-000). For single-molecule
measurements on glass, samples were prepared by spin-coating
35 μL of a 5 × 10−10 M EY solution onto a clean glass coverslip
using a spin coater (Laurell Technologies, WS-400-6NPP-
LITE) operating at 3000 rpm. Corresponding TiO2 samples

Figure 1. Density of states, g(E), of TiO2 with the indicated redox
states of the sensitizers employed in this study: EY, rhodamine 123
(R123), and 5-carboxy-X-rhodamine (5ROX).
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were prepared by diluting nanocrystalline TiO2 (Solaronix, Ti-
Nanoxide HT-L-SC, 7% wt 15−20 nm anatase particles) to ∼1
g/L in ultrapure water and spin-coating three 100 μL aliquots
of the resulting solution onto a clean glass coverslip at 3000
rpm. The coverslip was sintered in a muffle furnace (Thermo
Scientific, Thermolyne) set to 500 °C for 30 min to remove
impurities and produce a sub-micron thick mesoporous film, as
specified by the manufacturer. Then, 35 μL of a 5 × 10−10 M
dye solution was spun-coat onto the sintered TiO2 substrate.
The resulting single-molecule samples were mounted in a
custom designed flow cell and flushed with N2 (Airgas, 100%)
at a rate of 0.2−0.5 scfh (Key Instruments, MR3A01AVVT).
Single-Molecule Confocal Microscopy. Samples for

single-molecule studies were placed on a nanopositioning
stage (Physik Instrumente, LP E-545) on an inverted 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) 100× oil-immersion
objective (Nikon Plan Fluor, NA = 1.3). Excitation powers
(Pexc) of 0.37, 23, and 5 μW at the sample were used for single-
molecule measurements of EY on glass, EY on TiO2, and
R123/5ROX on TiO2, respectively. These excitation powers
were selected to optimize the emission signal of single
molecules while minimizing rapid photobleaching. Emission
from the sample was collected through the objective, passed
through an edge filter (Semrock, LP03-532RS-2S), and
focused to an avalanche photodiode detector with a 50 μm
aperture (MPD, PDM050CTB) to provide confocal resolution.
A z-axis microscope lock (Applied Science Instruments, MFC-
2000) was used to maintain focus during raster scans. A
custom LabView program was used to control the nano-
positioning stage and collect the corresponding emission
intensity using a 30 ms dwell time. The observation of
diffraction-limited spots, blinking dynamics, irreversible single-
step photobleaching, and concentration dependence of the
spot density in control experiments on glass (i.e., ∼5−10
molecules per 36 μm2 for 5 × 10−10 M EY on glass) were used
to establish single-molecule detection. Single-molecule blinking
dynamics were acquired using a 10 ms integration time for 200
s.
Change Point Detection and Fitting. A change point

detection (CPD) method was used to analyze blinking
dynamics and parse the trajectories into statistically-significant
intensities and corresponding temporal durations. This CPD
algorithm largely follows the prescription outlined by Watkins
and Yang47,48 where the locations of the intensity change
points are determined recursively via a generalized likelihood
ratio test and then clustered together to form the true number
of states. However, our method makes a subtle, yet important,
differentiation in the critical values used to detect change
points. Yang’s original CPD method was developed for
detecting change points from a series of individual photon
arrival times and not binned data. To address this issue, we
utilize the derivation by Boudjellaba et al.49 to calculate critical
values and detect change points for binned data (the table of
critical values is available in the Supporting Information). This
derivation provides a recursive procedure by which the critical
values are calculated for a given number of photons and
number of bins. Comparison of the CPD algorithms for
individual photon arrival times versus binned data at a 90%
confidence interval demonstrates that the methods produce
essentially the same result at low photon counts per bin (i.e.,
when the data are near the limit of individual photon arrival

times). However, as the number of photons per bin is
increased, the original CPD method increasingly exceeds the
expected 90% confidence interval such that some change
points are not detected (see Figure S1, Supporting
Information).
The resulting CPD algorithm for binned data was applied to

experimental and simulated blinking traces. The first and last
events are eliminated since they are artificially set by the
observation period. The lowest deconvolved intensity level is
designated as a non-emissive (off), and levels with intensities
greater than 1 standard deviation above the rms noise are
denoted as emissive (on). Blinking events are further parsed
into two categories: segments and intervals. A segment
corresponds to the duration of an event at a particular
intensity. An interval is the duration of successive segments
that occur prior to a switch between on and off (i.e., intervals
are generally longer than segments). Since on and off intervals
are directly related to dark-state production and decay
corresponding to electron transfer, they are the focus of this
study and simply referred to as on and off times hereafter. All
fitting procedures and Monte Carlo simulations were
completed in MATLAB (version R2019a) and C. Consistent
with prior work, the log-likelihood ratio (LLR) and associated
p-value p( ) are calculated according to the Vuong method
using R (version 3.3.0).50 The p values were ≪0.1, indicating
that the LLR test is a reliable indicator of which model is a
better fit to the data.

■ RESULTS AND DISCUSSION
Blinking Statistics of EY on TiO2. A confocal microscope

employing continuous laser excitation at 532 nm was used to
measure the blinking dynamics and probe kinetic dispersion in
EY-sensitized TiO2. Figure 2a,b shows representative false-

Figure 2. False-colored 6 × 6 μm2 images of the emission from 5 ×
10−10 M EY on (A) TiO2 and (B) glass, obtained using 532 nm
excitation and Pexc of 23 and 0.37 μW, respectively. The color scale
corresponds to counts per 30 ms bin. The emission is more pixelated
and less intense on TiO2, consistent with electron injection to the
semiconductor. Blinking dynamics for an individual EY molecule on
(C) TiO2 and (D) glass, recorded using a 10 ms bin time, shown in
black. (red) CPD analysis is used to determine statistically significant
intensities and event durations.
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colored images of the emission from 5 × 10−10 M EY on
nanocrystalline TiO2 and an insulating glass substrate,
respectively. The emission intensity of EY is substantially
reduced on TiO2 relative to glass (i.e., ∼1 vs ∼25 counts
μW−1), and the corresponding image is substantially more
pixelated. These observations are consistent with molecules
undergoing frequent excursions to a non-emissive state (i.e.,
via injection to TiO2) with durations that exceed the 30 ms bin
time of the experiment.
The blinking dynamics of EY on TiO2 are characterized by

short bursts of emission (i.e., on times < 100 ms) that are
interspersed with longer off times (Figure 2c). Previous studies
have shown that applying a simple threshold to quantify the
emissive and non-emissive events is problematic.24,29,51−53

Therefore, blinking dynamics are analyzed using a CPD
method that we adapted for binned data.47−49 CPD analysis of
the molecule in Figure 2c reveals 12 distinct intensity levels,
including 38 on events and 37 off events, and an event
frequency (υevent), defined as the number of on and off events
per second of 0.375 s−1. For this molecule, on times (ton)
ranging from 20 ms to 13.47 s and off times (toff) from 10 ms
to 12.22 s are observed. These toff are much longer than the
reported T1 lifetime of EY (i.e., 55 μs in water,54 3.6 ms in
polymethyl methacrylate,55 and 1 ms on alumina56), suggesting
that another dark state is operative. The blinking dynamics of
EY on glass, which has been attributed to electron transfer to
trap states,57 is quite differentwith molecules exhibiting
longer ton and smaller υevent on glass as compared to TiO2. For
example, the molecule shown in Figure 2d exhibits 10 distinct
intensities, including six on and six off events and an υevent of
0.070 s−1. The corresponding ton range from 150 ms to 23.43 s

and toff values span from 70 ms to 131.02 s. The observation
that the blinking dynamics of EY demonstrate multiple
emissive intensities is consistent with prior single-molecule
studies of xanthene and anthraquinone dyes on glass50,57 and
TiO2,

24,25 which has been attributed to dynamic fluctuations in
excitation, emission, and/or non-radiative decay. Overall, the
substrate-dependent emission behavior of EY is consistent with
a blinking mechanism that involves injection to TiO2 to
populate a non-emissive radical cation state of the dye.
To establish the physical mechanism responsible for blinking

and probe the extent of kinetic dispersion, the on- and off-time
distributions for a collection of molecules are measured and fit
to various functional forms. Blinking dynamics of 62 molecules
of EY on TiO2 were measured, analyzed with CPD, and
collected into on- and off-time distributions, which included a
total of 2075 on events and 2057 off events. The average event
frequency, ⟨υevent⟩, is 0.3 ± 0.2 s−1 molecule−1, where the error
corresponds to the standard deviation from the mean.
Individual ton range from 10 ms to 45.43 s, with an average
on time, ⟨ton⟩, of 2 ± 1 s. Corresponding toff from 10 ms to
105.92 s are observed, with an average value of 10 ± 10 s.
Consistent with prior studies, the raw on- and off-time
distributions are converted into complementary cumulative
distribution functions (CCDFs), which describe the proba-
bility of an event occurring in a time greater than or equal to t
according to: CCDF = 1 − 1/N∑iti ≤ t.24,34,50,58 Figure 3a−f
presents the resulting on- and off-time CCDFs of EY on TiO2
on log−log axes, which are broad, heavy tailed, and not well
represented by single exponential functions. The observation
of dispersive kinetics in EY-sensitized TiO2 motivated us to
consider more complex photophysics and corresponding test

Figure 3. Best fits of the (top) on- and (bottom) off-time CCDFs for 62 molecules of EY on TiO2 to (A,B) power law, (C,D) Weibull, and (E,F)
lognormal distributions. Fits are shown in red dashed lines. Power-law fits apply to <10% of the data. The Weibull and lognormal CCDFs better
represent the entire data set but deviate at long times (>10 s).
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functions such as the power law. To identify the functional
form(s) of the data, we apply a statistically principled method
based on maximum likelihood estimation (MLE) and the
Kolmogorov−Smirnov (KS) test.24,34,59 This approach pro-
vides accurate estimates of the best-fit parameters and
quantifies the goodness-of-fits of the experimental CCDFs
relative to several proposed heavy-tailed functions (i.e., power
law, Weibull, and lognormal) using MLE and the KS statistic
(i.e., p-value).59,60 The probability that the data match the
hypothetical model is increased as p approaches unity.
The results of the combined MLE/KS analysis on the on-

and off-time CCDFs for EY on TiO2 are shown in Figure 3a−f
and Table 1. For both the on- and off-time distributions, power
laws yield non-zero p values, but the onset times for power-law
behavior (tmin) are so late that they leave most of the data
unaccounted for. For instance, the off-time CCDF for EY on
TiO2 is best fit to a power law (p = 0.059), but the power law
is operative only after a tmin of 14.02 s, revealing that the fit
only applies to ∼7% of the data (Figure 3b). Therefore, power
law fits are noted for completeness but not regarded as a good
description of the photophysical behavior of EY on TiO2.
These observations are consistent with previous studies that
find power laws to be poor representations of on- and off-time
CCDFs of rhodamines on glass and TiO2 substrates,24,25

xanthylium dyes in potassium acid phthalate crystals,51,53 and
anthraquinones on glass.50

Although Figure 3c−f demonstrates that the on- and off-
time CCDFs are qualitatively well represented by Weibull and
lognormal distributions, MLE/KS analysis produced p-values
that are close to zero. In cases where the p-value is insufficient
to determine the best fit between the empirical data and a
hypothesized model, the LLR test has been used to distinguish
between two candidate fits.59 For example, LLR tests were
used to establish the functional form of the on- and off-time
CCDFs of alizarin and purpurin on glass.50 In this approach,
the logarithm of the ratio of two likelihoods ( ) will be
positive or negative depending on which distribution is a better
fit or zero in the event of a tie. When we tested the Weibull
distribution as the null hypothesis against the lognormal
distribution for both the on- and off-time CCDFs, the resulting
negative values of −179.8 and −145.6 demonstrate that the
lognormal distribution is a better alternative to the Weibull
distribution. Thus, the combination of the MLE/KS method
and LLR tests demonstrates that the on- and off-time CCDFs
of EY on TiO2 are best described by lognormal distributions.
The on-time CCDF for EY on TiO2 is best fit to a lognormal
distribution corresponding to μon = −0.64 ± 0.04 and σon =
1.52 ± 0.02 where the fit parameters are related to the median
and standard deviation of the distribution, respectively. The
corresponding off-time CCDF is best fit to a lognormal
distribution with μoff = −0.23 ± 0.04 and σoff = 1.96 ± 0.03.

The on- and off-time CCDFs of EY are appreciably modified
on glass relative to the semiconductor substrate. Both data sets
are well represented by lognormal distributions (Figure 4a,b),

and MLE/KS analysis produces fit parameters that are sensitive
to the substrate (see Table S2 in the Supporting Information).
For example, statistically significant changes to μ and σ are
observed for the on-time CCDFs of EY on glass (i.e., μon = 0.5
± 0.1 and σon = 2.18 ± 0.07) versus TiO2 (i.e., μon = −0.64 ±
0.04 and σon = 1.52 ± 0.02). The corresponding off-time
CCDFs have similar μoff values of approximately −0.2, but σoff
is substantially modified from 1.96 ± 0.03 on glass to 2.43 ±
0.08 on TiO2. Altogether, the blinking behavior of EY is
significantly altered on TiO2 relative to glass. The emission
intensity of EY is reduced in the presence of the semiconductor
and many more blinking events are observed on TiO2 as
compared to glass, consistent with an order of magnitude
increase in ⟨υevent⟩ (i.e., from 0.03 s−1 on glass to 0.3 s−1 on
TiO2). At 20 s, the ton of EY on glass is also much longer
relative to TiO2, consistent with persistent emission from the

Table 1. Best-Fit Parameters and p-Values for Power Law, Weibull, and Lognormal Distributionsa
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α −
α−

t
t
t

1

min min

i
k
jjjjj

y
{
zzzzz

Α−A
B

t
B

e t B
1

( / )Ai
k
jjj y

{
zzz σ π

σ− −μ

t
1
2

e t(ln( ) ) /22 2

tmin (s) α p A B p μ σ p

ON 3.53 2.65 ± 0.04 0.059 0.700 ± 0.004 1.12 ± 0.03 0 −0.64 ± 0.04 1.52 ± 0.02 0.0050
OFF 14.02 2.89 ± 0.04 0.021 0.560 ± 0.004 2.10 ± 0.06 0 −0.23 ± 0.04 1.96 ± 0.03 0

aErrors represent 1 standard deviation.

Figure 4. (A) On- and (B) off-time CCDFs for EY on (black) glass
and (red) TiO2 substrates, presented with (dashed lines) the best fit
to the data by lognormal distributions. CCDFs are derived from CPD
analysis of 127 and 62 blinking traces on glass and TiO2, respectively.
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dye in the absence of the semiconductor. The observation that
the on- and off-time CCDFs of EY are best fit to lognormal
distributions points to a common blinking mechanism for both
substrates though the corresponding fit parameters are distinct.
Monte Carlo Simulations Based on the Albery Model.

Previous single-molecule studies of rhodamines on glass and
TiO2 have shown that the observation of lognormally
distributed on and off events is consistent with the so-called
Albery model for dispersive electron transfer.24 Albery and co-
workers considered that the injection and BET dynamics on
colloidal TiO2 exhibit heterogeneity due to local variations in
the activation energy to photoinduced electron transfer
(ΔGij

⧧).37 In this framework, the activation energies follow a
Gaussian distribution according to ΔGij

⧧ = (ΔG0
⧧)ij + γxkBT,

where i and j are the initial and final states, ΔG0
⧧ is the average

activation energy, γ is the standard deviation of the energy
distribution about ΔG0

⧧, and the variations described by x are
normally distributed. Substitution of this expression into the
Arrhenius equation yields a dispersive rate constant, kij = κij
e−γx, where κij is a first-order rate constant derived from the
average activation barrier (i.e., the ensemble median value;

κ = − Δ ‡
eij

G RT( ) /ij0 ). Thus, the Albery model predicts that kinj
and kBET are lognormally distributed. We note that the time-
dependent concentration of reactants is given by integrating
the first-order rate law across the rate constant distribution to
yield a Laplace transform of a lognormal function, which has
no closed-form expression. Therefore, fitting the on- and off-
time CCDFs to lognormal distributions is expected to report
on the relative rate constants and extent of dispersion rather
than absolute quantities. Indeed, our previous work has shown
that the lognormal fit parameters −μ and σ are proportional to
the average rate constant for electron transfer and kinetic
dispersion, respectively.25 These fit parameters can be
compared across analogous systems (e.g., a series of xanthene
dyes immobilized on the same substrate or one sensitizer
across substrates).
In the context of the Albery model for dispersive electron

transfer, the MLE/KS fitting results for EY demonstrate that
injection to TiO2 occurs on faster timescales relative to glass as
expected (i.e., −μon is 0.64 ± 0.04 for TiO2 and −0.5 ± 0.1 for
glass). The corresponding BET appears to occur on similar
timescales (i.e., −μoff is 0.23 ± 0.04 and 0.2 ± 0.1 for EY on
TiO2 and glass, respectively). The kinetic dispersion in both
processes appears to be larger on glass relative to TiO2.
Although this analysis reports on the relative rate constants and
the extent of dispersion, the lognormal fit parameters
themselves do not yield estimates of κ23, κ31, and γ. To
quantify the timescales and better understand the kinetic
dispersion that is operative in EY-sensitized TiO2, we
performed a series of Monte Carlo simulations based on the
Albery model.
The simulations are based on a simple three-level system

comprising a (1) molecular ground state, (2) molecular excited
state, and (3) non-emissive state due to electron transfer
(Figure 5a). The rate constants for photoexcitation (k12) and
emission (k21) are fixed input parameters that are estimated
from the experimental laser power, the molecular extinction
coefficient at 532 nm (ε532 ∼ 90,000 M−1 cm−1 in ethanol), the
diffraction-limited laser spot size, and the fluorescence lifetime
of EY (i.e., 3.62 ns in ethanol).61 The population and
depopulation of the non-emissive state occur with rate
constants that vary in time according to the Albery model

(i.e., kij = κij e
−γx). Single-molecule population trajectories are

generated by comparing a uniformly distributed random
number to the probability of leaving the occupied state (Pi)
according to Pi = ∑j1 − e−kijt. A photon is added to the
macroscopic 10 ms bin if the random number exceeds P2 and
the fluorescence quantum yield, Φf = k21/(k21 + k23).
Otherwise, the probability of dark-state population via
dispersive electron transfer is tested. Consistent with prior
Monte Carlo simulation studies,24,25,62 when simulations are
run with only static variations in kij (i.e., each simulated
molecule has a different, fixed κij) the resulting emission
trajectories are inconsistent with the empirical blinking
dynamics. When γ is set to zero, the simulation yields simple
first-order kinetics as expected.
These studies build on previous Monte Carlo simulations in

several ways. First, prior studies have employed thresholding to
analyze simulated blinking traces.24,25 Although thresholding is
straightforward to implement and relatively accurate in the
context of first-order kinetics, it is known to produce spurious
short-time events and assumes, rather than determines, the
intensity-state distribution. To circumvent these issues, we
analyzed the simulated blinking traces using the CPD
algorithm for binned data.47,49 Furthermore, parallelization of
both CPD analysis and Monte Carlo simulations enabled us to
reduce runtime and enhance scalability so that a large search
space of the input parameters κ23, κ31, and γ could be tested.48

To model the blinking behavior of EY on glass, we
performed a series of Monte Carlo simulations with k12 and
k21 set to 9.34 × 104 and 2.76 × 108 s−1, respectively,
consistent with the experimental conditions. The median rate
constants, κ23 and κ31, were scanned from 100 to 106 s−1 in half
order-of-magnitude increments and the energetic dispersion
value, γ, was varied from 1 to 5. For each unique set of input
parameters, 20 blinking traces are simulated and analyzed with
CPD to quantify the blinking metrics (i.e., ton, toff, and ⟨υevent⟩),
compile on- and off-time CCDFs, and determine the distance
between the empirical and simulated CCDFs using a KS

Figure 5. (A) Albery model for dispersive electron transfer employed
in the Monte Carlo simulations where the rate constants of injection
(k23) and BET (k31) are lognormally distributed. (B) Representative
simulated blinking dynamics of EY on glass, obtained with κ23 = 103

s−1, κ31 = 100.5 s−1, γ = 3 and 10 ms bin time shown with (red) CPD
analysis. Corresponding (C) on- and (D) off-time CCDFs for (red)
20 simulated traces are in excellent agreement with the (black)
experimental data, consistent with modest Don and Doff values.
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statistic (D). Don and Doff are defined as the maximum distance
between the empirical and simulated on- and off-time CCDFs,
respectively, which can be summarized in a total KS statistic
(i.e., Dtotal = Don + Doff). Since a perfect fit corresponds to Dtotal
= 0, the best simulations are determined by the set of input
parameters that minimize Dtotal and the differences between the
experimental and simulated blinking metrics.
Figure 5b shows a representative simulated blinking trace of

EY on glass obtained using κ23, κ31, and γ set to 103, 100.5 s−1,
and 3, respectively. This simulation appears to capture the
experimental blinking behavior (Figure 2d) though the
intensities are higher than those observed experimentally,
consistent with the <50% detection efficiency of the measure-
ments. Furthermore, the blinking metrics collected from 20
simulations (i.e., ton = 11.2 s, toff = 10.3 s, and ⟨υevent⟩ = 0.040
s−1) are equivalent within error to the experimental data for EY
on glass. Corresponding simulated CCDFs are presented in
Figure 5c,d, which show excellent agreement to the
experimental distributions, consistent with the smallest
observed Dtotal value of 0.265 (see Figure S2 and Table S3
in the Supporting Information). Altogether, Monte Carlo
simulations based on the Albery model can reproduce, both
qualitatively and quantitively, the blinking dynamics of EY on
glass.
Transitioning from glass to the semiconductor substrate, κ23

and κ31 are expected to be significantly faster on TiO2,
consistent with previous ensemble-averaged studies by Graẗzel
and co-workers who estimated kinj and kBET at 3.8 × 1012 and 2
× 105 s−1, respectively.39,45 Therefore, we performed Monte
Carlo simulations of EY on TiO2 with values of κ23 ranging
from 108 to 1012 s−1, κ31 from 102 to 106 s−1, and γ between 1
and 5. Indeed, simulations outside this test region produced
emission trajectories inconsistent with the experimental data
(e.g., long-lived emission events or no emission at all). Table 2
summarizes the simulations that best represent the empirical
data for EY on TiO2. Several simulations successfully
reproduce one or more blinking metrics. For example, the
set of simulations with κ23, κ31 and γ set to 1012 s−1, 105 s−1,
and 2.5, respectively, yield ton and toff values that match the
experimental metrics. However, the corresponding ⟨υevent⟩ is
off by an order of magnitude and Dtotal is 0.935. These results
highlight the practical advantage of performing simulations and
CPD analyses in parallel, which enabled thousands of
simulations to be completed and evaluated in the hours-to-
days’ timeframe. In doing so, the search space could be quickly
narrowed down to a smaller test region corresponding to κ23 ∼
1010 s−1, κ31 ∼ 104 s−1, and γ ∼ 2.5 (see Figure S3 in the
Supporting Information).
Figure 6a shows a representative simulated blinking trace of

EY on TiO2 obtained using κ23, κ31, and γ values of 1010, 5 ×

103 s−1, and 2.5, respectively. The simulated trace is a good
qualitative description of EY blinking on TiO2 (Figure 2b),
which is quite distinct relative to the glass substrate.
Corresponding blinking metrics collected from 100 simulations
with these input parameters are ton = 2.0 s, toff = 1.0 s, and
⟨υevent⟩ = 0.45 s−1, equivalent within error to the empirical data.
Furthermore, this simulation produced the smallest Dtotal of
0.492. This observation supports the interpretation that the
blinking dynamics of EY on TiO2 are consistent with the
Albery model for dispersive electron transfer, similar to
previous findings for rhodamines on TiO2.

25 Nonetheless,

Table 2. Simulated Blinking Metricsa

κ23 (s
−1) κ31 (s

−1) γ ⟨ton⟩ (s) ⟨toff⟩ (s) ⟨υevent⟩ (s
−1) Don Doff Dtotal

109 103 2.5 1.3 ± 0.3 0.4 ± 0.1 1.2 ± 0.2 0.227 0.400 0.627
1010 5 × 103 2.0 3 ± 1 0.4 ± 0.1 0.6 ± 0.2 0.178 0.413 0.591
1010 5 × 103 2.5 2.0 ± 0.9 1 ± 1 0.7 ± 0.2 0.247 0.245 0.492
1010 5 × 103 3.0 1.7 ± 0.6 2.2 ± 0.4 0.5 ± 0.1 0.340 0.174 0.514
1010 5 × 103 3.5 1.0 ± 0.9 4 ± 2 0.3 ± 0.1 0.457 0.074 0.531
1010 104 2.5 1.4 ± 0.3 0.46 ± 0.09 1.1 ± 0.2 0.200 0.392 0.592
1012 105 2.5 2 ± 7 30 ± 20 0.07 ± 0.05 0.548 0.387 0.935
experiment 2 ± 1 10 ± 10 0.3 ± 0.2 N/A N/A N/A

aErrors correspond to standard deviation from the mean.

Figure 6. (A) Simulated blinking of EY on TiO2 obtained using κ23 =
1010 s−1, κ31 = 5 × 103 s−1, and γ = 2.5 with (red) CPD analysis. (B)
On- and (C) off-time CCDFs corresponding to (black) empirical and
(red) simulated data as γ is increased in half increments from (red)
2.0 to (pink) 3.5.
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some disparities between the experimental and simulated
CCDFs remain. We observed that individual Don and Doff
values could be further optimized if the extent of energetic
dispersion in the injection (γ23) and BET (γ31) processes is
different.
Figure 6b shows the simulated on- and off-time CCDFs

corresponding to κ23 = 1010 s−1 and κ31 = 5 × 103 s−1, with γ
values ranging from 2.0 to 3.5. As γ is increased, the simulated
on-time CCDF is more divergent from the experimental
distribution (i.e., Don is increased from 0.178 to 0.457).
However, the simulations at γ = 3.5 produce the best match to
the experimental off-time CCDF, consistent with a minimized
Doff value of 0.074. Taken together, Monte Carlo simulations
with κ23 = 1010 s−1 and κ31 = 5 × 103 s−1 best reproduce the
blinking dynamics of EY on TiO2. However, Table 2
demonstrates that there is some uncertainty in these values
as similar input parameters (e.g., κ31 of 5 × 103 s−1 vs 104 s−1)
produce comparable blinking metrics in terms of ton and toff .
These values are therefore considered to be order-of-
magnitude estimates. Energetic dispersion in the electron
transfer processes is approximately 2.5 and the best match to
the empirical data is achieved with γ23 = 2.0 and γ31 = 3.5. This
means that in the context of the Albery model where x is
drawn from a standard normal distribution, 99.7% of the k23
values fall between 2.5 × 107 and 4.0 × 1012 s−1. These findings
are consistent with a prior ensemble-averaged study that
observed multiphasic injection kinetics from EY to TiO2 with a
rough estimate of the fastest kinj to be on the order of 1012

s−1.45 The corresponding BET from TiO2 is considerably
slower, consistent with the literature,39 with most k31 values
spanning 0.14 to 1.8 × 108 s−1.
Ultimately, Monte Carlo simulations based on the Albery

model successfully reproduce the blinking behavior of EY and
provide for quantification of the dispersive kinetics occurring
in the system. Importantly, this is accomplished with a simple
three-level system for dispersive electron transfer without the
need to include injection from T1. Therefore, our Monte Carlo
simulations support the interpretation that the blinking of EY
on TiO2 occurs due to injection from S1 and the corresponding
BET to repopulate S0. This observation suggests that injection
from multiple excited states (both S1 and T1) does not
appreciably contribute to the dispersive electron transfer
kinetics of EY on TiO2 and instead points to environmental
origins.
Environmental versus Photophysical Origins of

Kinetic Dispersion. To further test the hypothesis that
kinetic dispersion in EY-sensitized TiO2 is predominately
governed by environmental, not photophysical, heterogeneity,
we examined the blinking behavior of EY alongside R123 and
5ROX, which do not possess heavy atoms and inject only from
S1 (Figure 1,

1R123*/+ = −1.13 V and 15ROX*/+ = −0.81 V vs
NHE).25 The blinking dynamics of 98 and 146 molecules of
R123 and 5ROX on TiO2, respectively, were recorded and
analyzed using CPD. Blinking statistics for R123 and 5ROX
are shown in Table S4 of the Supporting Information. Figure
7a,b presents the on- and off-time CCDFs of EY, R123, and
5ROX on TiO2, with corresponding best fits to lognormal
distributions as determined by the MLE/KS method.
The fit parameters of the on-time CCDFs are distinct for EY

(i.e., −μon = 0.64 ± 0.03 and σon = 1.52 ± 0.02) versus R123
and 5ROX (i.e., −μon ∼ 0.3 ± 0.1 and σon ∼ 1.63 ± 0.07).
These results demonstrate that the injection of EY to TiO2
occurs on faster timescales and with somewhat less kinetic

dispersion relative to R123 and 5ROX. That is, when access to
the T1 state is minimized in going from EY to R123 and
5ROX, kinetic dispersion is actually increased. These changes
are even more dramatic for the off-time CCDFs, where the fit
parameters are significantly modified from −μoff = 0.23 ± 0.04
and σoff = 1.96 ± 0.03 for EY to −μoff = 0.0 ± 0.1 and σoff = 2.4
± 0.1 for 5ROX and −μoff = −0.3 ± 0.1 and σoff = 2.44 ± 0.09
for R123. Therefore, BET is faster and considerably less
dispersive for EY on TiO2 as compared to the rhodamines. The
observation that EY exhibits less kinetic dispersion in both the
injection and BET dynamics relative to the rhodamines is
consistent with the Monte Carlo simulation results, which
successfully modeled the blinking of EY using a three-level
system involving injection only from S1. Collectively, these
results support the interpretation that environmental hetero-
geneity, not electron transfer from both S1 and T1 states, is
predominately responsible for kinetic dispersion at the EY−
TiO2 interface.
To determine the physical origin of these environmental

inhomogeneities, we considered the Albery model within the
framework of the Marcus−Gerisher theory for interfacial
electron transfer.10,11,63 In the Marcus−Gerischer theory, the
discrete states of an adsorbed dye sensitizer [W(E), eq 1] can
be expressed in terms of ΔG0

⧧, the driving force (ΔG0), and the
reorganization energy (λ).

λ
λ

=
πλ

−Δ

=
πλ

−[Δ + ]

‡
W E

k T
G

k T

k T
G E

k T

( )
1

4
exp

1
4

exp
( )

4

B

0

B

B

0 2

B

i

k
jjjjj

y

{
zzzzz

i
k
jjjjj

y
{
zzzzz

(1)

∫∝ −k V f E E g E W E E(1 ( , )) ( ) ( )dET
2

f (2)

Figure 7. (A) On- and (B) off-time CCDFs for EY, R123, and 5ROX
on TiO2, presented with best fits to lognormal functions (EY = red,
dashed; R123 = green, squares; 5ROX = blue, circles).
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In this formalism, the rate constant for electron transfer (ket,
eq 2) is determined by the electronic coupling between states
(V) and the energetic overlap between W(E) and the
exponentially distributed density of semiconductor states
[g(E) ∝ e−E/E0]. f(E,Ef) is a Fermi-Dirac term that accounts
for the electronic occupancy of the semiconductor. It is
important to note that the Marcus−Gerischer theory yields a
single ket, which is inconsistent with the observation of
dispersive electron transfer kinetics as is the case for EY-
sensitized TiO2. To account for kinetic dispersion, we must
consider the variations in V, W(E), and g(E) that may be
operative.
Previous studies by Lian and co-workers demonstrated that

the multiphasic injection kinetics of Ru(dcbpy)2(SCN)2-
sensitized ZnO could be modeled using a Gaussian
distribution of electronic coupling between the π* orbital of
the Ru N3 dcbpy ligand and the accepting orbital in the
semiconductor.12 However, a Gaussian distribution of V is
inconsistent with the observation of lognormal distributions
predicted by the Albery model. Furthermore, Tachibana et al.
demonstrated that heterogeneity in V cannot alone be
responsible for the broad range of injection timescales
observed on anatase nanocrystalline TiO2 films.13 Therefore,
although inhomogeneities in V at the EY−TiO2 interface are
probable, they are unlikely to govern the observed kinetic
dispersion.
In their original paper, Albery and co-workers considered the

lognormal distributions of ket to arise from site-to-site
variations in ΔG0

⧧ that occur due to a distribution of TiO2
particle sizes and surface charges. More recently, Durrant and
co-workers modeled the non-exponential injection kinetics of
Zn porphyrin and Ru(II) complexes on TiO2 by considering
variations in g(E) ∝ e−E/E0, which occur from local
inhomogeneities in size, charge, and defect density on the
TiO2 surface.

13,19 We note that their approach is mathemati-
cally equivalent to Albery’s model. In other words, the Albery
model is a simple framework to account for energetic
fluctuations at the dye−semiconductor interface arising from
relative shifts of either the dye [W(E)] or semiconductor states
[g(E)]. As such, we can utilize the simulation results to
estimate the extent of energetic dispersion. Monte Carlo
simulations employing an energy distribution with a standard
deviation of ∼2.5 best reproduced the empirical data for EY on
TiO2, with individual values corresponding to γ23 = 2.0 and γ31
= 3.5. Therefore, the energetic fluctuations relative to the
reported E0 values for TiO2 (i.e., ∼100 meV)64 are
approximately 200 and 350 meV for the injection and BET
processes, respectively. Energetic dispersion on the order of
hundreds of meV is consistent with prior studies of inorganic
sensitizers on TiO2,

13,19 which was attributed to static (i.e.,
site-to-site) variations across the sample.
To examine the physical origin of these energy fluctuations,

the contributions from both static and dynamic inhomogene-
ities at the EY−TiO2 interface must be considered. Prior
studies have shown that site-to-site variations in particle radii,
surface charge, crystal faces, defect density, and binding site are
present across anatase nanocrystalline TiO2 films, which can
yield significant shifts in the relative energies of g(E) and
W(E).10,11,13,23,65 While some local variations are surely
present within the sintered anatase films employed in this
study, our Monte Carlo simulations require dynamic
fluctuations (i.e., changes to kET at one site with time) to
reproduce the empirical blinking behavior of EY. Dynamic

variations in g(E) seem unlikely since the measurements are
taken in the absence of a solvent/electrolyte system. However,
dynamic fluctuations in W(E) via vibrational motion or
changes in binding configuration may be operative. For
example, Zhang et al. demonstrated that the hydrogen-bonded
monodentate and bidentate bridging adsorption geometries of
EY on TiO2, which are separated in energy by ∼100 meV, can
be manipulated by adding a small amount of water.66 Thus,
small quantities of adsorbed water at the dye−TiO2 interface
may result in dynamic changes to the binding configuration
and W(E). Our observation that the faster injection process is
less dispersive relative to BET may be a consequence of less
residence time in the molecular excited state for such dynamic
fluctuations to occur. The presence of interfacial water would
also influence the reorganization energy and coupling between
the excited and charge-separated states though the observation
of lognormal distributions suggests that these factors do not
drive the kinetic dispersion. Ultimately, by probing EY-
sensitized TiO2 one molecule at a time, we find that kinetic
dispersion is substantial, varying by 5 to 8 orders of magnitude
in time and governed by both static and dynamic
inhomogeneities at the dye−semiconductor interface and not
injection from multiple excited states. It would be interesting
to further study the static disorder and dynamic fluctuations
(e.g., through single-molecule measurements on rutile and
anatase single crystals or covalent attachment of EY to TiO2 via
phosphonic-acid linkages) though such measurements are
beyond the scope of the present study.

■ CONCLUSIONS
Elucidating the extent and origin of kinetic dispersion at the
dye−semiconductor interface is important for the future
optimization of DSSCs and DSPECs. By removing the effects
of ensemble averaging and molecular aggregation, we
untangled the various factors that contribute to kinetic
dispersion in EY-sensitized TiO2, specifically focusing on
sample heterogeneity versus competition between injection
and excited-state relaxation. Single-molecule blinking measure-
ments reveal that the on- and off-time CCDFs for EY on TiO2
are best represented by lognormal distributions, with fit
parameters that are sensitive to the substrate and the sensitizer.
We show using Monte Carlo simulations that the observation
of lognormal distributions is consistent with the Albery model
for dispersive electron transfer, where energy fluctuations at
the dye−semiconductor interface that arise from relative shifts
of either the dye or semiconductor states are normally
distributed. By studying two rhodamine sensitizers that do
not possess heavy atoms and inject only from S1, we
demonstrate that competition between injection and inter-
system crossing to T1 does not govern the kinetic dispersion of
EY. Indeed, Monte Carlo simulations based on the Albery
model, with injection occurring from S1, successfully reproduce
the blinking behavior of EY on TiO2 using a median kinj of
∼1010 s−1, kBET of ∼104 s−1, and a corresponding energetic
dispersion of ∼200−350 meV. Although site-to-site variations
across the nanocrystalline TiO2 film certainly contribute to this
energetic dispersion, our results suggest that dynamic
fluctuations in binding configuration and/or vibrational
motion play a decisive role. Collectively, this study reveals
the tremendous static and dynamic inhomogeneities present at
the dye−TiO2 interface even without the presence of a redox
mediator or catalyst for chemical fuel generation. This
molecular-level study highlights some of the fundamental
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limitations to minimizing unwanted kinetic dispersion and
motivates further investigations of covalently attached photo-
sensitizers in the presence and absence of a supporting
electrolyte.
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