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Abstract: Single-molecule interfacial electron transfer (ET) dynamics has been studied by using single-
molecule fluorescence spectroscopy and microscopic imaging. For a single-molecule zinc-tetra (4-
carboxyphenyl) porphyrin (ZnTCPP)/TiO, nanoparticle system, the single-molecule fluorescence trajectories
show strong fluctuation and blinking between bright and dark states. The intermittency and fluctuation of
the single-molecule fluorescence are attributed to the variation of the reactivity of interfacial electron transfer.
The nonexponential autocorrelation function and the power-law distribution of the probability density of
dark times imply the dynamic and static inhomogeneities of the interfacial ET dynamics. On the basis of
the power-law analysis, the variation of single-molecule interfacial ET reactivity is analyzed as a fluctuation

according to the Lévy statistics.

Introduction

Interfacial electron transfer (ET) between dye molecules and
semiconductors has attracted considerable attention because of
the extensive applications in solar energy conversion,' ’
photocatalysis,g_ll and molecular devices.'>” !> Interfacial ET
typically involve significant inhomogeneous dynamics and
complex local environment®'®"'® that are often difficult to
analyze by traditional ensemble-averaged experiments. Single-
molecule spectroscopy,?’ >® which is correlated with fluores-
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cence imaging and advanced photon-stamping technique, is
capable of probing the complex systems and revealing a real-
time landscape of dynamics.

Interfacial ET dynamics between dye and wide band gap
semiconductors, such as Ti0,,>?°~%° Sn0,*'~** and ZrQ,***~4’
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have been widely studied. Due to the energy difference between
the lowest unoccupied molecular orbital (LUMO) of the dye and
the conduction band (or surface states) of the semiconductors,
electrons from the excited-state of dye molecules involve forward
electron transfer (FET) into the conduction band or the energetically
accessible surface states of the semiconductor nanoparticles (NPs)
in a time scale ranging from femtoseconds to several hundred
picoseconds,>>29-33736:404546 The injected electrons perform a
complex trapping and detrapping, non-Brownian motion and
scattering process before recombination with parent cations or
diffuse away to generate photovoltaic potential energy.*®** These
complex physical processes yield a backward electron transfer
(BET) process taking a longer time at about subnanoseconds to
several milliseconds.?*3>340434Dye to the complexity, the
BET dynamics have been found having complex kinetics of
single exponential,”® multiexponential,***7->' % and stretched
exponential.*>3°~%° For efficient dye-sensitized solar cells,
fast electron injection and diffusion toward metal electrode,
but not for carrier recombination, are desirable. A molecule-
level understanding of interfacial ET dynamics is essential
for surface chemistry, catalysis, and solar energy science.

In our previous reports, the fluorescence fluctuation dynamics
for Coumarin 343 (or Cresyl Violet)/TiO, systems were found
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to be inhomogeneous from molecule to molecule and from time
to time, showing significant static and dynamic disorders in the
interfacial ET reaction.® The origin of the fluorescence fluctua-
tion was attributed to interfacial ET reactivity fluctuation and
intermittency at the single molecule/TiO, nanoparticle interfaces.
In this work, real-time interfacial ET dynamics have been
studied based on single-molecule zinc-tetra (4-carboxyphenyl)
porphyrin (ZnTCPP)/TiO, nanoparticle system by using single-
molecule fluorescence imaging and photon-stamping technique.
The energy difference (AE) between LUMO of ZnTCPP (3.4
+ 0.2 eV) and the conduction band of TiO, (4.4 4+ 0.2 eV)
makes charge injection efficient at the ZnTCPP/TiO, interface.®®
Ensemble experiments indicate that the electron injection
dynamics is multiexponential and ultrafast,’? as fast as: (i) less
than 100 fs (injection yield, 0.37); (ii) 1.1 £ 0.4 ps (0.12); or
(iii) 8.5 £ 2 ps (0.51). Under a visible light illumination,
photocurrent measurements indicate that a high photon-to-
current conversion efficiency can be obtained for the ZnTCPP/
TiO, system.67 Therefore, we select this system as a model
system to probe the inhomogeneous properties that is critical
for a mechanistic understanding of fundamental interfacial
electron transfer dynamics by using single-molecule spectros-
copy approaches. Combining statistical analysis and single-
molecule fluorescence spectroscopy, we demonstrate a charac-
terization of the reactivity fluctuation and inhomogeneity of the
interfacial electron transfer dynamics inZnTCPP/TiO, nanoparticles.

Experimental Section

Materials and Sample Preparation. Ethanol and poly(meth-
ylmethacrylate) (PMMA) (MW 15000) were purchased from
Aldrich, and Dichloromethane and ZnTCPP were purchased from
EMD chemicals and Frontier Scientific, respectively. All the
chemicals were used as received. TiO, nanoparticles were prepared
using titanium isopropoxide as precursor according to a literature
protocol.®® The average size of the TiO, nanoparticles was about
10 to 15 nm, as determined by AFM. Sample preparations for the
single-molecule experiments are similar to our previous procedure.’
Twenty-five microliters of 0.1 nM ZnTCPP in ethanol solution was
first spin-coated to a clean coverslip (Fisher, 18 mm x 18 mm,
thickness ~170 um) at 3000 rpm and overlaid by spin-coating 50
uL. PMMA (in CH,Cl,, 1 mg/mL). For a control experiment, 50
uL TiO, NP solution was first spin-coated on the coverslip and
then overlaid by 0.1 nM ZnTCPP and PMMA film.

Single-molecule Fluorescence Spectroscopy and Imaging.
Single-molecule fluorescence spectroscopy and imaging were
recorded by Axiovert 135 inverted scanning confocal microscope,
equipped with a 100 x 1.3 NA oil immersion objective (Zeiss
FLUAR). A continuous-wave (CW) laser (532 nm, CL-2000 diode
pumped crystal laser, Crystalaser) was used to pump the sample
at about 200 nW. A beam splitter Z532rdc (Chroma) was used to
reflect the excitation light into the objective. The emission light
passed through the emission filter HQ5451p (Chroma, for ZnTCPP,
the emission wavelength typically ranges from 570 to 750 nm) and
collected by a single-photoncounting avalanche photodiode (APD)
detector (Perkin-Elmer SPCMAQR-14). Photon-stamping data was
recorded by a time-correlated single photon counting (TCSPC)
system (SPC-830, Becker & Hickl GmbH) in a FIFO mode. For
the single-molecule polarization experiment, a half-wave plate was
rotated at a fixed frequency to change the polarization angle of the
excitation laser beam. The time-resolved control experiment was
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Figure 1. (A and B) 3-Dimension optical images for single ZnTCPP molecules on a cover glass and a TiO, nanoparticle covered surface. Size: 10 um x
10 um. A typical single-molecule fluorescence emission trajectory of ZnTCPP on a cover glass surface is shown in (C). (D and E) Typical single-molecule
fluorescence emission trajectories of ZnTCPP on TiO, NP surface. The binning time is 10 ms. Histograms of the emission intensity are given to determine

the threshold for dark states and bright states.

performed by a picosecond pulse laser (532 nm, Coherent Antares,
YAG) with a repetition frequency of 76 MHz.

Results and Discussion

Figure 1A and B are the optical images for single ZnTCPP
molecules on a cover glass and a TiO, nanoparticle covered
surface, respectively. Figure 1D and E show the typical single-
molecule fluorescence emission trajectories for ZnTCPP on TiO,
NP surface (the binning time is 10 ms). Comparing the
continuous emission on the glass surface in Figure 1C, both
trajectories show strong fluctuation with dark time ranging from
subseconds to seconds.

We have identified that the single-molecule fluorescence
intensity fluctuation is not due to triplet state or single-molecule
rotational or translational motions during the measurements. The
triplet state lifetime of the dye ZnTCPP is about 1.6 ms® and
hence, the triplet blinking is not responsible for the long dark
times (Figure 1D and E). Moreover, we have performed a single-
molecule polarization experiment for single-molecule ZnTCPP
on TiO, NP surface to check whether the fluorescence fluctua-

(69) Kalyanasundaram, K.; Vlachopoulos, N.; Krishnan, V.; Monnier, A.;
Gritzel, M. J. Phys. Chem. 1987, 91, 2342-2347.

tion is due to molecule rotation or translation motions.2>27-70-7!

Figure 2A shows the fluorescence fluctuation from time to time
and under a deep-sine modulation as the laser polarization is
modulated by a half-wave plate rotation at ~ 0.2 Hz. This result
indicates that the single molecule fluorescence is from a single
transition dipole and the phase represents the orientation of the
transition dipole. We analyzed the phase of two periods 1 and
2 and found they remained the same even after a few
fluorescence intensity fluctuations (Figure 2B and C), which
suggests that the orientation of the single molecule transition
dipole has not changed during the measurement. Specifically,
the single molecule maintains its transition dipole orientation
through a number of fluorescence intensity fluctuations. Dif-
ferent from periods 1 and 2, both 3 and 4 involve in a deep
intensity dip in their phase but the molecule still holds the phase
after the dip. This result suggests that the transition dipole
orientation of the single molecule ZnTCPP does not change
significantly during the measurement, and the fluctuation of
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Figure 2. Single-molecule fluorescence polarization profile for ZnTCPP
on TiO, NP surface. (A) Single-molecule fluorescence trajectory with deep
sine-modulation. Two typical sine-modulated periods 1 and 2 are specified.
Part of the trajectory from O to 18 s is zoomed in and inserted, which
highlights two special periods 3 and 4. (B and C) Photocounts-phase
relationship for period 1 and 2 that is specified in (A).

fluorescence trajectory is not due to single molecule rotation or
translation motions. On the basis of above discussion, we
conclude that the dark state in the fluorescence trajectory is due
to ET process with high activity quenching the fluorescence,
and the bright state is due to natural fluorescence emission cycles
from S; — S and low activity in ET process. This conclusion
is consistent with our reported findings on single-molecule
interfacial electron transfer of Coumarin 343/TiO, and Cresyl
Violet/TiO, systems.’

To further prove our attribution of that the single-molecule
fluorescence fluctuation is due to the ET reactivity fluctuation,
we have measured the single-molecule fluorescence lifetimes
by single-molecule time-resolved fluorescence photon-stamping
experiments.® In a single-molecule photon-stamping measure-
ment, the chronic arrival time and the delay time from the laser
pulse excitation are recorded for each detected photon (Figure
3A and C). Each data point in Figure 3A and C represents a
detected photon with recorded delay time (y-axes) and chronic
arrival time (x-axes). A distribution along the y-axes gives a
typical single-molecule fluorescence decay curve, and a binning
along the x-axes gives a typical single-molecule fluorescence
intensity trajectory. We analyzed the single-molecule fluores-
cence lifetime for both the higher-level emission intensity and
lower-level emission intensity. The emission intensity in a
trajectory is separated to higher level and lower level based on
a threshold of 20 photon-counts/10 ms (Figure 3B). In Figure
3A and C, two dimension photon-stamping data, including
arriving time and delay time for each photon, are displayed for
a typical bright state (in “pink”, 0.34—0.77 s) and a dark state
(in “purple”, 15.73—17.00 s). Though the lifetimes of these two
typical blinking events are different, for whole trajectory, the
lifetimes for high-level and low-level emission are very close
(Figure 3D), and only the pre-exponential amplitudes are
different. This means the fluorescence intensity is determined
by the fraction of time in which the interfacial ET occurs but
not the ET rate. The above lifetime analysis also is consistent
with the single-molecule lifetime fluctuating trajectory (Figure

1482 J. AM. CHEM. SOC. = VOL. 131, NO. 4, 2009
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Figure 3. Single-molecule fluorescence decay profile of ZnTCPP on TiO,
NP surface. Photon-stamping data (including arriving time and delay time
for each photon) for typical high emission intensity state (in pink) and low
emission intensity state (in purple) are displayed in (A) and (C), respectively.
(B) Using 20 photocounts/10 ms as threshold, the emission trajectory is
separated to higher level (1) and lower level (2) periods. In (D), fluorescence
decay profile for duration 1 and 2 are shown, and the decay times are 1.75
and 1.6 ns, respectively. (E) Single-molecule lifetime fluctuating trajectory
of the same molecule from 0 to 26 s.

3E, the same single molecule), which shows fluctuation in a
typical range of 1.2 to 2.5 ns. The nanosecond fluctuating
amplitude in lifetime trajectory and the strong fluctuation of
fluorescence trajectory imply that though the ultrafast FET can
not be directly time-resolved by single molecule experiment,
the ET reactivity can be reflected by the fluorescence fluctuation.
With ET reactivity fluctuating, fluorescence can show dramatic
fluctuations and give bright and dark states. However, averagely,
the range of the lifetime changes does not suggest the redox
state change of the dye molecules, that is, the detected photons
are all from the neutral dye molecules of ZnTCPP but not from
its oxidized state ZnTCPP*.

Therefore, for ZnTCPP/TiO, system, although ET rate is
ultrafast in average, the fluorescence is not completely quenched.
With the ET reactivity fluctuating from time to time, the
individual molecules show fluorescence blinking and they are
still observable in the single-molecule imaging at a single photon
counting sensitivity.> The ET activity is intermittent in nature
and does not always dominate the excited state process of the
ZnTCPP/TiO, system.

The results shown in Figure 3 also suggests that the
fluorescence intensity blinking behavior is not due to the
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Figure 4. Schematic presentation of energy levels and basic photoinduced
process in ZnTCPP/TiO, system. CB: conduction band; VB: valence band;
FET: forward electron transfer; BET: Backward electron transfer; ISC:
intersystem crossing. The dark state on the left is due to that the high ET
reactivity quenches the photon emission and the dark state on the right is
due to the triplet state of ZnTCPP.

individual event of interfacial ET at subsecond to second time
scale associated with detected ZnTCPP state (high fluorescence
intensity) and the nonfluorescent or low fluorescent cation
oxidized state of ZnTCPP. This is because that the fluorescence
lifetime of reduced and oxidized states of single-molecule
ZnTCPP should be different significantly, that is, the reduced
ZnTCPP fluorescence lifetime is at ns time scale, and the
oxidized ZnTCPP cation fluorescence lifetime is at subns to ps
time scales. Our control experiments support the conclusion that
(1) the single-molecule interfacial electron transfer is ultrafast
and not directly time-resolved by our single-molecule photon-
stamping measurements; (2) the single-molecule fluorescence
intensity fluctuation reflects the single-molecule interfacial
electron transfer reactivity fluctuation; (3) when the interfacial
electron transfer activity is low, the S; — S, radiative emission
dominates the signal, and the detected fluorescence intensity is
high giving the bright states; (4) whereas, when the interfacial
electron transfer activity is high, the electron transfer quenches
the S; — Sy radiative transition, and the detected fluorescence
intensity is low giving the dark states. Therefore, (5) the
variations of the dark times represent the single-molecule ET
reactivity fluctuation; statistically, a longer dark time represents
a higher reactivity, and vise versa.

The molecular fluorescence intensity is typically characterized
by the fluorescence quantum yield (Q) of the molecules. The
value of Q is determined by the ratio of the number of emission
photons to the number of excitation photons absorbed. Since
the intensity of the CW laser is stable and has almost no drift
with time, the excitation photon flux is thereby held stable.
Furthermore, the rotation motions of ZnTCPP molecules are
rare events within seconds as we have shown (Figure 2), the
absorbed photon number is also held stable. Therefore, the
single-molecule fluorescence intensity fluctuation, reflected by
Q value fluctuation, is due to the emission photon number
density fluctuation. Once an excitation photon is absorbed, a
single molecule ZnTCPP is excited from S, ground-state to the
S excited state (Figure 4). The probability of an emission
transition from the S; excited-state depends on both radiative
decay rate constant k.4 and nonradiative decay rate constant,
kur, and is given by the relation, Q = ko/(kiaa + knp). If there is
no nonradiative decay process (k,, = 0) or the nonradiative decay
is much slower than the radiative decay (k,, < k.,q), then the Q
= 1 and the chromophore is bright. If the nonradiative decay is
much faster, then the Q — 0 and the chromophore is dark. Since
there is always a nonradiative decay process, and the decay time

can be comparable to the radiative decay time, the Q has a finite
value between 0 and 1. In a ZnTCPP/TiO; nanoparticle system,
the k.4 is the reciprocal fluorescence lifetime of ns, and k,, is
dominated by FET time of fs to ps as both the internal
conversion from S; to Sy (ns—us) and the intersystem cross from
S; to T, state (several ns) are much slower (Figure 4). The
natural fluorescence lifetime is unlikely to fluctuate at ms to
seconds under the single-molecule experimental condition;
therefore, it is the k, fluctuation that contributes to the Q
fluctuation which in turn contributes to the fluorescence intensity
fluctuation (Figure 1).

It is still not technically possible to measure the subps and
fs single-molecule electron transfer dynamics directly, al-
though measurements of the ultrafast single-molecule excited-
state dynamics has been demonstrated.”® In our single-
molecule fluorescence spectroscopy experiments, what has
been measured is the nanosecond emission photons from the
S| — Sy radiative transition, which is related to the quantum
efficiency of the excited-state involving in FET as a
dominated nonradiative transition, radiative transition, and
intersystem cross transition from the singlet S; excited-state
to the triplet state (Figure 4). In other words, it is the S; —
So nanosecond transition that serves as a clock to regulate
the decay pathway of the excited-state of ZnTCPP: the FET
time apparently fluctuates in a wide time scale from fs to ns
or even slower. This is because that if the FET as a
nonradiative decay is constant in a fs to ps time scale, the
excited-state radiative emission efficiency at ns time scale
should be as low as 1073 to 107, and the single molecules
should be essentially nonfluorescent or not observable by
photon detection. However, we have observed that the single-
molecule fluorescence intensity is blinking between the dark
states and bright states. When the nonradiative FET process
is much faster than the nanosecond radiative decay, the single
molecule is dark; when the nonradiative FET process is much
slower than the nanosecond radiative decay, the single-
molecule is bright; when the nonradiative FET time is
comparable to the nanosecond radiative decay, the single-
molecule fluorescence state is in between bright and dark
states. The comparative nonradiative and radiative decay
processes determined the fate of the excited states, and in
turn determined the brightness of the single molecules. The
fluctuation of the single-molecule emission intensity is a
reflection of the rate fluctuation of the nonradiative FET
process; and the fluctuation of the FET dynamics is practically
probed by the nanosecond radiative decay process in
determining the fluorescence quantum efficiency.

To analyze the single-molecule interfacial electron transfer
dynamics that is associated with the fluctuation of the single-
molecule fluorescence trajectories, we have performed sta-
tistical analysis on the stochastic durations of the dark states
in which the high ET activity takes place. For a single-
molecule fluorescence trajectory, a histogram of emission
intensity is first constructed and then a threshold is deter-
mined (Figure 1D and 1E). The time durations of the dark
states or bright states are then obtained. Figure 5A and B
show the distributions of the time durations of the dark states
for a single molecule (shown in Figure 1D) and 29 molecules,
respectively. The duration of the dark states spans a broad
range from subseconds to seconds. It is interesting that, for
the single molecules, non-Poisson behavior is observed

(72) Lu, H. P.; Xie, X. S. J. Phys. Chem. B 1997, 101, 2753-2757.
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Figure 5. Distributions of occurrence (A and B) and probability density (C and D) of dark state for 1 molecule and 29 molecules. In (A) and (B),
the occurrence and dark time are plotted in a semilog to linear scale. There are about 240 and 20K dark states recorded for single molecule (A) and

29 molecules (B), respectively.

evidenced by a nonexponential dark time distributions shown
in Figure 5A and 5B. This non-Poisson dark-time distribution
suggests that the intrinsic physical mechanism is not origi-
nated from a single Poisson event under an exponential rate
dynamics, which reflects that the interfacial ET involves
complex rate process that cannot be defined by a static rate
constant and the rate changes from time to time. This
fluctuation behavior has been characterized as dynamic
disorder,*'®7>7*7>which is beyond the conventional scope
of chemical kinetics.

To analyze the ET reactivity fluctuation dynamics associ-
ated with the non-Poisson dark time distributions, we have
constructed the probability density’® distributions of the dark
states (P(tgux) = Occurrence(?)/Ar). Each data point of the
histogram is weighted by the average time between nearest
neighbor events. The calculated log—log plots (Figure 5C
and 5D) of the single-molecule dark-time probability density
distributions show typical power-law behavior, which can
be mathematically described as P(tgax) U tgai¢=*. This power-
law kinetics quantitatively demonstrates that the dark time
probability density distributions are nonexponential and
should correspond to non-Poisson dynamics associated with
dynamically inhomogeneous ET activity, that is, the ET
reaction activity fluctuates from time to time. Power-law
behaviors have been extensively investigated in emission
blinking dynamics of quantum dots and other single
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emitters.”* %" Distributed-traps model and diffusion con-
trolled models have been proposed to rationalize the power-
law behavior of quantum dots.®'*? The former model
proposed the quantum dots enter dark state once it loses an
electron into the surface traps and become bright again after
a nonradiative Auger recombination. The latter model sug-
gests the blinking is controlled by the diffusion of the energy
of electron or trap state, and the model agrees well with the
experimental results. For the power-law behavior in single
molecule blinking, power-law-distributed dark states are
found to be the main pathway of photobleach for single or-
ganic molecules,® and it has been suggested that the power-
law blinking of organic molecules seems to require dynamic
disorder dynamics.®* Power-law dynamics has also been
observed existing in the vibrational mode fluctuation of single
protoporphyrin IX (FePP) molecule from surface-enhanced
Raman scattering.®> Connected with experiment, the origin
of power-law distribution in single-molecule conformation
dynamics has been theoretically studied.”*° In our experi-
ment, the power-law statistical behavior is intrinsically
determined by the interfacial ET dynamics. For ZnTCPP/
TiO, system, the power-law behavior reflects the disorder
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Figure 6. (A) Histogram of power-law exponents for 28 ZnTCPP molecules. (B) Histogram of fluctuation times derived from the autocorrelation
function of the fluorescence intensity for 29 ZnTCPP molecules. (Inset) Typical nonexponential autocorrelation function calculated from a single-
molecule fluorescence intensity time trajectory. For autocorrelation function of emission intensity, 1/7 represents the fluctuation rate, that is, interfacial

ET reactivity fluctuation rate in the ZnTCPP/TiO, system.

of the ET reactivity, and the power exponent mg, represents
nonexponential distribution nature of the probability of the
dark times.

We have calculated the power exponents, mg,y, for 28
molecules and obtained a distribution of mg,y (Figure 6A).
The value ranges from 1.02 to 2.68, which reflects the
inhomogeneity of the ET activity fluctuation from molecule
to molecule. The mean value of the power exponents &g,
is 1.79. To further understand the ET reactivity fluctuation
and the dark-state properties, we calculated the autocorre-
lation functions of the single-molecule fluorescence intensity
trajectories. Most of the autocorrelation functions show
nonexponential decays, which is consistent with our previous
findings on single-molecule Coumarin 343/TiO, and Cresyl
Violet/TiO, interfacial ET dynamics.3 The nonexponential
autocorrelation function indicates the dynamic disorder of
the interfacial ET reactivity, that is, the reactivity fluctuation
rate changes from time to time during a single-molecule
measurement. We analyzed the autocorrelation functions by
biexponential fitting with a wide range of decay time (7) from
milliseconds to seconds for 29 molecules (Figure 6B). Figure
6 shows that a longer time scale 7 tends to associate with
more disorder of the fluctuation dynamics.

Both the autocorrelation function decay time 7 and the
power-law exponent, mg,y are critical factors characterizing
the interfacial ET reactivity fluctuation dynamics. These two
parameters correspond to the basic properties of single-
molecule fluorescence fluctuations. The autocorrelation func-
tion fluctuation time, 7 represents the ET reactivity fluctuation
time, and the power-law exponent mg,y represents nonex-
ponential distribution nature of the probability of the dark
times. The 7 determines the fluctuation time scale for a single
molecule to shift from a bright state to a dark state
statistically. Whereas, power-law exponent mg, indicates the
relative probability for the dark state duration: a larger mg,«
suggests a relatively higher distribution probability for a
shorter dart time states. As we have discussed above, the
single-molecule fluorescence fluctuation as well as the
dark states are due to the interfacial electron transfer
dynamics fluctuation, and the longer a dark state lasts, the
longer the interfacial electron transfer process dominates the
ZnTCPP excited-state dynamics. Nevertheless, for a single-
molecule fluorescence trajectory, the autocorrelation function
decay time 7 and the power-law exponent mgy,y are critical
factors for characterizing the ET reactivity in the ZnTCPP/

TiO, system, and both parameters reveal the inhomogeneous
fluctuation of the ET reactivity.

For a power-law distribution expressed as P(#4,4) U faaridar,
the distribution is dominant by Lévy statistics at 1 < mgy
=1l+a<2¥

P(ty,) O 1/23 0, 0<a<1

Lévy statistics is usually observed in complex systems with
nonlinear interactions, such as in physics and biology. Its
typical characteristic is the diverging variance and a broad
distribution expressed by power-law rule. In single-molecule
spectroscopy, Lévy statistics has been extensively investi-
gated in the blinking dynamics of quantum dots.®*"*® Some
abnormal properties due to Lévy statistics, such as statistical
aging and ergodicity breaking, have been deduced by
calculating the evolution time of on (off) state or time-
averaged correlation function or power spectra.’¢-%

Figure 6A shows that there are 21 power-law exponents
met with 1 < mg, < 2, suggesting that the distribution of
the dark states of 75% molecules examined obey Lévy
statistics. We have calculated the evolution time of a
ZnTCPP/TiO, system that spends in the dark states, that is,
the total time spent in the dark state in the first N dark
periods. For a single molecule trajectory, the evolution time
of the dark state is defined as®

N .
Q(N) = z t:iark
=1

where O(N) is the total evolution time, and 74,4 is the duration
of a dark state and N is the state index in a single-molecule
fluorescence intensity trajectory. Figure 7 shows the evolution
time trace for two single-molecule trajectories with mg, of 1.39
and 2.68. Obviously, the Lévy type evolution performs a
nonlinear increase with /N, and the sum 6(N) is almost dominated
by few long-time events of the order of O(N) itself, which
unambiguously shows the diverging variance in Lévy statistics.
The Lévy statistics of dark states quantitatively reveal the
fluctuation mode of the interfacial ET reactivity in ZnTCPP/
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Figure 7. Evolution of total time spent in dark states 6(N) with the
event index N. The curve with mg, = 1.39, which obey Lévy statistics,
shows rapid and nonlinear increase. The evolution is dominated by few
events of the order of O(N) itself.

TiO, system. We suggest that Lévy statistics of the interfacial
ET can be ascribed to the complex interfacial site- and time-
specific interactions between single ZnTCPP molecules and
nanoscale local environments.'”*°

Based on above discussion, we conclude that, for a single-
molecule ZnTCPP/TiO, system, the interfacial ET reactivity
usually fluctuates from time to time and from molecule to
molecule, which display static and dynamic disorders in ET
reactivity fluctuation dynamics. Power-law and autocorrela-
tion function analysis based on the dark states are able to
map the fluctuation of the single-molecule ET reactivity, and
the interfacial ET reactivity of ZnTCPP/TiO, system can be
quantitatively described by Lévy statistics.

The complex fluctuations of the interfacial electron transfer
dynamics show characteristic dynamic disorder and static
disorder.*'®7%7%75 We have attributed that the fluctuations
are primarily originated from the FET rate fluctuation in a
wide range across from ultrafast to ns and to even longer
time scales. It is well-known that the interfacial electron
transfer rate is highly sensitive to the molecular interactions
between the adsorbed dye molecules and the TiO, substrate
in a TiO,-based dye sensitization system. The primary
parameters of the molecular interaction are, for example, the
electron transfer driving force of free energy gap between
the excited-state of molecule and the conduction band of TiO,
semiconductor, the vibrational relaxation energy of the
adsorbed molecules and the surface vibrational modes of
TiO,, and the electronic coupling between the molecules and
the TiO,, etc. Among these parameters, the electronic
coupling parameter is the most critical one on the interfacial
FET rate from the excited-state of ZnTCPP to the conduction
band of TiO,. The inhomogeneous surface state distribution
and specific surface states that in contact with the single-
molecule ZnTCPP molecules play a critical role in the
electronic coupling parameter. Specifically, the formation,
stability and rupture of four dye—O—Ti—O—TiO, between
the carboxylic groups of the ZnTCPP to TiO, may change
and perturb electronic coupling significantly,’>** and the
hydrogen bond interactions can be energetically perturbed
by local environment thermal fluctuation at room temperature.
Our conclusion is consistent with the ensemble-averaged
measurements, which suggest that the origin of the inhomo-

(90) Pan, D.; Hu, D.; Lu, H. P. J. Phys. Chem. B 2005, 109, 16390-16395.
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geneity in interfacial ET can be ascribed to surface defects,
electronic coupling, D—A distance, and multiple time scale
of energetic relaxation and solvation dynamics.”'~%?

Previously, we have applied the electron-transfer resonant
Raman spectroscopy to analyze the surface vibrational modes
and the vibrational relaxation energies of the relevant
molecular vibrational modes and the TiO, surface vibrational
modes, and we have revealed that for alizarin/Ti0, interfaces,
a similar system to ZnTCPP/TiO,, the vibrational reorganiza-
tion energy barriers of interfacial electron transfer are
inhomogeneous from TiO, nanoparticle to nanoparticle and
from molecular site to site.”® The broad inhomogeneity
indicates that the vibronic interactions between the dye
molecule and the TiO, substrate have a broad distribution of
accessible energy states, which in turn gives a broad
fluctuation subspace of the electronic coupling factors for a
single-molecule interfacial electron transfer site on a TiO,
nanoparticle surface. It is clear that more systematic experi-
ments will be needed to completely identify and characterize
the origins of the interfacial ET rate fluctuations at the
ZnTCPP/TiO, system, although they are beyond the scope
of this article, by controlling the surface electric potential to
change the driving force, using single crystal TiO, rutile and
anatase surfaces with controlled surface sites to examine the
electronic coupling, and studying the single-molecule inter-
facial ET under different pH and temperature to identify the
effect of the thermal motion on the single-molecule reactivity
fluctuations.

Nevertheless, complex interfacial electron transfer dynam-
ics has been reported over the last thirty years from ensemble-
averaged experiments, and it is often that different electron
transfer times (from fs to ns for FET time, and ns to ms for
BET time) were reported for the same dye-sensitization
system but from the different spectroscopy approach at
different time resolutions.’'3>>® Our observation of the static
and dynamic disordered interfacial ET dynamics fluctuating
across a wide time scale is consistent with the ensemble-
averaged results and reveals partially the origin of the
complexity of the interfacial ET dynamics.

Conclusion

We have studied the single-molecule interfacial ET
dynamics in a ZnTCPP/TiO, nanoparticle system at room
temperature, probing the fluorescence intensity fluctuation
by single-molecule photon stamping recording each photon
time delay from excitation, chronic arrival time, and specific
phase associated with excitation laser polarization modula-
tion. The ET occurrences are further demonstrated by single-
molecule polarization and time-resolved control measure-
ments, and the dark time in a single-molecule fluorescence
fluctuation trajectory are identified to be originated from the
duration when the forward electron transfer rate is higher
than and dominated over the radiative decay rate of the
excited-state of the adsorbed ZnTCPP molecule on a TiO,
nanoparticle. The fluctuation of the electron transfer dynamics
gives the single-molecule fluorescence fluctuation, and the
dynamics of the fluorescence fluctuation reflects the single-
molecule interfacial electron transfer dynamics fluctuation.
The autocorrelation functions of the single-molecule fluctua-
tion intensity trajectories show nonexponential decay, indi-
cating the fluctuation dynamics involving an extended time
scale from 1072 to 10 s. The probability distributions of the
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dark times from the single-molecule trajectories obey power-
law rule, which represents a highly inhomogeneous and
complex nature of the interfacial ET. On the basis of the
power-law distribution analysis, the interfacial ET reactivity
fluctuations of single molecules are identified to be predomi-
nately Lévy flight statistics. According this work and our
previously reported work,>?° the highly inhomogeneous ET
dynamics is most likely common for the interfacial chemical
reactions that strongly regulated by the molecular interaction
between adsorbed molecules and substrate surfaces. The
spontaneous thermal fluctuations of the local environment
and the molecular interactions occur at a wide time-scale at

room temperature, resulting in the interfacial ET reaction-
rate fluctuation and inhomogeneous dynamics. Our single-
molecule spectroscopy analysis provides detailed information
about the inhomogeneity of the interfacial electron transfer,
which is consistent but not obtainable from the conventional
ensemble-averaged experiments.
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