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The blinking dynamics of single violamine R (VR) molecules embedded in crystals of potassium acid phthalate
(KAP) are analyzed using threshold and change-point detection (CPD) methods (Watkins, L. P.; Yang, H. J.
Phys. Chem. B 2005, 109, 617). Analysis employing thresholding resulted in power-law distributions of on
and off times corresponding to a power-law exponent of ~2, consistent with a distributed kinetics model for
population and depopulation of the nonemissive state. When the same emission time traces were analyzed
using the CPD method, a power-law exponent of ~1.5 is obtained. In addition, multiple emission states are
observed using CPD, inconsistent with a simple two-state blinking model, and indicative of spectral diffusion.
The role of spectral diffusion in the distributed blinking kinetics of KAP/VR is investigated by spectrally
decomposing the emission using a dichroic mirror. Combining the CPD method with this experiment yielded
the emission energy, intensity, and temporal duration of blinking events. A wide distribution of emission
energies is observed, consistent with molecules experiencing a variety of dielectric environments within the
crystal host. Time-dependent fluctuations in the spectral decomposition are observed, corresponding to spectral
diffusion. Blinking events exhibited by single VR molecules in KAP are correlated, an effect referred to as
memory. To our knowledge, this is the first reported observation of memory for a molecular system. Positive
correlations are observed for consecutive on times and consecutive off times. In addition, adjacent on and off
times demonstrate anticorrelation. These observations support the observation of spectral diffusion in this
crystal environment, with this diffusion contributing to population and depopulation of the nonemissive state.

Introduction

Single-molecule spectroscopy (SMS) allows for photophysical
measurements of individual luminophores revealing behavior
undetectable in ensemble measurements. A familiar example
of the insight provided by SMS is the emission from an
individual molecule under continuous excitation. This emission
is often intermittent, consisting of emissive and nonemissive
periods, a phenomenon referred to as “blinking”. Commonly,
blinking is attributed to nonradiative transitions between opti-
cally bright and dark vibronic states (e.g., the first excited singlet
and triplet states). In this case, the on-time and off-time durations
can be assembled into histograms and modeled using exponen-
tial functions to extract the rate constant for decay of the
optically bright singlet state (e.g., intersystem crossing), and
decay of the optically dark triplet state (e.g., internal conversion
to the ground state).!~*

Recent studies have found that a variety of chemical systems
demonstrate complex blinking behavior that is inconsistent with
population relaxation occurring with well-defined rate con-
stants.>"Specifically, the on- and off-time histograms for
rhodamine 6G in poly(vinyl alcohol),'® and on glass,!* perylene
diimide molecules in PMMA,° as well as the dye Atto565 on
glass'# are reproduced by a power-law function of the form Py,
off [J 7™ where m is the power-law exponent. The observation
of power-law behavior is consistent with a distributed kinetic
process in which the population/depopulation rate constants are
not single valued, but instead vary with time. In particular, the
rate constants for population and depopulation of the nonemis-
sive state have been described as k; = ke, where i and j are
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the initial and final states, respectively, k;; is the pre-exponential
factor, and x is a time-dependent variable.®!3 Etiologies offered
to account for distributed kinetics for single molecules include
molecular rotation,'® conformational flexibility,>!?> spectral
diffusion, 31922 reversible photo-oxidation,?>** and intermo-
lecular electron transfer.>”10111416 However, ambiguity remains
regarding the nature of the dark state and the underlying
dynamics that provide for distributed kinetic behavior.

We previously demonstrated the use of simple crystals as
hosts of complex luminophores for the study of single-molecule
photophysics in well-defined environments (e.g., Figure 1).132
For example, individual violamine R (VR) fluorophores embed-
ded in crystals of potassium acid phthalate (KAP) were found
to exhibit blinking dynamics consistent with power-law behavior
(m ~ 2 for both the on-time and off-time distributions).'? This
behavior was reproduced using a distributed kinetics model for
population and depopulation of the nonemissive state.®!3 Two
possible mechanisms for distributed kinetics in KAP/VR were
proposed: (1) time-dependent geometrical changes in the first-
coordination sphere of a fixed molecule (i.e., dynamical spectral
diffusion) and (2) dynamic environmental and/or conformational
heterogeneity in combination with charge separation and
recombination. In the first hypothesis, configurational changes
modify the arrangement of the molecule relative to the sur-
rounding dielectric, thereby altering the overlap between the
molecular absorption band and the exciting field. The second
hypothesis has been proposed for other molecular systems in
disordered environments;>:7-10:11.1416.17 however, the absence of
correlation between blinking dynamics and molecular orientation
suggests that intermolecular charge transfer is not solely
responsible for the distributed kinetics observed in KAP/VR.13

Herein, we investigate the origin of distributed blinking
kinetics in dyed crystals. First, a robust change-point analysis
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Figure 1. Ensemble-averaged absorption and emission spectra of
potassium acid phthalate (KAP) crystals heavily dyed with violamine
R (VR). The structure of VR is shown with a corresponding photograph
of the emission from a heavily dyed crystal.

of blinking dynamics developed by Yang and co-workers is
implemented in order to quantify blinking dynamics and perform
a rigorous interpretation of the photophysical data.?%?7 A
comparison is made of the on- and off-time probability
distributions obtained by thresholding versus the change-point
detection method. The role of spectral diffusion as an origin
for the distributed kinetics exhibited by single molecules of VR
in KAP is examined by measuring the spectral evolution of
the single-molecule emission with time. Finally, correlations
between adjacent on and off events (i.e., memory) in single-
molecule emission are examined. Ultimately, the work presented
here is consistent with complex molecular photophysics of VR
in KAP involving intermolecular electron transfer, a hypothesis
supported by the observations of power-law blinking behavior
with m ~ 1.5 as well as spectral diffusion and memory effects
in single-molecule emission.

Experimental Section

Heavily dyed crystals were grown as described previously.!3?
VR (Aldrich) was dissolved in deionized water (Barnstead
NANOpure, 18.2 MQ cm™!) prior to addition to the aqueous
crystal-growth solution (110 g/L KAP). Single crystals of KAP/
VR with chromophore densities suitable for single-molecule
investigations were grown from ~5 nM dye solutions. Single-
molecule studies were performed using an inverted confocal
microscope described in detail elsewhere.!3? Dyed crystals were
mounted on a scan stage (Queensgate, NPS-XY-100B) and
photoexcited at low power (3.5—6.4 uW) using a 532-nm
Nd:YVO; (Spectra Physics, Millenia) laser. The excitation field
was filtered (Chroma, Z532/10-nm bandpass for 532-nm excita-
tion), reflected toward the sample using an appropriate dichroic
mirror (Chroma, Z532RDC), and focused to a diffraction-limited
spot using a 100x oil-immersion objective (Nikon, PlanFluor
1.3 NA). Epi-fluorescence was collected from the sample, passed
through the dichroic mirror, spectrally filtered using an emission
filter (Chroma, HQ550-nm long-pass for 532-nm excitation),
and spatially filtered with a confocal pinhole (CVI, 75-um
diameter). Emission was detected using a single-photon-counting
avalanche photodiode (PerkinElmer, SPCM-AQR-16).

Emission traces were acquired for 100 s using a 50-ms
integration time per point. From the emission traces, on and
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off times were initially quantified by setting an intensity
threshold corresponding to the average between the mean on
and off intensities (i.e., (on+ oll/2) as described previ-
ously.”? The change-point detection method is based on the
algorithm developed by Yang and co-workers and was imple-
mented in Matlab.?>?” Consistent with previous analyses,
continuous distributions of the on- and off-time probability
densities (P(Tonofr)) Were derived from these data.28

For spectral-diffusion experiments, the single-molecule emis-
sion was separated using a dichroic mirror (Edmund Optics,
NT44-266, 50%T at 600 nm) and collected with two single-
photon-counting avalanche photodiodes (PerkinElmer, SPCM-
AQR-16). Ensemble-averaged fluorescence measurements were
corrected for monochromator and detector sensitivities of the
fluorimeter (SPEX FluoroMax-2) by calibrating with a standard
QTH light source. Values of the average ratio of reflected to
transmitted intensity ([R(#)0) corresponding to off intensities (i.e.,
normalized intensity = 0 and [R(r)[I= 1) were not included in
the histogram analysis. [R(f){values were converted to an
approximate energy shift (AE) with respect to the emission
maximum of the ensemble-averaged spectrum (i.e., 609 nm or
16 420 cm™!) by convolving the transmission spectrum of the
dichroic mirror with the emission of heavily dyed KAP/VR
following 532-nm excitation fit to a Gaussian function. Specif-
ically, the emission spectrum was shifted in energy at regular
intervals from —5000 to +5000 cm™! with respect to AE = 0,
overlaid with the transmission spectrum of the dichroic mirror,
and the areas under the reflected and transmitted spectral regions
were integrated in Matlab in order to obtain a functional form
for R(t) versus AE.

Correlations between adjacent on and off times were exam-
ined by analyzing x—y plots on logarithmic scales consistent
with previous studies.?” The linear Pearson correlation coefficient
(Rioe) was used to quantify correlations between adjacent times:

> & =D~ P

n

10:
) JZ%—#JX%—W

where x and y correspond to the logarithm of the on (or off)
time plotted on the abscissa and ordinate, X and y are the
averages of x and y, respectively, and the sums are performed
over all (n) points.

R

Results and Discussion

Blinking Dynamics in Violamine R Dyed KAP. Heavily
dyed crystals of KAP/VR demonstrate a 546-nm absorption
maximum and a 609-nm fluorescence maximum (Figure 1) as
measured using a microabsorption spectrometer and fluorimeter,
respectively. A confocal microscope employing excitation at
532 nm (OkaPVR (aq)(532 nm) = 37 500 M~! cm™!) was used
to capture the blinking of single VR molecules embedded in
KAP. Figure 2a presents an emission time trace of a representa-
tive single molecule. By visual inspection, the molecule appears
to undergo transitions between two states, on and off, with
corresponding intensities at roughly 80 and 40 counts per 50
ms, respectively. In our previous work, a simple threshold
analysis was used to define when the molecule exists in an
emissive state (Figure 2a, solid line).!* The threshold value is
defined as the average between the mean of largest and smallest
intensities, and the intensity at a given time above and below
the threshold value is considered to be on and off, respectively.
In this framework, change points between emissive and non-
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Figure 2. Emission time traces from two single molecules of VR in
KAP. (a) Emission trace analyzed with a threshold (solid line) parces
the trace into on- and off-time durations. (b) Emission trace analyzed
with change-point detection (CPD) method developed by Yang et al.
demonstrating that five statistically significant intensity levels are
observed.

emissive events correspond to intensity-threshold crossings.
Therefore, on (off) times are defined as the temporal duration
of successive on (off) events prior to a change point. As is well-
known, setting the “proper” threshold is critical to accurately
quantify blinking that occurs over multiple timescales since both
fast and slow blinking can be obscured by setting a threshold
that is inappropriate.?® Even more problematic is that applying
a single threshold to blinking data presupposes and restricts the
interpretation to two-state blinking. Therefore, we previously
limited our blinking analysis to emission time traces that
appeared to exhibit only two states (although multiple emission
states are commonly observed). To precisely characterize
blinking dynamics in dyed crystals, we implemented a robust
change-point analysis of blinking dynamics.?®

Threshold and Change-Point Detection Analyses of Blink-
ing Dynamics. Recently, Yang and co-workers presented an
algorithm for the detection of discrete change points in emission
intensity traces from single emitters.?®?’ In this change-point
detection (CPD) approach, statistically determined intensity
change points are calculated, circumventing the problems
associated with threshold analysis. In particular, spurious short-
time events (e.g., shot noise, Poisson counting noise) will
generate artificial change points when a threshold is used to
discriminate between on and off events. Therefore, the analyzed
data will contain many erroneous short-time events and cor-
respondingly fewer events at long times. Thresholding is also
problematic because it assumes knowledge of the intensity-state
distribution. Placement of a single threshold is based on the
assumption of a two-state system with one on and one off
intensity. However, many examples exist of single emitters
exhibiting more than two intensity states in blinking dynamics.
To circumvent the challenges confronted when employing a
threshold analysis, we implemented the CPD algorithm.?°

In the CPD approach, the single-molecule temporal-emission
traces are analyzed in a statistically unbiased and systematic
fashion. Incoming photons and detector noise are modeled as
Poisson distributed and intensity change points are detected
through a generalized likelihood ratio test. Briefly, the prob-
ability that a change point occurred at a given time is calculated
and compared to the probability of no change point. Then,
change points are located at the maximum of the corresponding
likelihood ratio with an uncertainty obtained by direct com-
parison to a type-I (false positive) error threshold. A significant
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advantage of the CPD approach is that the most likely number
and location of intensity levels are calculated, lifting the
restriction of two-state analysis. Initially, the n detected change
points denote n + 1 unique intensity levels. These are grouped
together using another likelihood ratio calculation comparing
the probability of assigning any two intensity levels to a single
emission state. Intensity levels are grouped iteratively until all
levels have all been assigned to a single emission state. The
true number of states is determined through Bayesian informa-
tion criterion, which weighs the marginal information increase
upon the inclusion of another emission state against the penalty
of adding extra adjustable parameters. Ultimately, the CPD
method reports the change-point locations as well as the number
and temporal durations of intensity levels (i.e., emission states).

Blinking dynamics of single molecules in KAP/VR were
analyzed with the CPD method and the results of this analysis
for a representative emission time trace is shown in Figure 2b.
The change points (i.e., blinking events) and five distinct
deconvolved intensity levels obtained using CPD are presented.
The observation of multiple emission states is consistent with
spectral diffusion that is a consequence of dynamic environ-
mental heterogeneity in the crystal (i.e., configurational changes
of the dye with respect to the host). In order to generate
histograms of on and off times, the emission intensity levels of
each molecule were normalized. Then, the lowest normalized
intensity level (lowest < 0.3) was defined as off, while the
remaining emissive levels were defined as on. Using this
analysis, the durations of on and off events were compiled into
probability distributions and compared to the data obtained on
40 KAP/VR molecules using thresholding.

The on-time and off-time probability distributions for the
same 40 molecules in KAP/VR obtained using CPD and
thresholding are shown in Figure 3. Figure 3a demonstrates that
when thresholding is used to quantify blinking dynamics both
P(ton) and P(zofr) are well described employing a power-law
expression of the form P(Tonjotr) = PoTonioft "ot Where mopoff
is the power-law exponent. The best fits to the power-law
function corresponding to Po(on) = 371, mo, = 2.0, and Py(off)
= 208, mo = 1.8 are presented in Figure 3, panels a and b,
respectively. Blinking dynamics analyzed using the CPD method
also demonstrated power-law behavior corresponding to Py(on)
= 51, my, = 1.1, and Py(off) = 14, mq; = 1.0. However, since
the formal change-point analysis removes a substantial number
of spurious (i.e., statistically insignificant) events, the number
of emissive and nonemissive events is significantly reduced as
compared to the thresholding analysis. Recently, a maximum
likelihood estimator (MLE) method for analyzing power-law
distributed data with particular application to limited data sets
has been described.?® Applying the MLE method to the total
data set consisting of 40 molecules of KAP/VR analyzed with
the CPD method resulted in power-law exponents of mq, = 1.3
and my = 1.2. When the entire distribution of event durations
was compiled (i.e., events were not separated into on and off
times based on normalized intensities), best fit to the power-law
function corresponded to Py = 110, m = 1.3. For comparison, the
power-law exponents observed for other systems are typically m
~1.7 for semiconductor nanocrystals,?83132 m ~ 2 for single
molecules on glass,'%* and m ~ 1.5 for molecules dispersed
in polymers.>’ Recently, the impact of the surrounding dielectric
on the power-law exponent of semiconductor quantum dots in
polymers and on crystalline surfaces was investigated.>® Power-
law behavior with m ~ 2 was also observed for individual
molecules of VR in KAP, demonstrating that the power-law
dependence is not a consequence of averaging over many



7880 J. Phys. Chem. C, Vol. 112, No. 21, 2008

10 10 10 10 10 10
On Time (s)

102 100 10 10" 102 10

Off Time (s)

Figure 3. On- and off-time probability distributions for 40 molecules
of VR in KAP. (a) On-time probability distributions for data analyzed
by thresholding (black) and CPD method (red) demonstrating modifica-
tion of the power-law exponent from mg,= 2.0 to m,, = 1.3 (MLE).
(b) Corresponding off-time probability distributions for data analyzed
by thresholding (black) and CPD method (red) demonstrating modifica-
tion of the power-law exponent from mg,= 1.8 to m,, = 1.2 (MLE).
As expected, the number of short-time events is significantly reduced
with application of the rigorous CPD method.

molecules with distributed single-exponential rates.'> When the
same individual molecules are subjected to the CPD method,
the number of blinking events is significantly reduced. Applying
the MLE method to an individual molecule recorded for ~1800
s resulted in power-law exponents of my, = 1.2 and myx = 1.2,
consistent with the exponents for the collection of molecules.

Comparing the results of threshold analysis to the CPD
method demonstrates that the power-law exponents of on and
off times are modified from m ~ 2 to ~1.5. Visual inspection
of the data illustrates that the power-law exponents are reduced
due to a decrease in the number of short-time events, consistent
with the prediction that the CPD method removes spurious
change points associated with Poissonian noise. In any case,
power-law behavior is conserved over 3 orders of magnitude
in time, and power-law fit to the data at long times (i.e., 1—
100 s) is similar for both thresholding and CPD methods. The
comparison of blinking data analyses demonstrates two signifi-
cant results. First, the necessity of applying the CPD method
to quantify blinking is readily evident. Spurious short-time data
originating from implementation of a hard threshold artificially
increased the power-law exponent. Second, with accurate
treatment of blinking data, a rigorous interpretation of the nature
of the nonemissive state and the origin of power-law statistics
becomes possible. In our previous work we proposed that the
distributed kinetics observed in KAP/VR originate from modi-
fication of the local dielectric leading to spectral diffusion and/
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or intermolecular electron transfer. In the first hypothesis, the
orientation of the molecule relative to the surrounding dielectric
is modified (e.g., a potassium ion becomes closer to the dye),
thereby altering the overlap between the molecular absorption
band and the exciting field. The second hypothesis has been
proposed for other molecular systems;> 71011141617 however,
our previous work suggested that intermolecular charge transfer
is not solely responsible for the distributed kinetics observed
in KAP/VR.13 Yet, the new insight provided by the CPD
algorithm, revealing power-law exponents closer to 1.5, is
consistent with a blinking mechanism related to electron
transfer.3* In the following section, we explore the first
hypothesis, spectral diffusion, in the blinking dynamics of single
molecules in KAP/VR.

Role of Spectral Diffusion in Distributed Kinetics. Single
molecules in solid hosts are known to exhibit spectral diffusion,
largely due to fluctuations in the excitation rate due to spectral
shifts of the absorption spectrum.?!:?235 Correlation between a
reduction in emission intensity with modified spectral position
was recently observed for single molecules of DI and DAPI in
polystyrene films.2!?> The observation of multiple emission
intensities (e.g., Figure 2b) has also been linked to spectral
diffusion. For example, the time-dependent emission intensity
from individual quantum dots can exhibit several on intensities
consistent with spectral diffusion associated with electron
transfer.?’-3¢ Given the evidence for spectral diffusion in other
systems, we explored the role of spectral diffusion in the
blinking dynamics of single VR molecules in KAP.

To measure spectral diffusion, we adopted a simple experi-
mental approach that allowed us to monitor modifications to
the emission energy from one molecule to another as well as
the time-dependent intensity changes associated with spectral
diffusion.’” Specifically, the emission from a single molecule
was separated into two spectral components with each compo-
nent delivered to an avalanche photodiode using a dichroic
mirror centered at 600 nm. With this simple experimental setup
one detector collected transmitted light of energies between 550
and 600 nm, the other collected reflected emission >600 nm.
The average of the ratio reflected to transmitted intensity then
provides a measure of the single-molecule emission energy (i.e.,
[R(H)[F Wrefiected/ Tiransmiteal). For example, the ensemble-averaged
emission spectrum of KAP/VR is expected to give rise to an
[(R(r)Uof 1.3, corresponding to the ratio of integrated areas of
spectral components associated with reflected and transmitted
intensities for emission centered at 609 nm. Indeed, the
experimentally obtained value of [R(f)Umeasured on heavily
dyed KAP/VR crystals was 1.4, consistent with the theoretical
value.

Fluctuations in single-molecule [R(7)[values from the ensemble-
averaged value provide a measure of the effective dielectric
heterogeneity of the crystal matrix. Moreover, time-dependent
fluctuations in [R(z)for individual molecules contain informa-
tion about spectral diffusion. Since molecules in single crystals
of KAP do not exhibit reorientational dynamics (i.e., molecular
orientation is static),? spectral diffusion is not associated with
orientational dynamics of single molecules as is the case in other
systems.3® Rather, it is thought that dynamic conformational
changes between the first coordination sphere of the host and
the dye molecule will result in modifications to the dielectric,
leading to spectral diffusion. Ultimately, the advantage of this
simple approach in combination with the CPD method is the
determination of deconvolved emission intensity levels with
corresponding durations and associated [R(r)[values. Therefore,
we can explore the single-molecule distribution of [R(f)[values
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Figure 4. Histograms of (a) [R(r)Cland (b) AE values for 61 molecules
of VR in KAP corresponding to 820 events deconvolved using the CPD
method. (a) Distribution of [R(f)Uvalues exhibits two subpopulations
centered at [R(r)[J= 1.5 and 3.8. (b) [R(r)Clconverted to energy shifts
(AE) from the emission maximum of the ensemble-averaged spectrum
demonstrates two red-shifted populations corresponding to emission
centered at 620 and 639 nm.

(i.e., spectral shifts) as they relate to single-molecule emission
intensity without presupposing two-state blinking, as well as
the time-dependence of R(7) for individual molecules.

The distribution of [R(¢)[] values was compiled for 61
molecules in KAP/VR. Analysis of the sampled molecules using
the CPD method resulted in 820 emissive events with an average
value for [R(r)U= 2.9 + 2.2, where the error represents the
standard deviation from the mean. The distribution of [R(r)[J
values best fit to two Gaussian functions centered at [R(r)[J=
1.5 and 3.8 are presented in Figure 4a. Of 820 events, only 58
(7.1%) corresponded to ensemble-averaged emission (i.e., [R(f)0J
~ 1.3). Instead, most events (638 or 77%) exhibited compara-
tively large values (i.e., [R(r)UJ> 1.3), corresponding to red-
shifted emission. Values of [R(r)Uwere converted to energy shifts
from the maximum of the ensemble-averaged emission spectrum
(i.e., AE from 609 nm) by convolving the transmission spectrum
of the dichroic mirror with the emission spectrum of heavily
dyed KAP/VR. Figure 4b presents the distribution of AE values,
with best fit to a sum of two Gaussians centered at AE = —302
and —760 cm™! corresponding to two red-shifted emission
subpopulations at 16 120 (620) and 15 659 cm™! (639 nm). The
broad distribution of emission energies suggests that molecules
experience a distribution of local dielectric environments. The
single-molecule distribution of emission energies is at a variance
with the ensemble-averaged spectrum of heavily dyed KAP/
VR. The difference between the bulk and single-molecule results
may be attributed to insufficient sampling and/or concentration-
dependent growth mechanisms observed in other dyed KAP
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Figure 5. Representative emission time trace separated into reflected
(black, >600 nm) and transmitted (gray, 550—600 nm) intensities where
anticorrelation is indicative of spectral diffusion. Periods of anticor-
relation between 0.05 and 60 s, correlation between 60 and 80 s, and
recovered anticorrelation >80 s are demonstrated.

crystals.?® Ultimately, at single-molecule doping levels, a
distribution of emissive species that is well-modeled by two
Gaussian subpopulations with maxima shifted from the ensemble
maximum by ~10 and ~30 nm is observed.

To determine if single molecules exhibit spectral diffusion,
the reflected and transmitted intensities were measured as a
function of time. A representative single-molecule emission time
trace wherein the emission is separated onto reflected and
transmitted detectors is presented in Figure 5. For this particular
molecule, the reflected and transmitted intensities exhibit periods
of anticorrelation (e.g., from 0.05 to ~60 s) and correlation (e.g.,
~60 to ~80 s). Anticorrelation is consistent with spectral
diffusion, that is, fluctuations in the emission energy across the
dichroic mirror. However, the molecule also demonstrates
intensity fluctuations when the emission intensity is correlated,
suggesting that intensity fluctuations arise from both spectral
diffusion and another mechanism that modifies the transition
dipole moment (e.g., conformational flexibility).!32! No cor-
relations were detected between the emission intensity and
temporal duration of the blinking events.

One prediction of the spectral-diffusion model is that assum-
ing a constant Stokes shift between the absorption and fluores-
cence band, the measured spectral fluctuations of the emission
spectrum must be accompanied by a shift in the absorption
spectrum. A shift of the molecular absorption spectrum will
modify the absorption cross-section of the molecule, leading to
fluctuations in emissive intensity.!>21-22374041 Applying this
prediction to KAP/VR, one expects that substantially red-shifted
emission will correspond to low-intensity emissive periods since
the absorption cross section of VR will be reduced. For example,
considering the Stokes shift of heavily dyed KAP/VR is 64 nm,
an average AE of —760 cm™! corresponds to emission and
absorption energies of 15 659 (639) and 17 391 cm™! (575 nm),
respectively, and a reduction to the absorption cross section by
~80% (OkaPVR (aq)(575 nm) = 7030 M~! ecm™!) relative to
absorption at 532 nm (OkaP/VR (aq(332 nm) = 37 500 M~ cm™!).
Therefore, these red-shifted emission events should be ~80%
less intense than the ensemble-averaged (i.e., most probable)
emission events. To explore the relationship between emission
energy and intensity, average AE was plotted as a function of
normalized intensity (Figure 6). The data in Figure 6 demon-
strates that the most red-shifted emission corresponds to the
brightest intensity, inconsistent with spectral diffusion. Yet, the
Stokes shift may be dependent upon the local dielectric
environment. Therefore, our data is consistent with one of two
hypotheses: (1) distributed kinetics from single VR molecules
in KAP are attributed to spectral diffusion, wherein a dye
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experiences time-dependent changes to the surrounding dielectric
that modify its Stokes shift and emission intensity, or (2) spectral
diffusion occurs in KAP/VR but may only serve to promote
the population and depopulation of a nonemissive state.

Role of Electron Transfer in Distributed Kinetics. Power-
law blinking behavior of single molecules has been attributed
to charge separation and recombination events corresponding
to diffusion-controlled electron transfer,3*4>* photoinduced
spectral diffusion of donor and acceptor levels, 3* and electron
or hole tunneling.®328:31:33 The diffusion-controlled electron
transfer model (DCET)*** involves charge ejection from the
excited-state and distributed recombination rates that are a
consequence of the disordered surroundings.*> Although power-
law behavior for the off times is predicted by DCET, single-
exponential statistics are expected for the on times, consistent
with a single rate for charge separation from the excited state.
Thus, the DCET model cannot account for universal power-
law behavior (i.e., both on and off times being power-law
distributed). The photoinduced spectral diffusion model involves
one-dimensional diffusion in energy space of donor and acceptor
energy levels* and predicts power-law exponents of 1.5.3446
Finally, power-law statistics for the on and off times for single
molecules of rhodamine 6G in poly(vinyl alcohol),'® and on
glass,!0 perylene diimide molecules in PMMA,® as well as
Atto565 on glass'* have been assigned to the formation of
nonemissive radicals by electron tunneling with power-law
exponents ranging between 1 and 2. In these systems, the
dynamic and heterogeneous environment that surrounds the
molecule is thought to be responsible for an exponential
distance-dependence of tunneling rates.® Support for electron
tunneling was provided by Zondervan et al., who measured a
weak temperature dependence of the lifetime of the dark state
as well as the ESR spectrum of a photoexcited polymer film
containing single molecules of rhodamine 6G and observed a
transition consistent with radical formation.'®

In contrast to previous studies on glass or in polymers, we
observed distributed kinetics for molecules incorporated in a
rigid, ordered, and well-defined crystalline environment.!3
Applying the CPD method to the blinking dynamics in KAP/
VR revealed power-law exponents of ~1.5, consistent with
electron tunneling and photoinduced spectral diffusion of
electron donor and acceptor energy levels. Akin to mechanisms
proposed for single molecules on glass and in polymers,'*10 it
is possible that VR undergoes intermolecular electron transfer
to/from the KAP crystal. For example, it is known that during
growth from solution cationic impurities are introduced into the
KAP lattice (e.g., Fe3™).#” These cationic defects are holes that
can accept electrons from the electron-rich VR chromophore.
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Consequently, distributed kinetics could arise from the disor-
dered spatial distribution of holes or spectral diffusion of electron
donor levels. Both models are consistent with our spectral-
diffusion experiments that demonstrated that the local environ-
ments in KAP are diverse and may vary with time. In order to
differentiate between these mechanisms, temperature-dependent
blinking studies will be performed, since electron tunneling
should demonstrate weak temperature dependence while pho-
toinduced spectral diffusion is strongly dependent on thermal
energy.

Memory in Single-Molecule Emission. To gain more insight
into the origin of distributed kinetics in quantum dots, previous
studies examined the correlations between adjacent on and off
times.?82%48 The idea behind these studies was that the presence
or absence of correlations would provide information on the
time scale for dielectric fluctuations affecting the rate of dark-
state population and depopulation. If changes to the rate
constants governing the population and depopulation of the dark
state are slower than the blinking rate, then adjacent emissive
and nonemissive events should be correlated. This correlation
is called “memory”. On the other hand, if the fluctuations are
fast compared to the blinking rate, the temporal duration of
adjacent emissive/nonemissive events will not be correlated.
Stefani et al. demonstrated that memory is indeed observed for
ZnCdSe quantum dots, suggesting that the fluctuations occur
more slowly than the blinking time scale.? In contrast, studies
by Nesbitt and co-workers found no correlation in the emission
from InP and CdSe quantum dots, but power-law behavior was
still observed.?®*3 This observation suggests that fluctuations
in the rate constants for dark-state population and depopulation
occur on the blinking time scale, consistent with charge ejection
changing the local environment thereby erasing any memory
between successive blinking events. The relationship between
power-law behavior and the presence (or absence) of memory
effects in the blinking dynamics of semiconductor quantum dots
has yet to be definitively established.

Correlations between adjacent on and off times in the blinking
dynamics of single VR molecules in KAP were examined by
analyzing x—y plots on logarithmic scales consistent with
previous studies.?® First, the blinking dynamics of 40 molecules
in KAP/VR were compiled to produce plots of the temporal
durations of successive emissive and nonemissive events as
shown in Figure 7A. The linear Pearson correlation coefficient
(Rioe) was used to quantify correlations between adjacent times.
The limiting values of Ry, are 1 and —1 corresponding to
positive and negative correlation, respectively, and Rjoe values
close to zero indicate no correlation. Therefore, deviations from
zero suggest correlations, and are visually manifested as an
enhancement of point density along the diagonal (x = y) in the
scatter plots. The greater point density along the diagonal for
plots of consecutive on times (Figure 7A, a) and off times
(Figure 7A, b) demonstrates the existence of memory for VR
in KAP. Consistent with this observation, adjacent on times and
adjacent off times exhibit positive correlations with Ro values
of 0.48 and 0.50, respectively. In contrast, the plot of consecutive
on and off times (Figure 7A, c¢) demonstrates a paucity of points
along the diagonal, consistent with anticorrelation of successive
on and off events. Quantitatively, consecutive on and off times
exhibit a weak negative correlation (Rj,, = —0.12) consistent
with anticorrelation.

Previously we demonstrated that individual VR molecules
demonstrate power-law blinking behavior, an observation that
highlights the photochemical stability provided by the KAP
lattice.*>% In order to establish that individual molecules exhibit
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Figure 7. A. Correlations of adjacent on and off times (in seconds) obtained from 40 molecules of VR in KAP. B. Correlations of adjacent on and
off times obtained from an individual molecule of VR in KAP. C. Correlations of adjacent on and off times obtained from 40 Monte Carlo simulations.
Scatter plots of (a) on times (fon VS fon), (b) off times (foir VS for), and (c) on and off times (fon VS for) are presented on logarithmic scales with

corresponding correlation coefficients (Riog).

memory, and that the correlations evident in Figure 7 do not
arise from sampling over many populations, we performed a
similar correlation analysis on the emission observed from
individual molecules. All molecules that exhibited blinking for
>1000 s (long enough to provide sufficient statistics) produced
power-law behavior and nonzero correlation coefficients, with
mk,g,onD= 0.26 £+ 0.23, mlogvoffD: 0.45 + 0.24, and mlog.on/off[l
= —0.21 £ 0.18, consistent with the coefficients observed for
the collection of molecules. Representative correlation plots of
adjacent on and off times for a single molecule of KAP/VR are
presented in Figure 7B. In agreement with the ensemble
correlations, the molecule exhibits positive correlations for
consecutive on times (Rjo; = 0.70) and consecutive off times
(Riog = 0.61) as well as anticorrelated on and off times (Rjog =
—0.47). To our knowledge, this is the first reported observation
of memory for an individual molecular system. That memory
has not been previously reported for molecular systems is likely
due to the advent of photobleaching that limits the statistics
that can be acquired on a single molecule. However, when
incorporated into KAP, single fluorophores can exhibit emission
for thousands of seconds.'? With this advantage, we are able to
study the blinking dynamics of VR over a time range that
provides a sufficient statistical sample of emissive/nonemissive
events allowing for the observation of memory.

In order to ensure that the observed memory effects are not
artifacts of threshold selection or data analysis, we performed
Monte Carlo simulations employing our previously described
distributed-kinetics model,'? subjected the simulated emission
data to the analysis presented above, and investigated the

resulting on- and off-time correlations. In the simulations,
distributed kinetics were modeled by the random selection of a
new value for x at each computational step according to k; =
kije™*. The stochastic nature of the simulations should render
the resulting blinking dynamics memoryless. Figure 7C presents
x—y plots of adjacent on and off times from 40 Monte Carlo
simulations of KAP/VR blinking dynamics. Indeed, no correla-
tions are evident in the plots and the correlation coefficients
are very close to zero. These results validate that the memory
effect observed for VR in KAP do not result from threshold
selection or the data analysis employed. Moreover, positive
correlations were observed in adjacent on and off times from
VR molecules analyzed with the CPD method, however the
resulting data set was too limited for statistical treatment.
What can be learned from the observation of memory in KAP/
VR? Primarily, this study provides the first evidence that the
blinking dynamics of single molecules can be correlated.
Memory between consecutive on and off times in the emission
of single VR molecules in KAP indicates that the time scale
for fluctuations in the population and depopulation kinetics of
the nonemissive state are slower than the typical blinking rate.
We previously measured the average blinking rate for KAP/
VR to be 1.37 & 1.94 s71;!3 therefore, fluctuations in k; must
occur on a relatively shorter time scale. The correlations also
provide information about the nature of the dark state. Current
working hypotheses for distributed kinetics in KAP/VR include
spectral diffusion, electron tunneling, and photoinduced spectral
diffusion of electron donor and acceptor energy levels. Spectral
diffusion is based on time-dependent changes in the configu-
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ration of VR relative to its local environment. The observation
of an anticorrelation between consecutive on and off times is
consistent with this hypothesis, since the state energies are
thought to fluctuate in concert with changing guest—host
interactions. That is, when the nonemissive state is closer in
energy to the ground-state relative to the first excited state, the
nonemissive state will be populated slowly (small k;;) and then
decay rapidly to the ground state (large k;). Therefore, the
observation of anticorrelation of adjacent on and off events is
evidence for spectral diffusion or electron transfer that occurs
by distributed kinetics due to spectral diffusion of donor and
acceptor energies.

Conclusion

The blinking dynamics of single VR molecules embedded
in KAP were analyzed using thresholding and the change-point
detection (CPD) method.?® Data analysis employing thresholding
resulted in power-law distributions of on and off times corre-
sponding to m ~ 2 where only molecules that appeared to
exhibit two-state blinking were considered. When the same
emission time traces were analyzed with the CPD algorithm,
power-law behavior was modified from m ~ 2 to ~1.5,
consistent with a reduction in short time events, a consequence
of the inclusion of statistically insignificant events associated
with Poisson-distributed counting noise and shot noise. More-
over, multiple emission states were observed from molecules
of VR in KAP, inconsistent with a simple two-state blinking
model. These results demonstrate that the CPD method should
be used for proper analysis of single-molecule blinking dynam-
ics, particularly for experiments employing short bin times (that
lead to small signal-to-noise), as are planned.

In our previous analysis, we demonstrated that the power-
law behavior (m ~ 2) in KAP/VR was consistent with a
distributed-kinetics model for population and depopulation of
a nonemissive state.'3 It was proposed that distributed kinetics
resulted from spectral diffusion and/or intermolecular charge
transfer. Here, we examined the role of spectral diffusion in
the distributed blinking kinetics of KAP/VR by separating two
spectral components of the emission using a dichroic mirror.
Combining the CPD method with this experiment yielded the
emission energy, intensity, and temporal duration of blinking
events. For 61 molecules in KAP/VR grown from single-
molecule doping levels, a wide distribution of red-shifted
emission energies were observed corresponding to two sub-
populations centered at 620 and 639 nm. The wide distribution
of emission energies is consistent with molecules experiencing
a variety of dielectric environments within the crystal host.
Time-dependent fluctuations in R(f) were demonstrated, con-
sistent with spectral diffusion. However, the most substantially
red-shifted emission was found to be brightest, inconsistent with
spectral diffusion as the origin for distributed kinetics if the
Stokes shift remains constant. Therefore, our results support one
of two hypotheses: (1) spectral diffusion occurs but it is not
primarily responsible for population of a nonemissive state or
(2) spectral diffusion is responsible for both emissive and
nonemissive events if the Stokes shift of VR molecules changes
with environment and time. To explore the latter, single-
molecule experiments on KAP/VR employing various excitation
energies are planned. Ultimately, evidence for spectral diffusion
is demonstrated, consistent with the observation of multiple
emissive intensities, but the role of spectral diffusion in blinking
(i.e., population/depopulation of a nonemissive state) remains
unclear.

Another mechanism to explain distributed kinetics in KAP/
VR is intermolecular electron transfer. The observation of
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power-law exponents close to 1.5 is consistent with electron
tunneling and photoinduced spectral diffusion of electron donor
and acceptor energy levels. For example, trivalent cationic
impurities introduced into the KAP lattice during crystal growth
can accept electrons from the electron-rich VR chromophore.
In this example, distributed kinetics could be a consequence of
a disordered spatial distribution of holes or spectral diffusion
of electron donor energy levels. To differentiate between these
possibilities, experiments to explore the temperature dependence
of blinking dynamics are planned. In view of the observations
of spectral diffusion and a broad distribution of emission
energies, we propose that blinking in KAP/VR is related to
photoinduced spectral diffusion of electron donor and acceptor
levels. This hypothesis is supported by the observation of
memory in the emission from single molecules in KAP/VR as
well as an anticorrelation between adjacent on and off events.
Finally, our results from implementation of the CPD method,
measurements of single-molecule spectral diffusion and memory
demonstrate the need to perform blinking experiments in more
well-defined local environments. Specifically, our previous
single-molecule studies of orientation? and photophysics'?® along
with the results presented here demonstrate a significant amount
of environmental heterogeneity in dyed KAP crystals. Conse-
quently, blinking studies on dyed crystals that exhibit narrow
orientational distributions (i.e., basic pyranine in K;SO4)? where
environmental heterogeneity is reduced will be performed.
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