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S
ingle-molecule (SM) spectroscopies
have made plain previously hidden
phenomena such as quantum jumps,1

photon antibunching,2 spectral diffusion,3

and of special interest herein fluorescence

intermittency,4�15 or “blinking”. Blinking re-

fers to the observation that emission from a

SM under continuous excitation switches

between emissive (i.e., on) and nonemissive

(i.e., off) periods. The temporal duration of

these events varies from submilliseconds to

minutes.4 The identification of the nonemis-

sive state that is produced and the factors

that define the population and depopula-

tion kinetics of this state remain equivocal

for many systems. Nevertheless, fluores-

cence intermittency provides a way to di-

rectly interrogate chromophore electronic

properties in complex environments. More-

over, the nonemissive states that are popu-

lated may serve as gateway states for ma-

terial photodecomposition.16�18 Identifying

the nature of these states and developing

strategies for limiting their production pro-

vides a rational pathway toward the devel-

opment of more robust chromophoric ma-

terials. If the pathways for blinking can be

understood and controlled, then significant

advancements in the use of single emitters

as probes of chemical and biochemical phe-

nomena may be achieved.

The underlying photophysics respon-

sible for fluorescence intermittency can be

approached by computing autocorrelation

functions or by compiling and analyzing

histograms of on- and off-time durations.11

For some systems, the on- and off-time dis-

tributions are described by simple, single-

exponential functions that are directly re-

lated to the rate constants for population

and depopulation of a nonemissive triplet

state.1,19,20 Pentacene molecules in
p-terphenyl crystals demonstrate on- and
off-time distributions that are exponential,
consistent with triplet state population and
decay.21 Similarly, the off-time histograms
for DiIC18 molecules in poly(methyl meth-
acrylate) and polystyrene were fit by single
exponentials that are consistent with the
triplet lifetime.22 However, many other sys-
tems demonstrate on- and off-time distribu-
tions that are not single-exponential. In par-
ticular, the blinking statistics of single
semiconductor nanocrystals or quantum
dots (QDs) are generally complex,4,15 as well
as many luminescent dyes.5,23�26 For these
systems, the on- and off-time histograms
follow the form Pon/off � t�m where m is the
power-law exponent.4 The observation of
power laws is consistent with distributed ki-
netics in which the population/depopula-
tion rate constants are not well described
by a single value, but instead vary with time,
and have been successfully modeled with
Monte Carlo (MC) simulations.23,27,28
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ABSTRACT The excited-state decay kinetics of single 2=,7=-dichlorofluorescein (DCF) molecules oriented and

overgrown within crystals of potassium acid phthalate (KAP) are reported. Time-correlated single-photon counting

measurements (TCSPC) of 56 DCF molecules in KAP reveal that single-exponential decay is exhibited by roughly

half of the molecules. The remainder demonstrates complex excited-state decay kinetics that are well fit by a

stretched exponential function consistent with dispersed kinetics. Histograms of single-molecule luminescence

energies revealed environmental fluctuations and distinct chemical species. The TCSPC results are compared to

Monte Carlo simulations employing a first-passage model for excited-state decay. Agreement between experiment

and theory, on both bulk and single-molecule levels, suggests that a subset of the DCF molecules in KAP experience

fluctuations in the surrounding environment that modify the energy barrier to proton transfer leading to dispersed

kinetics.

KEYWORDS: single molecule microscopy · dispersed kinetics · fluorescence
lifetime · fluorescence intermittency · proton transfer
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Etiologies proposed for distributed kinetics in or-
ganic chromophores have included molecular rotation,
conformational flexibility, spectral diffusion, reversible
photo-oxidation, and intermolecular electron transfer.4

Recent advances have been made toward the control of
blinking and the identification of chemical and photo-
chemical processes that result in reversible reactions
which render a molecule nonemissive. These mechanis-
tic investigations are advancing a promising technique,
photoswitching microscopy, in which light is used to se-
lectively turn molecules on and off and ultimately en-
ables one to image objects with subdiffraction limit
resolution.29 For many of these photoswitchable mol-
ecules the mechanisms for switching have been identi-
fied. For some molecules, multiple mechanisms have
been proposed. One particularly interesting example is
the photoswitching of Dronpa, a protein closely related
to green-fluorescent protein, via a cis�trans isomeriza-
tion in conjunction with protonation/deprotonation of
the chromophore.30 Success has also been achieved
with synthetic chromophores by tailoring molecular en-
vironments to change the reduction and oxidation po-
tential for ionization reactions.31�33 Researchers are ac-
tively trying to establish the nature of the QD dark state,
as well,15 with similar blinking modifications being
achieved through refined engineering of core/shell
boundaries.34 Although there is general agreement that
blinking is an intrinsic characteristic of SM emission, am-
biguity persists regarding the mechanisms of dark-
state population and depopulation.

We have taken the unique approach of studying
the blinking dynamics of organic luminophores iso-
lated in single crystals of potassium acid phthalate
(KAP).23,35�39 Crystals provide well-defined environ-
ments in which to investigate SM photophysics since
the lattice is ordered and restricts molecular translation
and rotation. An added advantage of the crystalline ma-
trix is the reduction of irreversible chromophore photo-
decomposition due to processes such as photo-
oxidation is reduced. The enhancement in photostabil-
ity provided by the crystal prolongs the time over which
emitters may be studied.35,40,41 Previously, we observed
power-law blinking on single dye molecules in KAP for
both on- and off-times with exponents of mon/off � 1.5.
Spectral diffusion of SM in KAP has also been observed,
and correlations between spectral jumps and intensity
fluctuations are widely reported for both organic chro-
mophores and QDs.4,38,42,43 Theoretically, spectral diffu-
sion and blinking phenomena have been connected for
quantum dots using first-passage theory and success-
fully reproduced a power-law exponent of 1.5.44 In this
approach, electron transfer was promoted as the most
likely mechanism; however, first-passage theory can be
used to describe other chemical processes. Moreover,
different analyses of identical data have been shown to
significantly alter the power-law fit parameters.38 While
first-passage theories are attractive, the weak associa-

tion of mechanisms to blinking statistics for complex
systems underscores the need for auxiliary analytical
methods for deeper analysis of SM photophysics.

Blinking provides a measure of dynamics that occur
on relatively long time scales (�1 ms), but it is unclear
if dispersed kinetics extend to shorter times. The limited
amount of information available suggests dispersive ki-
netics are manifested on shorter time scales, as well.
For example, MC simulations predict that decay of the
optically prepared excited state should demonstrate ki-
netic dispersion.23 Extrapolation of autocorrelated QD
data also suggests that blinking dynamics are manifest
at nanosecond time scales,45 in correspondence with
macroscale blinking traces. A few studies have directly
measured the excited-state lifetime of individual quan-
tum dots and have found dispersion evidenced by non-
exponential excited-state decay.12,46�48 Does a similar
scaling of distributed kinetics exist for mixed crystals?
To address this question, we report here the measure-
ment of single-molecule fluorescence lifetimes of 2=,7=-
dichlorofluorescein (DCF) in KAP (Figure 1) employing
time-correlated single-photon counting (TCSPC). We
find that, for a significant subset of the DCF molecules,
the decay kinetics for the lowest-energy excited singlet
state are dispersed, as evidenced by nonexponential
decay of the optically prepared excited state. In addi-
tion, the spectral diffusion of DCF in KAP is studied, and
energy-shift histograms were constructed and ana-
lyzed. The excited-state decay kinetics were reproduced
by MC simulations using first passage theory, where
the energy barrier between the optically prepared ex-
cited state and a dark state is modified stochastically us-
ing the experimentally obtained energy shift probabil-
ity distribution. Careful analysis of the optical and
photochemical properties of DCF in KAP supports a
photoinduced proton-transfer mechanism for distrib-
uted kinetics and dark-state population and
depopulation.

RESULTS AND DISCUSSION
SM lifetimes were determined from TCSPC decay

histograms, analogous to bulk fluorescence lifetime
measurements by the ergodic hypothesis. SM lifetimes
represent a convolution of both radiative and nonradi-
ative transitions from the optically prepared excited
state (|2�), to the singlet ground state (|1�), and

Figure 1. Example dye-inclusion KAP crystal. 2=,7=-
Dichlorofluorescein incorporates into the fast slopes of
growth hillocks within the {010} growth sector of KAP, as evi-
denced by emission photographs of heavily-doped crystals.A
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nonemissive state (|3�). Molecular fluorescence gov-

erned by time-invariant first-order kinetics predicts de-

cay histograms best fit to single-exponential functions

with a lifetime of � � (k23 � k21)�1. Distributed values of

k23 result in varying fluorescence lifetimes. Thus, the

fluorescence decay curve will be best represented by a

stretched exponential function of the form

where �KWW is the Kohlrausch, Williams, and Watts char-

acteristic relaxation time49 and � is the stretching pa-

rameter bound by 0 and 1. A � value of 1 corresponds

to single-exponential decay, with a decrease in � re-

flecting increased nonexponential decay kinetics. The

fit values of �KWW and � were reduced to a single decay

parameter �c as follows:

where 	(x) is the gamma function.

Fluorescence decay histograms obtained for 56

SMs of KAP/DCF were analyzed in order to assay the

prevalence of distributed fluorescence kinetics. Figure

2 depicts three normalized SM TCSPC histograms with

corresponding best fits. Displayed on a semilog axis, it

is apparent that Figure 2a is best represented by a

single-exponential function (� � 1), whereas the decay
profiles in Figure 2b,c deviate from a straight-line fit

and are instead better represented by a stretched expo-

nential (� 
 1). Histograms of � and �c for 56 indi-

vidual molecules of KAP/DCF are shown Figure 3.

Best-fit values of � span 1 to 0.46. Values of �c range

from 0.6 to 9.2 ns with an average value of 3.6 � 1.5

ns. For comparison, DCF exhibits an excited-state de-

cay lifetime of 2.46 � 0.05 ns in ethanol and 3.61 � 0.05

ns in a heavily dyed KAP crystal.

The TCSPC distribution of � values reveals stretched

exponential decays of the optically prepared excited

state for nearly half of the DCF molecules (see Figure

3b). For these molecules, excited-state decay is not rep-

resented by a single time constant, but a convolution

of many. Previously, luminophores in KAP yielded

power-law histograms of on- and off-times, indicative

of distributed kinetics at the millisecond/minute time

scales.23 Therefore, excited-state distributed kinetic pro-

cesses are manifest over nine decades in time. To the

authors’ knowledge, this is the first report of rate disper-

sion over such long time scales for organic molecules.

However, similar results have been reported for single

QDs, where Sher et al. found that a common power-law

coefficient described the excited-state decay as well as

the blinking dynamics.46 Additionally, dispersed

excited-state decay kinetics have been observed for

tethered core/shell QDs in a microfluidic channel,50 QDs

located near silver nanoislands on a quartz surface,51

and QDs imbedded in PMMA films.48 Fascinatingly,

CdSe/ZnS QDs have also shown nonexponential life-

F ∝ e-(t/τKWW
)�

(1)

τc )
τKWW

�
Γ(1

�) (2)

Figure 2. Three KAP/DCF single-molecule lifetime histo-
grams on semilog plots with stretched exponential fits
(solid) overlaid, along with single-exponential fits (dashed)
on (b) and (c) for contrast. Decreasing � fit parameters mani-
fest as deviation from linear decay. Values of � are (a) 1, (b)
0.75, and (c) 0.57.

Figure 3. (a) Histogram of �c fit parameters for 56 single
molecules of KAP/DCF. The distribution spans 0.58�9.2 ns,
with an average of 3.6 � 1.5 ns. (b) Histogram of � fit param-
eters for 56 single molecules of KAP/DCF; 55% of the mol-
ecules deconvolved to a � value of 1, denoting single-
exponential decay. The remaining 45% deconvolved to a
range of � values, down to 0.46.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 8 ▪ 2403–2411 ▪ 2009 2405



times within individual intensity segments of fluores-
cence traces.12,52 Current interest in this area of research
is to identify the physical processes responsible for dis-
persed kinetic behavior on the nanosecond and longer
time scale and to ascertain if a single process is respon-
sible for this behavior over such a wide variety of time
scales.

Distributed rate constants for fluorescence intensity
switching between on and off are often associated with
environmental heterogeneity. Power-law histograms
are frequently recreated in intermolecular charge-
transfer models by employing static, random distribu-
tions of trapping sites in the surrounding matrix.28 For
this reason, it was not believed that distributed kinet-
ics (at any time scale) would be observed in homoge-
neous host matrices.4 It is therefore surprising that a va-
riety of luminophores in KAP exhibit this phenomenon.
Room temperature spectral diffusion measurements of
chromophores in KAP may provide insight into why ho-
mogeneous host matrices exhibit dispersed kinetics on
both fluorescence and blinking time scales. Correlations
between spectral jumps and intensity jumps have been
made for both QDs42 and organic chromophores.43 It is
accepted that environmental fluctuations alter excited-
state energetics, resulting in observed SM spectral diffu-
sion.53 Such fluctuations also promote energy-barrier
crossing along adiabatic reaction coordinates. Evidence
for this pathway was found in temperature-dependent
blinking studies of organic dyes in polymer hosts.54

The energy distribution for SMs of DCF in KAP was
measured as for violamine-R (VR).38 The emitted pho-
tons from SMs of DCF in KAP were separated by color
with a dichroic mirror centered at the bulk emission
maximum. The combined intensity for each blinking
trace was deconvolved using a change-point detection
algorithm,55 and the spectral energy shifts were calcu-
lated for every deconvolved segment based upon the
average intensity ratio between the detectors. Histo-
grams of energy-shift occurrences are shown in Figure
4a. The energy distribution in Figure 4b corresponds to
the distribution in Figure 4a weighed by segment dura-
tion to create a temporal-probability distribution of en-
ergy shifts. Figure 4c was calculated by using the total
number of photons emitted from each occurrence
shown in Figure 4a. This distribution best corresponds
to the ensemble fluorescence. We used the time-
weighted energy-shift probability distribution (Figure
4b) as a measure for the energy fluctuations in the di-
electric to reproduce the TCSPC results discussed
above.

To relate the fluorescence decay measured by TC-
SPC to an underlying physical process, we performed
Monte Carlo (MC) simulations similar to the approach
employed to investigate the blinking dynamics of VR in
KAP.23 The model consists of a three-level system with
distributed kinetics describing population and depopu-
lation of a third (e.g., dark) state. One of the central find-

ings in our studies of luminophores isolated in KAP

was that the environment around the SMs fluctuates

with time, as evidenced by spectral diffusion of VR38 and

DCF in KAP. If these fluctuations promote population

and depopulation of the dark state, then one would ex-

pect that the experimentally observed distribution of

SM emission energies to be related to the distribution

of dark-state population and depopulation rates. Mar-

cus and Tang have investigated the role of spectral dif-

fusion in QD blinking and developed the diffusion-

controlled electron transfer (DCET) model for quantum

dot blinking.44 Here, individual emitters (or molecules)

experience time-dependent fluctuations in the sur-

rounding dielectric that alter the energy barrier separat-

ing the optically prepared excited state from the dark

state (Figure 5). This time-dependent modification of

the barrier height gives rise to distributed kinetics and

Figure 4. Energy probability histograms obtained for the
single-molecule obtained by filtering the emission with a
dichroic mirror, with (a) each deconvolved segment equally
weighted, (b) weighted by segment duration, (c) weighted
by total photons emitted.

Figure 5. Marcus scheme for the first-passage model: � is
the energy required for the reactant state to arrive at the
product geometry without reaction; �G is the free energy
difference between product and reactant states; and Ea is the
energy barrier separating the reactants and products.
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a corresponding power-law distribution of on- and off-
times.23 The underlying principles of the DCET model
can easily be extended to other barrier-mediated pro-
cesses such as proton transfer mechanisms (see below).
The power-law description of on and off events for lu-
minophores in KAP makes a first-passage model
attractive.

The first-passage model is based on Marcus theory,
where the rate for barrier crossing depends on the reor-
ganization energy (�) and the free energy difference
(
G) between the reactant and product states (Figure
5). These quantities combine to establish the activation
energy, Ea, and corresponding rate constant expressed
in its familiar Arrhenius form:

Equations 3 and 4 provide a direct connection be-
tween fluctuations in 
G and dispersed kinetics, with
the extent of rate constant dispersion depending not
only on the distribution of 
G but also on the value of

G relative to the reorganization energy. The time-
weighted energy shift histogram (Figure 4b) repre-
sents the probability that a certain energy shift is
sampled at a given moment; therefore, this distribu-
tion was employed in the MC simulations with energy
shifts (�) serving as the MC variable. In the simulation,
the molecule is prepared in the optically excited state
|2�, with predetermined values for the fluorescence rate
constant k21, 
G, �, the prefactor A, and the free en-
ergy gap shifted by an amount �. The rate constant for
reactant state decay, k23, is then calculated with refer-
ence to �:

Once the rates are determined, the transition probabil-
ity from |2� is calculated at progressive time steps, t �

20 ps, and compared to a random number chosen from
a uniform distribution.

At the time a transition is made, the reaction pathway
is chosen by comparing the fluorescence quantum yield
to a random number:

If the fluorescence pathway is chosen, the arrival time
is recorded; otherwise, the process starts over with a
new � value. Five values of 
G (�/4, 0, ��/4, ��/2, ��)
were investigated. Most of these values correspond to
the “normal” Marcus regime except for 
G � ��, which
represents a barrierless process. In the absence of spe-
cific information regarding the reorganization energy, a

typical value of 0.2 eV was employed. The simulations

were also carried out with � � 0.4 eV with no impact to

the conclusions presented here. Finally, kBT � 200 cm�1

and k21 � 3 � 10�8 s�1, consistent with earlier work.23

The simulation was run for a variety of pre-exponential

values, A, for 104 total photon emission events. Decay

histograms were fit using a nonlinear least-squares fit-

ting routine to the stretched exponential function (eq

1).

For all five chosen values of 
G, there was little to

no variation of the best fit value of �KWW from stretched

exponential fitting of the MC�TCSPC curves, though

the magnitude of the stretching parameter, �, changed

significantly. Figure 6 presents the best fit � values ver-

sus the average rate for each value of 
G. For barrier-

less crossing (
G � ��), effectively no stretching is ob-

served, and as 
G diminishes to enter the normal

regime, the magnitude of � decreases significantly

from unity. The simulated decay curves at 
G � �/4

are best represented by � values approaching 0.7, con-

sistent with experiment.

The MC simulations demonstrate that the average

dark-state transition rate must be comparable to the

fluorescence decay rate, and that the reaction barrier

must be comparable to the environmental energy fluc-

tuations to recreate the observed dispersion. In con-

trast, dark-state population rate constants employed in

basic trapping style blinking models are several orders

of magnitude slower than the rate constant for

fluorescence4,28 and, therefore, cannot alter the effec-

tive fluorescence lifetime of the molecules. The simula-

tions were able to reproduce the wide range of TCSPC

results, suggesting that inherent differences in site per

site energetics could be the cause for both the large

population of dyes that do not exhibit distributed kinet-

ics and those that do.

Given the TCSPC results coupled with the MC simu-

lations, we can conclude that the dispersed fluores-

cence kinetics for single molecules can be reproduced

with a first-passage theory. What remains unclear is the

photophysical processes responsible for the dispersed

Ea ) (λ + ∆G)2

4λ
(3)

k ) Ae-Ea/kBT (4)

k23 ) Ae-(λ + ∆G + δ)2/4λkBT (5)

P|2> ) 1 - e-(k21+k23)t (6)

φf )
P|1>

P|3> + P|1>
)

k21

k21 + k23
(7)

Figure 6. Dependence of stretching parameter, �, on aver-
age rate, or pre-exponential factor, of k23 for �G � �/4
(cross), �G � 0 (square), �G � ��/4 (circle), �G � ��/2 (dia-
mond), and �G � �� (triangle). Stretching occurs at k23

rates of comparable magnitude or greater than k21.
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kinetics observed here. In order to address this ques-

tion, a detailed understanding of the photochemical

and fluorescence properties of DCF is required. In KAP

solution, DCF exists as an equilibrium of four dominant

species: quinonoid, neutral lactone, monoanionic, and

dianionic forms shown in Figure 7. The respective equi-

librium constants, approximate molar absorptivities at

470 nm, and the fraction of molecules expected in a

saturated KAP solution (pH � 4) are also shown.56 Each

species has its own characteristic absorption and fluo-

rescence spectrum, all of which overlap, as demon-

strated in the pH-dependent absorbance and emission

of DCF in water and in saturated (0.5M) KAP (Figure 8).

In basic and neutral solutions, the dianion is the domi-

nant species. As the pH decreases, the monoanion ap-

pears as evidenced by an isosbestic point at �460 nm.

As the pH is lowered, the population of the dianion de-
creases, and the neutral and monoanion forms remain.
No further isosbestic point is observed as depletion of
the neutral compound occurs to form the lactone struc-
ture, and this species is colorless.57 As pH is decreased
and the neutral species are favored, fluorescence inten-
sity is reduced, consistent with the evolution of the mo-
lar absorptivities between the various forms shown in
Figure 7. In KAP solutions, the dye equilibrium shifts to
the neutral configurations, as evidenced by absorbance
change in Figure 8. The fluorescence of the dye in KAP
solutions is quenched by �10% as compared to aque-
ous solutions (Figures 8), indicating that KAP provides a
weak perturbation of the dye’s electronic structure.

The fluorescence spectra for all forms of the dye in
aqueous solutions are similar, but marked broadening
and a large shoulder on the red edge of the band be-
come apparent when the neutral compound is favored.
There are significant differences between the DCF spec-
tra from the saturated KAP solution and the KAP crys-
tal. The fluorescence of a heavily dyed KAP crystal is
shown in Figure 9, and for comparison the dye in ace-
tonitrile and in 0.5 M KAP. In acetonitrile, the dye is in
the lactone and quinonoid forms; the luminescence
spectra resemble that in the KAP lattice. Previous stud-
ies of DCF in KAP have shown the existence of both
deprotonated and neutral species within heavily dyed
crystals.37 Furthermore, we have SM evidence of both
the quinonoid and deprotonated species within KAP.
The fluorescence intensity maximum for DCF shifts by
roughly 1300 cm�1 between polar-aprotic and aqueous
solutions (where the anionic form is dominant), and
the same separation is evident in the segment-
weighted energy-shift histogram (Figure 4a), consis-
tent with both forms in KAP at the SM level. Photoin-
duced proton-transfer mechanisms may promote inter-
change between populations with different molar
extinction coefficients, the etiology for intensity fluctua-
tions, and long-lived dark states. To extrapolate our
mechanistic understanding of fluorescence dispersion
to the processes operative in blinking, we are perform-
ing correlated measurements of fluorescence lifetimes

Figure 7. Different protonation forms of DCF with partition coeffi-
cients and estimated molar absorptivities at 470 nm at pH � 4. Clock-
wise, from top left, is the lactone, quinoid, anionic, and dianionic
forms. In addition, � is the molar extinction coefficient and f is the
fractional concentration at pH 4.

Figure 8. Absorption and emission properties of DCF in water and
saturated KAP solutions versus pH.

Figure 9. Bulk fluorescence of DCF in KAP, along with DCF
in acetonitrile and saturated KAP solution. The crystal emis-
sion profile most closely resembles the polar aprotic envi-
ronment given by acetonitrile.
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and blinking for DCF in KAP, and the results of this
work will be reported shortly.

Electron transfer is the dominant hypothesis for
complex blinking of organic chromophores.4,58 How-
ever, several features of DCF in KAP suggest that elec-
tron transfer may not be the underling mechanism of
blinking. Flash photolysis of fluorescein dyes in solution
showed oxidized and reduced ions, but neither of these
is stable and quickly reform the parent species.59 For
electron transfer to be responsible for a long-lived dark
state, the radical species must be stabilized as in R6G-
PVA dye host,58 but this condition is not supported for
DCF. Finally, DCF may be photo-oxidized and reduced
in the presence of strong oxidizing and reducing
agents,60,61 though neither of which is present in the
oxygen impermeable KAP environment. While DCF
does not fit into the electron-transfer scheme, it does
have a wealth of proton chemistry that may explain dis-
tributed kinetics of DCF in KAP using the same first-
passage formalism as invoked in DCET.

Photoinduced proton transfer of a related dye, 2=,7=-
difluorofluorescien, has been reported in acetate
solutions,62�64 a buffer like KAP. However, to assess the
possibility of proton transfer within KAP crystals, the
solid-state properties must be considered. The crystal
structure of KAP consists of bilayers. These sheets are
bound by weak van der Waals interactions which are re-
sponsible for the mica-like structure of the crystal.
Within each sheet, the monomers are tightly bound in
a herringbone arrangement through
carboxylate�carboxylic acid hydrogen bonds. The AC
conductivity of KAP is consistent with an activation en-
ergy of 0.022 eV at 1 kHz,65 a low barrier for charge-
carrier hopping. Since the crystal consists of hydrogen
bonds, the electrical transport in KAP is believed to in-
volve proton tunneling across the layered sheets. Previ-
ous studies of DCF in KAP have shown that the main
driving force for incorporation is carboxylate for carbox-

ylate (or carboxylic acid for carboxylic acid) substitu-

tion wherein the dye is directly substituted into the

hydrogen-bond network of the crystal.37 The dye’s di-

rect access to this low-energy proton-transfer channel

within the crystal strongly supports the notion of solid-

state proton transfer between the dye and crystal. A

popular study on complex blinking of R6G in PVA ruled

out proton transfer because strong coupling leads to

fast rate constants.58 However, the TCSPC�MC results il-

lustrate that to reproduce distributed kinetics at short

times this is precisely what is needed. The lattice prop-

erties of KAP may explain the creation of long-lived dark

states since proton tunneling rates are much slower.

Proton-transfer chemistry can account for both fast and

slow excited-state kinetics for DCF in KAP.

CONCLUSION
Single-molecule lifetimes of DCF in KAP were mea-

sured by TCSPC and revealed large diversity where half

of the molecules exhibited stretched exponential decay

of the optical excited state. This surprising result shows

that host heterogeneity is not solely responsible for dis-

persed excited-state kinetics at any time scale for or-

ganic molecules. Measurements of the SM energy pro-

file of DCF molecules in KAP and the observation of

spectral diffusion are evidence for fluctuations in the di-

electric that may serve to promote dark-state popula-

tion and depopulation. First-passage theory was used

to model TCSPC results, where the reaction barrier

height needed to be of similar magnitude as the spec-

tral energy shift distribution. These simulations recre-

ated the range of experimentally observed excited-

state decays. Though the mechanism of electron

transfer was discussed, the photochemical properties

of both DCF and KAP overwhelmingly support a proton-

transfer mechanism for dark-state population and

depopulation.

METHODS
Dye-inclusion crystals were grown by evaporation of super-

saturated, aqueous KAP (Aldrich) solutions containing 10�8 M
DCF (Aldrich) maintained at 30 °C in a water bath. Crystals were
cleaved parallel to the (010) face, attached to glass coverslips
(Corning) with vacuum grease, and mounted in an inverted ori-
entation on a closed loop x�y piezo scanning stage (Queens-
gate, NPS-XY-100B). SM lifetimes were collected with an inverted
confocal microscope (Nikon, TE2000U) and TCSPC electronics
consisting of a nanosecond delay module and a time-to-
amplitude converter (TAC, Canberra, 2145).66 Individual KAP/
DCF molecules were photoexcited using a 470 nm pulsed laser
(Picoquant, PDL 800-B) having a temporal width of 63 ps (full
width at half-maximum), a repetition rate of 1 MHz, and an aver-
age power of 67 nW. The excitation pulses were focused onto
the sample through a 100� oil-immersion objective (Nikon,
PlanFluor, 1.4 NA). Fluorescence photons were back-collected
through the objective, filtered (Chroma, 480 LP) from the excita-
tion field, and focused onto an avalanche photodiode detector
(APD) with a 50 �m active area (MPD, PDM050CTB) providing
confocal resolution. Synchronization pulses from the laser driver

and photon event signals from the APD were sent to the TAC,
with the TAC output binned using a multichannel analyzer (FAST
ComTec, MCDLAP). Single-molecule luminescence decay histo-
grams were derived using binning time delays between indi-
vidual excitation, and emission events with �104 excitation/
emission time-delay pairs were acquired for each SM to construct
a fluorescence decay histogram. The fits were optimized based
on minimization of �2. Errors were determined from diagonal el-
ements of the covariance matrix reported as 90% confidence as-
suming normally distributed errors.

Single-molecule energy-shift experiments were conducted
as previously described,38 except a dichroic mirror centered at
532 nm (Omega 540DRLP) was employed. Absorbance spectra
were acquired on a SI Photonics CCD array UV�vis spectrometer.
Fluorescence spectra were acquired on a Fluoromax-2 spectro-
photometer. Sample pH values were determined using Venier
LabQuest equipped with a pH sensor. For pH-dependent fluores-
cence measurements, a dye concentration of 6.78 � 10�6 M
was employed. Accurate determinations of the molar absorptiv-
ities and fluorescence quantum yields for the neutral and
monoanion forms of the dye are unavailable due to spectral
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overlap. Fluorescence quantum yields have been reported for
the dianion in 0.01 M aqueous NaOH (0.88)57 and in an ethanol/
benzene/water mixture (0.42).57,67
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