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Recent progress in single-molecule spectroscopy of dyed composite materials is reviewed.
In particular, single-molecule studies of dyed polymer films and dye inclusion crystals
are described that seek to understand local guest-host interactions and environmental
heterogeneity. Single-molecule orientational studies of chromophores in polymer films
and mixed crystals are discussed with particular relevance to materials and device
applications. Studies of single-molecular reorientational dynamics in polymers in the
presence of an electric field designed to establish alignment are described. Static
orientational measurements in mixed crystals, wherein alignment is a consequence of
crystal growth, reveal a surprisingly wide distribution of molecular orientations. Moreover,
the complex photophysics of single molecule in anisomorphous mixed crystals are explored
and described in the context of environmental heterogeneity and distributed kinetics.
The emerging literature regarding dispersed kinetics observed for individual emitters
(e.g. quantum dots, single molecules in polymers, etc.) is reviewed. Finally, the outlook
of single-molecule spectroscopy in dye-doped materials is outlined.
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1. Introduction

The electronic absorption and emission spectra of organic chromophores in condensed
environments possess information concerning molecular structure and dynamics.
However, these spectra are generally broad and featureless due to inhomogenecous
broadening created by a distribution of local environments. To circumvent this
complication, spectroscopists have developed techniques to obtain high-resolution
molecular spectra in condensed phases. Well-resolved vibronic spectra were first
obtained in the 1930s on single crystals of aromatic hydrocarbons (e.g. benzene,
naphthalene) at low temperatures [1,2]. Two decades later, low-temperature studies of
aromatic hydrocarbons in solids (i.e. Shpol’skii matrices and crystals) provided the first
quasi-line spectra of organic compounds [3]. For example, Shpol’skii discovered that
aromatic hydrocarbons dissolved in n-paraffins exhibited fine-structured spectra at low
temperatures corresponding to zero phonon transitions. In the 1970s, hole burning [4-6]
and fluorescence line narrowing [7,8] techniques were developed that utilize selective
excitation to investigate the individual components of an inhomogeneous molecular
distribution.

Although energy-selective spectroscopic techniques and low-temperature matrix-
isolation methods can minimize inhomogeneous broadening, the ultimate limit is provided
by single-molecule spectroscopic techniques. Lange and coworkers approached the
single-absorber limit (N <5) by studying the inherent, low-temperature statistical fine
structure of Sm** ions in CaF, crystals [9]. However, true single-molecule resolution was
not achieved until Moerner and Kador performed low-temperature studies of pentacene
substituted into crystals of p-terphenyl [10]. In these seminal studies, hidden hetero-
geneities in molecular photophysics were observed, and this work demonstrated the utility
of single molecules as ‘nanoreporters’ of local guest-host environments in condensed
media [11-13]. Motivated by these studies, the spectroscopy of individual organic
molecules in condensed environments has seen substantial growth. Advantages of this
approach include minimization of ensemble-averaging, environmental heterogeneity, and
non-synchronicity (particularly advantageous for studies of biomolecules). Furthermore,
single-molecule studies have revealed a multitude of previously unobserved phenomena
(e.g. quantum jumps [14], photon antibunching [15], etc.).

Single-molecule spectroscopy is by now a well-established field, and the techniques
employed have been reviewed in detail [16-20]. Instead, we focus here on the application
of single-molecule techniques to problems in materials chemistry. For example, single-
molecule measurements have been applied to systems with novel device applications
such as high-speed telecommunications [21] and quantum computing [22]. An emerging
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class of materials for next-generation -electro-optic (EO) switches are polymers
containing oriented dye molecules having a large first hyperpolarizability. These
materials hold the promise of information transmission at larger bandwidths and lower
operational voltages as compared to inorganic devices (i.e. LiNbO;3) [23]. However,
a crucial issue facing these materials is the successful translation of molecular systems
of large hyperpolarizabilities into macroscopic assemblies that have a similarly large
EO activity [24,25]. Bulk nonlinear optical activity requires non-centrosymmetry [26],
a condition that is typically met by placing an electric or ‘poling’ field across the
dye-doped polymer to induce chromophore alignment. However, theoretical work
suggests that poling is only partially effective in achieving molecular alignment [27].
Consequently, if the goal is to enhance the EO efficiency of these materials, then a
detailed understanding of the poling process must be acquired. Whereas ensemble-
averaged spectroscopy provides an average value of molecular orientation, single-
molecule microscopy can examine the nanostructures of dye-doped polymeric systems,
providing molecular-level information on how single molecule orientation and molecular
interactions impact EO device efficiency.

Molecular orientation can also be established by the host matrix. For example, in
isomorphous mixed crystals chromophore alignment is achieved by direct substitution
of guests into non-equivalent lattice sites of the host [28,29]. Since local heterogeneity
in the crystal is minimal with respect to that in polymer films, investigating the extent
of molecular orientation in mixed crystals represents the optimal approach for
minimizing inhomogeneous broadening. Furthermore, single-molecule studies of these
structurally-defined systems can provide a deeper understanding of molecular
photophysics including blinking dynamics, the nature of non-emissive states, and
photodecomposition pathways. This review focuses on the physical principles,
methods, and results of single-molecule studies of organic luminophores in condensed
environments with particular relevance to materials and device applications (e.g.
single-photon sources, organic based EO modulators). We discuss the application of
single-molecule studies in polymer films and dye inclusion crystals to understanding
local guest-host interactions and environmental heterogeneity of the surrounding
matrix.

2. Molecular orientation in dyed composite materials

2.1. Dyed polymer composites

Polymers are complex, dynamic materials with properties that vary widely as a function
of composition and temperature. For example, near the glass transition temperature (7)
of a polymer the bulk viscosity can change by orders of magnitude over just a few
degrees [30]. Polymer dynamics have been studied for over 50 years [30-35] and research
continues toward understanding these complex materials. One method by which to study
these environments is to use single dye molecules as reporters of local structure and
dynamics [36-41]. In particular, the reorientational dynamics of dyes embedded in
polymer films have been studied in order to probe environmental heterogeneity [39,42],
relaxation dynamics of the host, [38,43] and polymer viscosity [44]. Single-molecule
reorientation studies of the rhodamine analogue 5-TRITC in poly(methyl acrylate)
(PMA) were performed using polarization-sensitive wide-field microscopy [39].
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Single molecules exhibited dispersed rotational dynamics above and near the glass
transition temperature, demonstrating the heterogeneity of the host environment. Spatial
heterogeneity and polymer relaxation dynamics in poly(methyl methacrylate) (PMMA)
films have been studied using single DilC;g3 molecules [38]. Here, the authors
determined that probe molecular dynamics are governed by polymer motions resulting
from o relaxations in the glassy state of the host [38]. Molecular reorientation can
also be quantified by measuring orientation over time and collecting the distribution
of first-jump times [45]. For example, the distribution of DilC;3 molecules that
reoriented as a function of time in poly(vinylbutyral) (PVB) was fit to a stretched
exponential function, consistent with a distribution of host environments caused by
thermal fluctuations. Other means by which to garner information about the host
environment have included measurements of single-molecule blinking dynamics [46]
and lifetimes [47,48].

Chromophore reorientation is critical to functional EO chromophore-polymer
composites. Chromophore-doped polymers are typically centric obviating EO activity
[27]. When processing these materials, chromophore order (i.e. non-centrosymmetry)
is achieved during the ‘poling’ process. In poling, an external electric field (E) is
applied to the composite material at temperatures near the 7, of the polymer host.
The chromophore dipole moment (p) interacts with the external field to induce
ordering, then the system is cooled to preserve the field-induced chromophore
alignment. The extent of EO activity is related to the product of chromophore
molecular hyperpolarizabilty (8), chromophore number density (N), and the extent
of poling-induced molecular order [26]: EOcoNpB(cos’6). The orientational term,
(cos’@), corresponds to the angle between the molecular transition electric dipole
moment and the direction of the external field. This equation demonstrates that one
strategy for optimizing EO activity in dyed-polymer composites is to maximize
the extent of molecular order; therefore, understanding the details of molecular
reorientation in a polymer host is a critical step toward the development of polymer-
based EO devices.

Second-harmonic generation (SHG) has been used to study order in chromophore-
polymer composite materials. In particular, SHG has been used to probe poling efficiency,
and to optimize experimental parameters in the poling process. Singer et al. [49] studied
corona poling efficiency using SHG, and later experiments [50] demonstrated that stacked
or in-plane electrode geometries were sufficient to achieve non-centrosymmetry.
Bulk SHG measurements on poled polymers demonstrated that as the temperature is
decreased relative to T, more chromophore order is retained in the system after the poling
field is removed [51]. Chromophore ordering in dye-doped polymer films has been
investigated using scanning SHG where micron-sized spatial heterogeneities were observed
[52]. By adding polarization sensitivity to scanning SHG measurements, Le Floc’h et al.
[53] determined the average orientation of these domains. Although these ensemble-
averaged experiments provided evidence that poling can achieve molecular alignment, the
extent and efficiency of chromophore ordering in these systems is still an area of debate
[21,27,54]. Single-molecule spectroscopy can examine the nanostructures of dye-doped
polymer systems, providing molecular level information on single-molecule orientations,
local environmental heterogeneity, and how molecular interactions impact EO device
efficiency.
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2.2. Static and dynamic orientation in chromophore-polymer composite materials

Several single-molecule studies have explored two- and three-dimensional order of guest
molecules in polymer hosts [55-59]. Weston et al. measured the two-dimensional static
orientations and reorientational dynamics of dyes in a polymer matrix using polarization-
modulation confocal microscopy [45]. Individual molecules exhibited discrete jumps in
orientation, and the reorientational dynamics depended on film thickness consistent with
a combination of thermal and photoinduced reorientation mechanisms. Using widefield
microscopy, single-molecule orientations of the dye 5-TRITC in PMA were measured, and
a broad distribution of orientations was observed [39]. In addition to confocal and
standard wide-field microscopies, TIR has been used to monitor the rotational dynamics
of single molecules in polymer films. For example, TIR was used to probe the nanoscale
environmental heterogeneity and relaxation dynamics of dyes within the glassy state of
a PMA host [38].

We have used fluorescence excitation dichroism to study the effect of an applied
electric field on molecular orientation during poling of chomophore-polymer composite
materials [21,54]. During the poling process, the potential created by the interaction of
the electric field with the molecular dipole moment is expected to bias the molecular-
orientational distribution towards the direction of the electric field. The alignment
potential depends on the product of the molecular dipole moment and the applied field.
For example, the model nonlinear optical chromophore, DCM, possesses a dipole
moment of ~10 D, and in the presence of 50V/um fields generally employed in
processing of these materials a potential of ~1.7 x 1072'J is achieved. The orientational
distribution is governed by the Boltzmann probability distribution that depends on the
ratio of electric-field induced potential in relation to the amount of thermal energy
available to the system, k7, where k is Boltzmann’s constant, and 7 is temperature. In
the DCM studies, this ratio was 0.4 demonstrating that the thermal energy available is
greater than field-induced potential. This simple calculation begs the question: just what
is the extent of the perturbation created by the presence of the electric field on molecular
orientation?

Fluorescence images from single DCM molecules dispersed in PMA and placed
between two electrodes are presented in Figure 1 [21]. The 300-nm diameter of the
molecular images reflects the near-diffraction limited focus of the laser. Single
molecules were located by performing a raster scan of the sample until a molecule
was located and the flourescence dichroism was measured as a function of time.
Figure 2 illustrates the analysis required to connect the time-dependent fluorescence
dichroism to molecular rotation. Anticorrelations in intensities between dichroic
components of the emission are observed consistent with molecular rotation, until
permanent loss of the signal occurs due to photodestruction (Figures 2a and 2b). Using
Iy(t) and I,(¢), the reduced dichroism (A(¢)) is calculated by normalizing the difference
between the two orthogonal components by their sum [21,54] as presented in Figure 2c.
Finally, the autocorrelation of A(r), C(r), is determined and analyzed as shown in
Figure 2d. The decay of C(¢) is not well described by a single exponential as illustrated
by the mismatch between the exponential fit (dashed line) and data (black diamond).
In contrast, the data are better fit by the stretched exponential function (solid line).
The fitting parameters reported for the stretched exponential are the stretching
parameter (Bxww) and the weighted average correlation time (t.) [21]. Previous studies
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Figure 1. [Colour online] False-colour images of the flourescence of single DCM molecules.
The figure represents a 5x 5um?® scan employing 0. mm steps of 107°M DCM in 15wt% PMA. The
fluorescence is polarized parallel to the applied electric field (top) or perpendicular (bottom). The colour scale
corresponds to 300 to 50 counts per 100 ms.

have demonstrated that the rotational dynamics of single molecules in polymer hosts
exhibit stretched-exponential behaviour associated with a heterogenecous polymer
environment [36,39,45]. For example, studies of DilC,g in polymer films demonstrated
that single-molecule rotational dynamics, evidenced by the percentage of molecules
that reoriented over time, are well represented by stretched exponential functions
consistent with thermal-induced environmental fluctuations in the host environment
[45]. In addition, the autocorrelation of the reduced dichroism for single molecules of
S-TRITC in PMA were fit by stretched exponential functions [39].

Histograms of Bxww, T, and the time-averaged ratio of (/) to (/,) for DCM molecules
in PMA in the presence and absence of a 50 V/um electric field are shown in Figure 3. The
deviation of Bxww from 1 (Figure 3a) suggests the rotational dynamics reflect
the heterogeneous environment of the polymer host. However, the preponderance of
Bxww values lie between 0.7 and 1 demonstrating that the rotational environment is not
far from homogencous. Probe-specific rotational dynamics may be responsible for
the differences in the varying degree of exponential decay of C(7) between studies
[21,39,54]. Wang and Richert have recently demonstrated that for probe molecules in glass
forming liquids, if the rotational time constant of the probe is significantly greater than the
structural relaxation time of the surrounding environment, the rotational dynamics of
the probe will demonstrate exponential decay [60]. The near-exponential decay of
molecular rotational correlation [21,54] may reflect the rapid fluctuations of the polymer
host relative to the slower rotational dynamics of the probe or be due to limited sampling
of the molecular ensemble.
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Figure 2. A typical single molecule time trace of DCM in PMA (7, =11°C). Panel A presents the signal for
the two polarization components of the fluorescence (|| to the electric field as light grey, L as dark grey).
A single-step bleach at 150s is observed, consistent with single-molecule photodestruction. In panel B, the first
255 of the evolution in panel A is shown to more clearly depict the rotational dynamics. The reduced linear
dichrosim, A(7), is illustrated in panel C. Panel D is a fit to the autocorrelation of the transient showing both
an exponential fit (dashed, t=0.16s) and a fit to a stretched exponential function (solid, txww =0.15s and
Brww = 0.78).

The effect of an external electric field on the rotational dynamics of DCM (z.) was
determined by comparing the weighted average correlation times for molecules in the
presence and absence of the external field as seen in Figure 3b. Although the histograms
with and without the external field are similar, a shift to higher . values is observed in the
presence of the poling field, suggesting that the rotational dynamics are retarded in the
presence of the electric field. An alternate way to gauge the effect of an applied field is
illustrated in Figure 3c. Here, histograms of the ratio of () to (I, ) with averaging over the
defined molecular lifetime are shown. The application of the poling field is expected to bias
the molecular alignment in the direction of the field; therefore, this should be reflected
by an increase in the dichroic ratio in the presence of the electric field. The average
intensity ratio is 0.98 +0.02 with no external field, and in the presence of a 50 V/um field
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(I))/{1) (panel C) for DCM are shown. The values with no perturbation are shown on top of each panel, and
on the bottom are values in the presence of a 50+ 5 V/um electric field.
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the average ratio undergoes a sight increase to 1.0040.03. In addition, the histogram
in the presence of the electric field demonstrates broadening and skewing of the intensity
ratio to values greater than unity and is consistent with a biasing of the molecular
orientation in the direction of the electric field.

These results demonstrate that DCM molecules in PMA experienced significant
rotational mobility when 7> T,. The molecular rotational dynamics of DCM are only
slightly perturbed by the presence of a 50 V/um electric field, which is representative
of typical fields employed in device construction. Given a poling field of this magnitude
and the dipole moment of DCM (10 D), pE is approximately equal to 0.4 k7. Therefore,
the amount of thermal energy available to DCM is significantly greater than the
electrostatic potential energy created by the poling field. This energetic comparison is
consistent with the observation that the poling field provides only a modest perturbation
to the rotational dynamics of DCM [21].

2.3. Dyed crystals

Until recently, single-molecule studies on mixed crystals were limited to classic systems
where host and guest molecules are of similar size and shape, consistent with
Mitscherlich’s principle of isomorphism [61]. Naturally, the appeal of single-molecule
studies in mixed crystals relative to other condensed-phase hosts is the definition,
periodicity, and stabilization provided by the crystal lattice. The corresponding
disadvantage: mixed crystals with isomorphous components are traditionally difficult to
grow and handle, examined at extremely low temperatures, and limited to a modest
number of aromatic hydrocarbon dopants (e.g. pentacene, perylene, terrylene). However,
there exist classes of mixed crystals with anisomorphous components containing robust
luminophores (e.g. rhodamines, fluoresceins) that possess significant advantages over
classic mixed-crystal systems [62]. For example, single crystals of potassium acid phthalate
[63—66] and potassium sulphate [67,68] are easily grown from aqueous solution at room
temperature in the presence of many luminophores. We have explored mixed crystals with
anisomorphous components, crystals observed but oddly overlooked for over a century, in
contemporary studies of single-molecule alignment and photophysics.

As is well-known, many crystals are coloured due to traces of foreign matter. Colourless
and inexpensive Al,O5 crystals become rose-coloured sapphires, valuable to jewellers and
laser spectroscopists when titanium ions are present in the host lattice. In contrast, we are
less familiar with the dyeing of crystals using complex organic chromophores that
are chemically and structurally dissimilar from the host. The scientific study of dyeing
crystals with chromophores that are anisomorphous with the host was initiated in the
mid-nineteenth century by Sénarmont who discovered that solutions of Sn(NOs), - 4H,0
containing logwood extract deposited crystals that were red or violet depending on the
orientation of the crystal with respect to the plane of incident linearly polarized light [62].
Although many crystallographers struggled in vain [69] to reproduce the mixed crystal
thereafter referred to as Sénarmont’s salt, other examples of dye inclusion crystals were
obtained along the way (e.g. Congo red in sugar [70] and crystal violet in poppy acid
crystals [71]) in which dyes recognized a specific facet of the growing crystal to
produce single crystals with dyed regions that resemble hourglasses, Maltese crosses,
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hillocks, and more. A detailed review of the history of dyeing crystals as well as catalogues
of dye inclusion crystals that are easily grown from evaporation of simple salt solutions
appears elsewhere [62].

From the time of Sénarmont’s discovery until the 1940s, the crystallographic literature
contained sporadic discussions on the origins of linear dichroism in dye inclusion crystals
as well as dyed crystal growth and habit modification. For instance, how were
mixed crystals with anisomorphous components able to accommodate such obtrusive
impurities? Tammann demonstrated that under conditions of supersaturation far from
equilibrium, solutions of simple salts can subvert the principle of isomorphism, depositing
crystals that have oriented and overgrown anisomorphous guests [72]. Interestingly, the
emergence of high-resolution spectroscopy in condensed phase during the 1930s
corresponded with the last comprehensive studies on dye inclusion crystals. In this
review, we describe our efforts to reunite mixed crystals with single-molecule spectroscopy
in order to inform contemporary studies on the photophysical and orientational properties
of dyed composite materials.

By exploring dyed crystals of the past, we have discovered several hosts [62] such as
potassium acid phthalate [62-66,73] (KAP, space group Pca2;, a= 9.614A, h=13.330A,
c=6.479A [75]) that show remarkable tolerance for dyes of varying size, shape, and
chemical affinities. In particular, we have demonstrated that KAP incorporates
chromophores such as rhodamines, [65,66] acridines, [63,64] nonlinear optical molecules,
[65,66] and triphenylmethane dyes [73]. In addition to its remarkable acceptability for
guest molecules, KAP is easily grown from aqueous solution as large {010} plates, with
perfect cleavage parallel to these faces. During growth from solution, guest molecules are
differentially adsorbed and overgrown by faces of KAP not related by symmetry, a
phenomenon called intersectoral zoning, illustrated by DCM (4-dicyanomethylene-2-
methyl-6-p-dimethylaminostyryl-4H-pyran) in the {11 1} growth sector of KAP (Figure 4).
Intrasectoral zoning is observed when dye impurities inhomogeneously deposit within a
single growth sector. For instance, in the low supersaturation regime, the KAP crystal
surface propagates through screw dislocations that produce growth hillocks, shallow
stepped pyramids with non-equivalent vicinal slopes that express distinct affinities for
additives. Violamine R (VR) and 2’,7-dichlorofluorescein (DCF) recognize the {010}
growth sector of KAP (i.e. intersectoral zoning) and within this volume only the fast slopes
of growth hillocks (i.e. intrasectoral zoning) that are revealed as luminescent chevrons
(Figure 4). These results express the highly specific deposition of dyes into a crystal host,
and show that dye inclusion crystals provide opportunities to study alignment and
photophysics of single molecules.

In addition to the specific chemical zoning observed in dyed KAP crystals, linear
dichroism measurements demonstrate that single-crystal matrix isolation provides an
efficient orientation mechanism for included dyes. The projected transition dipole moment
orientation (#) of a fluorophore can be obtained by measuring the absorption or
emission dichroism. For example, the polarized excitation dichroism following 488-nm
illumination in DCM-dyed K AP crystals revealed an average dye orientation of 31.0° from
[100] in the ac-plane. Average dye alignment in VR-dyed KAP is roughly 45° from [100].
Although these examples demonstrate that dyes are oriented in KAP crystals, the extent
to which overgrowth by the crystal lattice results in chromophore alignment is a question
that only single-molecule techniques are capable of addressing. For instance, does an
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Figure 4. Dye-inclusion KAP crystals. Violamine R (VR) and 2'7’-dichlorofluorescein (DCF) are included
on the fast slopes of growth hillocks within the {010} growth sector of KAP. DCM is incorporated into the
{111} sector of KAP.

average orientation for VR in KAP of 45° correspond to a narrow or broad orientational
distribution centred at 45°, or rather, an isotropic distribution of dyes? Moreover, the
astonishing generality with which KAP crystals can orient and overgrow functional dyes
argues that dyed crystals have been overlooked as photonic materials [65,76]. Comparison
to polymers at the single-molecule level will firmly establish the differences in alignment
and macroscopic efficiency that are a consequence of two distinct mechanisms: poling of
polymers and growth anisotropy in crystals.

2.4. Single-molecule measurements of molecular alignment

The polymer-composite and mixed-crystal studies described above require the ability to
ascertain molecular orientation; therefore, we first focus on the ability of single-molecule
techniques to determine molecular order in two and three dimensions. The distribution of
molecular orientations in a host matrix can reveal the extent of alignment that is a result of
environmental heterogeneity and local guest-host interactions. Generally, polarized
light is employed to determine the orientation of molecular transition dipole moments [77].
In the first single-molecule polarization-sensitive experiments, Giittler er al. [28,29]
measured the fluorescence signal of single pentacene molecules in p-terphenyl as a function
of linear excitation polarization, and fit the resulting curve to a sinusoidal modulation in
order to determine the transition dipole moment orientation. Polarization-modulation
spectroscopy has also been used to measure single-molecule orientations in stretched
polyethylene films containing terrylene [78]. A more common approach is to determine the
two-dimensional orientation (6) of a fluorophore by measuring the absorption or emission
intensity following linearly-polarized excitation along two orthogonal directions (/;/1,)
according to [77,79]: # = tan™! VI/I.. A significant complication in this approach is that
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the high-NA objectives employed can present a large half-aperture angle resulting in
‘z-mixing’ of the excitation of transition dipole moments orientation orthogonal to the
xy-plane. This effect precludes measurement of the orientational extremes [77,79].
A simple approach to measuring the extent of z-mixing is to repeat the orientation
measurements using a lower-NA objective. For example, our orientation measurements of
VR in KAP demonstrated essentially no change between a 1.3- and 0.8-NA objective
suggesting that z-mixing was modest in these experiments [66]. Molecular orientation
studies in mixed crystals have also been performed using total internal reflection (TIR)
microscopy. However, this method is limited to molecules located near the surface of the
material of interest. For example, in ultrathin samples of p-terphenyl doped with terrylene,
TIR measurements revealed that single molecules were aligned normal to the plane of the
spun coat crystalline film [80]. Single-molecule measurements of alignment in projection
have also been performed in polymers [81], on glass surfaces [82,83], in Shopol’skii
matrices [84,85] and sol-gel environments [86].

More recently, three-dimensional (3D) measurement techniques (e.g. annular illumina-
tion, radially-polarized illumination, etc.) were developed and applied to single molecules
[58,81] as well as individual semiconductor quantum dots [87]. For example, the
orientation and location of both chromophores in a Forster resonance energy transfer
(FRET) pair were measured in three dimensions using annular illumination with two
excitation wavelengths [88]. The FRET pairs were tethered together using a rigid
molecular bridge and the authors observed a distribution of pair orientations, illustrating
that the relative geometry of the embedded chromophores is determined by the polymer
host environment. The 3D orientations of four-chromophore dendrimers doped into thin
polymer films were determined using wide-field defocusing, and in conjunction with
fluorescence lifetime measurements, were used to validate the energy hopping properties
of the multichromophoric system [89].

2.5. Static alignment in dyed salt crystals

Soon after the achievement of single-molecule resolution, Giittler et al. [28,29] performed
the first comprehensive studies on single-molecule alignment in mixed crystals. In
particular, the transition-dipole-moment orientations of single pentacene molecules
in crystals of p-terphenyl were measured using polarization modulation. As expected for
an isomorphous host/guest pair, pentacene molecules substituted into four non-equivalent
sites in the p-terphenyl lattice in relatively narrow orientational distributions [28]. More
recent orientation studies in mixed crystals were performed at room temperature on
terrylene molecules doped into ultrathin samples of p-terphenyl, where terrylene molecules
aligned normal to the plane of the spun-coat crystalline film [80]. In addition, Moerner and
Werley [90] demonstrated that terrylene molecules existed in two subpopulations within
crystalline films of p-terphenyl obtained from spin coating. One population of molecules
was photostable, oriented, and immobile, while the other was mobile, tracking the
crystalline defects over distances on the order of microns. In recent decades, single-
molecule studies of alignment in mixed crystals have taken a backseat to measurements in
other condensed environments (e.g. polymer films) since traditional mixed crystals
are difficult to prepare and are limited to a modest number of simple aromatic dopants.



15:48 21 January 2011

Downl oaded At:

International Reviews in Physical Chemistry 179

In the following section, we describe our efforts to study single-molecule orientations in
mixed crystals containing complex luminophores, unrestricted by host/guest isomorphism.

To develop a molecular-level understanding of how the rhodamine derivative violamine
R (VR) is oriented in the KAP crystal host, single-molecule measurements were performed
[66,91]. Anisomorphous mixed crystals are hereafter referred to as host/guest (e.g.
violamine R-dyed potassium acid phthalate is KAP/VR). Figures 5a and 5b show a typical
dataset, consisting of fluorescence images from KAP/VR grown from a solution
containing 5 x 107 M dye, with images corresponding to excitation along the [100] and
[001] eigenmodes of the crystal. Molecules that are brighter with excitation polarization
parallel to [100] and [001] have absorption dipole moments oriented closer to the a- and
c-direction, respectively. The transition dipole moment orientations of included dye
molecules were determined using polarized excitation measurements. Transition dipole
moment orientations () were computed according to: 6 =tan~'(1.12-DR)™ "2, where the
dichroic ratio (DR =1,/1,) is corrected for the KAP birefringence [77,92]. Reported values
of 6 are defined with respect to [100] in the ac-plane. The intrinsic error in 6 (the
orientation of an individual dye molecule relative to the host lattice), determined by the
emission fluctuations of a single-molecule time-trace, was approximately +5°.

From the measured dichroism in several KAP/VR samples, the average orientation for
200 molecules was determined to be 41.6 £ 14.0° (standard deviation from the mean), in
agreement with the bulk measurement. However, the distribution of orientations was
substantial, with a FWHM (full-width half-maximum) of ~30° and individual values
ranging from 8.1° to 74.2° relative to [100] (Figure 5c). Considering the intrinsic
organization present within a single crystal, and our observations of chemical zoning in
heavily-dyed crystals, this result was surprising. To explore the role of conformational
flexibility on alignment, we performed experiments on 2’,7-dichlorofluorescein (DCF)
incorporated into KAP. This chromophore is structurally analogous to VR, but lacks the
terminal aryl rings. For single-molecule experiments employing 405-nm excitation, the
average orientation of 180 molecules in KAP/DCF was found to be 42.6 + 18.3° from [100]
with values ranging from 5.8 to 86.5° (Figure 6). The single-molecule measurements were
repeated using 532-nm excitation in order to rule out photoselection. With 532-nm
excitation, the average orientation for 151 molecules in KAP/DCF was found to be
38.6 £15.5° from [100] with the orientational distribution ranging from 9.3 to 70.9°
(Figure 6). The FWHM of the orientational distributions following 405-nm and 532-nm
excitation were ~55° and ~50°, respectively. These results demonstrate that single
molecules are poorly aligned in the crystal host, despite the fact that heavily-dyed
crystals demonstrate specific chemical zoning that directs dyes to the fast slopes of growth
hillocks. The persistent difference between the average orientation from bulk and
single-molecule measurements in KAP/DCF was found to be a consequence of anisotropic
kink-site recognition [93].

We have also investigated KAP dyed with the nonlinear optical dye DCM. Heavily-dyed
KAP/DCM crystals exhibit a visible absorbance spectrum with maxima at 408 nm,
432 nm, and 460 nm, and emission at 470 nm, 507 nm, and 545 nm. The fluorescence profile
of the dyed crystal demonstrates a hypsochromic shift relative to solution, consistent
with protonation of DCM as verified by EPR measurements. The orientations for
75 molecules of DCM in KAP were determined by polarized excitation anisotropy
measurements using 488-nm excitation, and an average orientation of 33.6+7.8° from
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Figure 5. [Colour online] False-colour 10 x 10 pm? images of the fluorescence from a KAP crystal grown from
roughly 5 x 107" M VR, obtained from 532-nm excitation along orthogonal eigenmodes, (a) [100] and (b) [001].
Colour scale corresponds to counts per 100 ms. (c) Resulting histogram (bin size = 5°) of VR orientations for 200
violamine R molecules, measured as an angle between 0° and 90° from [100]. The average orientation was found
to be 41.6 +14.0° from [100].
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Figure 6. Single-molecule orientational histograms for DCF in KAP. (a) Distribution containing 180 DCF
molecules employing 405-nm excitation, with an average value of 42.6 £ 18.3° from [100]. (b) Orientations of
151 DCF molecules excited at 532 nm, the average orientation was found to be 38.6 £ 15.5° from [100].

[100] was observed, in agreement with bulk measurements. However, DCM also exhibits
a wide range of chromophore orientations in the crystal, from 20.9° to 50.8° from [100].
The single-molecule orientations of the blue-shifted species were measured using 405-nm
excitation to give an average orientation of 20.6 £9.1° relative to [100] with values ranging
from 3.3° to 46.1° for 74 molecules. The single-molecule orientational distributions
of KAP/DCM obtained using 488-nm and 405-nm excitation, are overlaid in Figure 7.
The averages of the distributions are in good agreement with the ensemble-averaged values
and demonstrate the dichroism in KAP/DCM is indeed dependent upon excitation
energy. Furthermore, the observed fluorescence time traces from some single molecules
(an example is presented in Figure 8) indicate that dual emission is exhibited from DCM in
the crystal host. The observation of dual emission verifies that chromophores are
incorporated into the host matrix in a distribution of molecular geometries with distinct
energies.

Ensemble-averaged polarization spectroscopy of KAP dyed with a variety of
luminophores suggests that dyes are oriented during crystal growth. However, by
applying single-molecule techniques to these mixed crystals, we discovered that the
orientational distributions are wide. Rhodamine derivatives like VR and DCF exist in
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Figure 7. [Colour online] Single-molecule orientational histograms for DCM in KAP employing (purple)
405-nm excitation of 74 molecules, and (green) 488-nm excitation of 75 molecules. The average orientations were
determined to be excitation-wavelength dependent, corresponding to 20.649.1° and 33.6+7.8° from,'®
respectively.
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Figure 8. Single-molecule emission intensity over time for an individual molecule of DCM in KAP recorded

over 200s employing a 50-ms time bin. The existence of two emissive intensities (~800 and ~200 counts
per 50ms) supports the hypothesis that the molecule exhibits dual emission.

a wide variety of orientations in KAP, despite the observation of both inter- and intra-
sectoral zoning in heavily-dyed crystals. Crystals of KAP/DCM exhibited narrower
orientational distributions relative to the rhodamine-type chromophores, but demon-
strated energy-dependent orientational distributions. Overall, the orientational distribu-
tions observed in dyed KAP crystals are indicative of a significant amount of
environmental heterogeneity within the KAP lattice.
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Figure 9. Emission traces (100-s length and 50-ms integration time) of three representative single molecules
of VR incorporated in KAP exhibiting (a) persistent emission, (b) periodic blinking, and (c) both fast and slow
blinking (i.e. two off events lasting >30s).

3. Single-molecule photophysics in dyed composite materials

A common method used to measure molecular photophysics is analysis of the time-
dependence of single-molecule emission. Specifically, a single molecule is subjected to
continuous photoexcitation and the variation of the emission with time is measured.
A common signature of single-molecule behaviour is the observation of emission
intermedience, or ‘blinking’, as illustrated in Figure 9b. Here, the emission trace of a
single rhodamine derivative subjected to continuous irradiation at 532 nm is presented.
The trace is characterized by periods of emissive behaviour (‘on-times’) interdispersed with
periods of non-emissive behaviour (‘off-times’). Of particular interest is the identification
of the non-emissive state and its population and depopulation kinetics, which can be
revealed by computing the autocorrelation of the emission intensity or by compiling
the distribution of on- and off-times [46,94]. In particular, the histograms of on- and off-
times can be described by exponential functions reflecting the rate of intersystem crossing
and the decay rate of the triplet state, respectively [95,96] for systems where population
and depopulation of the triplet state is responsible for fluorescence intermittency
[13,14,94,96-98].

However, many other systems demonstrate more complex blinking behaviour that is
not readily assigned to the population and depopulation of an optically dark state with
well-defined rate constants. For example, the blinking statistics of single semiconductor
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Figure 10. Quantum dot blinking dynamics. (top) Emission from an individual CdTe quantum dot over time.
(bottom) The probability distributions for on-times (filled triangles) and off-times (open triangles) are fitted
by power laws with exponents of ~1.6. Reproduced with permission from [107].

nanocrystals are not well described by single-exponential kinetics [99-110]. Figure 10
presents the time-dependent fluorescence intensity observed from a single CdTe quantum
dot, and the corresponding on- and off-time histograms that are not well described by a
single exponential function indicating that the dark-state population and depopulation
kinetics are complex [107]. In fact, the distributions demonstrate power-law behaviour of
the form Py o= ¢ where m is referred to as the power-law exponent. Modeling studies
have demonstrated that the observation of power-law behaviour is consistent with
distributed kinetics involving non-emissive states where the population/depopulation rate
constants are not well described by a single value, but instead vary with time [105]. Values
for m of roughly 1.5 have been observed for several quantum dot systems, with theoretical
treatments suggesting that this value reflects the formation of a non-emissive charged
quantum dot through electron transfer [103,105,108,111,112]. However, power-law
behaviour in semiconductor quantum dots has been observed to exhibit power-law
exponents ranging from 1 to 2, photoinduced modifications to the distributions, as well as
insensitivity of excitation power to blinking behaviour. An alternative explanation for
power-law behaviour in semiconductor quantum dots is spectral diffusion [101,113-116].
Research continues to establish the nature of the quantum-dot dark state, and the
mechanism of its formation.

In comparison to the quantum dot systems, the observation of distributed kinetics in
molecular systems is less understood. Typically, the observation of single-molecule
blinking has been taken as evidence for molecules undergoing excursions to the triplet
state  [13,14,94,96-98]. For example, the distribution of delays between consecutive
photons from single pentacene molecules in p-terphenyl crystals was found to
be exponential, consistent with depopulation of the triplet manifold by non-radiative
relaxation [97]. The off-time histograms for DilC;g3 molecules in PMMA and
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polystyrene were fit by single exponentials, with time constants consistent with the triplet
lifetime of the molecule [96]. Conversely, many other studies have observed broad
distributions of on- and off-times that are inconsistent with single-exponential rate
processes for dark-state population and decay [94,117-127]. Etiologies proposed for
distributed kinetics in organic chromophores have included molecular rotation [117],
conformational flexibility [46,119,121,124], spectral diffusion [11,91,128-130], reversible
photooxidation [131,132], and intermolecular electron transfer [118,120,123,125-127]. For
example, power-law blinking behaviour of single molecules of rhodamine 6G on glass [123]
and in poly(vinyl alcohol) [126] perylene diimide molecules in PMMA [127], as well as the
dye Atto565 on glass [125] have been attributed to the formation of non-emissive radicals
through electron transfer between the emitter and the surroundings. It is thought that the
dynamic environmental heterogeneity characterizing these systems provides for a
distribution of electron-transfer rates. Although there is general agreement that blinking
is an intrinsic characteristic of single-molecule emission, ambiguity persists regarding the
nature of the dark state and the mechanism of dark-state population and depopulation for
systems that demonstrate distributed kinetics.

Numerous mechanisms for distributed blinking kinetics have been explored; however,
interpretation of these studies is complicated by the heterogeneity of the surrounding
environment. Previous studies used crystalline films as surfaces to study molecular
photophysics [110], but recognized the further need for studies of chromophores embedded
in crystalline materials. We used simple crystals as hosts of complex luminophores to study
single-molecule photophysics in well-defined environments [91]. A single crystal matrix is
ordered and restrictive with respect to translation and rotation of guest molecules.
In addition, molecular bleaching due to photo-oxidation is reduced relative to oxygen-
permeable matrices, and the decrease in non-radiative relaxation caused by the restrictive
environment both afford enhanced photostability [65]. Dyed crystals are the optimal
system for investigating single-molecule photophysics; in particular, determining the
nature of the non-emissive state, its population and depopulations kinetics, as well as the
coupling of the dark state to photodecomposition pathways.

3.1. Single-molecule photophysics in dyed salt crystals

Single-molecule microscopy was used to measure the photophysics of single molecules
incorporated into single crystals of KAP [91]. Figure 9 presents emission traces of three
representative VR molecules. The molecule in Figure 9a demonstrates persistent emission
for the duration of the experiment. In contrast, the molecule in Figure 9b exhibits frequent
transitions between on and off states reminiscent of the blinking demonstrated by other
molecular fluorophores and semiconductor quantum dots. The emission trace shown
in Figure 9c demonstrates substantially different blinking timescales and two off events
that last for more than thirty seconds. Similar behaviour was reported for multi-
chromophoric dendrimers dispersed in a polymer, where frequent blinking was observed
with off events on the order of microseconds accompanied by infrequent off events that
lasted hundreds of milliseconds [133]. Although the duration of the two off events
in Figure 9¢ are much longer than typical triplet lifetimes [134], triplet lifetimes of
luminophores in mixed crystals can be significantly enhanced relative to solution due to
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conformational restrictions provided by the host, and phosphorescence lifetimes on the
order of seconds to minutes have been observed [68,135].

The blinking dynamics of VR in KAP were measured and quantified in terms of
switching rates (s~'), and on- and off-time probability densities. The distribution of
switching rates for 205 VR molecules is presented in Figure 11a. The average switching
rate was 1.37 4 1.94s™", with the error representing one standard deviation from the mean.
Of 205 molecules, 79 (38.5%) exhibit persistent emission and are subsequently
characterized as simply being ‘on’. For the remaining 126 molecules that demonstrate
blinking, the distribution of switching rates (Figure 1la, inset) is substantial, ranging
from 0.05 to 8.38s™'. Best fit of this subset of the total distribution to a bi-exponential
function corresponds to A; =480, t1=0.19s and 4,=4.4, 7,=3.4s. In summary, these
data suggest the presence of two subpopulations in the crystal, molecules that exhibit
continual luminescence and the remainder that display a broad distribution of blinking
timescales.

What is the origin of the wide variation in photophysical behaviour evident in
Figure 11a? To address this question, we examined the connection between the

8 L]
. (o
7+ " g
6 -
H LJ .
5- -
4— e L] . - L]
-.
3_ .- -.. °
. o« o%*
2k . &
—_ . .
g Py 1 : i * '° :.
(&} LR - L .
c w - - ! . o
E & O ® o8 © imeoems I--.I. -I....-I.
3 8 =
S & Ll & (@
L]
(-2
6_ L]
5_ -
- .
e ® *
4= .
- - ™ -
3 . 7 s ®
a® .
2+ 4 .
1= ‘.-.... S . ° :
e é
] OF «%% 2ete "oe %
il O AT e L e i AR5 1 1L 1 1 1 1 1
o 1+ 2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80
Switches (s7) 0

Figure 11. Distribution of switching rates (s~') for (a) 205 molecules in KAP/VR and (b) 168 molecules
in KAP/DCF. The average switching rates were found to be 1.37+1.94s™" and 1.64+1.96s"", respectively.
For KAP/VR, ~40% of the molecules are ‘on’ (i.e. switching rate=0s""), and the remainder (inset, a)
demonstrate a wide variety of switching rates, corresponding to a bi-exponential fit (dashed line). For KAP/
DCF, ~20% of the molecules are ‘on’ and the rest (inset, b) demonstrate bi-exponentially distributed switching
rates. (c) Scatter plots of the switching rates (s~') and orientations of 93 molecules in KAP/VR and (d) 82
molecules in KAP/DCF. No correlation between photophysics and alignment is observed.
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orientational and photophysical heterogeneity demonstrated by KAP/VR. Statistically-
improbable molecular orientations (i.e. values beyond one standard deviation from the
mean) presumably originate from kinetic rather than thermodynamic factors governing
crystal growth, and the photophysical behaviour arising from a kinetically-determined
distribution of molecular orientations may differ significantly from the stereochemically
most probable docking site. The relationship between photophysics and alignment
was investigated by successive measurements of the emission and orientation of
93 molecules in KAP/VR. Plots of the switching rate with respect to orientation are
shown in Figure 1lc, where no correlation between orientation and photophysical
behaviour is evident.

To further characterize the blinking dynamics of single molecules in KAP/VR, the
temporal duration of emissive and non-emissive events were compiled into on- and
off-time histograms. Figure 12a demonstrates that on-times observed from 40 single
molecules range from 0.05s (the experimental resolution) to 98.8s. The corresponding
off-time distribution consists of events ranging from 0.05s to 76.0 s (Figure 12b). Both the
on- and off-time distributions are peaked at short times, with the number of extremely
long events (>30s) being limited. Consistent with previous analyses, continuous
distributions of the on- and off-time probability densities (P(Ton/ofr)) Were derived from
these data by dividing each value in the on- (off-) time distribution by the average time to
its non-zero nearest neighbours. Both P(t,,) and P(tyy) are well described

employing a power-law expression of the form P(zon/orr) = P()‘L’(::/?g‘;{t?” and Mgy /ofr 1s the
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Figure 12. Distribution of on- and off-times for 40 single molecules in KAP/VR. (a) On-time distribution
comprised of 4269 emissive events that range from 0.05 to 98.8s. (b) Off-time distribution containing 4271
non-emissive events ranged from 0.05 to 76.0s. (¢) P(t,,) presented on a logarithmic scale, with a power-law fit
to the data (solid line) corresponding to mi,,=2.0. (d) Corresponding P(z.¢) with a power-law fit (solid line)
corresponding to miop=1.8.



15:48 21 January 2011

Downl oaded At:

188 K. L. Wustholz et al.

power-law exponent. Plots of P(t,,) and P(t.) and the best fits to the power-law function
corresponding to Py(on)=2371, m,,=2.0, and Py(off) =208, m,;=1.8 are presented in
Figures 12c¢ and 12d, respectively. For comparison, typical power-law exponents
observed for other systems are m~1.7 for semiconductor nanocrystals
[104,108,110,111], m ~ 2 for single molecules on glass [123,125], and m ~ 1.5 for molecules
dispersed in polymers [118,120,136], although most systems demonstrate considerable
variability in the power-law exponent. The expectation value for the average time in the on
or off state ((tonjorr)) Was obtained from the best fit to the power-law distribution
[104,105]. From the power-law fits for KAP/VR, values of (t,,) =0.38 s and (t,¢) =0.74s
were obtained. Emission traces for 24 molecules obtained using a 10-ms bin time were
compiled to give >10,000 emissive and non-emissive events yielding power-law fits
corresponding to mgy, = 2.3, myrr=2.0, (to,) =0.03s, and (zor) =0.10 s, demonstrating the
dependence of the average on- and off-times on the experimental integration time as well
as the insensitivity of m to this perturbation.

3.2. Power-law blinking behaviour in individual molecules

Power-law behaviour from individual perylene trimers on glass and in PMMA has been
observed [127], consistent with the behaviour determined through the analysis of blinking
statistics for collections of these molecules. Since the power-law behaviour observed
for the collection of molecules in KAP/VR shown in Figures 12c and 12d could arise from
the averaging over many molecules with distributed single-exponential blinking rates,
it is important to establish that individual chromophores also demonstrate power-law
blinking behaviour. Towards this end, P(z,,) and P(zt.¢) were calculated for individual
molecules monitored for one hour, with the observation of emission for the duration of
these long-time measurements highlighting the stability that is provided by incorporation
into the KAP lattice. All molecules that exhibited blinking for >1000s (long enough
to provide sufficient statistics) produced power-law distributions, with (m,,) =1.8 +0.4
and (mqg) = 1.4 £0.2. Figure 13 presents the probability distributions for a representative
molecule in KAP/VR monitored for one hour, yielding 1645 emissive and 1270
non-emissive events. On- and off-times ranged from the resolution limit (0.05s) to
169.2s and 322.2s, respectively. The distributions for this molecule demonstrated power-
law dependence with Py(on) =88, m,, = 1.6, (ton) = 1.7, and Py(off) =44, myr=1.4, and
<‘L'0ff> =8.3s.

Recently, a maximum likelihood estimator (MLE) method for analyzing power-law
distributed data with particular application to limited datasets (i.e. individual emitters)
has been described [137]. Applying the MLE method to the total dataset consisting of
40 molecules of KAP/VR resulted in power-law exponents of m,,=1.8 and m;p=2.2.
For the molecule in Figure 13, the MLE method produced values of mg,,=2.5 and
meer= 2.3, indicating that the power-law exponents for the molecule are closer to the
values obtained from analysis of the composite blinking statistics. Overall, these results
demonstrate that power-law dependence of blinking dynamics is observed for individual
molecules, suggesting that the power-law distribution for the collection of 40 molecules
does not arise from averaging of dispersive single-exponential rates for individual
molecules (i.e. static), but rather, reflects dynamically-changing rate constants for dark-
state population and depopulation.
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Figure 13. Logarithmic plots of the probability distributions of on-time (a) and off-times (b) for an individual
molecule in KAP/VR, with power-law fits (solid lines) corresponding to m,,=1.6 (least-squares fitting),
2.5 (MLE) and myg=1.4 (least-squares fitting), 2.3 (MLE).

3.3. Distributed kinetics models

Previous authors have used Monte Carlo (MC) simulations based on an electron-
tunnelling model to reproduce the distributed kinetics observed in blinking studies of
semiconductor quantum dots and for molecular fluorophores [105,125]. We performed
MC simulations described in detail elsewhere [91] of blinking dynamics employing a
model with three electronic levels: the singlet ground state (1)), the singlet excited state
(]2)), and a ‘dark’ state (|3)) (Figure 14a). The photoexcitation rate constant (k;») is
restricted to be 1 x 10°s™! based on the experimental laser power and absorption cross
section of VR. The radiative rate constant (k»;) is fixed at 3.7 x 108s™! consistent with
the measured fluorescence lifetime of KAP/VR. To account for power-law behaviour,
the dark-state population (k,3) and depopulation (k;;) rate constants were modeled as
follows: k; =« e ~. In this expression, i and j are the initial and final states, respectively,
k; is the pre-exponential factor, and x is a random number generated from an
exponential distribution. For both P(z,,) and P(t.g) to follow power-law behaviour,
pathways to and from the dark state must be distributed. To model blinking dynamics in
KAP/VR, 40 simulations were performed with «,; and «3; set to 10°s~! and 10*s7!,
respectively. Figure 14b presents a simulated 100-s emission trace employing a 50-ms bin
time, and the corresponding probability densities determined using a threshold of the
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Figure 14. Monte Carlo (MC) Simulations. (a) Physical model employed in the MC simulations. Three
electronic levels considered correspond to: the singlet ground state (|1)), the singlet excited state (|2)), and a ‘dark’
state (|3)). The photoexcitation and emission rate constants are fixed based on experimental conditions
(solid arrows), while the dark-state population (k»;) and depopulation (k3;) rate constants are distributed
(dashed arrows). (b) Representative simulated emission trace employing a 50-ms bin, 1-ns computational time
step, and k=107, k>;=3.7x10%s7", k53=10°s"", and «3,=10*s"". The resulting on- and off-time
probability distributions from 40 simulated traces and corresponding power-law fits are shown in (c) m,, =2.1
and (d) mer=2.0, respectively.

average between on and off intensities. The probability distributions of on- and off-times
from the simulated data are presented in Figures 14c and 14d, respectively. Best fit
corresponded to power-law expressions with Py(on) =498, m,,=2.1, (ton) =0.30 and
Po(off) =74, mer=2.0, (1) =0.34s, in good agreement with the experimental
distributions.

3.4. Role of the environment in power-law behaviour

To explore the role of environment on blinking dynamics as well as the variation in the
microscopic rate constants predicted by the MC simulations, we performed blinking
studies of VR in poly(methyl acrylate) (PMA, T, =9°C). The emission intensity following
circularly-polarized excitation was collected on two polarization-sensitive detectors and
summed in order to monitor blinking. The emission traces of 16 molecules in PMA/VR
under nitrogen at room temperature were used to assemble the on- and off-time
probability distributions containing 1519 emissive and 1510 non-emissive events that
ranged from 0.05s to 10.5s and 39.9s, respectively. The on- and off-time probability
distributions were fit by power laws: Py(on)=69, my,=2.6, (ton)=0.12s, and
Po(off) =103, myr=2.4, and (toq) =0.17s (Figure 15). Considering the intrinsic error in
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Figure 15. Probability distributions of on- and off-times for 16 molecules of VR in PMA under nitrogen

at room temperature. The power-law fits for on- and off-times are shown in (a) n1,,=2.6 and (b) myp=2.4,
respectively.

the power-law exponent in roughly 0.3 [91], m,,, and m are statistically equivalent for VR
in KAP and PMA. To model the blinking dynamics of VR in PMA, MC simulations
were performed with «»; and «3; set to 5 x 107 s7land 5x10%s7!, respectively. Best fit
corresponded to a power-law expression with Po(on) =182, m,,=2.2, (t,,) =0.20 and
Po(off) =67, myir=2.0, (to) =0.265, in good agreement with the experimental data.
The rate constants for population and depopulation of the non-emissive state predicted
by MC simulations are significantly different for VR in KAP relative to PMA. For VR
in the polymer, power-law behaviour was modelled using rate constants to and from the
non-emissive state of 5x 10’s™! and 5 x 10°s™", respectively. In contrast, the blinking
dynamics of VR in KAP were modeled with a population rate constant 50 times slower
and depopulation twice as fast as the kinetics in PMA. Previous MC simulations of single
Atto565 molecules immobilized on glass produced power-law exponents of m,, =2.8
and mor=2.0, using k»; and «3; values of 4x10°s™" and 10°s~' [125]. For MC
simulations of quantum-dot blinking, previous authors obtained m,, = 2.2 and ni,;=2.0,
using «,; and «3; values of 107 s~ ! and 10°s7! [103]. Comparison of these results to our
experimental and MC simulated data for VR in KAP and PMA demonstrates the relative
insensitivity of the power-law exponent to the pre-exponential factors. A substantial
difference between the blinking dynamics of VR in KAP and PMA was not observed.
However, the role of the diclectric environment on power-law behaviour has been
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demonstrated for semiconductor quantum dots embedded in a series of polymer hosts (e.g.
PMMA, PVA) and atop crystalline films (e.g. p-terphenyl, NaCl) [110]. More recently,
Clifford et al. [136] demonstrated that blinking behaviour of the dye Atto647N could be
significantly modified by manipulation of the heterogeneity imposed by the surrounding
matrix; universal power-law behaviour was observed for molecules in zeonex and PVK,
mono- or stretched-exponential behaviour was observed for molecules in PVA and an
aqueous environment.

3.5. The origin of distributed kinetics in chromophores

The origin of distributed kinetics in organic chromophores has been a recent topic of
interest. Akin to the distributed kinetics model for semiconductor quantum dot blinking,
power-law blinking statistics of single molecules is generally attributed to
charge separation and recombination mechanisms including: diffusion-controlled charge
transfer [112,138], photoinduced spectral diffusion of donor and acceptor levels,
[107,112,136] and electron or hole tunnelling [104,105,110,111,127]. The diffusion-
controlled electron transfer model (DCET [139,140]) involves charge ejection from the
excited state and distributed recombination rates that are a consequence of the disordered
surroundings [138]. Although power-law behaviour 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 behaviour (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 [101] and predicts power-
law exponents of 1.5 [112,141]. However, the results for KAP/VR and PMA/VR (m~ 2)
are inconsistent with the predictions of this model; moreover, no excitation power-induced
changes to the blinking statistics were observed, an expected upshot of photoinduced
processes.

Alternatively, power-law statistics for the on- and off-times for single molecules of
rhodamine 6G in poly(vinyl alcohol) [126], and on glass [123], perylene diimide molecules
in PMMA [127], as well as Atto565 on glass [125] have been assigned to the formation
of non-emissive radicals by electron tunnelling 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 tunnelling
rates [105]. Support for this hypothesis was provided by Zondervan et al., who measured
a weak temperature dependence of the lifetime of the dark state consistent with electron
tunnelling, 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 [126].

In contrast to the aforementioned studies, we observed distributed kinetics for molecules
incorporated in a rigid, ordered, and well-defined crystalline environment. This
observation is both informative and confounding with respect to the electron transfer
model that relies on the disordered nature of the surrounding matrix to explain the origin
of the distributed kinetics. Furthermore, if charge transfer were occurring in the crystal,
one would expect a correlation between molecular orientation and blinking dynamics
consistent with the orientational- and distance-dependence of electron transfer.
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However, no correlation between molecular orientation and blinking was observed
(Figure 1lc). Moreover, power-law exponents of roughly 2 are inconsistent with the
proposed electron transfer models. Given the issues surrounding assignment of the
distributed kinetics for KAP/VR to intermolecular electron transfer, other origins for
power-law dependence of the blinking dynamics were explored.

Extended dark periods in single-molecule emission studies have also been attributed to
time- and environment-dependent conformational changes of molecules such as the
formation of twisted intramolecular charge transfer (TICT) conformer [46]. In the case of
VR, it is possible that variation in blinking behaviour reflects a distribution of
conformational flexibility provided by various crystal nano-environments. To explore
this hypothesis, linear-response time-dependent Hartree—Fock calculations (TD-HF[142])
were performed to determine the conformational dependence of the excited-state
properties of VR. Computations provided evidence that more than one molecular
conformation is accessible at room temperature, and conformationally-induced spectral
diffusion may lead to the variation in blinking behaviour. Yet, the ground-state potential
energy surface of VR demonstrated that the dark conformers exist in relatively shallow
minima (~2 kcal/mol).

To further explore the role of conformational flexibility in the distributed kinetics of
VR, we performed blinking experiments on KAP/DCF (Figure 4). DCF lacks the
sulfonated aryl ring such that this potential source for conformational dependence of the
transition dipole moment is eliminated. The distribution of switching rates observed for
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Figure 16. Probability distributions of on-times (a) and off-times (b) for 72 molecules in KAP/DCF, with
power-law fits (solid lines) corresponding to mg,,=1.9 and m.;=1.7, respectively.
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KAP/DCF (Figure 11b) is remarkably similar to that observed for KAP/VR (Figure 11a),
and again suggested the existence of two photophysical subpopulations in the crystal.
Moreover, no obvious correlation between absorption dipole moment orientation
and blinking dynamics was observed (Figure 11d), reminiscent of the case for KAP/VR.
On- and off-time histograms were compiled from the emission time traces of 72 single
molecules of DCF. Figure 16 demonstrates that power-law behaviour is observed for
KAP/DCF, with best fit to the power-law expression corresponding to Py(on) =308,
Mon=1.9, (ton) =0.44 and Py(off) =284, myp=1.7, (o) =0.765s. Overall, our results
demonstrate that power-law behaviour is observed for single molecules in both KAP/DCF
and KAP/VR, and this similarity suggests that the distributed kinetics for KAP/VR are
not associated with conformational flexibility.

Relative to glass surfaces and polymer films, the KAP lattice provides a uniquely
well-defined and ordered environment. However, the broad orientational distributions of
VR and DCF in KAP provided evidence that the first-coordination spheres of embedded
dyes are surprisingly diverse, despite the specific chemical zoning that is observed in heavily-
dyed crystals. This environmental heterogeneity, as well as time-dependent relaxation of the
molecule with respect to the surrounding dielectric, is proposed as the origin of the
distributed kinetics observed in KAP. Preliminary TD-DFT calculations on the anionic
form of VR, the principal species in the crystal-growth solution, predict that the visible
absorption is hypsochromically shifted up to 100nm for when a potassium cation was
introduced near its sulfonate or carboxylate moiety [142]. Since distributed kinetics were
observed for an individual molecule, a dynamically-changing property must be responsible
for blinking behaviour. Accordingly, two possible mechanisms for distributed kinetics are
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 a charge separation and recombination
mechanism that occurs via exponentially-varying population and depopulation rates. Both
spontaneous [11,13]and photoinduced [143] spectral diffusion have been observed for single
molecules in mixed crystals. Single pentacene molecules that exhibited spectral diffusion
were attributed to crystal sites with local disorder such that the local strain or dielectric
environment is far from equilibrium [11,13,144].

3.6. 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 [102,104,109]. The
idea behind these studies is that the presence or absence of correlations provides
information on the timescale for dielectric fluctuations affecting the value of k. If the rate
constants governing the population and depopulation of the dark state vary slower than
the blinking rate, then adjacent emissive and non-emissive events should be correlated (i.e.
memory). Conversely, if the fluctuations are fast compared to the blinking rate, the
temporal duration of adjacent emissive/non-emissive events will not be correlated. Stefani
et al. [109] demonstrated that memory is indeed observed for ZnCdSe quantum dots,
suggesting that the fluctuations occur more slowly than the timescale for blinking. In
contrast, studies by Nesbitt and coworkers [102,104] found no correlation in the emission
from InP and CdSe quantum dots, but power-law behaviour was still observed.
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This observation suggests that k; fluctuations occur on the blinking timescale, consistent
with charge ejection changing the local environment thereby erasing any memory between
successive blinking events. The relationship between power-law behaviour and the
presence (or absence) of memory effects in the blinking dynamics of semiconductor
quantum dots has yet to be definitively established.

We recently examined memory effects in the blinking dynamics of VR in KAP [145].
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/
non-emissive events allowing for the observation of memory. Correlations between
adjacent on- and off-times were examined by analyzing xy-plots on logarithmic scales
consistent with previous studies [109]. First, the blinking dynamics of 40 molecules in
KAP/VR were compiled to produce plots of the temporal durations of successive emissive
and non-emissive events as shown in Figure 17a. The linear Pearson correlation coefficient
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Figure 17. [Colour online] Memory in single-molecule emission. Scatter plots of on-times (log(7,,) vs. log(zon)),
off-times (log(zor) vs. log(7ofr)), and on- and off-times (log(7,,) vs. log(z.s)) are presented on logarithmic scales
with corresponding correlation coefficients (Ry,.). a. Correlations of adjacent on- and off-times (in seconds)
obtained from 40 molecules of VR in KAP. b. Correlations from an individual molecule in KAP/VR.
c. Correlations obtained from 40 Monte Carlo simulated emission traces demonstrating the absence of memory.
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(Riog) Was used to quantify correlations between adjacent times. The limiting values of Rjoe
are 1 and —1 corresponding to positive and negative correlation, respectively, and Ryoe
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). The greater point density along the diagonal for plots of consecutive
on-times (Figure 17a) and off-times (Figure 17b) demonstrates the existence of memory for
VR in KAP. Consistent with this observation, adjacent on-times and adjacent off-times
exhibit positive correlations with Rj,, values of 0.48 and 0.50, respectively. In contrast,
the plot of consecutive on- and off-times (Figure 17¢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
(Riog =—0.12) consistent with anticorrelation.

In order to establish that individual molecules exhibit memory, and that the correlations
evident in Figure 17a 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>1000s (long enough to provide sufficient
statistics) produced power-law behaviour and non-zero correlation coefficients, with
(Riogon) =0.26 £0.23, (Ripg ofr) =0.454+0.24, and (Rjog onofr) = —0.2140.18, 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 17b. In agreement with the ensemble correlations, the molecule exhibits positive
correlations for consecutive on-times (R, =0.70) and consecutive off-times (R),, =0.61)
as well as anticorrelated on- and off-times (Rjoq =—0.47).

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.
The stochastic nature of the simulations should render the resulting blinking dynamics
memoryless. Figure 17¢ presents scatter plots of adjacent on- and off-times from 40 Monte
Carlo simulations of KAP/VR blinking dynamics. Indeed, no correlations 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.

What can be learned from the observation of memory in KAP/VR? Primarily, this study
demonstrated 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 timescale for fluctuations in the population and depopulation kinetics
of the non-emissive state are slower than the typical blinking rate. The average blinking
rate for KAP/VR was found to be 1.37+1.94 s~ therefore, fluctuations in k;; must occur
on a relatively slower timescale. The correlations also provide information about the
nature of the dark state. One hypothesis for distributed kinetics in KAP/VR is based on
time-dependent changes in the configuration of VR relative to its local environment
leading to spectral diffusion. 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 non-
emissive state is closer in energy to the ground state relative to the first excited state,
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the non-emissive 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 directly supports the spectral diffusion hypothesis.

The observation of memory in the emission from single molecules in KAP/VR supports
the hypothesis that spectral diffusion is responsible for power-law distributed blinking
in this system. To further explore the role of spectral diffusion for KAP/VR as well as
dye-doped polymer films, measurements of single-molecule emission energy over time will
be performed. Furthermore, if configurational changes between guest and host lead to
spectral diffusion, temperature-dependent blinking studies should reveal changes to the
distributions of on- and off-times as well as the correlations between adjacent blinking
events as the temperature is decreased and motions are restricted. We previously
demonstrated that VR exhibits a broad orientational distribution in KAP, suggesting
a significant amount of environmental heterogeneity in the dyed crystal. Consequently,
blinking studies on dyed crystals that exhibit narrow orientational distributions (i.e. basic
pyranine in K,SO4 [66]) where environmental heterogeneity is minimized will be
performed.

4. Summary

Here we have reviewed the literature involving single-molecule studies of dyed-composite
materials, work motivated by salient issues in materials chemistry. In particular, the
current understanding of physical phenomena such as the establishment of molecular
order and complex molecular photophysics in condensed environments was described.
Consistent with essentially all single-molecule studies, the information gained was simply
not possible through measurement of the ensemble. Still, there are many questions that
remain to be explored. For instance, what governs the breadth of the orientational
distributions observed in mixed crystals? What is the extent to which temperature modifies
the reorientational potential created by the polymer environment? In addition, novel
approaches by which to establish molecular order are on the horizon. For example, there is
much current interest with regards to establishing molecular order in host materials where
the molecular reorientational space is of reduced dimension. Single-molecule techniques
are capable of directly evaluating and guiding this interesting approach to establishing
molecular order in composite materials. The origin of dispersed kinetics for individual
chromophores in condensed environments remains unclear. In addition, does there exist
a common origin for this behaviour in widely varying materials (e.g. quantum dots versus
dyed crystals)? Such issues are interesting from both a fundamental and applied
perspective, and it is anticipated that further work in this area will provide dramatic
insight into the issue of dispersed kinetics, insight that can only be achieved using single-
molecule techniques.
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