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Abstract

New Methods for Investigating the
Interplay of Photoluminescence Intermittency
and Local Dielectric Constant

Chelsea Hess Haupt

Chair of the Supervisory Committee:
Professor Philip Reid
Department of Chemistry

New experimental and data analysis methods for investigating the influence of local
environment on the photoluminescence intermittency (PI) or “blinking” exhibited by
single luminophores are presented. Specifically, the relationship between PI and local
dielectric constant (&) for nile red (NR) embedded in poly(vinylidene fluoride) (PVDF)
is determined using these new methods.

Experimentally, quasi-single molecule (SM) microscopy is used to spatially resolve
the distribution of ¢ in polymer films. By measuring the solvatochromic emission
from NR, a direct correlation between the emission maximum and ¢ is established and
used to measure the spatial varaition in ¢ for PVDF'. The effect of sample annealing is
explored, with non-annealed films exhibiting much larger € distributions in comparison
to annealed films. In addition, a decrease in the average ¢ with annealing time is
observed and attributed to a phase transformation of PVDF from ~- to S-phase.

New data analysis methods employing cumulative distribution functions (CDFs)
are also presented. These techniques allow for the statistical analysis of PI without
first assuming a parametric form for the underlying probability distribution function
(PDF) describing the duration of emissive and non-emissive events. For NR in PVDF,

changes in PI with variation in ¢ are observed and shown to be consistent with a



photoinduced electron transfer mechanism. The experimental and analytical methods
outlined here should prove useful in SM studies of guest-host materials designed to

elucidate the role of host environment on PI exhibited by the guest luminophore.



TABLE OF CONTENTS

List of Figures . . . . . . . . . . . . .

List of Tables . . . . . . . . .

Chapter 1:  Introduction . . . .. .. ... .. ... ... ... .....

1.1 New Tools for Elucidating the Environmental Origins of Single

Molecule Photoluminescence Intermittency . . . . . . . . ... ..
1.2 Quasi-Single Molecule Microscopy . . . . . . . .. ... ... ...
1.3 A More Robust Method for Analyzing PI Data . . . . . . . .. ..
1.4 Conclusion . . . . . . . ..
1.5 Acknowledgements . . . . . ... ..o

1.6 Bibliography . . . . . . .. ..o

Chapter 2:  Measuring the Spatial Distribution of Dielectric Constants i

Polymers Through Quasi-Single Molecule Microscopy . . . .

2.1 Abstract . . . . ..
2.2 Imtroduction . . . . . . ...
2.3 Experimental . . . . ... ... o
2.3.1 Sample Preparation . . . . . .. ... ...

2.4 Results and Discussion . . . . . . . . . ..



2.5 Conclusion . . . . . . . . 46

2.6 Acknowledgements . . . ... ..o 46
2.7 Supporting Information . . . . . .. ... 46
2.8 Bibliography . . . . . . . ... 48

Chapter 3:  Imaging the Effects of Annealing on the Polymorphic Phases of

Poly(vinylidene fluoride) . . . . . . . .. ... ... ... ... . 50

3.1 Abstract . . . . ... 51
3.2 Introduction . . . . . . ... 52
3.3 Experimental . . . . . .. ... 54
3.3.1 Sample Preparation . . . . . ... ... ... L. 54
3.3.2 Polymorphic Phase Analysis . . . . . ... ... ... ..... 55
3.3.3 Confocal Microscopy . . . . . . ... ... .. ... ... ... 55
3.34 Data Analysis . . . . . . ... 57

3.4 Results and Discussion . . . .. ... ... oo 58
3.5 Conclusion . . . . . . .. L 68
3.6 Acknowledgements . . . . . . ... ... 69
3.7 Bibliography . . . . . ... o 70

Chapter 4:  Beyond Power Laws: A New Approach for Analyzing Single

Molecule Photoluminescence Intermittency . . . . . . . . . . .. 71
4.1 Abstract . . . . .. 72
4.2 Introduction . . . . . . . .. Lo 73

i



4.3 Experimental Methods . . . . . .. .. ... ... 75

4.3.1 Sample Preparation . . . . . . .. ... ... ... 75
4.3.2 Single Molecule Microscopy . . . . . .. .. .. ... .. ... 7
4.4 Results and Discussion . . . . . . . . ... oL 78

4.4.1 Current Analysis and Maximum Likelihood Estimation . . .. 78

4.4.2 Cumulative Distribution Functions . . . . . .. ... ... .. 81
4.4.3 An Alternative Method for Analyzing PI Data . . . . . . . .. 83
4.4.4 Comparing PI Data Sets Without PDFs . . . . . . .. .. .. 89

4.5 Conclusion . . . . . . .. 99
4.6 Acknowledgements . . . . ... ... L 100
4.7 Bibliography . . . . . ... 101

Chapter 5: Dielectric Dependence of Single Molecule Photoluminescence In-

termittency: Nile Red in Poly(vinylidene fluoride) . . . . . . . . 104

5.1 Abstract . . . . . . .. 105
5.2 Introduction . . . . . . ..o 106
5.3 Experimental . . . .. ... 108
5.3.1 Sample Preparation . . . . . . . ... ... L. 108
0.3.2  Microscopy . . .. ..o 108
5.3.3 Data Collection and Analysis . . . . ... ... ... ..... 108

54 Results . . . . . .. 113
5.5 Discussion . . . . ... 119
5.6 Conclusion . . . . . . ... 129

il



5.7 Acknowledgements . . . . . ... ... 129
5.8 Supporting Information . . . . . . . .. ... 0oL 129

5.8.1 Description of Bayesian Detection of Intensity Traces (BDIC) 130

5.9 Bibliography . . . . . . . .. 132
Appendix A: Acronyms and Symbols . . . .. ... 136
Appendix B: Microscope Components . . . . . . . . . .. .. ... 137

iv



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

2.1

2.2

2.3

24

2.5

2.6

Fluorescence time trace of NR molecules in PVDF . . . . . . . .. .. 3

Spatial maps and histograms of the distribution of emission wavelength

max and € for NR in PVDF . . . . . . ... 8

Spatial maps of the distribution of ¢ for NR in PVDF non-annealed

and annealed films . . . . . . ... 9

Histograms of the distribution of € for NR in PVDF non-annealed and

annealed films . . . . . . ... 10
PI trace of NR in PVDF with CPD and BDIC overlay . . .. .. .. 12

Emissive event duration histogram, PDF and CDF of single NR molecules

in PVDF . . . . 0 14
NR/PVDF PI data fit to power-law, Weibull and lognormal distributions 17

CDPFs of emissive events for NR in PVDF in different dielectric envi-

ronments . ... L Lo L e 18
Fluorescence spectra of NR in various solvents . . . . . . . . ... .. 28
Absorbance and emission spectra for NR in PMMA and PVDF . .. 34

Spatial map of the distribution of emission wavelength max for NR in

PMMA and PVDF . . . . . . . ... 37
Emission wavelength histograms of true-SM and quasi-SM films . . . 38
Fluorescence emission max of NR versus ¢ and Er30 . . . . . . . .. 42
Spatial map of the distribution of ¢ for NR in PMMA and PVDF . . 44



2.7

2.8

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Histogram distributions of ¢ and E130 values for NR in PMMA and

PVDF . . 45
Transformation of R/T to wavelength emission max . . . . . ... .. 47
Space filling models of the phases of PVDF . . . . . . . ... ... .. 53

X-ray diffraction patterns of non-annealed and annealed NR/PVDF films 56

Spatial map of the distribution of emission wavelength max for NR in

PVDF non-annealed and annealed films . . . . . . .. ... ... ... 60
Emission wavelength max histograms of non-annealed and annealed films 61

Spatial map of the distribution of € for NR in PVDF non-annealed and

annealed films . . . . . . . . 63

Histograms distributions of € for NR in PVDF non-annealed and an-

nealed films . . . . . . ... 64
Average emission wavelength and e versus annealing time . . . . . . . 65

Spatial maps and line profiles of the distribution of ¢ for NR in PVDF

non-annealed and annealed films . . . . . ... ... 00000 67
On- and off -event duration histograms of CdSe/CdS QDs . . . . .. 80
Synthetic power-law data generation . . . . .. .. .. ... ... .. 86

CdSe/CdS QD PI data fit to power-law, Weibull and lognormal distri-

butions . . . . . .. 90
CDFs of on- and off-events of VR in KAP . . .. ... ... ..... 91
CDFs of on- and off-events of CdSe/CdS QDs . . . . . ... ... .. 94
Threshold dependence on CDFs . . . . . . . . ... ... ... .... 95
Heterogeneity of QD samples . . . . . . .. ... ... ... ..... 97

vi



4.8

5.1

0.2

9.3

0.4

2.5

2.6

2.7

B.1

Histograms of QD on- and off-events mean and standard deviations . 98

Fluorescence emission max of NR versus € with ¢ categories . . . . . 112
PI trace of single NR molecules in PVDF with BDIC overlay . . . . . 114

CDFs of emissive and non-emissive events of NR in PVDF for each ¢

category . .. oL oL 117
Median emissive and non-emissive event durations for each ¢ category 118

Energy level diagram of proposed photoinduced electron-transfer model 123

Half-life modeling of electron-transfer model . . . . . . . ... .. .. 126
Estimated parameters of photoinduced electron-transfer model . . . . 127
Microscope components . . . . . . . ... 137

vii



List of Tables

5.1 Data summary for initial data collection and sorting before categorizing

based on the BDIC algorithm . . . . ... ... ... ... .. ....
5.2 Data summary after categorizing based on the BDIC algorithm

5.3 Electrochemical and physical parameters for NR and PVDF . . . . .

viil



ACKNOWLEDGMENTS

First, I want to express my sincere gratitude to my advisor Professor Phil Reid.
Phil is an incredibly wise, patient, creative, and supportive advisor, whom I feel
honored to have as a mentor. Thank you Phil for not only believing in me as a chemist
but as a teacher. To Dr. Colleen Craig, thank you for providing great advice and
encouragement. To my committee members Professors Munira Khalil, Daniel Chiu,

and Nikolai Tolich, thank you for offering kind guidance throughout this journey.

To all of my coworkers, I am forever indebted to you for your help and ideas.
Dr. Erin Riley, thank you for being my mentor and teaching me so much. Patrick
Whitham, I have so very much enjoyed our productive and not so productive conver-
sations! Dr. Angela Rudolph, although our time as coworkers was short, I am forever
grateful for all of your help with my projects (this thesis in particular) and for always

being so gracious.

Next, to my best friend and fellow grad student Audra Johansen, you were there
through the highs and the lows. Many tears were shed on your shoulder but they
always quickly turned to laughter. Thank you for everything!

Finally, and most importantly, I thank my family. With unyielding support and
enthusiasm you have shaped me into the woman I am today. Thank you Dad for
always answering my phone calls. Your ability to deal with my crazy will never be
matched! Mom, you are without a doubt the greatest role model that I have. I am
so honored to be your daughter but more importantly your friend. Richard, you are
my brother. Thank you for always making me laugh. To the Haupts, thank you

for accepting me into your family and encouraging me to achieve my goals. To my

X



wonderful husband Stephen, I thank you. The amount of love and support that you
give me everyday is unbelievable. I truly would not have made it to this point without
you and I thank you for always believing in me! Last, I thank my dog Chica for the
countless hours of cuddling and companionship, including the hours spent trying to
distract me from writing, reading literature and studying. Luckily, it didn’t always

work!



DEDICATION

To my guardian angels, Nana and Greymare.

I mass and love you so much.

el



Chapter 1
INTRODUCTION

NEW TOOLS FOR ELUCIDATING THE
ENVIRONMENTAL ORIGINS OF SINGLE MOLECULE
PHOTOLUMINESCENCE INTERMITTENCY

This chapter has been submitted to Chemical Physics Letters as an invited Frontiers article.



1.1 New Tools for Elucidating the Environmental Origins of Single
Molecule Photoluminescence Intermittency

Following the optical detection of single molecules (SM) in 1991, SMs have been
extensively employed as probes of complex materials reporting on molecular-length
scales.? A long-standing promise of SM studies is the ability to study chemistry that is
largely obscured in ensemble measurements. By studying the chemistry of individual
molecules, novel and /or infrequent behavior becomes readily observable. This ability
is especially attractive for studies of complex guest-host systems where the details
of the local environment around a SM can have a profound effect on the chemistry
exhibited by the guest molecule.

We are particularly interested in using SM techniques to interrogate guest-host or-
ganic electro-optical (EO) materials. Applications of EO devices are currently limited
by photodecomposition of the chromophore, even in oxygen deficient environments.?
Identifying and subsequently blocking the operative photodecomposition pathways is
essential in the development of more robust EO materials. Photodecomposition is
ubiquitous in SM studies, with the abrupt or “single step” loss of emission being a
key experimental check that one is interrogating SMs. However, the rate and mech-
anism of photodecomposition is highly dependent on the nature of the luminophore
and surrounding environment. For example, multi-chromophore systems have been
used to probe whether subsequent photobleaching that appears to occur in a stepwise

145 while other studies have concluded that a two-step photolysis

manner is sequentia
is responsible for photobleaching® and that suppression of this process is possible.”
Our research has focused on measuring photoluminescence intermittency (PI)
or “blinking” of SMs and using this information to test various hypotheses for lu-
minophore photodecomposition. PI is characterized by alternating periods of SM

emission and non-emission, with non-emissive events corresponding to the population

of “dark states” that may serve as gateways to photodecomposition (Figure 1.1).® The
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Figure 1.1: Fluorescence time trace of a single molecule of NR embedded in poly(vinylidene
fluoride) (PVDF). The emission threshold is shown as the black dotted line.



simplest model for PI involves the production and decay of a dark state corresponding
to a triplet-state of the luminophore.? In SM studies, the rate constant for dark state
population and decay are determined by analyzing histograms of the emissive and
non-emissive event durations. Evidence for triplet-state formation is therefore found
through the correspondence of the dark-state lifetime as measured in a SM experiment

with the ensemble measured triplet-state lifetime. 1°

While a handful of studies have observed a correlation between the dark-state and
triplet-state lifetime, the vast majority of SM studies have not. Specifically, emis-
sive and non-emissive event duration histograms are found to correspond to complex
distribution functions that are inconsistent with triplet-state formation and decay.
Power-law distributions of the form P(t)=At* have found wide application for mod-
eling these more-complex distributions. ! Power-law distributions are consistent with
an evolution in the rate constants for dark state production and decay on the timescale
of the experiment.!? For organic luminophores, the prevailing explanation why sys-
tems exhibit power-law distributions is the formation of a radical species through
electron transfer to the host. In this etiology for PI, the distribution of electron
trapping sites available within the host provides a change in the rate constant for
electron transfer and corresponding dark-state formation.?!3 6 Charge recombina-

tion then returns the molecule to an emissive state. Alternative hypotheses have

17,18 19,20

been advanced for PI including conformational flexibility, spectral diffusion,

and proton transfer.?!

A critical step in evaluating any proposed mechanism for PI is elucidating the role
of the host in promoting dark-state formation and decay. For example, our group pre-
viously compared the PI exhibited by violamine R (VR) incorporated into potassium
acid phthalate (KAP) crystals and poly(vinyl alcohol) (PVA) films. It was found that
the PI exhibited by VR demonstrated opposing trends with changing temperature in
the two hosts. %2 This observation was interpreted as two different mechanisms be-

ing responsible for PI depending on environment. Specifically, electron transfer was



found to be the origin of PI in PVA while proton transfer is responsible for the PI
exhibited in KAP. Further evidence supporting an electron-transfer mechanism for
PI exhibited by organic luminophores embedded in polymers includes the observa-
tion of a decrease in the power-law exponent used to describe the non-emissive event
duration histograms with an increase in dielectric constant (¢) of the host.'® This
finding is consistent with the stabilization of the charge-transfer state in higher di-
electric environments providing for longer non-emissive event durations.!® This trend
was further explored in the work of Issac et al. on quantum dot PI.'% However, these
studies were limited by the modification of £ being accomplished through changing
the chemical composition of the host. %6 That said, these early studies have brought
to light some interesting questions. Can methods be developed that provide an easy
way to characterize the distribution of local environments provided by the host? Can
one connect changes in PI with changes in local environment in a way that allows for
the application of statistical methods to characterize the extent of PI alteration with

environment?

We have developed experimental and analytical techniques to directly link changes
in PI with local environment, and have used these techniques to study the guest-
host system of nile red (NR) embedded in films of poly(vinylidene fluoride) (PVDF).
PVDF is a semi-crystalline polymer that is of interest for its piezo- and pyroelectric
properties. This polymer is known to exhibit multiple phases of differing polarity,
and external perturbations such as annealing or the application of an electric field
can promote transformation between these phases providing a unique opportunity to
explore the role of ¢ on PL.%2 By employing films in which NR is incorporated at
quasi-single molecule (quasi-SM) concentrations, and using the bathochromic shift

R,%27 we have spatially resolved

in emission with an increase in € exhibited by N
the dielectric environments present within the various phases of PVDF.?® We have

also been able to investigate the impact of annealing on both the polymorphic phase

and ¢ exhibited by the NR/PVDF films.?*3° In addition, SM techniques have been



used to directly investigate the impact of ¢ on PI,?* and we have developed a new
statistical method for analyzing PI data.3! This thesis presents a review of the quasi-
SM techniques and the new PI analysis method. The tools presented here have allowed
for a thorough investigation of NR in PVDF, but more importantly they should find

wide application in the study of other guest-host materials.
1.2 Quasi-Single Molecule Microscopy

For NR/PVDF a critical first step in investigating the role of the host on PI is
measurement of the distribution of dielectric (¢) environments within the polymer.
Previous methods for measuring € in polymer films were limited by spatial resolution
on the order of micrometers (broad-band dielectric spectroscopy),®? the requirement
for extremely thin films (nanoscale dielectric microscopy),®® and the ability to mea-
sure ¢ only at the surface of the polymer film (frequency modulation electrostatic
force microscopy).?*3° To overcome these limitations, we developed a new technique
termed quasi-SM microscopy that allows for the measurement of dielectric distribu-
tions in polymer films. This technique involves doping the polymer of interest with
probe molecules at concentrations that provide ~2 molecules in the focal volume.
This concentration is roughly 100 times larger than that used in traditional SM stud-

ies, corresponding to a luminophore number density of ~10 molecules/um?

. Using
standard fluorescence confocal microscopy techniques, we are able to rapidly mea-
sure the distribution of ¢ present within a polymer film as subsequently described.?®
NR exhibits a ~100 nm bathochromic shift in the peak emission wavelength with a
change in ¢ from 2 to 32.2427 Measurement of the NR emission maximum was per-

formed and converted to energy (in wavenumbers). This energy was then converted

to € by employing the following relationship:2®
AE (em™!) = 1.077 x 10%e70% 4 1.67 x 10%e2x107" (1.1)

This relationship allows for conversion of NR emission maxima images to images of



local dielectric. We chose PVDF as the polymer host since it exhibits a wide range of
dielectric environments depending on polymorphic phase. The three dominant phases
of PVDF are denoted a, § and . The a-phase is the most common and is non-polar
with a cis-trans conformation. The -phase is polar and ferroelectric with an all-trans
conformation. Finally, the y-phase is an intermediate between the a- and [-phases
with a kinked all-trans conformation resulting in this phase being less polar than the
[-phase. The phases expressed by PVDF are dependent on processing conditions,
with interconversion between phases promoted through external perturbation such as
electric-field poling, annealing, or mechanical straining. 23

Our initial studies of the NR/PVDF guest-host system involved spatial mapping
of the distribution of € within a S-phase film. By measuring the emission wavelength
maximum of NR as a function of spatial position within the polymer film, spatial maps
of € were generated as shown in Figure 1.2. The figure demonstrates the variation in
emission wavelength maximum and correspondingly ¢ in a S-phase PVDF film. The
distributions presented in Figure 1.2 help to illustrate the relatively unique dielectric
environment provided by PVDF, with the observation of a heavy tailed distribution
of €. In order to further investigate the distribution of € observed in PVDF, annealing
was used to transition between polymorphic phases of PVDF while the corresponding
changes in dielectric environment were measured as shown in Figure 1.3 and 1.4.
Figure 1.3 presents spatial maps of the variation in e across the film for annealed
and non-annealed films while Figure 1.4 illustrates the impact of annealing on the
distributions of €. This large variation in the distribution of ¢ between annealed and
non-annealed films was attributed to the non-annealed films being primarily in the
~v-phase while annealed films are primarily in the g-phase. This result allowed for us

to present the first visualization of the interconversion from - to S-phase in a PVDF

film.
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Figure 1.2: Images and plots showing the spatial variation in wavelength and dielectric con-
stant (&) for ~30 um thick films of NR/ PVDF. Image (a) corresponds to the variation in
NR emission wavelength maximum versus position in the film while (b) shows the distri-
bution of wavelength maximum for ten 10 x 10 ym image scans. Image (c) corresponds to
the variation in e for the same film as (a) with (d) representing the distribution of ¢ from
the ten 10 x 10 ym image scans. Emission intensity is separated by a 600-nm short pass
dichroic mirror and is collected on two separate APDs. The ratio of the intensities (reflected
to transmitted) is transformed first to wavelength and then to € to create the images and
plots presented here.
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Figure 1.3: Representation of the spatial variation of dielectric constants () present in
quasi-SM non-annealed (a) and annealed (b) NR/PVDF films. From the difference in ¢
scale between the non-annealed and annealed films, it is clear that the larger € values are a
consequence of the film not being annealed.



10

0.3 n n L] L] L] L] L] (
Non-Annealed Film
0.2

£0'1

@

X

ol

C

8 | | | | | | | | | | | | | |

o Annealed Film (5 hours)

o sl i
2k -
1k -
0 ; 1 1 1 1 1

0 20 40 60 80

Dielectric Constant

Figure 1.4: Distributions of the dielectric constant (g) present in quasi-SM non-annealed
~-phase (a) and annealed S-phase (b) NR/PVDF films. The shifting and narrowing of the ¢
distribution between non-annealed and annealed films is believed to be a consequence of the
film being in the y-phase with transformation into the S-phase occurring upon annealing.
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1.3 A More Robust Method for Analyzing PI Data

As mentioned previously, in many SM studies emissive and non-emissive event dis-
tributions are modeled using a power-law distribution. Correspondingly, variations in
environment which impact the emissive statistics should be reflected by a change in
the power-law distribution. However, teasing out statistically-significant changes in
emissive statistics that accompany environmental perturbations by analyzing power-
law distributions can be extremely difficult. Instead, a method for analyzing PI that
allows for the application of well-known statistical characterization techniques (for
example, confidence intervals, p-values, etc.) is needed to connect PI and environ-
mental changes. To address this need we have employed two new analysis techniques:
(1) an efficient algorithm for detecting changes in emissive intensities in a PI trace
and (2) a new method for analyzing and comparing emissive and non-emissive event
distributions.

First, we have employed a new algorithm (Bayesian detection of intensity changes,
BDIC) that provides much more efficient detection of change points in the PI traces
than the change point detection (CPD) method we previously employed, as illustrated
in Figure 1.5.193¢ A full description of the BDIC method is provided in detail else-
where. 237 Briefly, by assuming the molecule’s emission is Poisson distributed, it is
preliminarily determined that a change point is probable. This probability is termed
the Bayes factor and is defined as the ratio of the probability that there are two
emitting states (separated by a time change point) and the probability that there is
no change point. For our analysis of NR/PVDEF PI traces, a Bayes factor of 10 was
used corresponding to 91% confidence that a change point occurred. Once a change
point is found to be probable, the location of the change point is calculated using
the maximum of the Poisson probability distribution. The time calculated is then
confirmed by employing a recursive algorithm to negate any spurious change points.

Not only does this BDIC algorithm demonstrate greater accuracy in determining the
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enlarged but with the results of the BDIC algorithm overlaid on top (red). Comparison
of both insets illustrates the sensitivity of the two algorithms to detect emissive intensity
changes.
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change points, but this method was also found to be computationally faster, with a
PI trace taking days to deconvolve using the CPD algorithm in comparison to the
few hours it takes using the BDIC algorithm.

Once the change points are detected and the emissive and non-emissive PI events
are determined, the next challenge is to develop statistical methods that allow one
to determine when a perturbation to the guest-host system results in a statistically-
meaningful change in PI. Previous approaches to this problem involved the creation
and analysis of event histograms that were assumed to follow a power-law distribution.
When plotted on log-log axes of event duration time versus occurrence, the distribu-
tions are modeled using a straight line with the slope of the best-fit line providing a
measure of the power-law exponent.!? In this approach, changes in PI statistics should
manifest as a change in the power-law exponent (and thus the slope of the best-fit
line). One issue with this analysis is that it assumes that a power-law is the under-
lying probability distribution function (PDF) describing emissive and non-emissive
event duration distributions. For many systems, significant deviations between event
distributions and the straight-line fit are observed, calling into question the applica-
tion of a power-law distribution function. Motivated by these observations, we began
to question to what extent power-law exponents can be compared between PI data
sets. For example, Figure 1.6 shows a clear deviation from power-law behavior for
the PI exhibited by NR/PVDEF. Thus the question arose whether the extent to which
a power-law PDF represents a given PI data set can be quantified.

A common statistical tool when comparing data sets involves the calculation of
p-values (or probabilities) which represent the extent to which a hypothesis exceeds
the null hypothesis by some threshold value (for example, 95% probability that the
hypothesis is correct).?® To quantitatively compare PI data sets and to determine the
best possible PDF for describing PI data, we explored the idea of using p-values to
statistically compare the accuracy of various PDFs to “fit” PI data. To accomplish

this, an algorithm for determining the most probable PDF consistent with a given PI
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Figure 1.6: Emissive event duration histograms for 100 NR molecules in PVDF with 5.7
< & < 28. (a) Raw PI histogram presented on a log-log plot. (b) Continuous probability
density for the emissive events calculated from dividing each point in the raw histogram by
the average time to the nearest neighbor. Overlaid on the probability density is the linear
least squares regression fit to the data corresponding to the power-law distribution shown.
(c) The CDF of the data. Comparison of (b) and (c) help illustrate the difference between
the commonly used PDF and the CDF'. Note that the CDF is already a continuous function

negating the need to smooth (and potentially bias) the data.
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data set was developed, as was a second method allowing for the quantitative com-
parison of PI data sets without assuming a PDF. These techniques allow for the
determination of whether a change to the PI exhibited by a luminophore occurs fol-
lowing a perturbation without having to first assume an underlying PDF.3!

The first step in our approach is the use of a cumulative distribution function
(CDF), which is simply a sum of event occurrences between two time points (with
the initial time point being the shortest time measured). The most notable feature
of the CDF is that it is intrinsically a continuous function that does not need addi-
tional processing to construct a continuous probability distribution (Figure 1.6). This
greatly simplifies PI data analysis and negates any bias that may be introduced when
“smoothing” PDFs. CDFs are then compared using the Kolmogorov-Smirnov (KS)
test corresponding to calculating a p-value for the best fit of a proposed distribution
to the CDF and a comparative test to determine if the two CDFs are drawn from the
same distribution.?! A more detailed explanation of these methods is provided below.

Our new analysis method begins with the application of maximum likelihood es-
timates (MLE) to initially determine the best-fit parameters of a hypothesized PDF.
Then CDFs are calculated for both the raw data and the fit where the CDF is simply
defined as the integral of the PDF:

CDF (t) = /t PDF (1) dr (1.2)

tmin

The CDF can also be constructed from the raw data through summation of the

histogram:
| N
CDF(t) = ; 1 {t; <t} (1.3)

In equation 1.3, ¢; is an event duration greater than time ¢ and N is the number
of events. This distribution is zero for all ¢ less than the bin-time of the experiment
(typically 10 ms in our experiments) and one for all ¢ greater than the longest event. It
is important to note that the complimentary CDF (1-CDF(t)) provides a more familiar

visualization of the PI data since the probabilities for observing a given emissive or
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non-emissive event duration are greatest at short observation times. Next, the KS
test is used to compare these CDFs derived from the data and the best fit. The KS

statistic, D, is a measure of the absolute maximum difference between two CDFs:
D = max_<t<0o|CDFy (t) — CDFy () | (1.4)

Once both the CDFs have been created, the D value can be calculated using the
equation above. From here synthetic data sets are calculated (with the same number
of entries as the experimental data) from the hypothesized distribution, and MLE
methods are again employed to estimate the parameters of the distribution drawn
from the synthetic data. The CDF of the synthetic data is then compared to the CDF
using the MLE fit and a D value is calculated as before. This process is repeated
10,000 times to create an array of Dgynihesic Statistics. A comparison of all the D values
found for the synthetic data versus the empirical data is performed to calculate the

p-value:

Z Dsynthetic Z Dreal
# of synthetic sets

A p-value determines if a hypothesis should be accepted or rejected. Our hypothesis

p — value = (1.5)

is that a specific distribution is a good fit to the data, so if the p-value is less than 0.05
we must reject our hypothesis as it is less than 95% likely to be the true distribution
describing our data.

One of the first results to emerge from this new analysis was that the emissive and
non-emissive event durations observed for NR in PVDF are not well described by a
power-law (Figure 1.7). Two additional distributions (lognormal and Weibull) were
also investigated, with neither distribution providing p-values greater than 0.05. In
short, we have yet to find the distribution that best describes this PI data. However
even without having identified the distribution of best fit, we can continue to analyze
the impact of € on PI by simply comparing the CDFs from emissive events in varying
e environments in PVDF. To do this, PI data was collected from single NR molecules

embedded in varying ¢ environments in PVDF.? The emission of these NR molecules
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Figure 1.7: Complementary CDFs (black) for the emissive events observed for 100 single
molecules of NR embedded in PVDF with 5.7 < ¢ < 28. Best fits to the functions are
overlaid: Power-law (red - - -), Lognormal (blue -) and Weibull (green -). The p-values for

all distributions are less than 0.05.
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Figure 1.8: Complementary CDFs for the emissive events of single NR molecules in PVDF
corresponding to five different dielectric environments: purple (¢ < 2.8), blue (3.2 < ¢ < 3.6),
green (4.2 < ¢ < 5.7), orange (5.7 < € < 28) and red (28 < ¢ < 58). Panel on right illustrates
the distribution of emission maxima that are contained within each dielectric environment.
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was used as described in the quasi-SM method to determine the value of € giving the
following five € categories: ¢ < 2.8,3.2 <& <3.6,4.2 <& <5.7,5.7 < e < 28, and 28 <
£ < 58. The emissive event duration CDFs for NR molecules in all five € environments
are shown in Figure 1.8 with the distributions of emission maxima that make up each
¢ environment. From the CDFs, an increase in the emissive event duration with an
increase in the ¢ is detected. This observation is consistent with a simple comparison
involving the median values of the CDFs in Figure 1.8. By comparing the median of
each CDF, we observed a rapid increase in emissive event duration as the ¢ of the
environment increased from 2 to 5, then a slower increase with further increase in ¢.
Thus, through the use of this new analysis method, we were able to directly correlate
the PI statistics of a luminophore guest with the local dielectric environment of its
host, without altering the chemical composition of either the guest or host or having
to assume a parametric form for CDF.

Finally, to connect the observed relation between the PI statistics and ¢ to the
mechanism responsible for PI, the NR/PVDF system was modeled using a photoin-
duced electron-transfer mechanism between electron donor NR and acceptor PVDF. %
We employed the semi-classical Marcus expression for the electron transfer rate (k)
where k. is the electronic coupling energy between the reactant and product states, A
is the reorganization energy, A G, is the free energy, kg is the Boltzmann constant, T'
is temperature, d,. is the distance between reaction centers of the donor and acceptor,

and S describes the fall off of the orbital interaction between the donor and acceptor

with distance:3? 4!
1 2
kot = Fg X ———— x ¢~ M HAGa)"/4MknT L6
/vy ey (1.6)
2T
ko = 5 1Hal (1.7)
Hel — Hgle_ﬁdcc (18)

By estimating the distance to the nearest trap as the PVDF domain size, which ranges

from 10-40 nm*? and using 8 = 0.85 A™!, we estimate H,; to be ~1 x 106 ¢V.% To



20

complete this modeling, A was estimated using;:

e? 1 1 1 1 1
A(eV) = — — - —_ 1.
(eV) 4reg {7}2 5}{27“]3 +2rA dcc} (1.9)

where 7p /4 are the radii of the donor and accepter species, respectively, n is the index

of refraction of the solvent, e is electronic charge, €, is the permittivity of free space,

and ¢ is the dielectric constant of the solvent. Finally, AG,; was estimated:3’

AGe (V) = e (Eg+ o B /tmp-) ~ AEy
e? 1 1 1 1 e?
- —+=)l=-2)—— 1.10
8meg (TD * TA) <37 5) 4dmeped,e ( )
0 - 1
E° (trap/trap” ) & Egyap — AE (1 — = (1.11)
£

where Eps p” =-0.95 V (the oxidation potential of NR in acetonitrile is +0.95 V) 43,
AE(1 - €1) is equal to the width of the trap distributions over the observed range
of &, measured to be ~0.3 V, and FEj,, (the only adjustable parameter) is modeled
to be -2.35 eV. Further explanations of each term in the expression above has been

published previously.

Employing the half-life as a proxy for the median emissive event duration (half-life
= log(2)/k.t), we were able to accurately test our hypothesis that the observed trend
in emissive event durations arises from a photoinduced electron transfer from NR to
PVDEF. The results of the model predicted a rapid initial increase in half-life as ¢
increases from ~2 to 5, then a slower increase with further increase in ¢, a prediction
that is entirely consistent with the observed trend in emissive event durations.?® In
summary, we were able to accurately model the € dependent PI exhibited by NR in
PVDF using a photoinduced electron-transfer mechanism. We also note that this
approach is not confined to NR/PVDF, but is applicable to a variety of guest-host

systems as reported in the literature. 23144
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1.4 Conclusion

This thesis outlines new experimental and analytical methods for investigating the
effect of the surrounding environment on the PI exhibited by single luminophores.
Using quasi-SM microscopy and new analysis methods the PI exhibited by NR in
PVDF has been investigated. The distribution of € present within films of PVDF
was spatially resolved (Chapter 2) and connected to the PI exhibited by NR, and
the effect of sample annealing was quantified (Chapter 3). While the new analysis
techniques outlined here allow researchers studying SMs to describe the effect of
external perturbations on PI in statistically-quantifiable terms (Chapter 4). Finally,
by successfully monitoring the PI of NR in the various ¢ environments of PVDF it is
established that photoinduced electron transfer from NR to PVDF is responsible for
the PI exhibited by this system (Chapter 5).
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2.1 Abstract

The variation in dielectric constant is measured for thin films of poly (methyl methacry-
late) (PMMA) and poly(vinylidene fluoride) (PVDF) using confocal fluorescence mi-
croscopy. Spatial variation in the local dielectric constant of the polymer films on
the ~250 nm length scale is measured using the solvochromatic emission from incor-
porated nile red (NR) at “quasi-single molecule” (107 M) and true-single molecule
(SM) concentrations (10 M). Correlation of the NR fluorescence wavelength maxi-
mum with dielectric constant is used to transform images of NR’s emission maxima to
spatial variation in local dielectric constant. We demonstrate that the distributions
of dielectric environments measured in the quasi- and true-SM approaches are equiv-
alent; however, the enhanced signal rates present in the quasi-SM approach results
in this technique being more efficient. In addition, the quasi-SM technique reports
directly on the continuous spatial variation in dielectric constant, information that is
difficult to obtain in true-SM studies. With regards to the polymers of interest, the
results presented here demonstrate that a limited distribution of dielectric environ-
ments is present in PMMA; however, a broad distribution of environments exists in

PVDF consistent with this polymer existing as a distribution of structural phases.
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2.2 Introduction

Measuring the distribution of dielectric environments at the nanoscale is an emerg-
ing area of interest.! Largely motivated by the development of new materials such
as nano-patterned dielectrics, knowledge of the spatial distribution of dielectric con-
stants (g) is requisite in describing the properties of these materials. Our group is
particularly interested in the dielectric properties of polymers used in electro-optical
(EO) devices. Recent studies demonstrated a two-fold increase in the hyperpolariz-
ability of EO chromophores with an increase in ¢ from 2 to 36.* Given the dependence
of EO activity on ¢, knowledge of the distribution of € within the polymer host is fun-
damental for predicting the EO activity of guest chromophores and overall material

performance.

Measurements of ¢ for polymer films as thin as 5 nm can be performed using
broad-band dielectric spectroscopy; however, this technique has limited spatial reso-
lution.® Recently, measurements of € on nanometer length scales have been performed
using nanoscale dielectric microscopy.! This technique employs a nanoscale capaci-
tance microscope (NCM) corresponding to a modified atomic force microscope (AFM)
equipped with a low frequency alternating current detection system. The NCM ac-
quires two scans of the sample: one scan measuring film thickness and the other
measuring € through a sub-attofarad capacitance detector. A significant limitation of
this technique is that film thickness must be < 20 nm. Another promising technique
for measuring the dielectric properties of polymers is frequency modulation electro-
static force microscopy (fm-EFM).3¢ Though this method does not directly measure ¢,
it does provide a measure of the dielectric response with ~40-nm spatial resolution.
Finally, it should be noted that both NCM and fm-EFM are surface measurement

techniques.

Approaches for measuring distributions of € in polymers generally employ solva-

tochromic dyes serving as nanoreporters of the local environment. Nile red (NR) has
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Figure 2.1: Fluorescence spectra of NR in hexane (red), heptane (orange), cyclohexane (yel-
low), toluene (dark green), chloroform (light green), dichloromethane (dark blue), acetone
(light blue), and acetonitrile (dark purple) obtained with a 488-nm excitation.
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been widely used for this purpose, with the solvatochromic properties of this dye illus-
trated in Figure 2.1. The emission from NR exhibits a ~100 nm bathochromic shift
with a change in ¢ from ~2 to ~32.71° The figure demonstrates that changes in the
NR emission line shape are also observed between non-polar (cyclohexane, heptane
and hexane) and polar solvents. These changes have been attributed to specific solvent
interactions such as dipole-dipole which increase the homogeneous line width.”'* NR
has previously been used to measure the evolution in ¢ for poly(vinylidene fluoride)
(PVDF) films accompanying the transition from disordered a-phase to ferroelectric
-phase upon stretching.!?> NR has also been used in single molecule (SM) studies of
dielectric heterogeneity in poly(methyl methacrylate) (PMMA) and poly(vinyl alco-
hol).? Although informative, SM studies involve the measurement of many individual
molecules to achieve a statistically-significant measure of the distribution of € such
that this approach can be time consuming. In addition, information regarding the

spatial variation in ¢ is extremely difficult to obtain using SM approaches.

We report here a quasi-SM method for measuring the spatial variation of € in
polymer films. Specifically, confocal fluorescence microscopy is used to measure the
distribution of € in PMMA and PVDF films. PMMA is a widely studied polymer!?
with a modest dielectric constant (¢ ~ 3).1 In comparison, PVDF has a range of

4 and its dielectric, ferroelectric,

£ ~ 6 to 13 for a- and B-phase films, respectively,!
piezoelectric, and pyroelectric properties have been exploited in innumerable technical
applications such as optical devices, sensors, biomedical materials, and fuel cells.!?
The variation in e for these polymers is determined by measuring solvatochromic
shifts of NR emission which directly report on the local € of the surroundings. This
approach has been employed at the SM level by others;? however, in these previous
studies the chromophores were separated by distances of microns such that measure-
ment of the spatial variation in € was not possible. In this study, NR concentrations

roughly 100-fold higher than those used in earlier SM studies are employed such that

spatial variations in ¢ are readily observed. Convergence of this “quasi-SM” approach
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with the distributions of € measured in true-SM studies is demonstrated. For PMMA
a Gaussian distribution of ¢ is observed, with the mean of this distribution consis-
tent with literature values. In PVDF three distinct optically excited populations
are observed corresponding to separate dielectric environments within the polymer.
In addition, the distribution of £ measured in PVDF spans an order of magnitude.
Spatially resolved (~250 nm) images of ¢ in PMMA and PVDF obtained in the quasi-
SM studies are also presented, with PMMA demonstrating fewer environments with
smoother boundaries in comparison to PVDF which demonstrates spatial variation
in €. In summary, the results presented here demonstrate that quasi-SM confocal
microscopy provides a simple and direct way to measure distributions of € in polymer

films with nanometer lateral resolution.

2.3 Experimental

2.3.1 Sample Preparation
PMMA Films

Nile red (NR, Aldrich, powder, 99+% pure by LC-MS) was used as received. A
3.5 x 10 M NR solution and a 10 wt.% poly(methyl methacrylate) (PMMA, Sigma
Aldrich, MW = 15,000 by GPC) solution in toluene (Fisher Scientific, HPLC grade)
were prepared. Aliquots of the NR stock solution were then added to the poly-
mer solution to produce final NR concentrations of 107 M and 10° M in 10 wt.%
PMMA /toluene corresponding to quasi-single molecule and true-single molecule sam-
ples, respectively. Glass coverslips were cleaned by boiling in a solution of 3:2:1
nanopure water (Barnstead, NANOpure II): ammonium hydroxide: hydrogen perox-
ide for 2 hours, cooled, rinsed with nanopure water, and rapidly dried with nitrogen
gas. PMMA films were prepared by spin coating coverslips at 3000 rpm for 60 sec-
onds. The samples were then dried under vacuum for 30 minutes. Film thicknesses

of 390 + 10 nm were determined by ellipsometry (J.A Woollam Co., Inc., M-2000).
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PVDF Films

A 3.1 x 10° M NR and a 5 wt.% poly(vinylidene fluoride) (PVDF, Sigma Aldrich,
MW = 534,000 by GPC) solution were prepared in dimethyl sulfoxide (DMSO, EMD
Chemicals Inc., ACS grade). PVDF films were prepared as the PMMA films described
above except that to maximize the amount of S-phase present in the PVDF films the
NR in 5 wt.% PVDF /DMSO solutions were heated to 90 °C then spun onto clean glass
coverslips at room temperature for 60 seconds at 1000 rpm. The films were then dried
at room temperature for one hour and in a 60 °C oven for 15 minutes. The resulting
films thicknesses were 290 4= 10 nm as measured by ellipsometry. Films were confirmed
to be in the S-phase through X-ray diffraction (Bruker AXS, D8 Discover w/ GADDS)
with a diffraction peak at 20 = 20.8° confirming that maximum percentage (60%) of
PVDF exists in the 3-phase in agreement with the literature. !

Ensemble Spectroscopy

Fluorescence spectra of NR in solutions and in polymer films were acquired us-
ing 488-nm excitation (Horiba Fluorolog 3) for both polymers, and also with 579-nm
excitation for PVDF. UV-vis absorption spectra of the samples were also measured
(Varian Cary Eclipse 5000). Heavily dyed films of NR in PMMA and PVDF were
prepared by drop casting a ~10° M NR sample at room temperature resulting in
faintly colored films. Solution phase fluorescence spectra of ~10% M solutions of NR
dissolved in hexane (Sigma Aldrich, >95%), heptane (Fisher Scientific, HPLC grade),
cyclohexane (EMD, OmniSolv), toluene, chloroform (Fisher Scientific, HPLC grade),
dichloromethane (EMD, HPLC grade), acetone (Sigma Aldrich, HPLC grade), and
acetonitrile (EMD, HPLC grade) were collected.
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Confocal Microscopy

Confocal microscopy studies were performed by placing the sample on a piezo-
electric nanopositioning stage (Queensgate, NPS-XY-100B). Excitation at 488-nm
(Novalux, Protera) with a power of 3 uW as measured at the entrance port of the
microscope was employed. The polarization of the 488-nm excitation field was de-
fined using a 488-nm polarizing beam splitter and converted to circular polarization
using a 488-nm A/4 waveplate. The excitation field was directed into a 1.3 NA ob-
jective (Nikon, Plan-Fluor) using a 488-nm dichroic long-pass filter. Emission was
collected in an epi-geometry, the excitation field rejected using a 500-nm long-pass
filter (Chroma, HQ500LP), and the emission was focused onto a pinhole (CVI, 75-um
diameter) to provide confocal resolution. The emission was split by a 600-nm short-
pass dichroic mirror, with the reflected and transmitted intensity focused onto two
separate avalanche photodiode detectors (Perkin-Elmer SPCM-AQR-16). Ten 10 pm
x 10 ym fluorescence intensity images were collected employing a step size of 0.1 um
and an integration time of 0.2 s per step. In the single molecule studies ~10 individual
molecules were detected per scan resulting in a total of ~100 molecules for the total

SM data set.

All data processing was performed in MATLAB (version R2012b). Single NR
mole-cules were identified using an emissive threshold defined as the average of the
brightest pixel recorded by each detector in three scans of dye free polymer films (500
and 1000 counts, for PMMA and PVDF, respectively). Images were processed by
first assigning pixel values less than or equal to the threshold a null value (NaN), and
the ratio of the reflected and transmitted intensities (R/T) were determined for each
pixel. The remaining real-valued pixels were compiled into an array containing the
data from all 10 scans, with each pixel corresponding to an element in this array. This
process was repeated for the 107 M films, but without employing an emissive thresh-

old. A mapping of the R/T ratio to emission wavelength maxima was performed by
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convolving ensemble NR emission spectra in hexane, toluene and acetonitrile with the
APD efficiency curves, the emission filter transmission curve, and the 600-nm dichroic
reflectance and transmission curves to calculate the expected reflected (R) and trans-
mitted (T) spectra as described previously.!” A mapping of the R/T ratio to NR
emission maximum was performed by numerically shifting the NR emission spectrum
in the solvents listed above and calculating R/T. The curves that resulted were then
combined to produce a “hybrid” curve that continually transforms the R/T ratio to
wavelength. This incorporates the change in fluorescence line shape as the polarity of
the solvent increases (see the Supporting Information). The calculated relationship
between R/T and emission maximum was experimentally verified by measuring R/T
values from within droplets of NR solutions on the microscope employing each solvent

identified above.
2.4 Results and Discussion

The studies outlined here employ NR emission solvatochromism to determine the
distribution of € in PMMA and PVDF. At room temperature PMMA exists in a single
phase and is thus expected to demonstrate a single distribution of ¢ with variation
between local environments providing width to this distribution. Literature values
for ensemble measurements of € in PMMA are 3.0 + 0.6.%* In contrast, PVDF exists
as a mixture of two dominant phases (a and f3), each of which can be preferentially
expressed through processing conditions. The a-phase is monoclinic and has a trans-
gauche-trans-gauche (TGTG) chain conformation. The [-phase of PVDF exhibits
ferroelectric behavior useful in piezoelectric and pyroelectric applications. This phase
is orthorhombic with an all-trans chain conformation.'® PVDF in the a-phase ex-
hibits a dielectric constant of ¢ = 6, increasing to 13 with an increase in the amount
of B-phase.'? In our studies, processing conditions described above were chosen to
maximize the percentage of S-phase in order to produce a broad range of dielectric

constants.
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Figure 2.2: Absorbance (solid) and emission (dashed) spectra for (a) NR in PMMA with
488-nm excitation. Band maxima occur at Ayps = 533 nm and Aguor = 579 nm. (b) NR
in PVDF with a 488-nm excitation (large dash) and 579-nm excitation (small dash). Band
maxima occur at Ayps = 550 nm, 587 nm and 636 nm while Agyor = 600 nm and 650 nm for

NR in PVDF.
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Ensemble absorption and emission spectra of NR in PVDF and PMMA films
are presented in Figure 2.2. For NR in PMMA a Stokes shift of ~40 nm is ob-
served with absorption and emission demonstrating similar line shapes. In contrast,
for NR in PVDF the line shapes for absorption and emission are significantly dif-
ferent. Computational studies of NR assign the absorption of NR to an electronic
transition between a single ground (Sp) and locally excited (LE) state; therefore, the
multiple peaks evident in the absorbance spectrum of NR in PVDF suggest that
there are subpopulations of NR in different dielectric environments.' With regards
to the emission spectrum, previous observations of “dual-emission” or multiple emis-
sion peaks for NR have been attributed to emission from both locally-excited (LE)
and twisted intramolecular charge transfer (TICT) states.?1? 2! The TICT excited
state is formed via intramolecular charge transfer from the LE state through rotation
of the amine group. Population of the TICT excited state occurs in polar, protic
solvents where hydrogen bonds stabilize the TICT excited state, and the energy of
the TICT state is lower relative to the LE state. The fluorescence quantum yield for
NR in alcohols is diminished relative to non-polar solvents, and the shift in emission
maximum follows a different relationship with dielectric constant than is seen with
polar aprotic solvents. % Since PVDF is polar and aprotic, we expect the NR emission
to be dominated by LE state emission such that Figure 2.2 is interpreted as reflect-
ing NR emission from different dielectric environments. Previous evidence for NR
existing in different dielectric environments was found in studies of NR dual emission
in polystyrene films.?! To test the dielectric-subpopulation hypothesis, the excita-
tion wavelength was changed from 488-nm to 579-nm which resulted in enhanced
emission at longer wavelengths (Figure 2.2) consistent with the emission arising from

sub-populations of NR in different dielectric environments.

In quasi-SM studies, 107 M NR concentrations were used to measure the dielectric
heterogeneity of the polymer films. This concentration is roughly 100 times greater

than that used in true-SM studies, corresponding to a luminophore number density
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~10 molecules/um?. When compared to the spatial resolution of the microscope
(~0.250 um) this concentration should result (on average) in two molecules being
present in the illuminated volume. Figure 2.3 presents a 10 x 10 ym image of the NR
emission maxima in PMMA and PVDF films obtained by measuring the reflected and
transmitted emission intensities from a 600-nm dichroic mirror. Differences between
reflected and transmitted intensity provides a measure of the NR emission maximum
as a function of position. Spatial variation in the NR emission maximum is evident in
both films corresponding to a spatial variation in € in the polymer films. Comparison
of the two images reveals that PVDF demonstrates a greater variation in ¢ relative to
PMMA. This difference is further evidenced by the plot of emission wavelength versus
distance for a line profile across the images as shown in Figures 2.3(c) and (d). The
PVDF film exhibits domains of different emission wavelengths including the “blue” and
“red” emitting domains (550 nm and 650 nm respectively) in addition to the dominant
domain corresponding to the “green” (600 nm) domains. This result suggests that
PVDF films are characterized by multiple dielectric environments supporting the
interpretation of the ensemble absorbance and emission spectra presented earlier. The
images shown in Figure 2.3 provide a direct measure of the degree of spatial variation
in ¢ for the polymer films. For example, the line scan provided in Figure 2.3(d) reveals
a region of red-shifted NR emission in PVDF centered at ~2 ym with a full width at
half maximum of ~1 ym. The direct measurement of spatial variation in € is a unique
capability of this technique, with lower concentration studies lacking the NR number
density to compare neighboring regions in the films.

Convergence of quasi and true-SM measured e distributions is demonstrated in
Figure 2.4. The figure presents histograms of emission maxima for the 10" M (quasi)
and 10° M (true-SM) NR films. Both techniques demonstrate that the distribution
of emission maxima is narrower for PMMA in comparison to PVDF, consistent with
a greater distribution of £ in PVDF. Distributions of emission maxima obtained in

the SM studies (bottom panels of Figure 2.4) are in very good agreement with the
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Figure 2.3: 10 x 10 ym images of 107 M NR in ~400 nm and ~300 nm thick films of (a)
PMMA and (b) PVDF, respectively. Images correspond to the variation in NR emission
maximum versus position in the film. Data was collected by separating the emission using a
600-nm short pass mirror and detecting the reflected and transmitted intensity using separate
APDs. The ratio of the intensities for a specific location are calculated and transformed into
wavelength as described in the text. Dashed line in (a) corresponds to the line plot shown
in (c) demonstrating the relatively modest spatial variation in € in PMMA. In contrast
the dashed line in (b) corresponds to the line plot shown in (d) where substantial spatial
variation in € is observed in PVDF.
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Figure 2.4: NR emission wavelength histograms obtained in quasi-SM (10" M) and true-SM
(102 M) studies. (a) 107 M NR in PMMA, (b) 10" M NR in PVDF, (c) 10 M NR in
PMMA, and (d) 10° M NR in PVDF. All histograms were compiled from 10 scans each
which allowed for the inclusion of ~100 molecule’s data into the single molecule histograms.
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quasi-SM results, with differences reflecting the limited emission statistics available
in the SM studies. In terms of distribution averages, the single molecule data have
an average emission wavelength in PMMA of Asyerage =083 nm (quasi Apax= 580 nm)
and 586 nm in PVDF (quasi Apax= 603 nm).

The quasi-SM technique relies on correlation between the NR emission maxima
and . This correlation has been previously quantified using the spectral shift in NR

emission in condensed environments relative to the vapor phase: 2

ng — 1 e—1 n?-1
AEr = Ep — E% = — 2.1
F F F=C - +C2<€+2 n2+2> (2.1)

In the above expression Ep is the measured NR emission maximum in eV, Ez’ is
the vapor phase emission maximum, n is the index of refraction, e is the dielectric
constant, ¢; = -1.128 eV and ¢y, = -0.556 eV are empirical constants. Though the
equation above is in qualitative agreement with the solvatochromic shifts exhibited
by NR (Figure 2.1), the model does not accurately capture the relationship between &
and emission maximum at values of € less than 5 and greater than 10. The connection
between NR'’s solvatochromism and ¢ was central to the previous work of Higgins and
co-workers®. In this previous work the NR emission energy is given by v = AG® -
Ao - Ai, where Ay is the solvent reorganization energy and A; is the internal molecular
reorganization energy of the solute. The solvent reorganization energy was modeled

as a dielectric continuum such that:

(A’ fe=1 n*—1
hea? |2e+1 202 +1

Ao = (2.2)

In the above expression ¢ is the static dielectric constant, n? is the optical dielectric
constant (index of refraction), a is the radius of the spherical cavity in which the solute

resides, h is Planck’s constant, ¢ is the speed of light, and Ay is the change in dipole
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moment between the ground and excited states. Next, Ay can be separated into static
and dynamic components, denoted as Agg and Ag;, respectively. In this approach, Ag;
represents the contribution to the reorganization energy from solvent relaxation during
excited state lifetime (i.e. vibrational relaxation), denoted as a dynamic dielectric

constant, €4y, and in general € > e4y, due to eqy, corresponding solvent dynamics

on the ~2 ns timescale. Using the following substitution f(D) = 2%;11, the solvent
reorganization energy becomes:??
Ao = Aoi + Ao (2.3)
oo = B2 (16) = feun) (2.4)
00 = T3 € Edyn .
(AM)Q 2
Aoi = hed? (f(gdyn) - f(n )) (2.5)

Finally, Higgins identifies the part of AG® that gives rise to emission energy shifts
relative to the vapor phase as AAG:

AG° = AG, — AAG (2.6)
and
AW [e-1
AAG = e |22 71 (2.7)

In the above expression A(u?) = (he? — Wg°) with subscripts e and ¢ denoting the
excited and ground state permanent dipole moments, respectively. The above expres-
sions allow one to estimate the contributions from A¢; and AAG to the solvatochromic

shift in NR emission. Using reasonable parameters for NR??* in PMMA (g, of 11 D,
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Apof 5D, a =5 A, n = 1.4), we find that for £ and eqyy = 2, Ay ~ 10 cm™ and
AAG ~ 1000 em™; and for € and g4y, = 5, Agi ~ 150 em™ and AAG ~ 2000 cm™.
In short, these estimates demonstrate that the solvatochromic shift exhibited by NR
is dominated by AAG, and this quantity is directly related to €.

The empirical relationship between NR emission max and ¢ was established by
measuring the NR emission energies in various solvents of known ¢ as shown in Fig-
ure 2.5. For completeness, the variation in NR emission maximum with solvent E1+30
value is also shown.?* The figure demonstrates that small variations in dielectric con-
stant result in large shifts in emission energy when ¢ < 5, but only modest shifts in
emission are observed when ¢ > 10. The solvochromatic shift of NR with £ was best
fit by a sum of two exponentials: Ep (¢) = Ae™P¢+Ce~P=, with best fit corresponding
to A = (1.076 £ 1.179) x 10*, B = 0.8 £ 0.6, C = (1.67 = 0.05) x 10* and D = 0.0005
+ 0.001. Using this equation, the maximum of emission wavelength distributions for
PMMA and PVDF from Figures 2.4(a) and (b) (580 nm and 603 nm respectively)
correspond to € = 3.64 for PMMA and ¢ = 10.72 for PVDF, in good agreement with
ensemble measurements. ' This conversion is further illustrated through of the trans-
formation of the spatially mapped emission wavelength maximum to ¢ for the scans
in Figure 2.3 as shown in Figure 2.6. The best-fit used to transform the distribution
of Er to distributions of ¢ is also shown in Figure 2.7. The quasi-SM PMMA film
demonstrates a Gaussian distribution of dielectric constants with a maximum at ¢
= 3.64 and standard deviation of 0.21. The corresponding histogram for PVDF is a
heavy tailed distribution with values of € spanning an order of magnitude. A compo-
nent of the distribution tailing towards higher ¢ arises from the modest change in NR
emission when € > 10 noted earlier. However, this tailing is not due exclusively to this
effect as the observation of high-¢ domains in PVDF is not unreasonable. Specifically,
the ensemble emission spectra demonstrate a shoulder at 650 nm (1.54 x 10* cm™)

consistent with € > 40 demonstrating that high-dielectric environments are present.
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Figure 2.5: (a) NR fluorescence emission maximum versus €. Data are fit to a sum of two
exponentials (grey line) of the form Ep = Ae P¢ 4 C~P¢ with best-fit parameters A —
(1.076 £ 1.179) x 10*, B = 0.8 £ 0.6, C = (1.67 & 0.05) x 10* and D = 0.0005 + 0.001. (b)
NR emission maximum versus solvent E130 values. Best fit to a sum of two-exponentials is
shown (grey line), with best-fit parameters A = (3 4+ 20) x 107, B = 0.3 4 0.25, C = (1.8
+ 0.4) x 10* and D = 0.003 + 0.005.
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Figure 2.7(b) demonstrates that environments for which 40 < ¢ < 80 are not very
probable, and comprise only 5% of the distribution. A second result in PVDF is that
the e distributions vary significantly between different regions of the film. The inset in
Figure 2.7(b) presents a plot of the mean ¢ calculated for 10 individual scans with the
error bars representing one standard deviation. This plot demonstrates the substantial
variation in both the mean and width of the e distribution in different regions of the
PVDF film. This result validates the importance of investigating relatively large
regions of polymer films in order to get a true sense of the total variation of €, an
investigation which is easily done using the quasi-SM technique. In comparison, a
single 10 x 10 um region of PMMA (Figure 2.7(a) inset) captures the full extent
of the variation of ¢, with the mean value of ¢ for 10 scans (taken from different
regions of the film) falling within the standard deviation of a single scan. This result
demonstrates that for PMMA variations in € only occur on sub-micron length scales.

Given the limited variation in NR emission energy at higher ¢ we explored an
alternate method of characterizing the polymer environment in terms of Er30 val-
ues.?® Figure 2.5(b) presents the NR emission maximum versus E130 for the solvents
studied.?*26 The variation in emission maximum with E130 was best fit to a sum of
two exponentials with best fit corresponding to A = (3 & 20) x 107, B = 0.3 4 0.25,
C = (1.8 +£0.4) x 10* and D = 0.003 £ 0.005. The figure demonstrates that greater
variation in the NR emission maximum at higher E130 is observed in comparison to
the dependence on e described above. Similar findings have been reported by Deye
et al.?” Using the best fit, the distribution of E130 values in both PMMA and PVDF
were determined as shown in Figure 2.7. Similar to dielectric constant, the distri-
bution of Er30 in PMMA is narrow, and becomes significantly broader in PVDF,
which exhibits a right skew in the distribution indicating the presence of regions with

considerable polarity.
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Figure 2.6: 10 x 10 um images depicting the spatial distribution in ¢ for the same scans as
in Figure 2.3. Images correspond to the polymer’s dielectric constant versus position in the
film. Note the order of magnitude difference in the color bar scale between (a) and (b).
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Figure 2.7: Histograms representing the distribution of € and E130 values from the 10 x
10 um scans in Figure 2.3. Shown are dielectric distributions in (a) PMMA (gmean = 3.64
+ 0.21, emode = 3.55) and (b) PVDF (emean = 10.72; emode = 16.99). Also shown are
distributions of E130 values in (¢) PMMA (mean = 35.64 £ 0.51) and (d) PVDF (mean =
39.61 £ 3.05). Each histogram is comprised of 100 bins. The insets in (a) through (d) show
the mean value of ¢ determined for 10 individual scans (error bars: one standard deviation).
The data of the same color represent adjacent areas while the distances between red, blue
and green regions are ~1 mm.
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2.5 Conclusion

The results presented here demonstrate that quasi-SM microscopy can be used to
measure both the distribution and spatial variation in dielectric environments in poly-
mer films from sub-micron to millimeters. Compared to previous techniques employed
to measure the dielectric constant of polymers, this approach is flexible, efficient, and
allows for the measurement of the spatial variation in dielectric constant. Using this
approach, the variation of € in films of PMMA and PVDF was determined. PMMA
exhibited a narrow distribution of dielectric environments while the corresponding
distribution in PVDF is much broader. Perhaps the most intriguing capability of the
quasi-SM measurements is the ability to map out the spatial variation of £ in the
polymer films (Figures 2.6(a) and (b)). Time-resolved applications of this technique
could be used to provide information on the time and length scales for the inter-
change of dielectric environments in polymer films, information that would be critical
in testing current models of dynamic heterogeneity in polymers.?®3° In summary,
quasi-SM confocal microscopy provides a novel approach to classifying and studying

the dielectric environments of polymer films.
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Figure 2.8: Plots representing the method used to transform R/T to emission wavelength
max. (a) APD efficiency curve (red), emission filter transmission curve (blue), and 600-nm
dichroic reflectance (purple) and transmission (green) curves used to calculate the expected
reflected and transmitted spectra. (b) Curves representing the relationship between emission
wavelength and R/T values as obtained from shifting the bulk fluorescence spectrum of hex-
ane (dark blue square), toluene (green circle) and acetonitrile (red triangle) and convolving
with the curves presented in (a). Black circles represent the “hybrid” curve, constructed by
weighing the variation in NR emission line shape with a change in solvent polarity, used to
accurately transform R/T to wavelength. Blue diamonds represent the R/T values measured
for NR solutions on the microscope for verification of the “hybrid” curve’s accuracy.
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3.1 Abstract

The effect of annealing on the phase transformation and the dielectric properties of
poly(vinylidene fluoride) (PVDF) is explored using quasi-single molecule (quasi-SM)
microscopy. The solvatochromic properties of nile red (NR) are employed to measure
the spatial distribution of the local dielectric constant (¢) in ~30 um thick PVDF films
before and after annealing at 90 °C. The results presented here demonstrate that non-
annealed films exhibit much larger ¢ distributions, both in terms of magnitude and
distribution, when compared to annealed films. The polymorphic phase of PVDF
before and after annealing is also confirmed using X-ray diffraction. Non-annealed
films are found to be in the ~-phase with annealing promoting the transition to
primarily S-phase. Combining these results, we conclude that the decrease in € with
annealing time is due to the phase transformation from ~- to f-phase. Using quasi-
SM imaging techniques one can readily visualize the £ environments present within

different polymorphic phases of PVDF.
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3.2 Introduction

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer that is of interest
for its unique pyro- and piezoelectric properties which arise from the polymorphic
phases PVDF exhibits.! Current interest in PVDF involves understanding the rela-
tionship between polymorphic composition and crystallization conditions,?* which
ultimately influence the dielectric properties of the polymer.® The three most com-
mon phases of PVDF (Figure 3.1) are the non-polar a-phase (cis-trans conformation),
polar and ferroelectric S-phase (all trans conformation), and y-phase (kinked all trans
conformation). Interconversion between these phases is induced through electric-field
poling,% annealing,? or mechanical straining (i.e., “stretching” or “drawing”).”®

Previously, X-ray diffraction (XRD) and infrared spectroscopy have been employed
to study the relationship between crystallization conditions and the polymorphic com-
position of PVDF. 28 While both of these techniques provide information on the phase
of PVDF, these techniques provide limited information on the microscopic details of
phase transformations. In 2009, Martins et al. explored the relationship between
polymorphic phase and the dielectric properties of PVDF. By employing the solva-
tochromic organic dye nile red (NR), they were able to monitor the effect of “stretch-
ing” a PVDF film, which induced a transition from a- to S-phase, with the observed
shift in the NR emission to longer wavelengths consistent with increased polarity of
the S-phase.®

In this manuscript, we explore the effect of annealing on the dielectric properties of
PVDF using our developed quasi-single molecule (quasi-SM) technique that measures
the spatial variation in the dielectric constant (¢) in polymer films.? By employing
the solvatochromic properties of NR embedded in non-annealed and annealed PVDF
films, we are able to spatially map the dielectric environments present within a poly-
mer before and after annealing. The results presented here demonstrate that PVDF

non-annealed films contain much larger values of € as compared to that of annealed
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a-phase

y-phase

Figure 3.1: Space filling models illustrating the three polymorphic phases of PVDF. The a-
phase (top) is non-polar with a cis-trans conformation. The S-phase (middle) is ferroelectric
and polar with an all trans conformation. The 7-phase (bottom) is a kinked all trans
conformation.! Green = fluorine, white = hydrogen, and black = carbon.
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films, with a continuous decrease in € with annealing time.

In addition, we have measured the effect of phase transformation on the dielectric
properties of PVDF'. Specifically, by varying the annealing conditions we can alter the
polymorphic phase of PVDF. Through the use of XRD, non-annealed films of PVDF
are found to be in the y-phase, and annealing at 90 °C promotes transformation to
the S-phase. By connecting this result with the corresponding evolution in ¢ mea-
sured for annealed and non-annealed films, we establish a direct correlation between
the polymorphic phase of PVDF and the corresponding dielectric properties of the

polymer.

3.3 Experimental

3.3.1 Sample Preparation

Films of nile red (NR, Aldrich, 99+% pure by LC-MS) embedded in poly(vi-
nylidene fluoride) (PVDF, Sigma-Aldrich, MW = 534000 by GPC) were prepared as
follows. A 3.1 x 10~ M solution of NR and a 15 wt.% PVDF solution was prepared in
dimethyl sulfoxide (DMSO, EMD Chemicals INC.,; ACS grade). In order to produce
NR concentrations suitable for this experiment, aliquots of the NR solution were
added to the 15 wt.% polymer solution to produce a final NR concentration of ~1 x
10 M which we will later refer to as quasi-single molecule (quasi-SM). Indium tin
oxide (ITO) coated coverslips (SPI Supplies, 70-100 ohms) were cleaned using multi-
purpose detergent (Meri-suds, CH5O Inc.), rinsed with nanopure water (Barnstead,
NANOpure II), dried with nitrogen gas, and irradiated in a UV-box for one hour.
NR/PVDF films were deposited onto the coverslips by taking the 1 x 10° M NR in
15 wt.% PVDF /DMSO solution heated to 90 °C and spin coating this solution onto
the cleaned ITO coated coverslips at room temperature for 45 s at 700 rpm. These
non-annealed films were left at room temperature for 1 hour and then dried in a 60

°C oven until dry (~1.5 hours). Annealed films were prepared by placing the samples
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directly into a room temperature oven after spin coating. The oven temperature was
then ramped to 90 °C at a rate of 2 °C/min. Once the oven reached 90 °C the films
remained in the oven for time periods of 0.625 hours, 1.25 hours, 1.825 hours, 2.5
hours and 5 hours. Films annealed for shorter than 0.625 hours are not included in
this study as 0.625 hours is the minimum amount of time required to dry the films at
90 °C. The annealed and non-annealed films were ~30 pym thick as measured with a

high accuracy micrometer.

3.83.2  Polymorphic Phase Analysis

Non-annealed films were confirmed to be in the y-phase through X-ray diffrac-
tion (XRD, Bruker AXS, D8 Discover w/ GADDS) (Figure 3.2) as evidenced by two
diffraction peaks near 20 = 20°.2 In contrast, annealed films were found to contain
both a- and [-phases as evidenced by the XRD spectrum (Figure 3.2) with multiple
peaks observed corresponding to the two phases (a-phase peaks: 20 = 17.8°, 18.4°,
19.9°, 26.6°; S-phase peaks: 20 = 20.7°, 20.8°) in agreement with the literature. 1
Given the overlap between the a- and [-phase peaks at 260 = 20° it is difficult to
calculate the exact percent crystallinity of the film from XRD; therefore, alternate
characterization methods were employed. Specifically, measurement of the ferroelec-
tric properties of the annealed films can differentiate between phases since the S-phase
is ferroelectric while the a-phase is not. Using adhesive copper tape on top of the
sample as one electrode and the conductive ITO coverslip as the other, an electric
field of 1000 kV /em was applied to the film. This resulted in a clear hysteresis loop
with remnant polarization = 6.6 pC/cm?, consistent with the ferroelectric annealed

films having a larger amount of S-phase relative to a-phase.!?

3.8.8 Confocal Microscopy

Emission images of the films were obtained using an inverted scanning confocal

microscope described in detail elsewhere.?!! Briefly, a circularly polarized 488-nm
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Intensity (A.U.)

Figure 3.2: X-ray diffraction pattern of a blank ITO coated coverslip (black), a NR/PVDF
non-annealed film (red), a NR/PVDF film annealed for 0.625 hours (light blue), and a
NR/PVDF film annealed for 5 hours (dark blue). The peaks present in the non-annealed
film are consistent with the film being in the y-phase while the annealed films both exhibit
peaks representative of both a- and S-phase.
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(Novalux, Protera) excitation field of ~3 uW was used to excite all orientations of the
dye within the films. By raster scanning the film across the objective (Nikon, Plan-
Fluor) focal volume in 100 nm steps, the emission from the quasi-SM film was split by
a 600-nm short-pass dichroic mirror. Transmitted (T) and reflected (R) fields were
then focused on two separate avalanche photodiode detectors (APD, PerkinElmer
SPCM-AQR-16). Ten 10 ym x 10 pm fluorescence intensity images were collected
from multiple films processed at each time point by employing an integration time of

0.2 s per 100 nm step.

3.83.4 Data Analysis

All data processing was performed in MATLAB (version R2014a) as described
previously. !! Images were collected and processed by calculating the ratio of the
reflected and transmitted (R/T) intensities for each pixel of 10 x 10 ym image scans
acquired at each annealing time. R/T values were transformed to emission wavelength
maxima by first convolving ensemble NR fluorescence spectra in various solvents with
the APD efficiency curves, the emission filter transmission curve, and the 600-nm
dichroic reflectance and transmission curves in order to calculate the expected R and
T spectra. A calibration curve that takes into account the emission line shape of
NR in solvents of differing polarity was determined and used to transform the R/T
ratio into emission wavelength maximum. The emission wavelength maximum was
converted to maximum emission energy, and the solvatochromic property of NR was
employed for a final conversion from maximum emission energy to dielectric constant.
As described previously the function that converts emission energy max (AEg) to

dielectric constant (¢) is a two-term exponential function of the form:
AEgy (em™) = 1077 x 10%e 705 4 1.67 x 10%e X107 (3.1)

All conversions have been fully presented elsewhere. !
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3.4 Results and Discussion

Poly(vinylidene fluoride) (PVDF) is known to demonstrate multiple polymorphic
phases illustrated in Figure 3.1(a-c). These phases correspond to different conforma-
tions of the polymer chain and the associated crystalline structures. For instance,
the a-phase is non-polar with anti-parallel chains of the pattern TGTG’. PVDF in
the S-phase is polar with parallel chains of the pattern TTTT, and is the only phase
that is ferroelectric (i.e., contains polar crystals whose polarization direction can be
reversed by application of an electric field). The ~-phase conformation is an interme-
diate between that of the a- and [S-phases with a TTTGTTTG’ pattern commonly
viewed as a kinked all-trans conformation. Interconversion between these phases is

accomplished through electric-field poling, annealing, or mechanical straining.!

Our interest here is the effect annealing has on the properties of PVDF. First,
the annealing time was varied between 0.625 and 5 hours, and the corresponding
interconversion between the PVDF phases was measured using XRD as shown in
Figure 3.2. Non-annealed films were found to be in the vy-phase while annealed films
were found to contain both a- and [S-phases. For reference, a v-phase diffraction
pattern consists of two peaks adjacent to each other near 20 = 20° while the a- and
[-phase patterns demonstrate substantially more diffraction peaks (a-phase peaks: 26
=17.8°,18.4°,19.9°, 26.6°; 3-phase peaks: 20 = 20.7°, 20.8°).%10 The overlap between
the a- and f-phase peaks around 26 = 20° makes it difficult to calculate the exact
percent crystallinity of the film. Therefore, alternate characterization methods were
employed to establish the presence of the S-phase. Since the S-phase is the only phase
of PVDF that is ferroelectric we characterized the ferroelectric behavior of the films.
Copper tape was placed on top of the film to provide one electrode, the conductive
ITO coverslip provided the other, and an electric field of 1000 kV /cm (100 V /um) was
applied to the film. This resulted in a clear hysteresis loop with remnant polarization

= 6.6 uC/cm? (1.75 C/m?), consistent with the ferroelectric annealed films having a
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larger amount of 3-phase relative to a-phase.!? This result, in combination with the
XRD results, demonstrates that annealing promotes the transition of PVDF from -
to largely [-phase.

Given the XRD results presented above, we became interested in exploring the
relationship between polymorphic phase and local dielectric constant (¢) in PVDF.
Similar to our previous studies on NR embedded in PVDF, the solvatochromism of
NR was used to determine the distribution of € present within annealed (vy-phase)
and non-annealed (primarily 3-phase) films.®!! In these studies the annealing time
was varied as follows: 0.625 hours, 1.25 hours, 1.825 hours, 2.5 hours and 5 hours.
By measuring the variation in emission wavelength max of NR across several 10 um
% 10 um images of annealed and non-annealed films at quasi-SM concentrations (i.e.,
luminophore number density of ~10 molecules/pm?), we were able to spatially re-
solve this variation versus position in the film.? Figure 3.3(a-f) presents images of
this spatial variation in the NR emission maximum for annealed and non-annealed
films. The figure demonstrates that a substantial change in the emission maximum
occurs with annealing. The majority of the emission from the annealed film is blue
shifted in comparison to the non-annealed film, with continued blue shifting of the
emission maximum as the annealing time increases. This evolution is shown in Fig-
ure 3.4, where a clear blue shift in the emission maximum is observed with increasing
annealing time. The emission maximum distributions presented in Figure 3.4(a-c)
were compiled from 10 individual scans at each annealing time. The average emission
wavelengths (Aaverage) for the three annealing times presented in Figure 3.4 are ayerage
(non-annealed) = 620 nm, Aayerage (annealed 0.625 hours) = 595 nm, and hayerage (a0
nealed for 5 hours) = 588 nm corresponding to images (a), (b), and (f) in Figure 3.3,
respectively.

The distribution of NR emission wavelength maxima can be transformed to a
distribution of ¢ as follows.*!! Specifically, the NR emission wavelength maximum is

converted to emission energy (AEq) and then connected to e using the following two-
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Figure 3.3: 10 ym X 10 uym images of the spatial variation in NR emission wavelength
maximum in PVDF films that are (a) non-annealed or annealed at 90 °C for (b) 0.625
hours, (c¢) 1.25 hours, (d) 1.825 hours, (e) 2.5 hours, and (f) 5 hours.
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Figure 3.4: Histograms representing the distribution of emission wavelength observed from
NR/ PVDF films that are (a) non-annealed and annealed at 90 °C for (b) 0.625 hours and (c)
5 hours. Notice that with annealing time the average emission wavelength shifts to shorter
wavelengths. Quantitatively, haverage (non-annealed) = 620 nm while Aaverage (annealed 0.625
hours) = 595 nm and Aaverage (annealed for 5 hours) = 588 nm. The histograms presented
here contain the data from 10 individual scans collected from multiple films at each time
point.
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term exponential function.
AEq (em™) = 1077 x 10%e 7% 4 1.67 x 10%e 10" (3.1)

The above equation is used to convert each pixel of the emission wavelength images
shown in Figure 3.3(a-f) to images of € as shown in Figure 3.5(a-f). The figure shows
that a significant difference in ¢ is observed between the annealed and non-annealed
films, with non-annealed films demonstrating larger values of € in comparison to an-
nealed films, and the films continue to reduce ¢ as the annealing time increases. These
trends are further evidenced in Figure 3.6(a-c) which presents histograms of ¢ values
observed for 10 individual scans from multiple non-annealed, 0.625 hour annealed, and
5 hour annealed films. A much broader distribution of ¢ is observed in non-annealed
versus annealed films consistent with a wide range of dielectric environments being
present in the non-annealed films. To confirm that residual DMSO had little impact
on these results, films were dried at 60 °C for up to 6 hours, and statistically similar
distributions to the distribution presented in Figure 3.6(a) were observed. Attempts
to increase the drying temperature resulted in annealing and corresponding conversion
of the films to a- and S-phase. Finally, attempts to cast films from dimethylformamide
resulted in non-annealed films that demonstrated predominately a- and [-phase as
evidenced by measurement of the dielectric distributions and XRD. In summary, the
results presented in Figure 3.6(a) are highly dependent on processing conditions.
Figure 3.7 presents plots of the average emission wavelength (Aayerage) and mean
dielectric constant (€) versus annealing time. For Figure 3.7(a), the average emission
wavelength maximum was calculated from the emission wavelength histograms in
Figure 3.4. For annealed films, the histograms were fit to Gaussian distributions
to determine the mean (Aayerage) and standard deviation (error bars). Figure 3.7(a)
clearly demonstrates that Asyerage decreases with increased annealing time. The € trend
(Figure 3.7(b)) is more difficult to quantify since the distributions for non-annealed

and annealed films are significantly different (Figure 3.6(a) versus Figure 3.6(c)).
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Figure 3.5: 10 ym x 10 ym images demonstrating the spatial variation in ¢ observed for
NR/PVDF films that are (a) non-annealed and that have been annealed at 90 °C for (b)
0.625 hours, (c) 1.25 hours, (d) 1.825 hours, (e) 2.5 hours, and (f) 5 hours. Note the change
in magnitude of the color bar scale from non-annealed to any annealed film.
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Figure 3.6: Histograms representing the distribution of £ observed for NR/ PVDF films
that are (a) non-annealed and that have been annealed at 90 °C for (b) 0.625 hours and (c)
5 hours. Again, the histograms presented here contain the data from 10 individual scans
collected from multiple films at each time point.
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Figure 3.7: (a) Plot of average emission wavelength (haverage) versus annealing time at a
temperature of 90 °C. Aaverage Values were calculated by fitting the distributions of emission
wavelengths (Figure 3.4) to Gaussian distributions. Error bars correspond to the standard
deviation of the Gaussian fit (width of the distribution). (b) Plot of the average ¢ (£) versus
annealing time. For this plot, € was calculated by fitting a given distribution of ¢ (Figure 3.6)
to the heavy tailed Burr distribution. Error bars correspond to the standard deviation of the
Burr distribution (width of the distribution). Note € for non-annealed films is not presented
since the € distributions of these films is not well represented by a Burr distribution.
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While a distribution function that best represents the non-annealed films was difficult
to determine, the distributions from the annealed films were found to accurately fit
to a Burr distribution (specifically, a Burr type XII distribution). The Burr distribu-
tion is a non-negative heavy tailed distribution with the following probability density

function (PDF) and cumulative distribution function (CDF):!?

c—1

x
PDF = chk—————, >0,k >0,¢> 0 (3.2)
(1+$C)k+1
CDF=1—(1+2%"", 2>0,¢>0,k>0 (3.3)

In the above expressions, ¢ and k determine the shape of the distribution. The ob-
servation of a Burr distribution is interesting since it encompasses many common
distributions such as lognormal and Weibull distributions that have previously been
found to accurately describe single molecule photoluminescence intermittency of or-
ganic dyes in complex environments. 1314 By plotting the mean ¢ (g) of the best
fit Burr distribution versus annealing time, with error bars representing the stan-
dard deviation and therefore width of the distribution, we confirm the trend that
increasing the time spent annealing results in a decrease in € and a narrowing of the
e distribution.

Figure 3.8 further illustrates the dependence of dielectric constant on annealing
through images of the variation in € present within non-annealed and annealed films.
In order to visually represent the € domains present within these films, 1D line profiles
are plotted in Figure 3.8(e) and (f) for non-annealed and annealed films, with the
location of the line profile indicated by the dashed line in (¢) and (d). This line
profile provides further evidence that not only does ¢ decrease with annealing, but
the range of ¢ is greater in non-annealed films. By plotting the change in ¢ as a
function of both x and y positions in the film, we are able to obtain an even more
visually accurate representation of the ¢ domains present in the PVDF films.

Finally, to correlate the € trends to the polymorphic phases of PVDF, we return to
the XRD spectra of annealed and non-annealed PVDF films. These data demonstrate
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Figure 3.8: Representations of the spatial variation in dielectric constant (¢) observed in
NR/PVDF films. Variation in € across the entire 10 x 10 um film is presented for (a) a
non-annealed film and (b) for a film that annealed for 5 hours. Note the difference in the
color bar scale and ¢ axis between the two films. Corresponding 2D representation of the
variation in ¢ for (c) a non-annealed film and (d) for a film annealed 5 hour annealed film.
The dashed line in (c) and (d) represent the region of the film used to derive the line plots
shown in (e) and (f), respectively, demonstrating the spatial variation in € across these films.
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that annealing results in conversion of PVDF from ~-phase to primarily S-phase.
Since € decreases with annealing time, we conclude that the decrease in ¢ with an-
nealing time is due to the phase transformation from - to S-phase. This establishes a
correlation between the polymorphic phase of PVDF and . Furthermore, the imaging
techniques employed here provide a visualization of the effect of phase transformation
upon annealing. The results presented here provide support for the hypothesis that
the y-phase is a “kinked” all-trans conformation where the combination of regions of
non-polar a-phase with polar g-phase drastically influences the polarizability of the
film. This accounts for the extremely large magnitude in ¢ that we observe, in addi-
tion to the broadness of the e distribution in Figure 3.6. On the other hand, upon
annealing, some of the non-ferroelectric a-phase domains shift, allowing for more fer-
roelectric S-phase domains to exist in the films. This is supported by the increased
ferroelectric properties of the film with annealing. As these annealed films contain

more 3-phase, € shifts toward lower values consistent with ensemble measurements. >

3.5 Conclusion

We have established a direct correlation between the polymorphic phase of PVDF
and ¢ through the use of X-ray diffraction and quasi-SM microscopy. XRD patterns of
PVDF films indicate that annealing at 90 °C promotes interconversion from ~-phase
to primarily S-phase. By monitoring the effect of annealing time on £ through the
use of quasi-SM microscopy, a clear trend to smaller € with increased annealing time
was established. Combining these results, we conclude that the decrease in ¢ with
annealing time is due to the phase transformation from - to g-phase. PVDF ~-phase
films were found to exhibit much larger ¢ distributions, both in the magnitude of ¢ and
the broadness of the distribution as compared to S-phase films. Finally, the quasi-
SM imaging technique described here allows for visualization of the € environments

present within different polymorphic phases of PVDF.
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4.1 Abstract

The photoluminescence intermittency (PI) exhibited by single emitters has been stud-
ied for over a decade. To date, the vast majority of PI analyses involve parsing the
data into emissive and non-emissive events, constructing histograms of event du-
rations, and fitting these histograms to either exponential or power law probability
distribution functions (PDFs). Here, a new method for analyzing PI data is presented
where the PI data are used directly to construct a cumulative distribution function
(CDF), and maximum-likelihood estimation techniques are used to determine the best
fit of a model PDF to the CDF. Statistical tests are then employed to quantitatively
evaluate the hypothesis that the CDF (data) is represented by the model PDF. The
analysis method is outlined and applied to PI exhibited by single CdSe/CdS core-shell
nanocrystals and the organic chromophore violamine R isolated in single crystals of
potassium acid phthalate. Contrary to previous studies, the analysis presented here
demonstrates that the PI exhibited by these systems is not described by a power
law. The analysis developed here is also used to quantify heterogeneity within PI
data obtained from a collection of CdSe/CdS nanocrystals, and for the determination
of statistically significant changes in PI accompanying perturbation of the emitter.
In summary, the analysis methodology presented here provides a more statistically-

robust approach for analyzing PI data.
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4.2 Introduction

Single molecule (SM) spectroscopy has become an established technique for study-
ing the structure and dynamics of complex systems on molecular length scales.!™
Central to these studies is the interpretation of SM emission characterized by discrete
changes in emissive intensity with time, referred to as photoluminescence intermit-
tence (PI) or “blinking”. Current interest involves determining the underlying photo-
physical processes responsible for PI, and connecting blinking to the environmental

fluctuations that impact P1.4710

PI was first observed from single molecules of perylene embedded in p-terphenyl
crystals at low temperature.!' The perylene emission was analyzed by construct-
ing histograms corresponding to the temporal duration of emissive and non-emissive
events. Analysis of the histograms revealed that the event durations were exponen-
tially distributed consistent with formation and decay of the lowest-energy triplet-
state. Since this first observation of PI, a variety of single emitters have been studied
in an attempt to identify the non-emissive states that are populated during PI.1214
An intriguing aspect of these studies is that the durations of emissive and non-emissive
events are generally not exponentially distributed, and are thus not consistent with a
first-order kinetic description of non-emissive or “dark” state formation and decay. In

addition, emissive and non-emissive event durations can easily span more than five

decades in time making the statistical analysis of PI data challenging.

The first step in connecting PI to underlying molecular processes is quantification
of the emission statistics. Similar to the first studies of PI described above, the vast
majority of current studies create histograms of emissive or “on” and non-emissive or
“off” event durations, and then connects these histograms to probability distribution
functions (PDF). For example, the on- and off-duration histograms for CdSe/CdS
quantum dots and a variety of other systems were found to qualitatively follow a

power-law PDF.'® The power-law PDF is of the form P(t) = At~ where « is the
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power-law coefficient with reported values ranging between one and two. An inter-
esting feature of the power-law PDF is that a single scaling parameter (a)) describes
the probability over all time rendering the PDF linear on a log-probability versus
log-time plot. Indeed, a variety of single emitters demonstrate on- and off-event du-
ration distributions that are apparently linear on a “log-log” plot consistent with a
power-law distribution. However, the power-law itself does not point to any particular
physical explanation for intermittency. As put in a recent review of the applications
of power-laws in physics, “Perhaps the only thing more abundant in both natural
and man-made systems than power laws are the models that have been developed to

explain them.” 16

The observation of power-law distributed on- and off-time durations implies that
the rate constants for production and decay of the dark state responsible for PI are
not constant, but evolve over the timescale of the measurement. The evolution in
rate-constant with time is commonly referred to as “dispersed kinetics”. For many
single-emitters the observation of dispersed kinetics has been assigned to a variation
in charge-transfer rates. 2! For example, a distribution of static charge-trapping sites
on a quantum dot can provide for a corresponding distribution of trapping rates.?? 24
For organic luminophores variation in the barrier for electron transfer between the
luminophore and the surroundings could also provide for this evolution in rates.?526
Although the power-law PDF has been widely used in PI analyses, deviations from
a power-law distribution have been reported.?%2 These deviations bring into ques-
tion the essentially ubiquitous application of power-law. Are there other PDFs that
more accurately represent PI data? Can quantitative statistical tests be developed to
ascertain the “goodness of fit” of a PDF to a specific data set? To address these ques-
tions, we present a new method for the analysis of PI data. Following the methods
introduced by Clauset et al., the approach described here relies on maximum like-

lihood estimation to define the fit parameters for a given PDF to the experimental

data.®® Simulated data are generated with these best fit parameters, and compared
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to the original data set allowing for the application of statistical test to quantify the
extent to which the PDF represents the measured PI. This method is applied to the
PI exhibited by CdSe/CdS core/shell quantum dots (QDs) dispersed in thin films
of poly(methyl methacrylate) (PMMA), and to single molecules of violamine R in-
corporated into potassium acid phthalate (KAP). Surprisingly, we find that on- and
off -event duration distributions are not well described by a power-law.

We also present methods that provide a quantitative determination of whether
two data sets arise from the same PDF without first assuming a functional form for
the PDF itself. The utility of this method is illustrated in a comparison of QD data
taken at two excitation powers to determine if a statistically significant change in
PI can be detected. This is particularly useful since the current approaches involve
a simple comparison of power-law exponents, an analysis that is far from statisti-
cally robust. The alternative approach outlined here is also useful for characterizing
the heterogeneity of a particular ensemble of emitters, and to determine statistically
valid changes in PI in the presence of this heterogeneity. These methods are easily
employed and provide a bias free interpretation of PI data. The analysis outlined
here is well suited to many studies involving SM nanoprobes in different hosts or en-
vironmental conditions, as well as in the fundamental investigations of temperature,
power, and excitation wavelength dependence of PI. Other applications may extend
to studying the emission statistics of coupled emitters and clustered emitters where

current methods have shown ambiguous results.3!

4.3 Experimental Methods

4.8.1 Sample Preparation

All steps in the CdSe/CdS core/shell quantum dot synthesis were performed under
nitrogen. The CdSe core was prepared by a hot injection synthesis with 0.4 mmol

of CdO, 1.6 mmol of stearic acid and 20.27 mL of octadecene heated under vacuum
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at 100 °C. The solution was purged several times and slowly heated to 250 °C where
it was held until the solution became clear. The resultant mixture was cooled to
room temperature and 2 g of trioctylphosphine oxide and 1.8 g of hexadecylamine
were then added. The solution was degassed and heated to 305 °C where 2 mL of
a solution consisting of 2 mmol of Se in 1 mL of trioctylphosphine and 1 mL of
octadecene was injected. The solution was cooled to room temperature and washed
with ethanol and toluene to isolate the CdSe nanocrystals. The CdS shell was grown
on the CdSe crystals by first preparing a cadmium oleate solution consisting of 0.67
mmol of CdO, 0.27 mmol of oleic acid and 4 mL of octadecene at 130 °C degassed for
1 hr. The solution was heated to 280 °C, where it clarified and then the temperature
was reduced to 60 °C. Trioctylphosphine sulfide (TOPS) was prepared by combining
2 mmol of S and 3 mL of trioctylphosphine. In a separate flask 1.5 mL of oleylamine
and 3 mL of octadecene were degassed and heated to 130 °C for 2 hrs. At 60 °C, half of
the CdSe nanocrystals were added, the solution was degassed, and the temperature
set to 180 °C. To this solution 0.5 mL of the cadmium oleate solution was added
drop wise then stirred for 30 min. Next 0.5 mL of TOPS was added drop wise and
stirred for an additional 30 minutes. Finally drop wise additions of 0.75 mL were
made alternately of each TOPS and cadmium oleate with 30 min stir times between
additions. The temperature was then set to 130 °C and left overnight. The CdSe/CdS
nanocrystals were isolated with ethanol and toluene. The absorption spectrum of the
nanocrystals had a maximum at 570 nm, and an emission maximum at 583 nm with
full width at half maximum of 30 nm. TEM images of the nanocrystals show they
are spherical in shape and 4 nm 4 0.1 in diameter. The absorbance cross-section
maximum of the QDs was calculated from the molar absorptivity and estimated to
be 5 x 10710 cm™. QD samples were prepared by spin casting solutions of 1% wt/vol
poly(methyl methacrylate) (PMMA) in tolune doped with ~10 M of QDs onto

piranha (ammonium hydroxide and hydrogen peroxide) treated glass coverslips.

Violamine R (VR, 60% pure, Aldrich) was purified as described in the literature
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to 95% as determined by LC-MS.3? Dye-inclusion crystals were grown by slow cooling
from 46 °C with a cooling slope of 0.08 °C/hour in a customized water bath. The
crystals were grown in sealed crystallization dishes that were completely submerged
beneath the water to avoid condensation. KAP crystallization solution was prepared
in the crystallization dishes by adding 14.3 g of KAP to 75 mL of nano pure water and
bringing to a boil. The solutions were cooled slightly and seeded with cleaved sections
of small KAP crystals. The seeds dissolved in the hot liquor to smooth the surface.
VR concentration of 107 M yielded crystals with VR concentrations appropriate for

single molecule studies. The crystals were harvested after 3.5 days of growth.

4.3.2  Single Molecule Microscopy

Excitation was provided by a 532-nm laser (Spectra Physics Excelsior), and powers
of 0.5 and 8.2 uW were employed as measured at the entrance port to the microscope.
The excitation beam was focused using a 1.3 NA objective (Nikon, Plan-Fluor) pro-
viding a diffraction-limited spot (250-nm dia) at the sample. The resulting photon
flux was approximately 0.14 photons/100 ns and 2.3 photons/100 ns for 0.5 and 8.2
uW excitation power, respectively. Single molecules of VR in KAP were excited with
a power of 3.2 uW in the same experimental set up. Samples were mounted on a
xy-piezoelectric scan stage (Physik Instrumente). Crystal samples were heated with
a custom built heating stage described elsewhere.?° The single molecule emission was
collected using an epi geometry, filtered using a 550-nm long-pass filter to reject the
excitation field, focused onto a 70-um pinhole, and directed onto an avalanche photo-
diode detector (Perkin Elmer SPCM-AQR-16). Single quantum dot emission traces
were collected using 10-ms integration for a total acquisition time of 5 minutes. Emis-
sion from individual quantum dots was established based on the diffraction-limited
spot size of the fluorescence image, sample dispersion of no more than 1 QD per
micron, the complete extinction of fluorescence to the shot noise during off-intervals,

and irreversible single-step photobleaching. Additional care was taken to check the
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concentration dependence on the density of QDs, with a factor of 2 decrease in con-
centration resulting in a two-fold reduction in the number of QDs in a given area.
The QD data was processed by first setting an emissive threshold to delineate on- and
off -events. QDs have been shown to possess a continuous number of emissive states, 3
making the definition of a single emissive threshold a challenge. Cordones et al. have
shown that the power-dependence as studied using hard thresholding vs. change point
detection analyses yielded similar results for QDs.3* In this study thresholding was
employed due to the computational expense of the change point detection algorithm
used in previous studies. A threshold of 3 standard deviations above the RMS noise
corresponding to 20 counts per 10 ms at 8.2 yW was employed as the threshold, and
used for data obtained with lower excitation power. Thresholds of 6 and 9 stan-
dard deviations above the RMS noise were also investigated, and did not significantly
change the results derived from the 3 standard deviation analysis (see below). PI
data for VR in KAP were analyzed using the change point detection (CPD) algo-
rithm as described previously.3>3% Deconvolved states with intensities greater than
one standard deviation above the RMS noise were designated as on. This definition
of the emissive threshold designates the lowest deconvolved intensity state(s) as non-
emissive or off. As discussed previously, a fraction of VR molecules are continually
emissive and are not included in the on- and off -interval histograms. All data analysis

was performed in MATLAB (version 2011b).

4.4 Results and Discussion

4.4.1  Current Analysis and Mazximum Likelihood Estimation

As described in the introduction, the first step in current analyses of PI data is a
determination of on- and off-interval durations. Typically, a threshold is set above
the shot noise, and intensities above (below) this threshold are designated as on (off).

Once the data have been parsed into on- and off-events, histograms of on- and off-
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event durations are constructed and analyzed. If the processes responsible for PI are
well described by first-order kinetics (for example, intersystem crossing to a triplet-
state) then the on- and off-interval histograms will be exponentially distributed.
However, in most cases the histograms are not well described by an exponential, ex-
hibiting substantial probability at long-time durations. To assist in the analysis of
these long-time events, the discrete histograms are converted to continuous probability
distributions using the method first proposed by Kuno et al.3" In this approach, each
event is divided by the average time between the two closest events thereby creating
a continuous probability distribution. The application of this method to the PI data
from CdSe/CdS QDs obtained here is shown in Figure 4.1. The discrete duration his-
tograms are shown in Figure 4.1(a) and (b), and the continuous distributions derived
from these histograms are shown in 4.1(c) and (d). The transformation to a continu-
ous probability distribution increases the spread in observed probability resulting in
enhanced linearity when the data are viewed on a log-log plot. This enhanced linear-
ity encourages the application of a power-law probability distribution function (PDF)
to describe the probability distributions with linear least squares regression used to
obtain the best fit of the data to a power-law. Figure 4.1 illustrates the fitting of the
PI data from the CdSe/CdS QDs to a power law using this approach. Notice that
both the on- and off-times demonstrate a subtle deviation from the power-law fit,
especially at longer durations. An additional issue in this analysis is that linear least
squares fitting has been found by multiple groups to underestimate the power-law
exponent which is used to connect PI data to underlying physical processes. 338

An alternative method for connecting PI data to a power-law PDF involves max-
imum log-likelihood estimation (MLE). This approach has been outlined by Hoogen-
boom et al. for the specific case of power-law distributed event durations and applied
to synthetic QD data.?® The operative principle in MLE is that if the hypothesized
PDF and corresponding parameter values are correct, then the probability of the data

corresponding to that PDF should be maximized.® This probability is expressed in
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Figure 4.1: On- and off-event duration histograms for 220 CdSe/CdS QDs in PMMA. (a-b)
Raw PI histograms presented on a log-log plot. The tail of the data is fanned, representing
sparse events. (c-d) Each point in the raw histogram is divided by the average time to the
nearest neighbors, resulting in a continuous probability density. The data in the right are
fitted with linear least squares regression to obtain the power-law exponent. (e-f) CDFs
generated from the data in (a) and (b), the CDF is a naturally decaying distribution that
can be fitted and differentiated to generate the PDF without the need to smooth the data.
The curvature of the CDF indicates that the data are not consistent with power-law.
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a likelihood function, £, which is the joint probability of the observed data given that

the PDF and its parameters are known,

L(ay,az,...an) = f(ti|lar,as,...an) f (ta]ar, ag, ... aw) ... X f(thlar, ag, ... an)

=II, f (tilas, az, ... am) (4.1)

In the above equation t; are the data points, and a, represent the parameters of
the PDF. In the case of a power-law PDF, the value of the power-law coefficient
that maximizes the likelihood function is the best estimate for the true value of the

coeflicient,

L(a) = AT 6] " (4.2)

The MLE estimate is obtained by differentiating the above expression, setting the
derivative equal to zero, and solving for a. Although we have used a power-law PDF
to illustrate MLE methods, as long as the likelihood function is differentiable MLE
can be employed. In addition, the logarithm transform is commonly used to create a
straightforward conversion of products to sums of the likelihood function for ease of
computation. This approach has many advantages in analyzing PI data such as ease
of use, no binning of the data, and it is an unbiased estimator in the large sample

limit (>20).

4.4.2  Cumulative Distribution Functions

The essence of any PI data analysis is determining the probability of observing
an event within a given time interval. A related way to express this probability is to
ask, “What is the probability of observing an event less than a specified value?” The
answer to this question is simply the integral of the PDF up to the time of interest.
The cumulative distribution function (CDF) is defined as the probability of an event

occurring in a time less than or equal to ¢, and is related to the integral of the PDF:3?

S(t):/t. P (7)dr (4.3)
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In the above expression S(t) is the CDF and P(7) is the corresponding PDF. The
CDF is bound by zero when ¢ < t,,;,, and one at the longest observation time. S(t)
can be computed directly from PI data by employing the correspondence between

integrals and sums:

S(t) = %Z | {t < 1) (4.4)

In the above expression t; is an event duration less than time ¢, and N is the number
of events. This distribution is zero for all times less than t,,, and one for all times
greater than the longest event in the sum. Related to the CDF is the complimentary
CDF given by:

F(t)y=1-5(t) (4.5)

F(t) is the probability of observing an event at a time greater than ¢, and is useful
for visualizing PI data since the event probabilities are greatest at short times. Fig-
ures 4.1(e) and (f) show the complimentary CDFs for the CdSe/CdS QDs described
earlier. The most notable feature of the complimentary CDF s that it is a contin-
ually decaying function. When employing CDFs the PI data do not need additional
processing to construct a continuous probability distribution (Figs. 4.1(c) and (d)),
greatly simplifying PI data analysis. Because the CDF is directly related to the PDF
(Eq. 4.3), the CDF can be constructed and then differentiated to obtain the under-
lying PDF. For example, since the integral of a power-law is also a power-law, the
corresponding CDF has the functional form of a power law and will therefore appear
as a straight line on a log-log plot. Any curvature evident in the CDF on a log-log plot
is direct evidence that the on- and off-event durations are not power-law distributed.
Figures 4.1(e) and (f) demonstrate that complimentary CDFs for the CdSe/CdS QDs
possess curvature over the entire range of times investigated; therefore, the PDF

describing these data cannot be a power law.
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4.4.83 An Alternative Method for Analyzing PI Data

The alternative approach for analyzing PI data described here is based on the
method outlined by Clauset et al. for determining if a given data set is described by
a power-law.?° We have adapted this method to the specific case of single molecule
PI, and extended the method to arbitrary PDFs. The method involves three basic
steps: estimating the best fit parameters for a given PDF, testing to determine the
probability that the data are represented by the PDF, and comparing various PDFs
to identify the one that best fits the data. Each of these steps is outlined below.

Estimating PDF Best-fit Parameters

To illustrate this method we employ a power law as our example PDF, an extension
of this method to other PDFs is provided later. The approach used to identify the
best-fit parameters differs slightly from MLE methods described previously in that we
also determine both the power-law coefficient () and onset-time for the power-law
(tmin) rather than assuming this value is equal to the time bin used to acquire the PI

data. Recall that the power-law PDF is of the form:
P(t)= At (4.6)

In the above expression A is the normalization constant and « is the power-law
exponent. The normalization coefficient is determined by integrating P(t) from the

onset time, i,

- / T pw)ar (47)

tmin

Integration of the above expression yields the following PDF:

P(t):o‘_l( ! )_a,oz>1 (4.8)

tmin tmm

Notice that t,,; must be finite in order for P(t) to be finite. The power-law PDF

also has the added complication of being un-normalizable when « is less than one,
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which is typically avoided by applying the restriction o« > 1, or by integrating to a
maximum time.

The onset time at which the power-law statistics become operative is usually
overlooked when fitting PI data (as is the case in linear least squares approaches
described above), or t,,, is simply set equal to the time of the experiment. To
accurately fit the data, it is necessary to determine the best t,,, so that the data is

fit only where the power-law is operative. To obtain this value, we first use MLE to

)_ (49)

In the above expression n is the sample size and ¢; is a given on- or off-event. To

determine «:3°

n tz
a=1+n (Zlnt
i=1 m

in

find t,,;,, the scaling parameter is estimated for all possible values of t,,;, starting from
the smallest possible value t,,;, can equal to the time resolution of the experiment up
t0 tmin = 0.90 X t,4. or 90% of the longest time observed. To determine which ¢,,;, and
« pair best fits the data, the difference between the sample CDF (Equation 4.4) and
that of the power-law fit is calculated using the Kolomogorov-Smirnov (KS) statistic,

D. For example, the CDF for the power-law expression (Equation 4.8) is:

S(t)ﬁt:1—< t )M (4.10)

tmm

The KS statistic, D, is defined as:*
D = maz —coci<oo| S () iy — S (t) | (4.11)

Equation 4.11 illustrates that D represents the maximum difference between of the
two CDF’s, and provides a direct measure of how similar the two distributions are.
For a perfect fit with no deviation, D = 0. Quantitatively, the best fit a and {¢,,;, pair

is defined as that which minimizes D.
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Statistically Fvaluating PDF's

A statistical test is required to accept or reject the hypothesis that the on- and
off -event duration distributions are consistent with a given PDF. Here, this test is
performed using a p-value, defined as the probability of measuring a test statistic at
least as extreme as the one observed. The hypothesis that a PDF represents experi-
mental results is then accepted or rejected by comparing the p-value to a significance
level. In the analysis outlined here the test statistic is D, defined previously as the
maximum deviation between the best fit and experimental CDFs (Eq. 4.11). To de-
termine the p-value, simulated data is generated using the best fit values for the PDF
obtained as described earlier. The simulated data sets are then fit in exactly the same
manner as the original data, and Dgy,, from these fits is compared to D from the
initial fit. It is important to note that Dy, is calculated between the synthetic data
and the fit to the synthetic data (not the fit to the original data). The fraction of
Dy, from the simulated data sets equal to or greater than D for the original data is

used to calculate the p-value.

Synthetic data sets were created using a “bootstrap method” as illustrated in Fig-
ure 4.2. Because the power-law is only operative for ¢t > t,,,, the data less than ¢,
needs to be constructed; however, the functional form of the PDF describing the data
for times less than t,,;, is not available. Therefore, simulated data over this early-time
interval is obtained by uniform random sampling of the empirical data for times less
than t,,;,. To generate data for times equal or greater than t,,;,, random numbers
are generated from a power-law distribution employing the best fit parameters. To
determine which method is used at any given point in the simulation, a sampling
probability is defined as prob = 1 — (ngu/n), where nyy; is the number of entries
in the original data greater than or equal to t,;,. If a uniform random number r
< prob, then the simulated data point (%) is generated for the case t; < t,, oth-

erwise t, is drawn from the power law with the estimated « and t,,;,. The length of the
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Figure 4.2: An illustration of the process by which simulated data are created. Simulated
data sets for the power-law are generated by a uniform sampling of the experimental data
below t,,;, with probability 1 — ng/n (shaded region), and randomly from a power-law (or
other PDF') employing best fit parameters determined using maximum likelihood estimation
with sampling probability 744 /n.
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simulated data set is made equal to that of the experimental data set. The random

number generator for a power-law is:3

ts =ty (1 — 7)Y (4.12)

In this expression 7 is a uniformly distributed random number. Each simulated data
set is fit exactly as the original data, and Dy, is obtained for each simulated data
set. The fraction of Dy, greater than the D calculated from the experimental data

is defined as the p-value,

Z Dsynth Z D
N

(4.13)

p — value =

The above equation illustrates that the p-value simply represents the fraction of the
simulated data for which Dgy,y, is larger than that of the original data. The accuracy
of the p-value increases with the number of simulated data sets (N;) as 1/2v/N,. To
obtain an accuracy of 0.005, simulations were run with 10* synthetic sets. A p-value
of < 0.05 rejects the hypothesis that the PDF is consistent with the data to 95%

confidence interval.

Extension to Other PDFs

In addition to the power-law, there are many other PDFs whose tails are not
exponentially bounded (so called “heavy tailed”) that may be consistent with PI data.
These PDFs include Weibull, lognormal, Generalized Pareto, Beta, Kappa, inverse
Gaussian, etc., and it is necessary to explore these PDFs in describing PI data. Here,
we fit our PI data to both Weibull and lognormal PDFs since these represent more
generalized classes of “heavy-tailed” PDFs.° The methods described above were used
for these alternative distributions, with best fit parameters determined based on MLE

methods for these distributions. The Weibull distribution and corresponding CDF are

P() =" (3>A_1 e

given by:

|+
S~—
S
t+
V
\_O

(4.14)
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St =1—e®)" (4.15)

Inspection of the above equations reveals that the Weibull distribution is essen-
tially the product of a power-law and a stretched exponential function. Press et al.
describe the Weibull as a generalization of the exponential distribution that is useful
in reliability analysis.*® This branch of statistics investigates properties such as the
time to failure of mechanical systems, or death in biological organisms. With respect
to PI, one can think of the duration or “survival” of each on- or off-intervals. For
simple first-order kinetic decay there is a constant probability per unit time for the
decay of the emissive state. Dispersed kinetics can be thought of as statistical aging
of the system where the probabilities for on- and off- interval durations change with
time. The Weibull distribution incorporates statistical aging through the parameter
A where A > 1 corresponds to the case where the probability that the molecule will
leave a particular emissive state increases with time, and A < 1 is the opposite case.
This distribution was found to best describe the durations of intensity segments in
single molecules of 2’,7’-difluorofluorescein overgrown in crystals of potassium acid
phthalate which possessed unusually stable emissive states (in preparation).

The standard lognormal distribution and corresponding CDF are given by

P(t) = \/%ate“[w‘?“] ) t >0, (4.16)

50 b e L [0 =1) ar

The lognormal distribution occurs when the logarithm of the sampled variable is
Gaussian distributed. Lognormal distributions arise in processes well described by
multiplicative random walk models. *'*?2 Examples include one dimensional diffusion of
a particle in the presence of randomly distributed traps,** and also the diffusion in the
presence of random local electric fields.** Physical processes that these models have
been applied to include the migration of excitons in mixed organic crystal lattices and

in diffusion controlled reactions.*® These models typically have both lognormal and
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power-law regimes, demonstrating that the functions are closely related in physical
systems. A consequence of the multiplicative processes that give rise to lognormal
distributions is that the operative photophysical processes must be non-Markovian;
therefore, “memory” is expected to be observed in systems where PI is described by
a lognormal distribution.

The results of fitting the CdSe/CdS and VR/KAP PI data to Weibull and log-
normal PDFs are presented in Figures 4.3 and 4.4, respectively. The left-hand side of
Figure 4.3 shows the best fits for on- and off-intervals of the QD data obtained using
0.5 uW excitation. Notice that the data are not well represented by any of the PDFs
investigated, with the widely employed power-law PDF providing the worst fit to the
data. The second column shows data derived from a single quantum dot. Again these
data are also not represented by any of the PDFs investigated. In contrast, Figure 4.4
shows data from single molecules of VR embedded in KAP crystals at room temper-
ature and at 60 °C. The data is not well represented by power-law; however at 60 °C
the on-intervals are in excellent agreement with the lognormal fit corresponding to a

p-value of 0.13 and the off-intervals also being close to lognormal.

4.4.4  Comparing PI Data Sets Without PDFs

Here we present an extension of our analysis method for determining whether
or not the underlying PDF changes with experimental conditions without assuming
a functional form for the PDF. The approach presented here can also be used to
quantify heterogeneity within a SM ensemble, and to determine statistically significant
differences between heterogeneous sample sets. The example data that we will use
to describe this method is the excitation-power dependence of the on- and off-event
duration distributions observed for CdSe/CdS quantum dots.

The test statistic, D, described above is distributed according to another PDF
called the Kolomogorov-Smirnov (KS) distribution. The KS-distribution is impor-
tant for application of the statistical test; however, the PDF for the KS-distribution
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Figure 4.3: Left: Best fits of the 0.5 uW data to power-law(---), lognormal(-) and Weibull(-)
PDFs for 220 CdSe/CdS quantum dots in PMMA for on-times (a) and off-times (b). None
of the PDFs represent the data, with all fits rejected having p-values < 0.0001 (derived from
10,000 simulated data sets as described in the text). For power-law best fit ¢, was 0.01
for both on and off with o = 1.55 (off) and 1.67 (on) Right: Identical analysis applied to
the PI data derived from a single CdSe/CdS quantum dot on-times (c) and off-times (d).
The single QD data also fails the statistical test for all three distributions to 0.01. This
was performed for all QDs at 0.5 uW, not a single QD (on or off ) was represented by these
functions.
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Figure 4.4: Complimentary CDFs for the on- (a) and off- (b) times observed VR-KAP at
room temperature (black) and 60 °C (gray). Best fits to lognormal functions are overlaid
on the data (dashed lines). On-interval data becomes strongly lognormal at 60 °C (p-value
increases from 0.024 to 0.118), but the room temperature tail diverges from the fit. Off-
interval data is not well fit to lognormal at either temperature (p-values of 10* and 0.035
for room temperature and 60 °C respectively).
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never explicitly enters into the test. Instead, the CDF of the KS-distribution is
determined and used to calculate a p-value for a given D determined from the CDF’s
of two different samples. This is known as the “two sample KS-test”, and is commonly
used in other applications to determine the probability that two datasets arise from
the same underlying PDF.4%4% Previously, D was employed as a minimization tool
for determining best fit parameters. Here, D is used to compare two different sample
CDF’s as follows:

D =mazr_soct<oo|S1 (1) — 52 (1) | (4.18)

The left panel of Figure 4.5 shows the complimentary CDFs derived from the the
CdSe/CdS intermittency data obtained with 0.5 uW and 8.2 yW excitation. To
quantify the differences observed between the two CDF’s, the p-value is computed
from the CDF of the KS distribution, Skg. The CDF is used because all points in the
CDF correspond to an integrated area of the PDF, and thus providing the probability

of a measured D value. The p-value is calculated as follows:*°

p — value = Sk <[\/E+0.12+0.11/\/E}D>, (4.19)

where Skg is given by:

S () = @ f; exp <_(2]8+)2”2> (4.20)

Additionally, N, is the reduced data density which accounts for differences in the
number of data points for the two CDF’s, and is calculated as follows:

Ny Ny

g 4.21
Ny + N, (4.21)

The p-value defined using this approach becomes increasingly accurate as the number
of points in a data set increases. PI data were obtained for 220 CdSe/CdS quantum
dots under identical experimental conditions. The data were randomly assigned to

two separate ensembles of 110 dots, and p-values were calculated for the on- and off-
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intervals derived from these two data sets. The randomized partition of the data into
two subgroups was repeated 1000 times, and only 35% of the combinations resulted in
p-values > 0.05 for the on-intervals, and only 40% for the off-intervals. That is, the
majority of comparisons found that the data are not described by the same PDF, and
illustrates one of the main difficulties in analyzing limited data sets obtained from
heterogeneous ensembles of single emitters. One reason for this result is that each
CDF is comprised of about 90,000 data points, which demands small values for D
for the data to be considered consistent with the same PDF. Figure 4.5 (right panel)
shows the histograms of D values obtained in this analysis. The shaded regions in
the histograms represent D values which correspond to p-values > 0.05 supporting
the hypothesis that two data sets are derived from the same PDF. Clearly, enough
sample heterogeneity exists such that one needs to be careful about using a p-value
alone from two CDF’s to evaluate the hypothesis that the data sets arise from the
same PDF. To quantify the difference between the two excitation powers employed
in the PI measurements of CdSe/CdS (left panel, Figure 4.5), the D histograms were
fit to lognormal distributions and the probability of observing a D value as extreme
as the one found between the CDFs at two powers was determined. When comparing
110 QDs at 0.5 yW to 110 QDs at 8.2 uW (see Figure 4.2), D values of 0.0397 (on-
events) and 0.073 (off-events) were obtained. Integrating the tail of the normalized
lognormal PDF gives 0.36% (on-times) and 0.001% (off-times) probability that they

could be the same, demonstrating a power-dependence for both on- and off-times.

The choice of threshold can affect the interpretation of PI data, especially for QD
PI which exhibits a continuous distribution of intensity levels.*® As the threshold is
increased, the low-lying emissive states can be excluded from the on-time events. The
effect of threshold was investigated as shown in Figure 4.6 where thresholds of 3, 6
and 9 standard deviations above RMS noise are used to designate on- and off - times.
The D values computed between the 3 and 9 standard deviations are 0.0153 (on) and
0.0378 (off ), demonstrating that employing these two very different threshold values,
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Figure 4.5: Left: Complimentary CDF’s on log-log axes for CdSe/CdS QDs on- (a) and off -
(b) times for data taken using 0.5 uW (solid line) and 8.2 uW (dashed line). 110 QDs are used
at each power. D values are 0.0397 (on-times) and 0.073 (off-times). Right: Control study
for determining the distribution of observed D values for CdSe/CdS QDs in PMMA with 0.5
uW excitation at 532 nm. The data from 220 CdSe/CdS quantum dots were randomly parsed
into two sets and the CDF’s for the on- (c) and off- (d) times were determined and D value
computed. The above histogram represents 1000 random trials. The shaded box indicates D
values corresponding to p-values that accept the hypothesis that the two distributions are
the same. Notice that 60-65% of the time this hypothesis fails. The dashed line represents a
lognormal fit to the data. Integrating the tail of the normalized lognormal PDF greater than
D obtained from the two power comparison gives 0.36% (on-times) and 0.001% (off -times)
probability that they could be the same, demonstrating a power-dependence for both on-
and off-times.
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Figure 4.6: 0.5 uW QD CDEF’s for different thresholds of 3 (solid), 6 (dashed), 9 (dotted)
standard deviations above RMS noise depicted in (a). On-times (b) show a faster fall off in
probability at long-times with increased threshold. D value of 0.0153 between the thresholds
of 3 and 9. The opposite is observed in the off-times (c), where D is 0.0378 between the
thresholds of 3 and 9 standard deviations.
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the power-dependence observed in Figure 4.5 remains differentiable.

To further characterize the heterogeneity within the quantum ensembles, CDF’s
for each individual quantum dot were determined and compared to all others studied.
A similar analysis was performed previously for CdSe nanocrystals by Brokmann
et al.*® The results of this analysis for the two excitation powers employed in this
study are shown in Figure 4.7. The figure illustrates that while the spread in D-
values narrows with higher excitation power, the number of p-values > 0.05 decreases
slightly. This is due to shorter off-event durations at the higher power arising from
more transitions between intensity states. The narrowing of the distributions indicates
that as on- and off -event durations decrease, the QDs become less distinguishable on
the timescale of the experiment.

The KS statistic is a much more insightful measure of the true degree of hetero-
geneity than the mean or standard deviation of the on- and off-time durations for
individual quantum dots, a point that is illustrated in Figure 4.7. While it is gener-
ally observed that for distributed data the first moments are not sufficient to uniquely
define the distribution, the reason for this is very apparent when analyzing individual
QDs. Figure 4.8 shows a histogram of the means (left column) and standard devi-
ations (right column) for the CdSe/CdS QDs. The means are narrowly distributed,
while the standard deviations demonstrate a modest spread in value. Inspection of
Figure 4.7 suggests that the mean and standard deviation should vary little with
QD. If the mean and standard deviation are used as test statistics to compare the
ensembles of QDs the test passes 97% of the time, far different results than what was
obtained earlier. This illustrates the effectiveness of the test statistic D in making
quantitative comparisons between datasets. We would also mention again that CDF’s
are simply calculated and require minimal computational effort, yet they are a pow-
erful tool for detecting differences within both distributed data and heterogeneous

sample sets.
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Figure 4.7: D values observed at 0.5 and 8.2 yW between individual quantum QDs within
their own ensembles. The on- (a, b) and off- (c,d) times become more homogeneous with
increasing power (the distributions of D shift toward 0). These histograms correspond to
the p-value being accepted 41% (off, ¢ ) and 33% (on, a) for 0.5 uW, and 29% (off, d ) 22%
(on, b) at 8.2 uW, consistent with a decrease in the off-times resulting in more switches.
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Figure 4.8: The mean and standard deviations of the on- (a,b) and off- (c,d) intervals
computed for the 0.5 uW data. These data illustrate just how difficult it is to judge how
similar the QDs are. When the KS test is used on either of these distributions in a simulation
like that used on the ensemble CDF’s the distributions are considered the same 93% of the
time. This illustrates that for the case of distributed data the mean and standard deviation
are not reliable methods for capturing the degree of heterogeneity in the ensemble.
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4.5 Conclusion

While dispersed kinetics has been evident in the PI of single emitters for years,
consensus regarding the underlying photophysical mechanisms has not been achieved
for most emitters. In addition, attempts to detect changes in experimental conditions
using PI data have been limited due to analysis techniques that frequently rely on
comparing power-law exponents. Large variations in power-law exponents due to
analysis techniques alone (our QD on-time data using linear least squares gave a
power-law exponent of 2.56 compared to 1.67 using MLE) place significant restraints
on any comparison of power-law exponents. The results presented here demonstrate
that power-law distributions do not describe the PI exhibited by the CdSe/CdS QDs
deposited in thin films of PMMA or for single VR overgrown in KAP crystals. Instead,
alternative PDFs were explored for the VR in KAP data. More importantly, to the
authors’ knowledge this is the first report of the use of a hypothesis test to determine
the accuracy of a PDF in describing PI data. This analysis outlined here provides a
more statistically-robust approach for analyzing PI data. We also presented a simple
analyses technique to compare PI data associated with an experimental perturbation
of the system without the need to define a PDF first. For example, by comparing
CDF’s with the KS test, the power-dependence in PI of QDs was quantitatively
verified, even in the presence of heterogeneity within the small ensemble of single QDs.
This method precludes the need to determine the PDF as the first step in analyzing
the on- and off - times of PI. It is also a useful means to characterize the heterogeneity
within an ensemble to ensure adequate statistics have been acquired for a particular
sample set. Future work will focus on determining fitting procedures for PDFs for
which MLE cannot be derived, such as power-law with an exponential cut-off. Our
initial studies suggest that this distribution does not fit the PI data observed here
from CdSe/CdS quantum dots. It is our hope that the analysis methods presented

herein serve as a new starting point for exploring the mechanisms responsible for PI.
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5.1 Abstract

The dependence of single molecule photoluminescence intermittency (PI) or “blink-
ing” on local dielectric constant (¢) is examined for nile red (NR) in thin films of
poly(vinylidene fluoride) (PVDF). In previous studies, variation of the local dielectric
constant was accomplished by studying luminophores in chemically and structurally
different hosts. In contrast, the NR/PVDF guest-host pair allows for the investi-
gation of PI as a function of ¢ while keeping the chemical composition of both the
luminophore and host unchanged. The solvatochromic properties of NR are used to
measure the local ¢, while fluctuations in NR emission intensity over time provide a
measure of the PI. PVDF is an ideal host for this study since it provides submicron-
sized dielectric domains that vary from non-polar (¢ ~ 2) to very polar (¢ ~ 70).
The results presented here demonstrate that local dielectric environment can have a
pronounced effect on PI. We find that the NR emissive events increase 5-fold with
an increase in € from 2.2 to 74. A complex dependence on ¢ is also observed for NR
non-emissive event durations, initially increasing as ¢ increases from 2.2 to 3.4, but
decreasing in duration with further increase in . The variation in emissive-event du-
rations with e is reproduced using a photoinduced electron-transfer model involving
electron transfer from NR to PVDEF. In addition, an increase in NR photostability
with an increase in ¢ is observed suggesting that the dielectric environment plays an

important role defining the photostability of NR in PVDF.
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5.2 Introduction

Single molecule (SM) spectroscopic techniques are routinely used to study the
structure and dynamics of complex materials.'™® A current challenge in SM spec-
troscopy is identifying the guest-host interactions that influence SM phenomena such
as photoluminescence intermittency (PI). Investigations of PI generally involve mea-
suring the distributions of emissive (on) and non-emissive (off ) event durations un-
der different environmental conditions, and correlating changes in environment with
changes in these distributions.?° Emissive and non-emissive event durations can often
span multiple decades in time, and are often assumed to be power-law distributed, al-
though these claims are now under dispute.!° Nevertheless, power-law distributions
(and their distributional relatives) can arise when the rate constants for populating
and depopulating a non-emissive or “dark” state evolve over the course of the mea-

surement. ’

For organic luminophores, a common model for dark-state formation is the produc-
tion of the radical form of the luminophore through photoinduced electron transfer to
the surrounding environment. In this model for PI, a distribution of electron transfer
sites or energy barriers is presumed to exist within the host, providing for a corre-
sponding distribution of electron transfer rate constants.®" %12 Also inherent in this
model for PI is the expectation that the electron transfer rate constant will depend
on the local dielectric constant (£).'* The relationship between € and PI has been
explored by others, who proposed that an increase in host dielectric constant serves
to stabilize the charge-separated state resulting in prolonged non-emissive event du-

1 as well as semiconducting nanocrystals!®

rations. For single terrylene molecules®
the non-emissive event duration distributions shift to longer times with increased
g, consistent with electron transfer being responsible for the PI exhibited by these

emitters.

Recently, there has been renewed interest in exploring the relationship between
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PI and ¢ for semiconductor nanocrystals.'® However, a complicating issue with these
studies is that variation in € was accomplished by changing the chemical composition
of the host including their fundamental solvation properties.!4! In our recent study
of nile red (NR) in poly(vinylidene fluoride) (PVDF) we found that polymer films
expressed in the ferroelectric S-phase consist of a wide distribution of dielectric en-
vironments ranging from e ~ 2 to 70.!” Using the solvatochromic shift of NR, which
extends from 520 nm in hexane (¢ = 1.88) to 614 nm in acetonitrile (¢ = 37.5), we were
able to spatially map the dielectric environments of PVDF with domains sizes rang-
ing from a few hundred nanometers to microns in diameter.'® This finding suggests
that the NR/PVDF guest-host system provides a novel opportunity to investigate the
dependence of PI on local environment without varying the chemical composition of

the luminophore or host.

Here we present a study where both the intensity and emission energy from single
NR molecules is measured as a function of time allowing for the simultaneous mea-
surement of PI and the local dielectric constant of the environment. We find that for
NR in PVDF the median emissive event durations increase 5-fold with an increase in
e from 2.2 to 74. A more complex dependence on ¢ is observed for NR non-emissive
event durations, with the median non-emissive event duration initially increasing as
¢ increases from 2.2 to 3.4, but then decreasing in duration as £ continues to increase.
Employing the photophysical properties of NR and PVDF, we have constructed a
simple model for the photoinduced electron transfer between NR and PVDEF. Using
this model the variation in emissive-event durations with ¢ is reproduced. In addi-
tion, the photostability of NR increases with ¢ suggesting that the local dielectric
environment plays an important role defining the photostability of NR in PVDF.
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5.3 Experimental

5.8.1 Sample Preparation

Thin films of nile red (NR, Aldrich, 99-+% pure by LC-MS) embedded in poly(vinyl-
idene fluoride) (PVDF, Sigma Aldrich, MW = 534,000 by GPC) were prepared as
described previously.'® Films were ~300 nm thick as determined by ellipsometry, with
sample preparation tailored to express the ferroelectric S-phase of PVDF as described
in the literature. ' Heavily dyed samples demonstrated no degradation in fluorescence

intensity or optical density over periods of months.

5.3.2  Microscopy

Single molecule emission was collected on an inverted scanning fluorescence confo-
cal microscope described elsewhere.'® The 488-nm (Novalux, Protera) excitation field
was circularly polarized using a A/4 waveplate to excite all dye orientations within
the films. An excitation power of 3 uW, as measured at the entrance port of the mi-
croscope, was employed and single molecules were located by raster scanning the film
across the objective (Nikon, Plan-Fluor) focal volume in 100 nm steps. The emission
was split by a 600-nm short-pass dichroic mirror, with the reflected (R) and trans-
mitted (T) fields focused onto two separate avalanche photodiode detectors (APD,
Perkin-Elmer SPCM-AQR-16). An overall emissive intensity threshold of 500 counts
per 100 ms was used to trigger automated data collection for 150 s with a bin time

of 5 ms.

5.3.8  Data Collection and Analysis

Single molecule PI data were first assessed for overall emissive intensity employ-
ing a threshold of 12 counts per 5 ms bin corresponding to three standard deviations

above background. PI traces were visually examined and only those demonstrating



R/T group wavelength  range of ¢ total non-blinking (%)®  discarded® final

range (nm) molecules sample size
0.5 and below < 560 < 2.8 148 16 (11%) 3 129
0.5-1 560 - 588 2.8 -4.2 374 61 (16%) 3 310
1-1.5 588 - 606 4.2 - 21 220 36 (16%) 3 181
1.5-2 606 - 614 21 -47 105 25 (23%) 1 79
2 and above > 614 > 47 176 53 (30%) 1 122
total 1023 191 (18%) 11 824

Table 5.1: Data summary for initial data collection and sorting before categorizing based on the BDIC algorithm. *Number of
molecules without non-emissive events (non-blinking). ®Molecules that had no emissive information (immediate photodecom-
position).

601
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emissive “activity” for at least 20 s were analyzed. In addition, only data from
molecules demonstrating > 500 nm separation and single step photodecomposition
were included in our analysis. An overall reflected /transmitted ratio (R/T) value was
calculated by summing photons on each detector for time points where the sum of
the two channels exceeded the threshold, then dividing to obtain the time averaged
ratio for emissive events. The data were then categorized into five R/T categories
(defined in Table 5.1) as determined for this optical configuration previously.'® Data

were collected until at least 100 molecules populated each R/T category.

The PI data were analyzed by identifying change points in emissive intensity using
the Bayesian detection of intensity changes method (BDIC, see the Supporting Infor-
mation) reported by Ensign and Pande.?® This approach represents an evolution of the
maximum likelihood change point detection (CPD) algorithm previously employed in
our laboratory.?! The BDIC algorithm has one adjustable level of sensitivity, negating
the need for look-up tables and error matrices. BDIC also demonstrates greater ac-
curacy at locating change points; however, neither CPD nor BDIC is able to capture
short emissive events (10-30 ms) present within long non-emissive segments due to the
overwhelming number of background counts relative to a few bins of signal. To detect
these emissive bursts, the analysis searches for additional emissive events within long
non-emissive segments (below the intensity threshold of 12 counts per bin) defined as
exceeding 5 s in duration. A burst is defined as a segment with intensity greater than
five standard deviations above the mean non-emissive intensity within the segment in
question. In addition, bursts must span at least 10 ms.

Once change points were detected, intensity states greater than two standard devi-
ations above the root-mean-square noise (9 counts/5 ms) were designated as emissive,
and those below were designated as non-emissive. An emissive duration is defined as
the total time the molecule’s intensity exceeds the emissive threshold, with a corre-
sponding definition used for non-emissive durations. Through comparison with the

initial sorting threshold of 12 counts/5 ms we found that the results are not im-
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pacted by choice of threshold. The BDIC algorithm calculates the average intensity
between change points, thereby eliminating spurious crossings caused by noise. The
95% threshold employed avoids confusing low-intensity emissive segments with non-
emissive events. Molecules that exhibited at least two emissive periods and at least
one non-emissive period before photodecomposition were accepted as “blinking”, and
included in the final data set.

The conversion of R/T values to the wavelength of the emission maximum has
been described in detail elsewhere.!® Briefly, a mapping of the R/T ratio to emission
wavelength maxima was performed by convolving ensemble NR fluorescence emission
spectra in hexane, toluene and acetonitrile with the APD efficiency curves, the emis-
sion filter transmission curve, and the 600-nm dichroic reflectance and transmission
curves to calculate the expected reflected (R) and transmitted (T) spectra.'! By nu-
merically shifting the solvent spectra and combining them to calculate a hybrid curve
that takes into account the emission line shape of NR in solvents of differing polarity,
the R/T ratio was transformed to the emission wavelength maximum (Aepy) of NR.
This wavelength was then converted to energy. Finally, the relationship between en-
ergy and dielectric constant was established using the solvatochromic properties of
NR. A plot of the emission energy max of NR in these solvents versus the known
dielectric constant (Figure 5.1) was fit to a two-term exponential function which pro-

vides a conversion from emissive energy to dielectric constant.'®
AEgy (em™) = 1077 x 10%e 705 4 1.67 x 10%e X107 (5.1)

Analysis of the emissive and non-emissive event durations begins with the con-
struction of cumulative distribution functions (CDFs), defined to be the probability
that an observed event duration is between t,,, and t, and is zero for t < t,,, and
one for t greater than the longest event duration. The method of converting prob-
ability distribution functions (PDFs) to CDFs was described previously.® The CDF

is related to the PDF through an integral and bound by zero when ¢ < t,,;, and one at
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Figure 5.1: Fluorescence maximum of NR (in wavenumbers) versus dielectric constant. The
solid line corresponds to Eq. 5.1. Arrows indicate the dielectric constant and average energy
of the dielectric categories discussed in the text (shown here are 5 of the 8 categories); £1

= 2.2 (grey), e2 = 3.4 (cyan), e3 = 4.8 (teal), 4 = 13 (orange/brown), e5 = 44 (dark red).
The origin of this relationship is discussed in detail in our previous work. '8
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the longest observation time.
¢
CDF(t) = / PDF(t") dt’ (5.2a)
tmin

The CDF can also be calculated directly from the PI data through the correspondence

of integrals to sums by counting events with duration t¢; less than time ¢ for all N events

N
1
CDF(t) = — 1 {t; <t 5.2b
W=yt < (5.20)
Similarly, the complementary cumulative distribution function is defined as:
Complementary CDF =1 — CDF (5.3)

The complementary CDF is helpful when visualizing PI data as the majority of the

event durations occur at short times.

5.4 Results

Table 5.1 provides a summary of the R/T distributions for NR molecules em-
bedded in PVDF. This table is representative of the inherent distribution of NR
environments provided by PVDF'. The table demonstrates that approximately half of
the NR molecules reside in dielectric domains where ¢ < 4.2. Table 5.1 also shows
that the number of molecules that do not demonstrate PI (that is, molecules that
continuously emit) increases as the dielectric constant of the environment increases.

A representative PI trace for a single NR molecule embedded in PVDF is presented
in Figure 5.2. Overlaid on the total intensity is the result of the BDIC algorithm
illustrating the detected intensity levels. Consistent with previous results, the single
molecule trajectories depict a distribution of intensity levels.? Figure 5.2(a) shows the
intensities of the individual transmitted and reflected channels which demonstrate
temporal variation in the NR emission energy maximum. The ratios of reflected (R)

intensities divided by transmitted (T) intensities were used to calculate the emission
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Figure 5.2: (a) Photoluminescence intermittency (PI) trace for a single NR molecule in
PVDF. Displayed are reflected (teal, Aemy > 600) and transmitted (red, 500 > Ay > 600)
intensities. The inset presents the histogram of emission wavelengths observed from the
deconvolved emissive segments with average emission wavelength of 612 nm. (b) PI trace
produced by summing the intensities from the reflected and transmitted channels (solid
gray line), emissive threshold (dotted black line), and intensity states identified using the
Bayesian detection of intensity change-points (BDIC) algorithm (light blue line). The inset
presents a 10 s section of the trace enlarged to illustrate the BDIC algorithm’s sensitivity to
emissive intensity changes.
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wavelength range (nm)  range of ¢  median €  category name

501 - 560 ~20-238 2.2 €1
560 - 571 2.8-32 3
571 - 578 3.2-36 3.4 €9
578 - 587 3.6 -4.2 3.8
587 - 596 4.2-5.7 4.8 3
296 - 607 2.7-28 13 €4
607 - 616 28 - 58 4 €5
616 - 623 28 - 80 74

Table 5.2: Data summary after categorizing® based on the BDIC algorithm.
®Fach category contains 100 molecules.
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energies of intensity segments identified by the BDIC algorithm lying above the emis-
sive threshold. The data were then reduced by sorting the SMs by the time-average
dielectric constant, and divided into 8 dielectric categories of 100 molecules. By av-
eraging over the entire emissive trace, we avoid over analyzing instantaneous changes
in the emission energy that may be caused by spontaneous fluctuations in the local
polarity. These categories provide a basis for the analysis of PI as a function of ¢
and are summarized in Table 5.2. The proportion of molecules residing in average

dielectric domains less than four is consistent with the results in Table 5.1.

Histograms of calculated emission energies for 5 selected dielectric categories (Ta-
ble 5.2) are shown in the right hand column of Figure 5.3. This figure illustrates
that the emissive segments identified by the BDIC algorithm are broadly distributed
in terms of emissive energies, even for categories with a narrow range of average di-
electric constants. Cumulative distribution functions (CDFs) for the emissive and
non-emissive intervals are also provided in Figure 5.3. The motivation for comparing
CDFs is the ability to gain mechanistic information without assuming a parametric
form for the underlying probability distribution functions (PDFs). Attempts to fit the
CDFs to power-law and lognormal distributions were made, but the fits were poor. We
have yet to confirm an appropriate parametric form for these data. We note; however,
that semi-log representations of the CDFs demonstrate significant curvature across 4
decades in time confirming that the underlying PDFs are not power-law.!# 16 The
differing shapes of the emissive and the non-emissive event CDFs indicate that the
underlying PDFs are different. This can likely be attributed to different mechanisms
for dark state formation and decay. Additionally we see that both the emissive and
non-emissive event distributions have significant probabilities at large duration times,
with ~10% of the non-emissive events greater than 50 s in duration. Figure 5.3(a)
demonstrates that the emissive event durations continuously increases with increasing
e, while Figure 5.3(b) shows an initial increase in non-emissive event durations and

subsequent decrease as € increases.
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Figure 5.3: Complimentary cumulative distribution functions for the emissive (a) and non-
emissive events (b) of single NR molecules in PVDF for the selected ¢ categories defined
in Table 5.2. Color code: €1 (grey), €2 (cyan), €3 (teal), e4 (orange/brown), 5 (dark red).
Right panel contains histograms of emission energy for the deconvolved emissive segments
for each e category. The average number of emissive segments is 44 + 11 per molecule.



118

@ )
a
=
.; ‘
]
=
(¥s]
L -
g {
C 0.4 -
.0
©
(4D
=
'l 'l 'l
oy T T T
py (b)
£
—
(V)
=
wv
L
e 4}
¢
C
; 1
c
c 2F
.C
©
(V]
E 0 2 2 2 2 2 2 2

0O 10 20 30 40 50 60 70 80
Dielectric Constant

Figure 5.4: Median emissive (a) and non-emissive (b) event durations versus the average
dielectric constant for each ¢ category defined in Table 5.1. Error bars correspond to the
95% confidence interval, calculated from 10,000 bootstrap samples. Insets on both (a) and
(b) provide an expanded view of the data from 2 < e < 5.
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To explore the relationship between event durations and e, the median event
times were calculated and plotted versus ¢ for all 8 dielectric categories (Table 5.2)
as shown in Figure 5.4. The median is a better measure of central tendency than the
mean in heavy tailed distributions as it is insensitive to outliers. The median event
duration corresponds to the time at which the CDF is equal to 0.5 (see eq 5.2a).
The median emissive event durations demonstrate a 5-fold increase over the range
of ¢ observed here, with most of the increase occurring between ¢ = 2 and 4. The
non-emissive event durations demonstrate a different trend, with the median event
duration initially increasing with ¢ until 3.4, after which a decrease in the median
is observed as e continues to increase. The PI results presented here demonstrate a
clear relationship between a simple measure of central tendency in the raw emissive

and non-emissive event distributions and €.
5.5 Discussion

The connection between PI and the local dielectric environment poses a significant
issue in interpreting the pattern of emissive intensity exhibited by SMs. Establishing
the relationship between the rates of dark-state formation and decay and the polarity
of the surrounding environment provides unique insights into potential mechanisms
for PI. The results presented here represent a simple, unbiased treatment of SM data
which establish that the PI exhibited by NR is indeed sensitive to the local dielectric
environments provided by PVDF.

In our analysis three easily implemented statistical tools are used to decompose
the PI data into emissive and non-emissive durations and to present the resulting
distributions graphically. First, the PI data was parsed using the BDIC algorithm to
identify statistically significant changes in emissive intensity using a single adjustable
parameter to tune the sensitivity of the algorithm.?’ Using the relationship between
emissive energy and e (Figure 5.1) we are able to determine the average local dielectric

constant of each individual NR molecule. Second, generation of the CDFs provides the
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ability to analyze changes in the distributions without having to assume a parametric
from, while also allowing for a simple investigation into the functional form of the
underlying PDF. Finally, by recognizing that the emissive and non-emissive event
duration distributions are heavy tailed, we are able to employ the median as a simple
measure of the distribution’s central tendency which allows us to directly monitor the
impact of € on PI.

The NR/PVDF guest-host pair provides the opportunity to study the effect of
local dielectric environment on PI without altering the chemical composition of the
guest or host. This is possible as PVDF films expressed in the ferroelectric phase
consist of a mixture of non-polar (o - TGTG’ configuration) and polar (5 - TTTT
configuration) domains corresponding to a variation in dielectric constant.?? Mean-
while, the solvatochromic properties of NR report directly on the different dielectric
domains and their stability with time. This is illustrated in the right hand column
of Figure 5.3. Spectral diffusion within the dielectric categories is evident by the
broad tailing distributions of the emissive segment energies. This indicates that the
polarity of the surrounding environment fluctuates consistent with other observations
of spectral diffusion in soft and complex matrices. %23

Qualitatively, the CDFs for NR as a function of ¢ (Figure 5.3) are markedly dif-
ferent for emissive versus non-emissive events. This observation suggests that the
mechanism for dark-state formation and decay are not the same. This result is fur-
ther confirmed through the observation of a variation in median emissive and non-
emissive event durations with e (Figure 5.4). Finally, the non-emissive durations are
much longer on average than the emissive durations consistent with a larger driving
force for dark-state formation relative to decay of this state.

The prevailing hypothesis for dark-state formation in organic guest-host systems is
photoinduced electron transfer. To test the viability of this hypothesis for NR/PVDF,
we first consider the physical properties of this guest-host pair. PVDF is aprotic

and has been classified as an n-type semiconducting polymer, with electron trap
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energies distributed between -0.46 and -0.73 eV below the conduction band. The
ferroelectric properties of PVDEF are highly dependent on the movement of electrons
with filling of the electron traps proposed to be part of the mechanism for domain
alignment.?* NR has been extensively used as a solvent polarity probe, with the photo
excited state of NR depending on solvent.?® For instance, in polar aprotic solvents
photoexcited NR has a planar geometry and is classified as a locally excited state with
a change of ~5 D in dipole moment.!3 In polar protic solvents twisted intramolecular
charge transfer can occur between the donor amine and phenoxazinone moiety which
quenches fluorescence.?> Flash photolysis studies of NR in acetonitrile have confirmed
the formation of a radical cation with absorption at 680 nm.2% This observation is
consistent with an oxidation potential of NR in acetonitrile of +0.95V.2" Further
electrochemical and physical parameters for NR and PVDF are presented in Table 5.3.
These parameters suggest photoinduced electron transfer between electron donor NR
and acceptor PVDF' as a possible mechanism for PI. NR is expected to be the donor
due to the favorable formation of the radical cation, and the poor capacity for aprotic
solvents to stabilize anion formation. A corresponding energy level diagram derived
using the parameters reported in Table 5.3 is presented in Figure 5.5. This figure
illustrates that PVDEF electron traps are in energetic proximity to the LUMO of NR
allowing for photoinduced electron transfer between NR and these traps.

A simple model for NR/PVDF photoinduced electron transfer can be constructed

using the semi-classical Marcus expression for the electron transfer rate (k)25

ket = Kol X ; x e~ (\+HAGa)*/4rksT (5.4a)

vV 47T>\]€BT

2m
Rel = E|[—~’el|2 (54b)

Hy = He P (5.4c)



parameter

NR

parameter

PVDF

*E°%p, /p)(acetonitrile)®
*E° p/p.)(acetonitrile)*
HOMO *

LUMO?

NR™ band gap®

radii®

-0.95 V
-2.087 V

-5.0 eV

-3.2 to -3.5 eV
1.82 eV

4.08 A

binding energy*®

band gap /

-10 eV (from vacuum)

6.5 eV

measured trap distribution? -0.46 to -0.73 eV (from conduction)

index of refraction”

domain size’

1.42

12 A

Table 5.3: Electrochemical and physical parameters for NR and PVDF.
31. 9Data from ref 32. ¢Data from ref 33. Data from ref 34. 9Data from ref 24. "Data from ref 17. ‘Data from ref 35.

“Data from ref 27. "Data from ref 30. “Data from ref

¢al
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Figure 5.5: Energy level diagram for NR, NR*, PVDF and PVDF traps. In the proposed
photoinduced electron-transfer model, electron transfer from NR to traps generates NR™
and the transferred electron “fills” the trap, promoting population of the conduction band.
Electrochemical and physical parameters used to construct this diagram are listed in Ta-

ble 5.3.
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In the above expressions, ke represents the electronic coupling energy between the
reactant and product states, A is the reorganization energy, A G is the free energy, kg
is the Boltzmann constant, and 7T is temperature. The electron transfer rate has two
contributing parts, the energetics of the reaction corresponding to the reorganization
energy and the free energy for the reaction, and the coupling between states (k¢ ). The
electronic-coupling is modeled as shown in eq 5.4c where d.. is the distance between
reaction centers of the donor and acceptor and [ describes the fall off of the orbital
interaction between the donor and acceptor with distance. We approximated the
distance to the nearest trap to be on the order of the PVDF domain size which range
from 10-40 nm.? Using a typical value of 8 = 0.85 A™! we estimate Hg to be ~1 x
106 V.28

The reorganization energy in eq 5.4a represents the sum of internal reorganization
energy (structural changes within the donor and acceptor) and the “outer shell” reor-
ganization energy (solvent reorganization). Under the assumption that the NR cation
ground-state structure is similar to that of neutral NR, the internal reorganization
energy will be small and solvent reorganization will dominate the total reorganization

energy. The solvent reorganization energy is modeled using?®

e? 1 1 1 1 1
A(eV) = — — =y t+— 5.5
(V) 471'60{?72 8}{27’D+2TA dCC} (5:5)

In the above expression rp/a are the radii of the donor and accepter species, respec-

tively, n is the index of refraction of the solvent, e is electronic charge, ¢, is the
permittivity of free space, and ¢ is the dielectric constant of the solvent.

With regards to the driving force for the reaction the oxidation potential of the
donor (E°y+ p) is known; however, to account for the fact that we are considering
photoinduced electron transfer, the free energy is adjusted by the energy difference
between the equilibrated neutral excited state and the neutral ground state (AFEy) of
the donor. Additionally, to account for the oxidation potential of NR being measured

in acetonitrile (¢ = 37), we include a solvent separated ion pair energy term (an
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approximation commonly attributed to Rehm and Weller) in determining the reaction
driving force. Finally we include the energy released upon coulombic attraction of

the two ions, resulting in the full expression for AGg. %

AGe (V) = ¢ (Elg+ b= B /mp-) ~ AEy,
e? 1 1 1 1 e?
- —+— =)= 5.6
8meg (TD * TA) <37 5) 4dmeped.e (5.6)

The solvent-dependence of AFg, has been measured previously, and is given by
eq 5.1.1% While most of the parameters needed to evaluate eq 5.6 have been mea-
sured, the final quantity needed is the reduction potential of the PVDF electron traps
(Eotrap Jtrap)- Previous single emitter studies found that the power-law exponent de-
scribing the non-emissive event durations decreased with an increase in environment
polarity (achieved by changing the chemical composition of the host) consistent with
increased stabilization of the charge separated state in more polar environments. %16
This stabilization energy is proportional to ~1 - (1/¢). Building on this earlier study,

the reduction potentials of the traps are modeled using the field stabilization energy

and the initial trap potential (Fap) '

1
E° (trap/trap ) & Eyap — AE (1 — —) (5.7)
5

In the above expression, AE(1 - 1) can be thought of as representing the width
of the trap distributions, measured to be ~0.3 V, over the range of observed dielectric
constants. Correspondingly, F\.,, can be viewed as trap depth. For our model we
estimate the initial trap reduction potential to be Fi.,, = -2.35 €V, consistent with
resistance to filling an electron trap. Using Fy.,, as the only adjustable parameter,
the median emissive events were modeled using the half-life as a proxy for the median
emissive event duration (half-life = log(2)/ke). The results of this modeling are
shown in Figure 5.6. The increase in half-life with dielectric constant is in qualitative
agreement with the increase in median emissive event durations as shown in Figure 5.4.

Specifically, the model predicts a rapid increase in half-life as ¢ increases from 2 to 5,



126

o o
(0] oo
T T

©
~
| |

Half-life (s)

o
N
T

O » » » . » » »
0O 10 20 30 40 50 60 70 80
Dielectric Constant

Figure 5.6: Result of modeling the photoinduced electron-transfer from NR to PVDF. The
half-life serves as a proxy for the median emissive event durations. The observed trend for
half-life with dielectric constant is consistent with median emissive event durations shown

in Figure 5.4(a).
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Figure 5.7: Reorganization energy A (light grey dashed line), free energy AGe (dark grey
dotted line) and activation energy AG* (black solid line) vs. dielectric constant. Energies
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transfer.
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then a slower increase with further increase in €. These results show that using a basic
approximation for the free energy that considers the solvent effects on the oxidation
and reduction potentials of the donor and acceptor, the energetics of the NR excited
state, and the PVDF dynamic trap energies, the evolution in median emissive-event
durations can be reproduced.

Finally, we calculate the activation energy (A G*) for the electron transfer using?®

. A AGa\®
a6 = (14:862) 59

The variation in A\, AG, and AG* with dielectric constant from our model is
shown in Figure 5.7. Figure 5.7 demonstrates that A > A G at all dielectric constants
indicating electron transfer occurs in the normal Marcus regime. The activation
barrier increases with dielectric constant, which gives rise to a decrease in ko with
increasing €. In addition, AGg > 0, indicating that the reaction is “uphill” in energy.
This is consistent with the observation of a larger number of non-blinking molecules
with an increase in € (Table 5.1), as well as a narrowing in the emissive energy
histograms with increasing ¢ (Figure 5.3).

While the emissive event durations can be modeled using a photoinduced electron-
transfer mechanism, the non-emissive events are not as simply described by a back
electron transfer model. While the initial increase in non-emissive event durations is
consistent with the hypothesis that an increase in € provides for stabilization of the
charge separated state (and correspondingly longer non-emissive event durations as
others have suggested 4 1%), the subsequent decrease in non-emissive event durations
as € continues to increase is more difficult to explain. It could be that the back-
electron transfer occurs through another mechanism (e.g., tunneling) as the compar-
ison of the emissive and non-emissive event CDFs suggests. Differentiation between
these electron-transfer mechanisms should be evidenced by different probability distri-
butions functions (PDF) describing emissive and non-emissive event durations. The

challenge is to directly determine the PDFs from the PI data without a priori assump-
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tions of the PDF functional form, a new PI analysis tool we will report on shortly.

5.6 Conclusion

We have measured the variation in PI with local dielectric environment for NR
in PVDF. Employing the NR/PVDF guest-host system a direct correlation between
PI and ¢ can be determined while maintaining the chemical composition of both the
guest and host. Through comparative analysis of the CDFs and the median event
durations we find that the emissive event durations continually increase with . In
contrast, the NR non-emissive event durations initially increase with ¢, but then
gradually decrease with a further increase in €. We were able to demonstrate that
the emissive event results can be rationalized using a photoinduced electron-transfer
model for PI. In addition, an increase in NR photostability with an increase in ¢ is
observed suggesting that the dielectric constant plays an important role defining the

molecular photostability in PVDF.
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5.8.1 Description of Bayesian Detection of Intensity Traces (BDIC)

The general assumption that molecule emission is Poisson distributed is employed.
A Bayes factor is computed by comparing the probability for the hypothesis (H;)
that there is no change point in the data (D) and the probability for the alternate
hypothesis (H,) that there are two emitting states separated by a change point at
time t,. Assuming no prior knowledge of which hypothesis is likely to be true, the
odds that there is a change point is simply the ratio of the two probabilities. The
probabilities of the two hypotheses given the data are computed as the likelihoods,
with the ratio being the Bayes factor (B):

_ P(D|H,)

P =5 om)

(5.9)

After incorporating the appropriate details for the Poisson case and prior probabilities,

the Bayes factor is?°

9 NC L0, i\ G\
_2 G G2 1
b w(O—l)!(N—l)ZNP“NfQ“[(Nl) +<N2) ] (>10)

ls

In the above expression t, is the possible location of a change point, C; is the number
of photons before the change point and (5 is the number of photon counts after the
change point, and C' is the total number of photon counts in the trace. Analogously,
N is the number of time points before ¢, N, is the time points after the change point,
and N is the total number of time points. The probability naturally sums over all
the possible change points in the trace. The Bayes factor must be sufficiently large
to contain substantial evidence for which hypothesis is appropriate. If there are only
the two outcomes, then a Bayes factor of 4 is interpreted as 4:1 odds in favor of Hj,
in terms of probabilities there is a 4/(4+1) x 100% = 80% probability that H, is
correct. We chose the authors recommendation for B = 10, as an appropriate level of
skepticism at 91% confidence.

Once it is determined that a change point is probable, then the location must be
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estimated. This is the maximum of the posterior probability distribution of ¢,:

C11Cy! i\, (C\]

Once the change point location is determined, a recursive algorithm is employed to
find the remaining change points. Once all the change points in the trace have been
located, a clean-up algorithm is employed to check the change points by calculating
the Bayes parameters for the change point (7) in the trace segments between change
point(i-1) and (i+1), and spurious change points are eliminated. One can go further
and group the intensity states; however, we were not interested in this particular
aspect at this time.

In our algorithm we explicitly calculate B and P(t,/D,H,) by simplifying the fac-
torials in the above equation with the following form of Stirling’s approximation:

In (27)
2

lnm02<n+%>m00—n+ (5.12)

This allows for the calculation of very large B values and makes possible the calcula-

tion of P(t;/D,H,) which can also be very large. The following expressions were used
in our program:
2
B==
25 e

Cy Cy C
: C’lln (E) + Cgll'l (E) — Cln (N)

+1In ( GiC: (€= 1)> [(%)2 + (%)2]_1 (5.13)

NiNy (N —1)
Ch Cy C
Ciln <F1) + Csln <F2> — Cln (N)

+1n ( GG (C - 1)> [(%)2 + (%)2]_1 (5.14)

NiNy (N —1)
Where the constant pre-factor from the Bayes parameter is used in the calculation of

2
P (t;|D, H) =_exp

P(ts/D,H,) to keep the calculation constrained.



132

5.9 Bibliography
[1] Orrit, M. (2010). Photochemical & Photobiological Sciences 9, 637-642.

[2] Riley, E.A., Hess, C.M., & Reid, P.J. (2012). International Journal of Molecular
Sciences 13, 12487-12518.

[3] Wustholz, K.L., Sluss, D.R., Kahr, B., & Reid, P.J. (2008). International Reviews
i Physical Chemistry 27, 167-200.

[4] Kulzer, F., Xia, T., & Orrit, M. (2010). Angewandte Chemie International Edi-
tion 49, 854-866.

[5] Clifford, J.N., Bell, T.D., Tinnefeld, P., Heilemann, M., Melnikov, S.M., Hotta,
J., Sliwa, M., Dedecker, P., Sauer, M., Hofkens, J., & Yeow, E.K.L. (2007). The
Journal of Physical Chemistry B 111, 6987-6991.

[6] Kuno, M., Fromm, D., Hamann, H., Gallagher, A., & Nesbitt, D. (2000). The
Journal of Chemical Physics 112, 3117-3120.

[7] Cichos, F., Von Borczyskowski, C., & Orrit, M. (2007). Current Opinion in Colloid
& Interface Science 12, 272-284.

[8] Frantsuzov, P., Kuno, M., Janko, B., & Marcus, R.A. (2008). Nature Physics 4,
519-522.

[9] Riley, E., Hess, C., Whitham, P., & Reid, P. (2012). The Journal of Chemical
Physics 136, 184508.

[10] Schmidt, R., Krasselt, C., Gohler, C., & von Borczyskowski, C. (2014). ACS
Nano 8, 3506-3521.

[11] Riley, E.A., Hess, C.M., Pioquinto, J.R.L., Kaminsky, W., Kahr, B., & Reid,
P.J. (2012). The Journal of Physical Chemistry B 117, 4313-4324.

[12] Verberk, R. & Orrit, M. (2003). The Journal of Chemical Physics 119, 2214~
2222.

[13] Hou, Y., Bardo, A.M., Martinez, C., & Higgins, D.A. (2000). The Journal of
Physical Chemistry B 104, 212-219.

[14] Schuster, J., Cichos, F., & von Borczyskowski, C. (2005). Applied Physics Let-
ters 87, 051915.

[15] Issac, A., von Borczyskowski, C., & Cichos, F. (2005). Physical Review B 71,
161302.



133

[16] Issac, A., Krasselt, C., Cichos, F., & von Borczyskowski, C. (2012).
ChemPhysChem 13, 3223-3230.

[17] Brandrup, J., Immergut, E.H., Grulke, E.A., Abe, A., & Bloch, D.R. (1999).
Polymer Handbook, Volume 89. Wiley New York.

[18] Hess, C.M., Riley, E.A., Palos-Chéavez, J., & Reid, P.J. (2013). The Journal of
Physical Chemastry B 117, 7106-7112.

[19] Satapathy, S., Pawar, S., Gupta, P., & Varma, K. (2011). Bulletin of Materials
Science 34, 727-733.

[20] Ensign, D.L. & Pande, V.S. (2009). The Journal of Physical Chemistry B 114,
280-292.

[21] Watkins, L.P. & Yang, H. (2005). The Journal of Physical Chemistry B 109,
617-628.

[22] Bassett, D.C. (1982). Developments in Crystalline Polymers, Volume 2. Springer.

[23] Wustholz, K.L., Bott, E.D., Kahr, B., & Reid, P.J. (2008). The Journal of
Physical Chemistry C 112, T877-7885.

[24] Chand, S., Bhatheja, R., Sharma, G., & Chandra, S. (1994). Applied Physics
Letters 64, 2507-2508.

[25] Freidzon, A.Y., Safonov, A.A., Bagaturyants, A.A., & Alfimov, M.V. (2012).
International Journal of Quantum Chemistry 112, 3059-3067.

[26] Anandan, S. & Yoon, M. (2004). Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy 60, 885—888.

[27] Miyata, S. (1997). Organic Electroluminescent Materials and Devices. CRC
press.

[28] Kavarnos, G.J. (1993). Fundamentals of Photoinduced Electron Transfer, Vol-
ume 1. VCH New York etc.

[29] Marcus, R. (1990). Journal of Physical Chemistry 94, 4963-4966.

[30] Liu, Y.X., Summers, M.A., Scully, S.R., & McGehee, M.D. (2006). Journal of
Applied Physics 99, 093521-093521.

[31] Andersson, S.B. (2011). Applied Physics B 104, 161-173.

[32] Mohanty, J., Pal, H., & Sapre, A. (2003). Photochemistry and Photobiology 78,
153-158.



134

[33] Bureau, C., Chong, D.P., Endo, K., Delhalle, J., Lecayon, G., & Le Moél,
A. (1997). Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 131, 1-12.

[34] Duan, C.g., Mei, W.N., Hardy, J.R., Ducharme, S., Choi, J., & Dowben,
P.A. (2003). EPL (Europhysics Letters) 61, 81.

[35] Guan, F., Wang, J., Pan, J., Wang, Q., & Zhu, L. (2010). Macromolecules 43,
6739-6748.



135

Appendices



Appendix A
ACRONYMS AND SYMBOLS

APD: Avalanche Photodiode Detector

BDIC: Bayesian Detection of Intensity Changes
CDF: Cumulative Distribution Function

CPD: Change Point Detection

DMSO: Dimethyl Sulfoxide

e Dielectric Constant

EO: Electro-Optical

KAP: Potassium Acid Phthalate

KS: Kolomogorov-Smirnov

A Wavelength

LE: Locally Excited

LUMO: Lowest Unoccupied Molecular Orbital
MLE: Maximum Likelihood Estimates, £
NNIN: National Nanotechnology Infrastructure Network
NR: Nile Red

NSF: National Science Foundation

PDF: Probability Distribution Function

PI:  Photoluminescence Intermittency
PMMA: Poly(methyl methacrylate)

PVA: Poly(vinyl alcohol)

PVDF: Poly(vinylidene fluoride)

QD: Quantum Dot

R:  Reflected

So:  Ground State

SM: Single Molecule

T:  Transmitted

TICT: Twisted Intramolecular Charge Transfer
TOPS: Trioctylphosphine Sulfide

VR: Violamine R

WT.%: Weight Percent

XRD: X-Ray Diffraction
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Appendix B
MICROSCOPE COMPONENTS

Vil

X

Figure B.1: Confocal fluorescence microscope in epi-geometry.

I: Continuous-wave laser, 488-nm (Novalux, Protera)

II: Excitation filter

[II: Polarizing beam splitter cube, 488-nm

IV: \/4 waveplate, 488-nm

V: Longpass dichroic mirror, 488-nm

VI: 1.3 NA objective (Nikon, Plan-Fluor)

VII: Piezoelectric nanopositioning stage (Queensgate, NPS-XY-100B)

VIII: Emission filter, 500-nm longpass (Chroma, HQ500LP)

IX: Pinhole (CVI, 75-um diameter)

X: Dichroic mirror, 600-nm shortpass

XI: Avalanche photodiode detector, “Transmitted” (Perkin-Elmer SPCM-AQR-16)
XII: Avalanche photodiode detector, “Reflected” (Perkin-Elmer SPCM-AQR-16)
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