AN ABSTRACT OF THE DISSERTATION OF
Whitney E. B. Shepherd for the degree of Doctor of Philosophy in Physics
presented on December 6, 2012.

Title: Optoelectronic Properties of Organic Semiconductors: From Bulk to Single
Molecule

Abstract approved:
Oksana Ostroverkhova

The behavior and application of organic semiconductor materials depend strongly
on their molecular structure, and molecular interactions. Several studies of intermolecular interactions in functionalized polyacene materials are presented. The
degree and onset of aggregation of a functionalized anthradithiophene derivative
was studied as a function of concentration in two different host matrices. The
molecular environment was found to influence the degree and onset, but not the
nature of aggregate formed. The effect of aggregation on photoconductivity was
also studied.
In a blend of two different anthradithiophene derivatives, the intermolecular
separation was found to affect the nature of the interaction, transitioning from
energy transfer at large intermolecular distances to the formation of an emissive
excited state complex at smaller intermolecular distances. This complex was shown

to have effects on both photoluminescence and photoconductivity.
Finally, a single molecule fluorescence microscopy system was built and characterized. Software was written to process data produced from the system and several
classes of functionalized polyacenes were studied at the single molecule level. In
particular, the photophysics and molecular orientation of various derivatives were
quantified. A new solution-processable, photoconductive, polycrystalline host material was found to be suitable for single molecule imaging, and the molecular
orientations of individual molecules were found to depend on both their molecular
structures and their local nano-environment.

c

Copyright by Whitney E. B. Shepherd
December 6, 2012
All Rights Reserved

Optoelectronic Properties of Organic Semiconductors: From Bulk
to Single Molecule
by
Whitney E. B. Shepherd

A DISSERTATION
submitted to
Oregon State University

in partial fulfillment of
the requirements for the
degree of
Doctor of Philosophy

Presented December 6, 2012
Commencement June 2013

Doctor of Philosophy dissertation of Whitney E. B. Shepherd presented on
December 6, 2012.

APPROVED:

Major Professor, representing Physics

Chair of the Department of Physics

Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection
of Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.

Whitney E. B. Shepherd, Author

ACKNOWLEDGEMENTS

This dissertation would not have been possible without the help of a great number
of people, most importantly, my advisor, Prof. Oksana Ostroverkhova. Without
her support, her drive, and her brilliance none of it would have been possible.
I would also like to thank my other committee members. Prof. Ethan Minot
graciously allowed us to share his lab space his equipment on multiple occasions
and Prof. Guenter Schneider provided feedback and discussions which I have found
extremely valuable. Prof. Henri Jansen is a true scholar, and I will always feel
lucky to have worked in his department.
I’ve been fortunate to work with excellent lab-mates over the years. Fellow
graduate students Andrew Platt, Mark Kendrick, and Brian Johnson have provided
assistance, ideas, and a good share of fun. I also owe gratitude to a few remarkable
undergraduates. Garrett Banton and Alex Robertson provided invaluable help
with the single molecule work. David Hofer was instrumental in helping me produce
very large numbers of samples. Outside of lab, I am grateful for the technical
discussions and brainstorming sessions with my classmates Nicholas Kuhta, Tristan
DeBorde, and Joshua Russell. Sissi Li provided friendship, a couch, and a supply
of pastries for those very long days in lab.
Outside the university, I’ve received support from many sources. My husband
has been supportive and patient while I pursued this goal. My parents have never
doubted me. My best friend, Samantha, and her parents, Deb and Jack, have welcomed me into their lives and their home and provided a much needed sanctuary.

TABLE OF CONTENTS
Page
1 Introduction

1

1.1 Principles of Operation . . . . . . . .
1.1.1 Optical Properties . . . . . .
1.1.2 Electronic Properties . . . .
1.1.3 Single Molecule Fluorescence

. . . . .
. . . . .
. . . . .
Studies

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

2 Aggregation in an Anthradithiophene Derivative

3
7
12
19
22

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

22

2.2 Materials

23

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.3 Experimental Details . . . . . . . . . . . . . . . .
2.3.1 Sample Preparation . . . . . . . . . . . .
2.3.2 Experimental Methods . . . . . . . . . .
2.3.3 Multipeak Fitting and Spectral Analysis

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

24
24
27
29

2.4 Preliminary Studies on Drop Cast Samples . . . . . . . . . . . . . . .
2.4.1 Spectral Measurements . . . . . . . . . . . . . . . . . . . . .
2.4.2 Photoresponse . . . . . . . . . . . . . . . . . . . . . . . . . .

30
31
34

2.5 Concentration Dependence Studies .
2.5.1 Spectral Measurements . . .
2.5.2 Effects of Sample Deposition
2.5.3 Photocurrent Measurements
2.5.4 Effects of Sample Deposition

.
.
.
.
.

37
37
44
45
46

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

47

. . . . . . . . . . . . . . .
. . . . . . . . . . . . . . .
on Aggregation . . . . . .
. . . . . . . . . . . . . . .
on Photocurrent Response

.
.
.
.

.
.
.
.
.

.
.
.
.

.
.
.
.
.

3 Donor Acceptor Interactions

50

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50

3.2 Materials

51

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.3 Experimental Details . . . . . .
3.3.1 Sample Preparation . .
3.3.2 Experimental Methods
3.3.3 Spectral Fitting . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

54
54
56
58

3.4 FRET Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.1 FRET Radius . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.2 ADT-TESF/ADT-TIPS-CN in PMMA . . . . . . . . . . . .

59
60
61

TABLE OF CONTENTS (Continued)
Page
3.5 ADT-TES-F/ADT-TIPS-CN Composite Films . . . . . . . . . . . . .
3.5.1 Spectral Response of Composite Films . . . . . . . . . . . .
3.5.2 Photoresponse of Composite Films . . . . . . . . . . . . . .

63
63
67

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

71

4 Single Molecule Studies

74

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

74

4.2 Experimental Set-Up . . . . . . . . . . . . . . . . . . . . . . . . . . .

79

4.3 Experimental Considerations and Control Procedures . . . . . . . . .
4.3.1 Collection Efficiency Calibration . . . . . . . . . . . . . . . .

80
85

4.4 Figures of Merit and Photophysics . . . . . . . . . . . . . . . . . . .
4.4.1 Blinking . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

88
92

4.5 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

92

4.6 Preliminary Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

98

4.7 Single Molecule Studies of Pentacene Derivatives . . . . . . . . . . . . 103
4.7.1 Orientational Studies of Pentacene Derivatives . . . . . . . . 105
4.8 Blinking Studies of Pentacene Derivatives . . . . . . . . . . . . . . . . 113
4.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5 Conclusion

130

Bibliography

133

Appendices

149

A

Single Molecule Procedures

. . . . . . . . . . . . . . . . . . . . . . . 150

LIST OF FIGURES
Figure

Page

1.1

Photovoltaic lamps developed by Sony Corp. Figure from [12]. . . .

1

1.2

Schematic of a typical molecule under study. Shown is a pentacene
backbone with a functional side group. Specific structures are presented in Figures 2.1, 3.1, and 4.11. . . . . . . . . . . . . . . . . . .

3

(a) π-bonding in simple ethylene molecule [17]. (b) Schematic of
slipstack packing showing 1D π-overlaps [18]. (c)Schematic of brickwall packing showing 2D π-overlaps [19]. . . . . . . . . . . . . . . .

4

1.4

Energy level diagram of optical transition for an organic molecule.

8

1.5

Absorption and fluorescence spectra for an anthradithiophene derivative, ADT-TES-F (see Figure 2.1) in a dilute toluene solution. Stoke’s
shift is noted. Electronic-vibrational transitions are also labeled. In
absorption, from S0 → S1 , m = 0 → m = 0,1,2. In fluorescence,
from S1 → S0 , m = 0 → m = 0,1,2 . . . . . . . . . . . . . . . . . .

9

Energy level diagram for an isolated molecule (left) and a molecular crystal (right) of an organic material. IP and EA denote the
ionization potentials and electron affinities in the gas (g) and crystal (c) phases. Eopt marks the optical gap which is measured with
absorption and PL measurements. Egap is the energy gap between
the HOMO (valence band) and the LUMO (conduction band) level
which is relevant to charge carrier generation. A singlet exciton is
shown, additional excitonic states are available nearer to the LUMO
level which may be accessed by higher energy absorption and more
readily result in charge carrier generation [17]. These charge polarization energies for holes (Ph ) and electrons (Pe ) arise due to
intermolecular interactions and shift the ionization potentials and
electron affinities in the solid phase [32]. Figure adapted from [17]. .

11

1.3

1.6

LIST OF FIGURES (Continued)
Figure
1.7

Page
Schematic of the energy level arrangement required for exciton dissociation by transfer to an electron acceptor. The ionization potential
of the donor (IPD ) is given by its HOMO level and is lower than
the IP for the acceptor. The electron affinity of the acceptor (EAA )
is given by the LUMO level and is higher than that of the donor
material. In order for the charge transfer process to be energetically
favorable, the relationship EEx > IPD − EAA must be true. That
is the energy of the singlet exciton state must be greater than that
of the final CT exciton state. Figure adapted from [1]. . . . . . . .

15

1.8

Schematic of exciplex across a donor and acceptor species. . . . . .

16

1.9

Illustration of hopping transport. . . . . . . . . . . . . . . . . . . .

17

2.1

Molecular structure and HOMO/LUMO levels of a) ADT-TES-F
and b) t-bu BTBTB . . . . . . . . . . . . . . . . . . . . . . . . . .

23

Schematic of spin cast samples. Spacings of r from 1 to 15 nm were
prepared in both PMMA and t-bu BTBTB. . . . . . . . . . . . . .

25

Photograph of Cr/Au electrodes used for photoconductivity measurements. The dark regions are electrodes. The orange region is a
deposited film of ADT-TES-F. . . . . . . . . . . . . . . . . . . . . .

27

Schematics of experimental set-ups for a) PL spectroscopy and b)
PL lifetimes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28

2.5

Schematic of cw photocurrent measurements. . . . . . . . . . . . . .

29

2.6

PL of solution deposited (a) Drop and (b) Spin cast PL spectra of
ADT-TES-F films. Multipeak fitting shows variation in PL signature between different deposition techniques. . . . . . . . . . . . . .

31

(a) Absorption and (b) PL spectra of films and solutions of pristine
t-bu BTBTB and ADT-TES-F at 355 nm and 532 nm excitation
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

32

Spectra of ADT-TES-F/t-bu BTBTB films at two concentrations
(D(2%) and D(0.02%)) under 355 nm excitation. Solution spectrum
of ADT-TES-F under 532 nm excitation is also shown. . . . . . . .

33

2.2
2.3

2.4

2.7

2.8

LIST OF FIGURES (Continued)
Figure
2.9

Page
Normalized PL decays measured in solution of ADT-TES- F (),
fitted with a single-exponential function. Also shown are PL decay
dynamics obtained in polycrystalline films of ADT-TES-F () and
t-bu BTBTB (◦). The films data are fitted with a bi-exponential
function which yield averaged lifetimes of 2.2 ns and 1.1 ns for ADTTES-F and t-bu BTBTB films, respectively. Also shown is the data
obtained from the ADT-TES-F/t-bu BTBTB film at 0.02 mol %
of ADT-TES-F fitted with a bi-exponential function with τavg of
7.2 ns (×). The instrument response function (IRF) (N), with the
full-width at half-maximum of ∼ 200 ps is also included. . . . . . .

34

2.10 (a) Dark current of films of pristine t-bu BTBTB and in ADT-TESF/t-bu BTBTB films at 2 mol % and 0.02 mol % ADT-TES-F
concentration. (b) Photocurrent in ADT-TES-F/t-bu BTBTB films
at three ADT-TES-F concentrations under 532 nm and 355 nm
excitation. Also shown is photocurrent measured in pristine t-bu
BTBTB film at 355 nm excitation. . . . . . . . . . . . . . . . . . .

36

2.11 Absorbance of P1 , B1 , and pristine ADT-TES-F films normalized
by their values at 553 nm and of P2 and of ADT-TES-F solution in
toluene normalized by their values at 528 nm. Dotted lines indicate
dominant peak positions for the pristine film and solution. . . . . .

37

2.12 PL spectra from P1 , P2 , P15 , B2 , and B5 films, normalized by their
peak values at 535-540 nm. Dotted lines indicate PL peak positions
of non-interacting ADT-TES-F molecules and ADT-TES-F aggregates in a P1 film and of non-interacting ADT-TES-F molecules in
a B2 film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39

2.13 Normalized time-resolved PL decays in P10 , P3 , P1 , and pristine
ADT-TES-F films. Lines correspond to a single-exponential fit in
P10 and bi-exponential fits in other films. Instrument response function (IRF) is also included. . . . . . . . . . . . . . . . . . . . . . . .

39

2.14 PL spectra from pristine ADT-TES-F film plotted with the aggregate PL spectra from P1 and B1 . Aggregate spectra from composite
films are obtained as described in the text. . . . . . . . . . . . . . .

40

LIST OF FIGURES (Continued)
Figure

Page

2.15 PL from a spin cast (P1 ) and drop cast (Pd1 ) PMMA film with ADTTES-F embedded in it at an average spacing of 1 nm. Isolated
ADT-TES-F spectrum is also plotted for reference. . . . . . . . . .

44

2.16 . Photocurrent normalized by the number of absorbed photons,
Iph,n , measured at 5 mW/cm2 532 nm cw illumination: (a) as a
function of applied voltage in B10 , P3 , B3 , P2 , B2 , P1 , B1 , and pristine ADT-TES-F films and (b) at 150 V as a function of aggregate
percentage calculated from the PL data from the same films. No
aggregation (0%) was assumed for B10 . Photocurrents in PMMA
films with r≥5 nm were below detection limit under our experimental conditions. Lines in (b) provide a guide for the eye. . . . . . . .

47

2.17 (a)Photoconductivity under 532 nm CW excitation of pristine drop
and spin cast pristine ADT-TES-F films in addition to Pd1 and P1 .
Data on Pd1 , P1 and the spin cast pristine sample were taken under
15 mW/cm2 and data on the drop cast pristine sample was taken
under 0.58 mW/cm2 . (b) Schematic showing different aggregation
properties in spin and drop cast PMMA. Particular note should be
taken of the average distance between adjacent aggregates in each
case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

48

3.1

3.2

3.3

3.4

Structures of ADT-TES-F and ADT-TIPS-CN molecules and their
HOMO/LUMO levels are shown. ADT-TES-F: R = F, R’ = TES.
ADT-TIPS-CN: R = CN, R’ = triisopropylsilylethynyl (TIPS). . . .

52

Normalized absorbance of ADT-TIPS-CN and PL of ADT-TESF in dilute toluene solution. Shading highlights region of spectral
overlap, important for FRET. . . . . . . . . . . . . . . . . . . . . .

53

Schematic of samples prepared for FRET studies and exciplex formation studies. Average spacings, r, in FRET samples are summarized in Table 3.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

PL spectra of C(3.6×10−3 ) with peak identifications based on Table 3.2 58

LIST OF FIGURES (Continued)
Figure
3.5

3.6

3.7

3.8

3.9

Page
PL spectra of 50/50 mixtures of ADT-TES-F (D) and ADT-TIPSCN (A) in PMMA films, normalized at 577 nm to illustrate energy
transfer. Inset shows a decrease in the donor PL as the concentration
of ADT-TIPS-CN increases due to FRET. . . . . . . . . . . . . . .

61

Weighted average of PL lifetimes of the donor in PMMA films as a
function of total concentration c in D/A and in donor-only PMMA
films. Lifetime of 12.1 ns, which corresponds to the isolated donor
molecules in PMMA is indicated. Vertical line marks the concentration corresponding to the calculated FRET radius R0 of 4.8 nm.

62

PL spectra of ADT-TES-F/ADT-TIPS-CN composite films with
varying concentrations of ADT-TIPS-CN. PL spectra of pristine
ADT-TES-F and ADT-TIPS-CN films are included. . . . . . . . . .

65

Normalized PL decays measured in the composite films. Instrument
response function (IRF) is also shown. PL decays of pristine ADTTES-F and ADT-TIPS-CN films are included. . . . . . . . . . . . .

66

(a) PL from spin cast ADT-TES-F/ADT-TIPS-CN composite samples at two different concentrations, C(3.6×10−4 M) and C(3.6×10−2 M),
and drop cast composite samples at the same concentrations, Cd (3.6×10−2 M)
and Cd (3.6×10−2 M). (b) Schematic showing different size aggregates
formed in drop and spin casted ADT-TES-F films. In the spin cast
film the area of interaction between donor and acceptor is much
higher than in the drop cast film. . . . . . . . . . . . . . . . . . . . 67

3.10 Transient photocurrents, normalized by their values at the peak
at t=0, obtained in pristine ADT-TES-F and ADT-TES-F/ADTTIPS-CN (C(3.6 × 10−3 )and C(3.6 × 10−2 )) films under 355 nm
500 ps pulsed excitation. Inset shows photocurrents, normalized
by their values at t = 40 s, measured in pristine ADT-TES-F and
C(3.6 × 10−2 ) films under cw 532 nm excitation. At t = 0 s (40 s),
the light is turned on (off). . . . . . . . . . . . . . . . . . . . . . .

68

3.11 Photoconductivity of C(3.6×10−2 M) under 15 mW/cm2 532 nm and
600 nm CW excitation. Inset shows dynamics under the two wavelengths, with illumination being turned on at 20 s and off at 60 s. .

71

3.12 Summary of donor-acceptor interactions studied. . . . . . . . . . . .

72

LIST OF FIGURES (Continued)
Figure
4.1

Page
Schematic of the basic experimental set-up for single molecule measurements. 532 nm excitation is shown, but 633 nm is also possible.

80

Diagrams of blinking mechanisms. Photon excites molecule into S1.
Molecule radiatively decays back to the ground state with rate kf l ,
accounting for fluorescence. (a) Diagram for triplet state blinking.
Molecule can cross from S1 into the triplet state, T1, with rate
kisc , which requires a spin flip. While molecule is in the T1, no
fluorescence is observed. (b) Diagram for charge transfer blinking.
Molecule can lose a charge from the excited state M* to an external
charge trap with rate ket resulting in a charged state M+ . While
molecule is in M+ , no fluorescence is observed. . . . . . . . . . . .

93

4.3

Screenshot of the GUI for the analysis software. . . . . . . . . . . .

94

4.4

Camera image with spatial traces shown for x and y directions.
Gaussian fits to these are used to determine the cutoffs as shown by
the red lines. Only the area inside the red box is processed further.

95

Camera image with several fluorophores circled. Their time traces
are shown expanded. . . . . . . . . . . . . . . . . . . . . . . . . . .

96

An example time trace analyzed for blinking events. The threshold
level is shown in green. Red labels the sections of the time trace
which were deemed ‘ON’. . . . . . . . . . . . . . . . . . . . . . . . .

97

Normalized fluorescence vs time for ADT-TES-F at concentrations
of 0.2 mol % in PMMA and t-bu BTBTB films under wide-field
532 nm cw excitation at 200 W/cm2 . . . . . . . . . . . . . . . . . .

98

4.2

4.5
4.6

4.7

4.8

(a) A fluorescence trajectory for a single ADT-TES-F molecule showing single-step photobleaching, characteristic of a single molecule.
(b) Fluorescence intensity histogram showing distinct two level system for the same molecule whose trajectory is shown in (a). . . . . 100

4.9

PL and absorption spectra of ADT-TES-F plotted with transmission
curve of Omega Optical 560 DCLP dichroic mirror. . . . . . . . . . 102

4.10 Sample time trace of an ADT-TES-F molecule in a t-bu BTBTB
host under 532 nm excitation. . . . . . . . . . . . . . . . . . . . . . 103

LIST OF FIGURES (Continued)
Figure

Page

4.11 Structures of three pentacene derivatives studied. R groups are
(a)TIPS = SiC9 H21 (b) NODIPS = SiC14 H31 and (c) TCHS =
SiC18 H33 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.12 PL and absorbance spectra of Pn-F8-R in toluene solutions. The
side groups do not affect the optical properties in solution. . . . . . 105
4.13 Schematic of experimental set-up for polarization dependent single
molecule studies. Inset shows relevant vectors. The black dashed
line is the optic axis. The red vectors represent various polarizations
of excitation light which lie in the sample plane. The light green
arrow is the absorption transition dipole of a molecule, which can
occur at any arbitrary orientation. The dark green arrow is the
projection of the transition dipole moment onto the sample plane. . 107
4.14 Raw time trace from a fluorophore under changing polarization. The
‘dark’ states are from the excitation beam being shuttered while the
polarization was rotated. . . . . . . . . . . . . . . . . . . . . . . . 108
4.15 Schematic of the transition dipole moment for the S0 → S1 transition
(represented by green arrow). . . . . . . . . . . . . . . . . . . . . . 108
4.16 Averaged data from a polarization dependent time trace plotted vs
angle and a sample fit to A0 cos2 (φ − γ) + y. . . . . . . . . . . . . . 109
4.17 Histograms of molecular orientations from single molecule studies.
Gaussian fits to the histograms are also shown. Fit parameters are
summarized in Table 4.2 . . . . . . . . . . . . . . . . . . . . . . . . 112
4.18 P(t) for On times of Pn-F8-TIPS in PMMA. . . . . . . . . . . . . . 115
4.19 Complimentary CDF of On times for Pn-F8-TCHS in PMMA plotted with fits to power-law, lognormal and Weibull distributions. . . 117
4.20 Complimentary CDF of On times for Pn-F8-TCHS in t-bu BTBTB
plotted with fits to power-law, lognormal and Weibull distributions. 117
4.21 Complimentary CDF of On times for Pn-F8-TIPS in t-bu BTBTB
plotted with fits to power-law, lognormal and Weibull distributions. 118

LIST OF FIGURES (Continued)
Figure

Page

4.22 Probability distributions for ON times of a subset of Pn-F8-TCHS
molecules in PMMA shown with probability distributions for all
molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.23 Schematic of first application of Bessel process diffusion. . . . . . . 123
4.24 Sample fit of Off times from Pn-F8-TIPS in PMMA to Equation 4.17.
R2 value is 0.80. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.25 Schematic of second application of Bessel process diffusion. . . . . . 125
4.26 P(t) for on times for Pn-F8-TIPS in a PMMA host plotted in red.
In black, fit data corresponding to the process labelled ‘On’ in Figure 4.25. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.27 P(t) for off times for Pn-F8-TIPS in a PMMA host plotted in blue.
In black, fit data corresponding to the process labelled ‘Off’ in Figure 4.25. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.28 P(t) for on+off times for Pn-F8-TIPS in a PMMA host plotted
in green. In black, fit data corresponding to the process labelled
‘On+Off’ in Figure 4.25. . . . . . . . . . . . . . . . . . . . . . . . 126

LIST OF TABLES
Table

Page

2.1

Degree of Aggregation Two Different Host Matrices . . . . . . . . .

43

3.1

Concentrations and Average Spacings for ADT-TES-F/ADT-TIPSCN samples in PMMA . . . . . . . . . . . . . . . . . . . . . . . . .

55

3.2

PL spectral peak catalogue . . . . . . . . . . . . . . . . . . . . . . .

59

4.1

Summary of Photophysical Properties . . . . . . . . . . . . . . . . .

91

4.2

Summary of Angular Orientation Data . . . . . . . . . . . . . . . . 111

4.3

Two-Sided p-values from Pairwise Comparisons of Molecular Orientation Distributions. . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.4

Blinking Parameters for Off Times . . . . . . . . . . . . . . . . . . 121

4.5

Blinking Parameters for On Times . . . . . . . . . . . . . . . . . . 121

4.6

Fit Parameters from 3D Bessel Process Model . . . . . . . . . . . . 127

Chapter 1: Introduction
Organic semiconductor materials are a class of materials which have applications
including photovoltaics [1, 2, 3], organic light emitting diodes (OLEDs) [4, 5, 6],
thin-film transistors [7, 8], and photorefractive polymers [9, 10]. Organic semiconductor materials have a variety of desirable features. They are light-weight and can
be deposited as thin films on flexible substrates [11]. Many organic semiconductor materials are solution processable, allowing manufacturing techniques such as
printing. Furthermore, they have tunable properties. By changing the molecular
structure, the optical and electrical properties of the material can be manipulated.
Figure 1.1 shows photovoltaic lamps developed by Sony Corporation. The lamp
shades are printed in a marigold pattern of dye sensitized solar cells. The shades
acts both as a power source as well as a translucent lamp shade.

Figure 1.1: Photovoltaic lamps developed by Sony Corp. Figure from [12].
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For the applications outlined above, there are two main classes of materials
which have been developed: polymer based systems and small molecular weight
organics. This work will focus on small molecular weight organics.
The promise of tunable properties in organic semiconductor materials relies on
understanding how molecular structure influences physical properties of interest.
Properties such as charge carrier generation, charge carrier transport and optical
absorption and emission are all extremely important for the applications outlined
above. In order to tune macroscopic properties such as electrical response and
optical spectral response, it is important to understand the microscopic properties
and processes which influence them. Molecular structure, molecular packing, and
molecular interaction all play a roll in determining the macroscopic responses of
organic semiconductor materials.
This dissertation is organized as follows: Section 1.1 describes many of the underlying physical concepts which are important to the operation of organic semiconductor materials. Chapter 2 presents a study performed on aggregation and the
onset of molecular interactions and the influence on electrical properties. Chapter 3
presents work on a blend of two organic semiconductor materials which exhibit interactions that have a strong effect on the optical and electronic properties of thin
films. Finally, Chapter 4 presents studies of a class of organic semiconductor materials on the single molecule level and their behaviors and molecular orientations
in different nano-environments. Chapter 5 summarizes the work presented in this
dissertation.

3

1.1 Principles of Operation
Whereas in inorganic semiconductor materials the conduction band (CB) and valence band (VB) are of interest, in organics, the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO) are the analogous levels. In most organic materials, the band gap between HOMO and LUMO
levels is around 2-3 eV, a relatively wide band gap compared to Si at 1.1 eV. The
molecular energy structure in organic materials results primarily from π-bonding
between adjacent C atoms.

Figure 1.2: Schematic of a typical molecule under study. Shown is a pentacene
backbone with a functional side group. Specific structures are presented in Figures 2.1, 3.1, and 4.11.
In π-conjugated linear chain polymers, the C atoms will sp2 hybridize, and the
electron in the pz orbital will form π-bonds with adjacent C atoms [13]. This type of
bonding leads to the splitting of the HOMO and LUMO levels with the HOMO level
being the π-bonding orbitals and the LUMO level being the π*, or anti-bonding,
orbitals. Intermolecular interactions cause further splitting of these levels [14]. In
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smaller oligomeric structures, such the one presented in Figure 1.2, the π-bonding
remains the orbital of interest, though the crystal packing structure contributes
to significant anisotropies in mobility and carrier generation [15]. These materials
are referred to as π-stacked materials with conduction occurring via overlapping
π orbitals between adjacent molecules. In the functionalized polyacene materials,
such as the one shown in Figure 1.2, the π orbitals are above and below the plane
of the benzene rings. The degree and nature of overlap is primarily a function of
the molecular packing, and as such is a focus of molecular engineering efforts [16].
Figure 1.3a shows schematics of π-bonding in a simple ethylene molecule.

Figure 1.3: (a) π-bonding in simple ethylene molecule [17]. (b) Schematic of
slipstack packing showing 1D π-overlaps [18]. (c)Schematic of brick-wall packing
showing 2D π-overlaps [19].
The materials studied in this work are functionalized polyacenes, which are
linear chains of benzene rings forming a rigid backbone (see Figure 1.2 These
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backbones have been functionalized with bulky side groups attached to the backbone by a rigid alkyne spacer. Different side groups produce different packing
motifs, different π overlaps, and very different optical and electronic properties.
For example, varying the side group can determine whether the packing is a 1-D
slip-stack motif or a 2-D brick-wall motif, the latter of which exhibit higher charge
carrier mobilities [19]. Figure 1.3b and c show schematics of slip-stack and brickwall π-stacking motifs. The cartoons are not true structures, but are meant to give
a heuristic picture of the packing.
Crystal packing in polyacene materials is governed by van der Waals forces.
Van der Waals forces are much weaker than the covalent bonds which comprise
the crystal structure in inorganic semiconductor materials. The intermolecular
interactions in organic molecular crystals are therefore generally much weaker than
those in a typical covalently bonded crystal and the electron delocalization is much
smaller in organic materials [20]. The weaker nature of the bonding affects both
the thermal and mechanical properties of these materials resulting in, for example,
a lower hardness or a lower melting point. More importantly, however, the optical
properties and charge carrier transport properties are different than in materials
which have stronger electronic delocalization across adjacent molecules [17].
Crystals of the functionalized polyacene materials can achieve significant πstacking and therefore good electrical properties. For example pentacene functinalized with triisopropylsilylethynyl (TIPS) groups exhibited resistivities in film
several orders of magnitude smaller than unsubstituted pentacene (∼106 Ω-cm
for TIPS-pentacene vs ∼1012 Ω-cm for unsubstituted pentacene) [21, 16]. The

6
difference is largely due to changes in packing occurring due to the functional
group (shown as R in Figure 1.2). In unsubstituted pentacene, the interplanar
spacing between adjacent aromatic rings is 6.27 Å, whereas for in TIPS-pentacene
it is 3.47 Å[16]. Because conduction occurs via overlaps in the π-orbitals, and
therefore transverse to the plane of the aromatic rings, the resistivities are highly
anisotropic in these crystals varying from ∼106 Ω-cm transverse to the aromatic
rings to ∼1010 Ω-cm across the side groups [16]. Even small changes in the interplanar spacing can have large effects on the transfer integral for hopping between
adjacent molecules. In calculations on tetracene, a change from 4.2 Å to 3.6 Å
resulted in a three-fold increase in the transfer integral [22].
The materials under study are solution processable, so thin films are created out
of solution from these materials. Typically these films are either drop cast or spin
cast from solution. As such, the properties of single crystals as reported above are
not necessarily applicable to films. Thin films are generally either polycrystalline
or amorphous in nature. An amorphous film can have mobilities several orders of
magnitude lower than a highly ordered film [23]. Films which have different morphologies, different degrees of crystallinity will have different properties. Understanding the relationships between film morphology and optoelectronic properties
is very important to the development of devices based on organic semiconductor
materials.
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1.1.1 Optical Properties
The optical response of organic materials in thin films is typically dominated by
the optical response of an isolated molecule. Often, the degree of intermolecular
interaction is readily apparent in the optical properties of bulk samples and depends
on the degree and type of aggregation present in the solid [24, 25, 26]. Figure 1.4
shows an energy level diagram of a single organic molecule. In addition to the
ground state (S0 ), the first two spin singlet (Sn ) and spin triplet states (Tn ) are
shown. In addition to the electronic states, represented by bold lines, vibrational
states (m) of each are shown. Rotational states are not considered. Absorption
occurs from S0 to vibrational modes of Sn . Absorption from S0 to S1 typically
occurs between the UV and near infrared for the small molecular weight organics
of concern in these studies. The absorption edge is primarily determined by the
molecular backbone. In solution or as an isolated molecule, the functional side
groups have little to no effect on the optical properties of the materials. Within
absorption spectra, the vibrational modes (S0 , m = 0 → S1 ,m = 1 or S0 , m = 0
→ S1 , m = 2) can be resolved as illustrated in Figure 1.5.
Once a molecule is excited, there are several paths back to the ground state. Internal conversion is a non-radiative transition between electronic states and occurs
on timescales of ∼10−10 s. Typically, internal conversion is more common between
higher electronic states. Vibrational relaxation occurs on timescales of ∼10−12 s
and is a non-radiative transition to the vibrational ground state of the electronic
state. These two processes typically mean that emission is primarily seen from the
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Figure 1.4: Energy level diagram of optical transition for an organic molecule.
vibrational ground state (m = 0) of S1 as is described by Kasha’s rule. Radiative
transitions from the vibrational ground state of S1 to various vibrational modes of
S0 are known as fluorescence and occur on timescales on the order of one to ten
nanoseconds. Because the vast majority of emission occurs from S1 → S0 , fluorescence typically does not depend on the excitation wavelength [27]. The peak of the
fluorescence emission (S1 → S0 ) is red-shifted from the absorption peak (S0 → S1 )
and the difference is called the Stoke’s shift [28]. The Stoke’s shift usually arises
due energy lost to structural relaxation of the molecule [29].
In addition to fluorescence, de-excitation can occur non-radiatively via internal conversion or intersystem crossing. While internal conversion is more common
between higher electronic states, it can occur from S1 → S0 with vibrational relaxation to the m = 0 level of S0 . Intersystem crossing is a transition from a singlet
spin state (Sn ) to a triplet spin state (Tn ) or vice versa. The transitions from singlet to triplet and vice versa require a spin flip. These transitions are ‘forbidden,’
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Figure 1.5: Absorption and fluorescence spectra for an anthradithiophene derivative, ADT-TES-F (see Figure 2.1) in a dilute toluene solution. Stoke’s shift is
noted. Electronic-vibrational transitions are also labeled. In absorption, from
S0 → S1 , m = 0 → m = 0,1,2. In fluorescence, from S1 → S0 , m = 0 → m = 0,1,2
but are weakly allowed due to spin-orbit coupling. Once a molecule is in a triplet
state, radiative emission can occur to S0 and is called phosphorescence. This transition requires a spin flip as well, and so the triplet lifetime is longer than the
fluorescent lifetime, and can range from ∼10−6 to 1 s, depending on the material.
Because the intersystem crossing transitions are forbidden by spin selection rules,
fluorescence is generally much more prominent than phosphorescence.
The fluorescence quantum yield is a figure of merit describing the efficiency of
relevant pathways. It represents the percentage of absorbed photons which result
in a fluorescence emission event and can be calculated as

ΦF =

τ
τN

(1.1)

where ΦF is the fluorescence quantum yield, τ is the measured fluorescence
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lifetime, and τN is the natural (or radiative) lifetime of the molecule. The natural
lifetime of the molecule is the lifetime of the molecule in the absence of any nonradiative decay. In practice, τN can either be calculated from absorption and
emission spectra or based on quantum yield and the measured fluorescence lifetime.
As such, ΦF is usually calculated based on absorption and emission measurements
and compared to a known standard reference fluorophore according to
F ODr
Φ = Φr
Fr OD



n
nr

2
(1.2)

Where r denotes the reference standard, F is the integral of the fluorescence
spectrum, OD is the optical density at the excitation wavelength and n is the
index of refraction of the relevant solvent. In general, fluorescence and absorption
measurements are made at a range of concentrations in solution. OD is then plotted
against the integrated fluorescence intensity, a relationship which should be linear
for a carefully chosen range of concentrations. If the concentration range chosen is
too concentrated, then self-absorption effects will interfere with the measurements.
F r)

A ratio of the slopes for the fluorophore to be measured and the reference ( OD( ( r)
is used [28]. The fluorescence quantum yield changes depending on molecular
environment, due to free volume effects , solvent viscosity [30], and polarity [27].
This variation can be estimated using measured fluorescence lifetimes.
When molecules assemble into solids, intermolecular interactions affect the optical response. Figure 1.6 shows an energy level diagram for an isolated molecule
and a molecular crystal of an organic material. The presence of intermolecular
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interactions alters the optical responses of the system in a number of ways. The
absorption spectra still show vibrational structure, but the peaks are broadened
and red shifted with respect to spectra in solution due to intermolecular interactions, disorder, and the introduction of additional vibronic modes which occur in a
solid state [26, 31]. A much more detailed discussion of optical properties of films
as compared to solution is presented in Section 2.5.1.

Figure 1.6: Energy level diagram for an isolated molecule (left) and a molecular
crystal (right) of an organic material. IP and EA denote the ionization potentials
and electron affinities in the gas (g) and crystal (c) phases. Eopt marks the optical
gap which is measured with absorption and PL measurements. Egap is the energy
gap between the HOMO (valence band) and the LUMO (conduction band) level
which is relevant to charge carrier generation. A singlet exciton is shown, additional
excitonic states are available nearer to the LUMO level which may be accessed by
higher energy absorption and more readily result in charge carrier generation [17].
These charge polarization energies for holes (Ph ) and electrons (Pe ) arise due to
intermolecular interactions and shift the ionization potentials and electron affinities
in the solid phase [32]. Figure adapted from [17].
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1.1.2 Electronic Properties
The electronic properties of organic semiconductor materials can be separated
into two processes of interest: (i) charge carrier generation and (ii) charge carrier
transport. Charge carrier generation is a process largely dominated by excitonic
processes. Charge transport can occur via a number or processes, for example
band-like transport or hopping transport [17].

1.1.2.1 Charge Carrier Generation
In inorganic semiconductors, when a photon is absorbed, a charge carrier is promoted from the valence band to the conduction band. In general, a photon of any
energy higher than the absorption edge will generate a charge carrier. In organic
semiconductors, the charge carrier generation is mediated by exciton formation. A
photon absorbed of higher energy than the optical absorption edge generates an
exciton (shown in Figure 1.6). The limited delocalization of electrons in the van der
Waals solids means the excitons are well-localized Frenkel excitons[23, 1]. Charge
transfer excitons closer to the LUMO level can be generated as well, depending on
excitation wavelength and the local environment and availability of states. Frenkel
excitons are localized to one molecule but can move to other molecules in the
solid carrying energy, but not charge. Exciton diffusion lengths can vary from
∼0.4 - 15 nm depending on material and morphology [33]. Excitons which are
not dissociated undergo geminate recombination which can occur via radiative or
non-radiative de-excitation paths such as those discussed above, depending on the
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material [34]. Lifetimes of excitons which undergo geminate recombination are on
timescales of ∼1 ps -1 ns [35].
In order to generate a free charge carrier, the exciton must be dissociated.
The binding energy for these excitons is the energy difference between the S0 →
S1 transitions and the HOMO → LUMO transition. Exciton binding energies in
organic semiconductor materials range from ∼0.1 - 2 eV. These can be dissociated
via applied electric field. However, generally, the fields require to do so are high
and the efficiencies for this process are low (∼10% at E∼106 V/cm) [1].
The dissociation of an exciton is typically described by Onsager theory which
considers the probability that a Coulombically bound state under random Brownian motion will undergo autoionization and generate free charge carriers. The
Onsager model considers that a hole and and hot electron are generated via photo
absorption. The hot electron then wanders away from the hole by virtue of its
excess energy. It then thermalizes at some distance away from the hole. If the
energy associated with the Coulombic attraction at the thermalization distance is
less than kb T, then the exciton is said to be dissociated where kb is Boltzmann’s
constant and T is the temperature. The distance at which the Coulombic energy
is equal to kb T is called the Onsager radius. The distance that the hot electron is
able to wander away depends upon the mobility, and therefore the intermolecular
interactions in the material. The distance at which the charges will be considered
free carriers is going to depend on the Coulomb energy and therefore inversely on
the dielectric constant of the material. Typically, in inorganic semiconductors, the
dielectric constants are r > 10 where as in organics, r < 4 [35]. Both the mobility
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and the dielectric constant result in tightly bound excitons in organic semiconductor materials. In a material with r = 4, the Onsager radius is ∼56 nm. For
comparison, the long axis of a pentacene molecule has a length of 14 Å, meaning
the Onsager radius is at least ∼50 molecular units away.
Since good device performance requires good charge carrier mobilities, strategies for dissociating excitons are of great interest. The most common strategy
for achieving efficient exciton dissociation is to introduce some sort of interface,
referred to as a heterojunction. By introducing an acceptor material, either in
a bilayer structure or in the more common bulk heterojunction geometry (where
the acceptor is distributed throughout the donor material), singlet excitons can
become CT excitons which are more loosely bound [35]. It can be as simple as
the interface with an electrode or with vacuum, but a careful choice of interface
can increase the efficiency of dissociation. At a donor/acceptor interface, it is energetically favorable for the electron to move to the acceptor. This reduces the
binding energy of the exciton and makes the generation of free charges more efficient. Figure 1.7 shows an energy level diagram for the generation of a CT exciton.
The relative energy levels of the donor and acceptor materials are crucial to the
process.
Dissociation of CT excitons is affected by a number of things: If the exciton is a
so-called hot exciton, it has a lower binding energy which increases the likelihood of
dissociation. If the electronic delocalization is greater in the region of the exciton,
dissociation will be more likely as the mobilities for the carriers are greater. In
addition, local electric fields can exist which can assist in dissociation. The presence
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Figure 1.7: Schematic of the energy level arrangement required for exciton dissociation by transfer to an electron acceptor. The ionization potential of the donor
(IPD ) is given by its HOMO level and is lower than the IP for the acceptor. The
electron affinity of the acceptor (EAA ) is given by the LUMO level and is higher
than that of the donor material. In order for the charge transfer process to be
energetically favorable, the relationship EEx > IPD − EAA must be true. That is
the energy of the singlet exciton state must be greater than that of the final CT
exciton state. Figure adapted from [1].
of additional intermediate energy states can also effect dissociation processes [36].
CT states existing between donor and acceptor sites are sometimes called exciplex states. More specifically, the term exciplex refers to an excited state bound
complex. The formation of exciplexes and their role in charge carrier generation
varies with the specific donor and acceptor system under study and is an area of
active research [35]. Figure 1.8 illustrates the state.
Typically, exciplexes exhibit radiative decay pathways with high fluorescent
quantum yields, long lifetimes, and PL spectra which are red-shifted with respect to
the donor [37, 38, 39]. The formation of exciplexes can affect the charge generation
processes in materials by providing alternate pathways for exciton dissociation and
recombinations [40]. The emission wavelength of an exciplex is tunable by careful
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Figure 1.8: Schematic of exciplex across a donor and acceptor species.
choice of donor and acceptor pair, which makes composite materials exhibiting
exciplex formation of interest for development of OLEDs. In Chapter 3 exciplex
formation in two anthradithiophene derivatives and its effect on PL emission and
charge carrier dynamics are presented.

1.1.2.2 Charge Carrier Transport
Charge carrier transport in organic semiconductor materials is characterized by the
weak nature of the intermolecular van der Waals bonds. The small extents of the
electronic wavefunctions means that charge carriers are in general localized to individual molecules. This localized charge is generally considered as a polaron which
is a quasiparticle including the charge and the induced polarization surrounding it.
This polaron has an effective mass larger than the charge carrier alone and charge
transport in organic materials at room temperature occurs via polaron hopping.
At low temperature, in highly ordered organic crystals, phonon interactions are
frozen out and the effect of the local polarization is minimized due to faster carrier movement. As a result, at very low temperatures (∼4 K), transport in highly
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ordered organic crystals may be better described as band-like transport similar to
traditional inorganic semiconductors [41]. However, highly ordered organic crystals at liquid helium temperatures are not practical for most applications. Charge
carrier transport in disordered organic films at room temperature is dominated by
thermally activated hopping [22]. Since the samples presented in this document are
all disordered films and the experiments were all carried out at room temperature,
discussion will be limited to hopping transport.

Figure 1.9: Illustration of hopping transport.
Figure 1.9 illustrates hopping transport. A charge carrier is photogenerated on
one molecule. Under the influence of an applied electric field, the charge carrier,
shown as a hole, can move via available intermediate transport sites. Traps, which
can consist of defects, impurities or grain boundaries can trap charges. Real mobilities in materials will depend on the concentration and depth of trap sites and
the rate of trap filling.
Mobility is the figure of merit most often used to describe the charge transport
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capabilities of a material. Mobilities in disordered films of organic semiconductor
materials are much smaller than those in typical inorganic semiconductor materials.
Silicon has electron mobilities on the order of >1000

cm2
.
Vs

For comparison, hole

carrier mobilizes in spin cast films of an anthradithiophene derivative discussed
below (ADT-TES-F) are on the order of >1

cm2
.
Vs

The temperature dependence

of mobility (µ) in hopping transport can be described using an Arrhenius-type
equation:

− k∆T

µ(T ) ∝ µ0 e

b

(1.3)

where ∆ is an activation energy, kb is the Boltzmann constant and T is temperature. Hopping transport of this nature has been observed in naphthalene crystals
[42], molecularly doped polymers [43], and disordered films of anthradithiophene
derivatives [24].
At high electric fields (E∼104 - 106 V/cm), energetic disorder dominates and
mobilities show a field dependence which takes the form of

µ(E, T ) ∝ e
where β = B

h

1
kb T

−

1
kb T0

√
β E
kb T

(1.4)

i
. B is a material dependent constant. T0 , the tem-

perature at which mobility becomes field independent, is usually much larger than
room temperature [22, 17]. In practice, T0 is high enough that the classes of
materials under discussion undergo thermal breakdown well before we reach T0 .
In regimes where positional disorder dominates mobility will drop with increasing
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electric field [22].

1.1.3 Single Molecule Fluorescence Studies
One of the biggest promises of organic semiconductor materials is the prospect of
tunable properties. By altering the molecular structure, the packing and intermolecular interactions can be controlled and in doing so, the optical and electronic
properties of the materials can be manipulated. If we can learn to understand how
microscopic properties such as structure and packing affect macroscopic properties
such as charge carrier generation and mobility, then molecules could be custom
engineered for specific applications.
Many techniques exist for studying the optical and electronic properties of these
materials in bulk and several of these techniques are outlined in Sections 2.3 and
3.3. However, all of these bulk techniques describe ensemble, and in some cases
time averages of the parameter under study. Charge carrier generation and transport in organic semiconductor materials are complex processes and are strongly
affected by molecular packing, and by the presence of defects which can serve as
trap sites. As such, the ability to study these materials on the nanoscale is an
important step in learning to understand how to engineer materials with favorable
properties.
Studying single molecules reveals distributions of behavior rather than simply
the average value. Almost all single molecules exhibit fluorescence intermittency,
or blinking behavior. Rather than simply emitting constantly under illumination,
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they blink on and off under steady illumination. This intermittency can be due to
multiple mechanisms, most of which are dependent on the local nanoevironment
of the molecule. Sources of blinking and statistical studies of the on and off times
are discussed in Section 4.4.1.
Single molecule fluorescence studies rely on a fluorescent species which is sufficiently bright to be imaged as an individual molecule. This fluorescent species must
be embedded in a host matrix which is suitably transparent and non-fluorescent.
Experimental details on achieving imaging of only one single molecule are described
in detail in Chapter 4.
The first single molecule studies were performed at cryogenic temperatures
in solid crystals [44, 45]. Since then, detection schemes have been refined and
fluorophores have been discovered which are bright enough and stable enough to
be imaged at room temperature and in a variety of host materials [46, 47, 48, 49,
50, 51, 52]. Single molecule fluorescent detection has become a commonly used
tool in the biological sciences. The ability to tag biological structures and image
individual tagging molecules has allowed detailed studies of biological processes
and structures and helped to allow study of structures beyond the traditional
optical diffraction limit [53, 54]. Chapter 4 contains a more extensive review of
single molecule applications.
Because microscopic properties of organic semiconductor materials play an important role in determining their macroscopic behaviors, the ability to study photoconductive materials on a single molecule level may yield important information
regarding molecular structure and packing. Chapter 4 discusses several photo-
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conductive materials which are suitably fluorescent to be studied on the single
molecule level. In addition, a new polycrystalline, photoconductive, and solutionprocessable host matrix is discussed, opening the door for single molecule studies
in active device-like environments.
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Chapter 2: Aggregation in an Anthradithiophene Derivative

2.1 Introduction
Organic (opto)electronic materials present a promising system due to their tunable
properties and low cost [55]. Solution processable materials provide further advantages as they can be deposited using various thin-film solution deposition technologies [56]. Additionally, such materials can be easily doped to create blends with
properties tailored for specific applications [57, 58, 59]. In this chapter, properties
of aggregates of an anthradithiophene (ADT) derivative and the conditions of their
formation are established. In particular, we embedded ADT molecules at various
concentrations into two different inert host materials. We then measured optical
absorption, photoluminescence (PL) spectra, time-resolved PL decay dynamics,
and photoconductivity upon photoexcitation of the ADT guest. These were then
compared to properties of pristine ADT films.
The structure of this chapter is as follows. Details on the materials studied are
presented in Section 2.2. Sample preparation procedures, experimental methods
and spectral fitting information are discussed in Section 2.3. Section 2.4 contains
details of the preliminary studies which informed the experimental design of a
concentration dependent studies, the details of which are presented in Section 2.5.
Finally, Section 2.6 contains a summary of the findings from these studies.
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2.2 Materials
Functionalized fluorinated anthradithiophene (ADT) derivatives are particularly
interesting as their solution-deposited thin films exhibit charge carrier (hole) mo2

bilities of > 1.2 cm
, fast charge carrier photogeneration, high photoconductivity,
Vs
and relatively strong photoluminescence [60, 61, 57, 62, 63]. These molecules form
π-stacked arrangements with short interplanar spacings of 3.2-3.4 Å, conducive to
molecular aggregate formation [25, 58]. Thus, the optical and electronic properties of ADT thin films and crystals are highly sensitive to molecular packing and
intermolecular interactions which are currently not well understood.

Figure 2.1: Molecular structure and HOMO/LUMO levels of a) ADT-TES-F and
b) t-bu BTBTB
The materials used in our studies are a fluorinated ADT derivative functional-

24
ized with triethylsilylethynyl (TES) side groups, ADT-TES-F (Figure 2.1a), as a
guest, and functionalized benzothiophene (6,12-bis[2-(t-butyl)ethynyl]-Benzo[1,2b:4,5-b]bis(1)benzothiophene, t-bu BTBTB in Figure 2.1b) or poly(methyl methacrylate) (PMMA) as hosts [60, 57].
The choice of host materials was based upon two main considerations: 1) both
t-bu BTBTB and PMMA have considerably higher HOMO-LUMO gaps (3.52 eV
and 5.6 eV, respectively) than that of ADT-TES-F (2.3 eV), which minimizes
guest-to-host charge and energy transfer, and 2) these hosts provided different environments for embedded ADT-TES-F molecules [64, 65, 57]. In particular, a t-bu
BTBTB solid exhibits π-stacking properties similar to those of ADT-TES-F, which
could impose packing constraints on embedded ADT-TES-F guest molecules. Additionally, pristine t-bu BTBTB thin films are photoconductive under 355 nm excitation [65]. In contrast, PMMA is not conductive and, additionally, ADT-TES-F
molecules in PMMA are expected to be randomly oriented [66, 67].

2.3 Experimental Details
2.3.1 Sample Preparation
2.3.1.1 Drop Cast Samples
Preliminary studies were performed on drop cast samples. Stock solutions of t-bu
BTBTB were prepared at 10−2 M in chlorobenzene. For bulk studies, the ADTTES-F was then added at ratios of 2 mol %, 0.2 mol %, and 0.02 mol % to t-bu
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BTBTB. For (photo)conductivity and bulk fluorescence measurements, solutions
were drop cast onto glass substrates at 65 ◦ C to make polycrystalline films of 12 µm in thickness. These sample are denoted as Dr(2%), Dr(0.2%) and Dr(0.02%).
Some drop cast samples were made with a PMMA host from solutions as described in Section 2.3.1.2. These samples are denoted as Pdr .

2.3.1.2 Spin Cast Samples
Poly(methyl methacrylate) (PMMA, Polysciences, Inc., 75,000 MW) and t-buBTBTB were dissolved in toluene and in tetrahydrofuran (THF), respectively, at
a concentration of 10−2 M. ADT-TES-F 10−5 M stock solutions in toluene or THF
were used to add an appropriate amount of ADT-TES-F to PMMA or t-bu BTBTB
solutions. PMMA (t-bu BTBTB) samples were spin coated at 600(1000) rpm for
50 seconds onto clean glass substrates.

Figure 2.2: Schematic of spin cast samples. Spacings of r from 1 to 15 nm were
prepared in both PMMA and t-bu BTBTB.
Samples with several concentrations of ADT-TES-F in host matrices (PMMA
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and t-bu BTBTB) were prepared, with average distances r between ADT-TES-F
molecules ranging from r = 1 nm to r = 15 nm, denoted as Pr and Br , respectively,
with r in nanometers (nm). Schematics of the two sample types are shown in
Figure 2.2. The distance r was determined according to Equation 2.1.

r=

M
NA ρm c

1/3
(2.1)

ρm is the mass density, M is the molar mass of the host material, NA is Avogadros number, and c is the molar fraction of guest to host [43, 66, 68]. Pristine
ADT-TES-F films were spin coated from a 10−2 M toluene solution. Guest concentrations in both PMMA and t-bu BTBTB hosts corresponding to r = 1, 2, 3, 5, 10,
and 15 nm are 1.6, 0.2, 0.059, 0.0128, 0.0016, and 4.74×10−4 M, respectively [66].
Optical densities in these films did not exceed 0.25 at the absorption maximum.

2.3.1.3 Electrical Properties
For studies of photoinduced charge transport, films were prepared on glass substrates with photolithographically deposited 5 nm/50 nm thick Cr/Au interdigitated electrode pairs. Electrodes are shown in Figure 2.3 and consisted of 10 pairs
of 1 mm long fingers with 25 µm finger width and 25 µm gaps between the fingers
of opposite electrodes.
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some cases, were prepared from solutions that were not completely dissolved. It was
determined that drop-casting from solutions that were not completely dissolved did not
dramatically affect film quality or (photo)conductivity in the fluorinated films.
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Figure 2.3: Photograph of Cr/Au electrodes used for photoconductivity measureFigure
image
of the are
interdigitated
electrode
geometry
on glass
substrates that
ments.3.2:
TheAndark
regions
electrodes.
The orange
region
is a deposited
film of
were used in conductivity measurements. The black area corresponds to the
ADT-TES-F.
photolithographically deposited Au electrodes. The orange area corresponds to a
deposited film (an ADT-TES-F film is shown).

2.3.2 Experimental Methods

Drop-cast films of all three compounds were prepared on glass substrates for

All experiments were carried out in air at room temperature.
absorption measurements, and on glass substrates with photolithographically deposited
Cr/Au electrode pairs (either 5 nm/50 nm or 1 nm/50 nm thick) for conductivity

2.3.2.1 Luminescence and Absorption Measurements

measurements. An interdigitated electrode geometry, as shown in Fig. 3.2, was
chosen
over a simpler (PL)
coplanar
electrode
geometry
to provideusing
a relatively
area of 4
Photoluminescence
spectra
of films
were obtained
a 532 large
nm Nd:YVO

cw laser(~1mm
or 3552)nm
frequency-tripled
pulsed excitation.
In gap
PMMA films,
material
to generate
carriers in, Nd:YAG
while maintaining
a 25 m wide
PL spectra did not depend on the excitation wavelength. In t-bu BTBTB films,
between electrodes. This is required to obtain the large electric fields, typically on the
only a 532 nm excitation was used to illuminate the spin cast samples to ensure
order ~10-100 kV/cm), needed to efficiently generate carriers in our materials at
excitation of ADT-TES-F exclusively (Figure 2.7).
Emission was collected with a parabolic mirror and detected with a fiber coupled spectrometer (Ocean Optics USB2000) calibrated against a 3100 K blackbody emitter (Figure 2.4a). PL lifetimes were obtained under 400 nm 80 fs exci-
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tation (frequency-doubled Ti:Sapphire laser) using time-correlated single-photon
counting board and an avalanche photodiode with an instrument response time of
∼250 ps (Figure 2.4b) [57].
Absorbance measurements were conducted with a halogen lamp and a fiber
coupled spectrometer (Ocean Optics USB2000). All measurements were referenced
off of clean cuvettes with solvent or clean glass substrates for solution and film
measurements respectively. Absorbance was calculated as A = −log(I/I0 ) where
I0 is the incident intensity and I is the transmitted intensity.
a)

Sample

Laser
Source

Spectrometer
b)
TCSPC
BBO
Ti:Sapphire

Sample

APD

Figure 2.4: Schematics of experimental set-ups for a) PL spectroscopy and b) PL
lifetimes.
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2.3.2.2 Electrical Response
For photocurrent measurements, samples were illuminated from the substrate side
with ∼ 5 mW/cm2 of either cw 532 nm light, which excited only ADT-TES-F
molecules, and not t-bu BTBTB or PMMA or 355 nm frequency-tripled Nd:YAG
pulsed excitation which excited both ADT-TES-F and the t-bu BTBTB host.
Currents in the dark and under photoexcitation as functions of applied voltage
were measured using a Keithley 237 source-measure unit, and the photocurrent was
calculated as the difference between the two. A schematic is shown in Figure 2.5.

Figure 2.5: Schematic of cw photocurrent measurements.

2.3.3 Multipeak Fitting and Spectral Analysis
Figure 2.6 shows and PL spectra of pristine ADT-TES-F films fabricated via spin
coating and drop casting. In order to identify spectral features, multi peak fitting
was performed. The multipeak fitting package in Igor Pro was used with the
Levenberg-Marquardt algorithm, and all spectra were fit with gaussian functions
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and a vertical offset:

f (λ) = y0 + 1

X

−

Ai e



λ−λi
wi

2

.

(2.2)

P eaks

Fitting was done both in wavelength and in wavenumber. Over the small
spectra region of interest, there was no discernible difference between the results.
Wavelength is presented and reported for clarity.
Both spun and drop cast films exhibited spectral features such as a red-shift and
broadening of the spectra as compared to solution due to exciton delocalization
and intermolecular interaction [57, 69]. The drop cast film shows on average a
larger red shift than the spin cast film which is consistent with a shift from an
amorphous spin cast film to a polycrystalline drop cast film [70].
In the drop cast pristine ADT-TES-F film, five distinct peaks are present at
spacings of 713, 608, 984 and 778 cm−1 . This is consistent with the presence of low
frequency modes at ∼650-700 cm−1 and a higher frequency mode at ∼1000 cm−1 .
This higher frequency mode also appears to be present in the spin cast film. Raman
spectroscopy measurements are needed to confirm the origin of these modes.

2.4 Preliminary Studies on Drop Cast Samples
Preliminary studies on composite systems of ADT-TES-F as a guest in a host of
t-bu BTBTB were conducted in drop cast samples. These studies revealed that
aggregate formation and intermolecular interaction of the guest molecule, ADTTES-F, was of importance. This data informed the design of a more detailed,
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Figure 2.6: PL of solution deposited (a) Drop and (b) Spin cast PL spectra of
ADT-TES-F films. Multipeak fitting shows variation in PL signature between
different deposition techniques.
concentration dependent study of aggregate formation of ADT-TES-F in both tbu BTBTB and PMMA.

2.4.1 Spectral Measurements
Figure 2.7 shows absorption and PL spectra of pristine drop cast t-bu BTBTB
and ADT-TES-F (at 355 nm and 532 nm excitation, respectively) in solution
and in film. No PL response was observed from t-bu BTBTB film at 532 nm
excitation. Both compounds exhibited similar spectral features such as vibronic
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Figure 2.7: (a) Absorption and (b) PL spectra of films and solutions of pristine
t-bu BTBTB and ADT-TES-F at 355 nm and 532 nm excitation respectively.
progression, solid-state red-shift, and broadening of the spectra (as compared to
those in solution) due to exciton delocalization and intermolecular interaction [57,
69].
In film, upon the addition of ADT-TES-F to t-bu BTBTB, the PL contribution
from ADT-TES-F molecules was apparent and well separated spectrally from that
of t-bu BTBTB under 355 nm illumination, as shown in Figure 2.8. The emission
spectra due to ADT-TES-F in t-bu BTBTB were only slightly red-shifted and
broadened with respect to the ADT-TES-F spectra in solution, suggesting that at
ADT-TES-F concentrations of 2 mol % and below, the degree of intermolecular
interaction among ADT-TES-F molecules is significantly reduced (compared to
pristine ADT-TES-F films in Figure 2.7) and the ADT-TES-F is mostly behaving
as isolated molecules in the t-bu BTBTB host. PL spectra at 355 nm excitation of
the ADT-TES-F/t-bu BTBTB films also show quenching of the t-bu BTBTB PL
with increasing ADT-TES-F concentration. This behavior is indicative of energy
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transfer occurring from t-bu BTBTB to ADT-TES-F [63, 71].

PL Intensity (arb. u.)

1

Solution
0.02 mol %
2 mol %

0.5

0
400

500

600

700

Wavelength (nm)
Figure 2.8: Spectra of ADT-TES-F/t-bu BTBTB films at two concentrations
(D(2%) and D(0.02%)) under 355 nm excitation. Solution spectrum of ADTTES-F under 532 nm excitation is also shown.
Figure 2.9 shows PL decays measured in ADT-TES-F solution and ADT-TESF and t-bu BTBTB drop cast pristine films. Also shown are the PL decay dynamics of the guest ADT-TES-F molecules in ADT-TES-F/t-bu BTBTB film (at
0.02 mol % ADT-TES-F concentration). While PL decays in solutions are singleexponential,[57] those in films are better described by a bi-exponential function,
A1 exp[−t/τ1 ] + A2 exp[−t/τ2 ] where τ1 and τ2 are shorter and longer lifetimes and
A1 and A2 are their relative amplitudes (A1 + A2 = 1), respectively.
The PL decays measured in the ADT-TES-F/t-bu BTBTB films, characterized
by an average time constant of 6.8-7.2 ns (calculated as a weighted average of τ1
and τ2 , τave = A1 τ1 +A2 τ2 ), were similar to that measured in ADT-TES-F in dilute
solution (9.4 ns). This supports our earlier observation that at low concentration of
ADT-TES-F in t-bu BTBTB, there is very weak intermolecular interaction between
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Figure 2.9: Normalized PL decays measured in solution of ADT-TES- F (), fitted
with a single-exponential function. Also shown are PL decay dynamics obtained
in polycrystalline films of ADT-TES-F () and t-bu BTBTB (◦). The films data
are fitted with a bi-exponential function which yield averaged lifetimes of 2.2 ns
and 1.1 ns for ADT-TES-F and t-bu BTBTB films, respectively. Also shown is the
data obtained from the ADT-TES-F/t-bu BTBTB film at 0.02 mol % of ADTTES-F fitted with a bi-exponential function with τavg of 7.2 ns (×). The instrument
response function (IRF) (N), with the full-width at half-maximum of ∼ 200 ps is
also included.
ADT-TES-F molecules, and there is no significant non-radiative relaxation due
to interactions between ADT-TES-F and t-bu BTBTB molecules. In contrast,
pristine ADT-TES-F (t-bu BTBTB) films exhibited an average lifetime of only
∼2.2 ns (1.1 ns), which is considerably shortened due to intermolecular interactions
that introduce efficient non-radiative decay pathways [57].

2.4.2 Photoresponse
Figure 2.10 shows dark current (a) and photocurrent (b) measured under 532 nm
and 355 nm photoexcitation of pristine t-bu BTBTB and guest-host ADT-TES-
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F/t-bu BTBTB films at 2 mol %, 0.2 mol %, and 0.02 mol % ADT-TES-F concentrations. The dark current significantly improved as the ADT-TES-F concentration
increased due to improved hole injection from Au electrodes (consistent with the
relative HOMO energies of the ADT-TES-F (5.35 eV) and t-bu BTBTB (5.75 eV)
with respect to the work function of Au at 5.1 eV) and due to charge transport
via ADT-TES-F molecules. At 532 nm excitation, no photocurrent was observed
in pristine t-bu BTBTB, which is expected since t-bu BTBTB does not absorb
at 532 nm. Upon addition of ADT-TES-F to t-bu BTBTB, the photocurrent
appeared and increased dramatically as the ADT-TES-F concentration increased
from 0.02 to 2 mol %. At 2 mol %, at light intensity of ∼15 mW/cm2 , the photocurrent was about two orders of magnitude higher than the dark current. It
is interesting to note that at 532 nm, the photocurrent would be solely due to
photoexcitation of ADT-TES-F, so charge transport must rely on the network of
ADT-TES-F molecules. In particular, it is unlikely to be due to charge propagation in the t-bu BTBTB, since it is energetically unfavorable for a charge carrier to
transfer from an ADT-TES-F to a t-bu BTBTB molecule. At our doping concentrations of 0.02-2 mol %, the estimated average distance between the ADT-TES-F
guest molecules varies from ∼15 nm (at 0.02 mol %) to ∼3 nm (at 2 mol %),
which are significantly larger than those typically used in molecularly doped polymers with charge transport via guest molecules [43]. This suggests that the wave
function of the guest molecule (i.e. of ADT-TES-F) may have a much larger extent as compared to that of molecular dopants utilized in typical polymeric systems
[43, 72]. Both dark and cw photocurrents obtained at our highest ADT-TES-F
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concentration of 2 mol % were, however, at least two orders of magnitude lower
than those measured in pristine ADT-TES-F films [57].

Figure 2.10: (a) Dark current of films of pristine t-bu BTBTB and in ADT-TESF/t-bu BTBTB films at 2 mol % and 0.02 mol % ADT-TES-F concentration. (b)
Photocurrent in ADT-TES-F/t-bu BTBTB films at three ADT-TES-F concentrations under 532 nm and 355 nm excitation. Also shown is photocurrent measured
in pristine t-bu BTBTB film at 355 nm excitation.
Under 355 nm excitation, several processes occur in the composite films, such as
direct excitation of both t-bu BTBTB host and ADT-TES-F guest, as well as the
energy transfer from t-bu BTBTB to ADT-TES-F. Significant photocurrent was
observed in all samples, exhibiting a considerable increase as the concentration of
ADT-TES-F increased, due to the establishment of a charge transport pathway via
ADT-TES-F molecules (in addition to that via t-bu BTBTB molecules). Interestingly, at 2 mol % concentration of ADT-TES-F in t-bu BTBTB, the photocurrent
at 355 nm was comparable to that at 532 nm, which suggests that at 355 nm excitation, some of the excitation is transferred to ADT-TES-F molecules via energy
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transfer from t-bu BTBTB (Figure 2.8), followed by charge transport similar to
that initiated by 532 nm excitation.

2.5 Concentration Dependence Studies
2.5.1 Spectral Measurements

Figure 2.11: Absorbance of P1 , B1 , and pristine ADT-TES-F films normalized by
their values at 553 nm and of P2 and of ADT-TES-F solution in toluene normalized
by their values at 528 nm. Dotted lines indicate dominant peak positions for the
pristine film and solution.
Figure 2.11 shows optical absorption spectra of ADT-TES-F molecules in dilute
toluene solution and in the P1 , P2 , and B1 samples, as well as pristine spin cast
ADT-TES-F films. The spectrum of isolated ADT-TES-F molecules exhibits a
0→0 transition at 528 nm with a width at half of the maximum (FWHM) of
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∼550 cm−1 and vibronic progression with a wavenumber of ∼1410 cm−1 which
corresponds to a to a C-C stretching mode [73]. As the guest concentration is
increased, effects of intermolecular interactions between ADT-TES-F molecules
start contributing to absorption spectra [74, 75]. In particular, a new absorption
band develops, which is red-shifted by ∼760 cm−1 (∼25 nm) with respect to 0→0
transition in solution. This suggests an increased conjugation path leading to
a higher degree of exciton delocalization [76]. For example, in the P2 film in
Figure 2.11, initial stages of a new band formation due to ADT-TES-F aggregates
are seen as a shoulder at ∼550-555 nm, which then develops into a well-resolved
peak in the P1 , B1 , and pristine ADT-TES-F samples, while spectral features
pertaining to non-interacting ADT-TES-F molecules disappear. The ADT-TES-F
aggregate absorption spectrum retains exciton-phonon coupling features of isolated
ADT-TES-F molecules, although most coupling occurs to a different vibrational
mode with a wavenumber of ∼1240 cm−1 with vibronic peaks broadened (FWHM
of ∼900 cm−1 and ∼1000 cm−1 in P1 and B1 , respectively) due to disorder and
coupling to additional vibrational modes, as compared to isolated ADT-TES-F
molecules [26, 31].
Figure 2.12 shows PL spectra, corrected for self-absorption, of P15 , B5 , P5 , P2 ,
B2 , and P1 films. In PMMA films at ADT-TES-F concentrations corresponding to
r > 5 nm, PL properties were similar to those of isolated (non-interacting) ADTTES-F molecules in solution: a dominant 0→0 transition at ∼535 nm followed by
a vibronic progression (e.g. P15 in Figure 2.12), single-exponential PL decays (e.g.
P10 in Fig.2(b)), and high PL quantum yields (QY) approaching 0.9. In similar
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Figure 2.12: PL spectra from P1 , P2 , P15 , B2 , and B5 films, normalized by their
peak values at 535-540 nm. Dotted lines indicate PL peak positions of noninteracting ADT-TES-F molecules and ADT-TES-F aggregates in a P1 film and
of non-interacting ADT-TES-F molecules in a B2 film.
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Figure 2.13: Normalized time-resolved PL decays in P10 , P3 , P1 , and pristine ADTTES-F films. Lines correspond to a single-exponential fit in P10 and bi-exponential
fits in other films. Instrument response function (IRF) is also included.
t-bu BTBTB films, the shape of the PL spectra was similar to that in PMMA
ones, except for a red shift by ∼180 cm−1 due to a difference in refractive indices
of PMMA and t-bu BTBTB. Upon increase of ADT-TES-F concentrations, a red-
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shifted PL band with a dominant peak at ∼585 nm appeared due to ADT-TES-F
aggregates. For example, in Figure 2.12, contributions both from non-interacting
ADT-TES-F molecules and from ADT-TES-F aggregates can be seen in the PL
spectra of P2 , B2 and P1 films.

Figure 2.14: PL spectra from pristine ADT-TES-F film plotted with the aggregate
PL spectra from P1 and B1 . Aggregate spectra from composite films are obtained
as described in the text.
The portions of the PL spectra resulting from aggregates in P1 and B1 films
is shown in Figure 2.14. These aggregate spectra were obtained by subtracting
out the portion of PL spectra due to non-interacting molecules (taken here as normalized PL spectra measured in P15 and B10 films for PMMA and t-bu BTBTB
films, respectively) from the total PL spectra. Spectra of the aggregates in the
P1 and B1 films, as well as in films with lower guest concentrations, were similar to those from a pristine ADT-TES-F film (also shown in Figure 2.14), which
suggests that the aggregates were of a similar nature in both host matrices and
in pristine films and that new morphologies of ADT-TES-F are not forming as a
result of differences in host matrix. The PL spectral changes upon aggregation
were accompanied by a change from a single-exponential with a lifetime of ∼10-
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13 ns to bi-exponential PL decays with lifetimes of ∼2-3 ns and ∼8-13 ns, with
a contribution of the shorter lifetime increasing as the concentration of the guest
molecule increased (Figure 2.13). For example, in P3 , P1 and pristine ADT-TES-F
films in Figure 2.13, the shorter lifetime, which we attribute to ADT-TES-F aggregates, was 2 ns, 2.6 ns, and 2.8 ns with relative weights of 0.44, 0.78, and 0.96,
respectively [66].
In order to really determine the degree of aggregation present in these samples,
the radiative lifetimes and PL QY of the aggregates are needed.

2.5.1.1 Estimating Radiative Lifetimes of Aggregates
We begin with the equation (2.3) for the radiative lifetime, τ0 derived by Strickler
and Berg and summarized by Pope [77, 76].
8π × 2303cn2
1
=
< ν̃ −3 >−1
τ0
NA

Z

(ν̃)
dν̃
ν̃

(2.3)

Where c is the speed of light, n is the index of refraction, and NA is Avagadro’s
Number and
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−3

R
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where f is the fluorescence spectrum.
Performing the integrals over spectral data yields
lated molecules and

1
τ0

1
τ0

= 3.26 × 103 max
agg for aggregates.

= 2.62 × 103 max
iso for iso-
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2.5.1.2 Aggregate PL Quantum Yields and max
We begin with the integrals over the isolated and aggregate photo luminescent
(PL) spectra, f (λ).
Z
Aiso =

Z
fiso (λ)dλAagg =

fagg (λ)dλ

(2.5)

Then we write
max
QYiso
Aiso
Ciso
= iso
×
×Υ
×
Aagg
max
Cagg QYagg
agg

(2.6)

where C is the concentration of isolated molecule or aggregate, QY is the PL
quantum yields and Υ is a conversion factor relating max to (λex ) at the excitation
wavelength.
For example, for the P1 film, Equation 2.6 becomes

0.62 =

0.89
28, 500 15
×
×
× 0.25
max
agg
85 QYagg

(2.7)

where max
iso = 28, 500 was calculated from the measured τ0 of 13.4 s and the
results from (2.3). QYiso = 0.89 and

Ciso
Cagg

=

15
85

were calculated from measured PL

lifetimes.
Finally, combining the results from Equation (2.3) and measured PL lifetime
information, we can write,
13.4ns
3.26 × 103 max
13.4ns
agg
=
=
agg
max
τ0
2.62 × 103 iso
3.3ns/QYagg

(2.8)
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Table 2.1: Degree of Aggregation Two Different Host Matrices
r
PMMA t-bu BTBTB
1 nm
80%
92%
66%
34%
2 nm
3 nm
48%
30%
Combining equations (2.7) and (2.8) then yields QYagg = 0.14 and max
agg =
12, 900.
From absorption and PL spectra of films, we calculated the radiative lifetime of
10.8 ns and PL QY of 0.24 in ADT-TES-F aggregates. Similarity between radiative
lifetimes of ADT-TES-F aggregates and of non-interacting ADT-TES-F molecules
(13.4 ns) suggests that aggregation provides non-radiative decay pathways which
reduce PL QYs without significantly impacting radiative processes [57].
The propensity for ADT-TES-F aggregation was significantly different in PMMA
and t-bu BTBTB hosts and is summarized in Table 2.1. While 92% of ADT-TESF molecules were in the aggregated state in a B1 film, the percentage of aggregated
molecules was only about 33% and 30% in B2 and B3 films, respectively. In contrast, 80%, 65% and 47% of ADT-TES-F molecules were in the aggregated state
in P1 , P2 and P3 films, respectively. This suggests that structural similarity of
ADT-TES-F guest and t-bu BTBTB host molecules provided effective dispersion
of the ADT-TES-F guest molecules in the host matrix until relatively high guest
concentrations, in contrast to ADT-TES-F in PMMA. In films with r ≥ 5 nm, the
percentage of aggregates was below 5% in both hosts.
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2.5.2 Effects of Sample Deposition on Aggregation
The method of sample deposition also affected the aggregate formation. Drop
casting and spin casting yielded different degrees of aggregation, particularly in
the very concentrated samples. PL spectra of ADT-TES-F added to PMMA in
spin and drop cast PMMA are shown in Fig. 2.15. P1 spectrum has been corrected
for self absorption, Pd1 has not. In P1 , the spectra consists of additive contributions
from isolated ADT-TES-F spectra and aggregate ADT-TES-F spectra. In Pd1 there
is no quantifiable contribution from isolated ADT-TES-F to the emission spectrum.

ADTTES-F

AD
TES T-F

P1

spin

P1

!"#$%&

drop

Isolated
ADT-TES-F

Figure 2.15: PL from a spin cast (P1 ) and drop cast (Pd1 ) PMMA film with ADTTES-F embedded in it at an average spacing of 1 nm. Isolated ADT-TES-F spectrum is also plotted for reference.
P1 exhibits a peaks at ∼585 nm which is attributed to the formation ADTTES-F aggregate similar to that in a spin cast film of pristine ADT-TES-F (Figure 2.6b)[78]. P1 als has a peak at ∼625 nm, which again is in common with the
spin cast pristine ADT-TES-F film. Pd1 has a peak at 593 nm which is likely the
same peak as the 585 nm peak seen in P1 under the influence of self absorption.
Also present in Pd1 are the peak at ∼625 nm which is present in all ADT-TES-F
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aggregate spectra shown, and a peak at ∼650 nm which is only present in the
drop cast ADT-TES-F pristine film (Figure 2.6a). The spectrum of Pd1 shows no
spectral evidence of isolated ADT-TES-F molecules. This suggests that in the
PMMA films, as in the pristine films, in the drop cast film, Pd1 , aggregation was
more complete than in the spin cast film, P1 .

2.5.3 Photocurrent Measurements
In addition to spectral measurements, the electrical response under illumination
was studied. Photocurrent is calculated as the response under illumination minus
the response in the dark. Figure 2.16(a) shows photocurrent under 532 nm excitation normalized by the number density of absorbed photons (Iph,n ) obtained
in various films. No photocurrent was observed upon excitation of pristine t-bu
BTBTB or PMMA films. Aggregate formation established via optical and PL measurements was correlated with an increase in the Iph,n due to increase in charge
carrier mobility in aggregates as compared to isolated guest molecules [79]. An
increase in percentage of aggregated molecules in the P2 (P1 ) with respect to the
P3 film led to a ∼5- (45-)fold increase in the Iph,n . B2 and B3 films, which had
similar percentages of aggregates, had similar values of Iph,n . These increased by a
factor of ∼70 in the B1 film that had a significantly higher percentage of aggregated
molecules. At lower concentrations of ADT-TES-F guest molecules (r≥3 nm), tbu BTBTB films outperformed the PMMA ones (Figure 2.16(b)), which could be
due to reduced disorder associated with a lower free volume in the t-bu BTBTB
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host as compared to PMMA, as well as due to additional conductive pathways
via t-bu BTBTB molecules [43]. The latter would contribute if holes photoexcited
on ADT-TES-F guest molecules overcame a ∼0.4 eV potential barrier between
HOMO levels of ADT-TES-F and t-bu BTBTB, enabling charge transport in the
t-bu BTBTB, as evidenced by a detectable photocurrent in a B10 film. In PMMA,
conduction path through host molecules is inefficient, resulting in no measurable
photocurrents in PMMA films at r≥5 nm under our experimental conditions.

2.5.4 Effects of Sample Deposition on Photocurrent Response
Electrical response is also dependent on sample deposition, primarily due to the
differences in aggregation formation between spin cast and drop cast films. Photoconductivity under cw 532 nm illumination from spin and drop cast pristine
ADT-TES-F and ADT-TES-F in PMMA host films is shown in Figure 2.17a. In
the case of the pristine films, the drop cast film is much thicker which leads to
a higher overall current amplitude. In the case of the PMMA host films, while
the drop cast film is similarly thicker than the spun cast film, the nature of the
aggregation is such that the spin cast film still shows a higher current amplitude.
Transport in ADT-TES-F under cw illumination is known to be of hopping
nature [62]. The reduction in current in Pd1 may be due to increased aggregation
this sample over P1 . If the aggregates are larger, then average spacing between
aggregates is longer (Fig. 2.17b). PMMA provides a large energy barrier for
charge transport, and so the larger distance will decrease hopping mobility between
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Figure 2.17: (a)Photoconductivity under 532 nm CW excitation of pristine drop
and spin cast pristine ADT-TES-F films in addition to Pd1 and P1 . Data on Pd1 , P1
and the spin cast pristine sample were taken under 15 mW/cm2 and data on the
drop cast pristine sample was taken under 0.58 mW/cm2 . (b) Schematic showing
different aggregation properties in spin and drop cast PMMA. Particular note
should be taken of the average distance between adjacent aggregates in each case.
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bu BTBTB host. Aggregates were characterized by red-shifted optical absorption
and PL spectra, as well as reduced PL QYs. Photocurrents dramatically increased
as the aggregate content increased due to considerably higher charge carrier mobility in the ADT-TES-F aggregates. At low ADT-TES-F guest concentrations,
t-bu BTBTB films exhibited significantly higher photocurrents than PMMA films
with same guest concentrations due to reduced disorder and additional conductive
pathways via host molecules.
Drop casting results a red shifted PL spectra and more complete aggregation
than spin casting both in pristine films and in PMMA hosts. In composite films of
different ADT derivatives, the aggregation properties affect the onset of interaction
between the different derivatives. Furthermore, the aggregation properties affect
the transport properties. Specifically, in ADT-TES-F in a PMMA host, the drop
cast film had a much lower photocurrent amplitude despite being thicker than the
the spin cast film.
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Chapter 3: Donor Acceptor Interactions

3.1 Introduction
Organic optoelectronic materials have shown promise in a wide range of applications, from display technologies to photovoltaics [55]. Additionally, solution processable materials, can be readily combined in composite systems. These composite systems can have optical and electronic properties which are drastically altered
[63]. Organic bulk heterojunctions have been utilized in solar cells, photorefractive
devices, and photodetectors [81, 82, 83]. Bulk heterojunctions are advantageous
due to enhanced charge carrier photogeneration occurring as a result of photoinduced electron transfer between the donor (D) and acceptor (A) molecules. Energy
transfer (such as Förster resonant energy transfer (FRET)), which also occurs in
D/A systems, is a competing process. FRET has been exploited in solar cells to
improve light harvesting and in organic light-emitting diodes (OLEDs) to enhance
emission efficiency and to control emission wavelength [84, 85] .
In the case of D/A systems, if the energy level off-sets between the D and A of
only a few tenths of an eV, exciplex states may form [86]. Exciplexes are a transient
species consisting of a D-A complex involving the excited state of the donor and
the ground state of the acceptor. They are characterized by long radiative decay
times and red-shifted photoluminescence (PL) spectra [38, 37]. The formation of
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exciplexes is well documented in a variety of polymer and small molecular weight
blends [87, 88, 89, 90]. Recently, exciplexes have generated significant interest due
to their role in charge photogeneration and recombination in solar cells and in
broad-band emission in OLEDs [40, 91, 86, 92, 93].
This chapter is organized as follows: Section 3.2 discusses the materials used in
these studies, Section 3.3 discusses sample preparation and experimental methods,
Section 3.4 covers FRET interactions in the materials under study and Section 3.5
discusses exciplex formation in composite films its the effects on photoresponse.
The findings presented in this chapter are summarized in Section 3.6

3.2 Materials
The fluorinated anthradithiophene (ADT) derivative functionalized with triethylsilylethynyl (TES) side groups, ADT-TES-F (Figure 3.1), exhibits charge carrier mobilities of >1.5

cm2
,
Vs

high photoconductivity, and strong PL in solution deposited

films [94, 60, 62, 57]. The addition of a different ADT derivative, ADT-TIPSCN (Figure 3.1), as a guest into a host of ADT-TES-F has been shown to have
dramatic effects on transient photocurrent dynamics and PL spectra, indicative
of photoexcited charge and/or energy transfer processes between ADT-TES-F (D)
and ADT-TIPS-CN (A) [63]. The exact nature of these processes was the focus of
the studies presented in this chapter. The interactions between ADT-TES-F and
ADT-TIPS-CN in these composite films include aggregation of both donor and
acceptor molecules, which the studies in Chapter 2 help us understand.
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Figure 3.1: Structures of ADT-TES-F and ADT-TIPS-CN molecules and their
HOMO/LUMO levels are shown. ADT-TES-F: R = F, R’ = TES. ADT-TIPSCN: R = CN, R’ = triisopropylsilylethynyl (TIPS).
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The systems also exhibit FRET due to a strong overlap of the donor emission
and acceptor absorption spectra (Figure 3.2), and possible exciplex formation due
to relatively small off-sets in the donor and acceptor energy levels (Figure 3.1)
[78]. As such, it is an interesting model system to investigate. In this chapter,
we establish conditions for FRET and exciplex formation in ADT-TES-F/ADTTIPS-CN systems and their contributions to (opto)electronic properties of ADTTES-F/ADT-TIPS-CN-based thin films.
The D and A molecules used in our studies are structurally similar, as opposed
to typical D-A pairs used in organic bulk heterojunction solar cells. As a result,
ADT-TES-F/ADT-TIPS-CN systems could represent a starting point for design
of functionalized D and A molecules with controlled HOMO-LUMO levels and
molecular packing.

Figure 3.2: Normalized absorbance of ADT-TIPS-CN and PL of ADT-TES-F in
dilute toluene solution. Shading highlights region of spectral overlap, important
for FRET.
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3.3 Experimental Details
3.3.1 Sample Preparation
In order to separately study the FRET and exciplex formation processes, we prepared spin coated thin films of the following: 1) a mixture of equal parts (50/50)
ADT-TES-F and ADT-TIPS-CN added in various concentrations to a PMMA matrix and 2) composites containing ADT-TIPS-CN added to ADT-TES-F in various
concentrations. Schematics of both sample types are shown in Figure 3.3.

Figure 3.3: Schematic of samples prepared for FRET studies and exciplex formation studies. Average spacings, r, in FRET samples are summarized in Table 3.1.

3.3.1.1 Samples for FRET Studies
For ADT-TES-F/ADT-TIPS-CN in PMMA samples, stock solutions of 2×10−2 M
ADT-TES-F and ADT-TIPS-CN were prepared in toluene. These solutions were
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Table 3.1: Concentrations and Average Spacings for ADT-TES-F/ADT-TIPS-CN
samples in PMMA
Sample
Molar
Average
Name
Molarity (M) Fraction (f ) Spacing (nm)
P(5.9 × 10−2 )
5.9 × 10−2
3.8
3.7
−2
−2
−1
P(1.3 × 10 )
1.3 × 10
8.3 × 10
6.2
P(4.8 × 10−3 )
4.8 × 10−3
3.0 × 10−1
8.7
−3
−3
−1
P(1.6 × 10 )
1.6 × 10
1.0 × 10
12.4
mixed, to attain a solution with 50% ADT-TES-F an 50% ADT-TIPS-CN. Appropriate amounts of this mixed solution was added to a 10−3 M stock solution
of poly(methyl methacrylate) (Polysciences, Inc. 75,000 M.W.) to achieve the desired concentrations. These solutions were then spin coated at 60 rpm for 50 s onto
clean glass substrates. Samples were prepared with concentrations of the 50/50
mixture of ADT-TES-F and ADT-TIPS-CN in PMMA ranging from 5.9×10−2 M
to 1.6×10−3 M. Samples of ADT-TES-F alone in PMMA were also prepared as a
control.
Samples in PMMA were prepared at total ADT-TES-F and ADT-TIPS-CN
concentrations ranging from 4.9 × 10−4 M to 5.9 × 10−2 M and are denoted as P(c),
where c is the concentration of ADT-TES-F/ADT-TIPS-CN mixture per PMMA
in molarity. The average spacings between the ADT-TES-F and ADT-TIPS-CN
molecules as calculated from concentrations are listed in Table 3.1. Average spacings were calculated according to Equation 2.1.
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3.3.1.2 Composite Samples
Composite samples (ADT-TIPS-CN guest molecules in the ADT-TES-F host) were
prepared in concentrations of 1.8 × 10−4 M to 1.8 × 10−1 M and are denoted as
C(c) where c is the concentration of ADT-TIPS-CN per ADT-TES-F in molarity.
Pristine ADT-TES-F and ADT-TIPS-CN films, were also prepared as controls.
For ADT-TES-F/ADT-TIPS-CN composite samples, several concentrations of
ADT-TES-F with ADT-TIPS-CN in toluene were prepared from stock solutions
of 3×10−2 M ADT-TES-F and 10−5 M ADT-TIPS-CN. Several drops were placed
on a glass substrate and allowed to partially dry before spinning at 4000 rpm for
50 s.
Additionally, a few drop cast samples were made. These are denoted Cd (c).
Drop cast samples were prepared by placing a few drops of stock solution onto a
glass substrate at ∼60◦ C.

3.3.2 Experimental Methods
PL spectra of PMMA films were measured at room temperature in a custom fluorescence measurement set up under 355 nm excitation from a cavity Q-switched
Nd:YAG at 44.6 kHz laser from Nanolase. A band pass filter with a width of 46 nm
centered at 533 nm was used to isolate only emission of the donor (ADT-TES-F).
PL spectra of composite films were measured at either 400 nm excitation from a
frequency-doubled Ti:Sapphire laser, 532 nm excitation from a frequency-doubled
Nd:YVO4 , or 633 nm excitation from a HeNe laser. Emission was collected via a
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direct fiber pick-up in a home built mount and sent to a fiber coupled spectrometer
(Ocean Optics USB2000) calibrated a against a 3100 K black-body emitter (see
Figure 2.4a).
PL lifetime measurements were taken under excitation from a frequency-doubled
Ti:Sapphire laser with a repetition rate of 93 MHz picked at 9.3 MHz using a
home-built pulse picker (based on a TeO2 acousto-optic modulator from Neos,
Inc.) with 80 fs pulses. A time-correlated single photon counter (TCSPC) board
(PicoQuant TimeHarp 200) was used with a single photon avalanche photodiode
(SPAD – Molecular Photonic Devices) for detection. The instrument response
function (IRF) (∼ 200 ps) was recorded using scattered light from an etched microscope slide (see Figure 2.4b).
For photocurrent measurements, films were prepared on glass substrates with
photolithographically deposited 5 nm/50 nm thick Cr/Au interdigitated electrode
pairs. Electrodes consisted of 10 pairs of 1 mm long fingers with 25 µm finger
width and 25 µm gaps (L) between the fingers of opposite electrodes (see Figure 2.3). The sample was placed in a custom built fixture and photoexcited from
the substrate side. For transient photocurrent measurements, a 355 nm 500 ps
1 µJ/cm2 excitation (cavity Q-switched Nd:YAG laser from Nanolase) was used.
Voltage (V) of 300 V, corresponding to an average electric field of E = V/L =
1.2 × 105 V/cm, was applied to the samples using a Keithley 237 source-measure
unit, and transient photocurrent was measured using either a 50 GHz digital sampling oscilloscope (CSA8200/Tek80E01) or DSO6032A. The time resolution was
about 500 ps, limited by the laser pulse width. Cw photocurrent dynamics were
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measured in the same samples at 532 nm (frequency-doubled Nd:YVO4 from Coherent, Inc.) 15 mW/cm2 photoexcitation, using a Keithley 237 source-measure
unit.
All experiments were carried out in air. No effects of degradation or photobleaching were observed under experimental conditions used in our measurements
[65].

3.3.3 Spectral Fitting
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Figure 3.4: PL spectra of C(3.6×10−3 ) with peak identifications based on Table 3.2
An example of the multipeak fitting used for PL spectral analysis is shown in
Figure 3.4 for the sample C(9.4 × 10−4 ). Fitting was performed with an implementation of Levenberg-Marquardt in Igor Pro. Gaussian functions with a vertical
offset were used. Section 2.3.3 contains details of the fitting procedures. In ad-
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Table 3.2: PL spectral peak catalogue
Approximate
Wavelength (nm)
Source
536
ADT-TES-F isolated molecule
585
ADT-TES-F aggregate
591
ADT-TIPS-CN isolated molecule
ADT-TES-F aggregate
655
668 ADT-TES-F/ADT-TIPS-CN complex
ADT-TES-F aggregate
695
721
ADT-TIPS-CN aggregate
ADT-TIPS-CN aggregate
752
dition to PL spectra from various pristine ADT-TES-F and ADT-TIPS-CN films
and solutions, fitting was performed on spectra from composite films of ADT-TESF/ADT-TIPS-CN. A brief catalogue of peaks identified from this fitting is reported
in Table 3.2. Peak identifications based on Table 3.2 are also shown.

3.4 FRET Studies
FRET is a non-radiative energy transfer process from a donor molecule to an
acceptor. The donor is excited and the excitation is transferred to the acceptor
via a dipole-dipole interaction process. There is no intermediate photon necessary.
Energy transfer via donor emission and acceptor reabsorption are possible as well.
However, these processes depend on concentration and distribution of acceptor
as well as sample size and geometry and so are of less interest than FRET [28].
FRET has a strong dependence on donor-acceptor separation (scales as R6 ), and as
such is commonly used in sensors, biological imaging as a molecular ruler, allowing
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measurements of distances on the nanometer scale [95].

3.4.1 FRET Radius
The strength of the FRET interaction, and thus the spatial scale over which FRET
occurs is determined by the spectral overlap between the fluorescence spectrum of
the donor and the absorption spectra of the acceptor (Figure 3.2). The FRET
radius is defined as the distance at which the energy transfer occurs with 50%
efficiency.
The theoretical FRET radius for energy transfer from ADT-TES-F to ADTTIPS-CN is calculated according to

R06 =

9ln(10) κ2 Φpl
J
128π 5 NA n4

(3.1)

where J is the overlap integral
Z
J=

∞

Fd (λ)a (λ)λ4 dλ,

(3.2)

0

n is the index of refraction of the host material, in this case, poly(methyl
methacrylate) (PMMA), Φpl is the PL quantum yield of the donor, NA is Avogadro’s number, Fd (λ) is the normalized fluorescence spectrum of the donor, a (λ)
is the extinction coefficient of the acceptor as a function of wavelength, and κ is
p
the dipole orientation factor. It is taken to be κ2 = 0.845 2/3 for fixed, randomly
oriented dipoles [33]. A normalized PL spectrum of isolated (dilute toluene solu-
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tion) ADT-TES-F and absorption spectrum of isolated ADT-TIPS-CN are shown
in Figure 1. Φpl and a were estimated based on data in previously published
work [57, 78]. The total calculation yields an estimate for the Förster radius of
R0 = 4.8 nm for energy transfer from isolated ADT-TES-F to isolated ADT-TIPSCN.

3.4.2 ADT-TESF/ADT-TIPS-CN in PMMA
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Figure 3.5: PL spectra of 50/50 mixtures of ADT-TES-F (D) and ADT-TIPS-CN
(A) in PMMA films, normalized at 577 nm to illustrate energy transfer. Inset
shows a decrease in the donor PL as the concentration of ADT-TIPS-CN increases
due to FRET.
PL spectra from ADT-TES-F (D) and ADT-TIPS-CN (A) embedded in a
PMMA host are shown in Figure 3.5. The inset of Figure 3.5 shows an expanded
view of the donor emission. As the concentration of the ADT-TES-F/ADT-TIPS-
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CN mixture increased, corresponding to a smaller D-A distance, the donor emission
was quenched, while that of the acceptor increased, which suggests FRET. Multipeak fitting showed that, in all but the most concentrated sample, P(5.9 × 10−2 ),
the PL spectra can be accounted for entirely with isolated spectra from the donor
and acceptor and that no aggregate effects are present. The FRET radius for energy transfer, calculated to be R0 = 4.8 nm, corresponds to a concentration, c, of
2.8×10−2 M. This is consistent with the trends exhibited by PL data in Figure 3.5.
In P(5.9 × 10−2 ), additional spectral features appeared at above ∼640 nm. These
are attributed to the donor and acceptor aggregate emission. This emission is
broadened and red-shifted with respect to that of the isolated donor and acceptor
molecules. The type and onset of aggregation is consistent with the work presented
in Chapter 2 which show a strong onset of aggregate effects at this concentration.

Figure 3.6: Weighted average of PL lifetimes of the donor in PMMA films as a
function of total concentration c in D/A and in donor-only PMMA films. Lifetime of 12.1 ns, which corresponds to the isolated donor molecules in PMMA is
indicated. Vertical line marks the concentration corresponding to the calculated
FRET radius R0 of 4.8 nm.
Changes in the PL spectra were accompanied by changes in PL lifetimes. At low
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concentrations of ADT-TES-F/ADT-TIPS-CN in PMMA (large D-A distances),
decays of the donor emission were single exponential, with the donor lifetime approaching that of isolated ADT-TES-F in PMMA which is ∼12.1 ns (Figure 3.6)
[78, 57]. As the concentration increased, the donor PL decay became faster due to
FRET [28]. At higher concentrations, the decays became bi-exponential and yet
faster due to aggregate effects [78]. For samples exhibiting bi-exponential decays,
P(5.9 × 10−2 ) and P(1.3 × 10−2 ), the weighted average of the two lifetimes obtained
from bi-exponential fits is plotted in Figure 3.6.
The lifetimes exhibit shortening to aggregation effects as well as due to FRET.
Figure 3.6 also includes lifetimes from ADT-TES-F alone in PMMA. The shortening of the lifetimes due to aggregation effects alone had a considerably weaker
concentration dependence as compared to that due to FRET. For example, in
P(5.9 × 10−2 ), the lifetime of the ADT-TES-F donor in the ADT-TES-F/ADTTIPS-CN/PMMA system was a factor of ∼6 shorter than that of the ADT-TES-F
alone at the same concentration in PMMA.

3.5 ADT-TES-F/ADT-TIPS-CN Composite Films
3.5.1 Spectral Response of Composite Films
In the composite films, the ADT-TES-F and ADT-TIPS-CN molecules are in direct contact with each other, forming D/A interfaces throughout the film. Figure 3.7 shows PL spectra obtained under 355 nm excitation from composite sam-

64
ples C(3.6 × 10−4 ), C(3.6 × 10−3 ) and C(3.6 × 10−2 ) as well as from pristine films of
ADT-TES-F and ADT-TIPS-CN. Upon addition of the ADT-TIPS-CN to ADTTES-F, the ADT-TES-F emission was strongly suppressed. At an ADT-TIPS-CN
concentration of 3.6 × 10−4 M, multipeak fitting of the PL spectrum revealed that
only ∼32 % of the total emission was from ADT-TES-F aggregates (similar to
those in pristine ADT-TES-F films; see Table 3.2) [78, 96]. The remaining ∼68 %
was due to a new band, centered at ∼668 nm, which could not be accounted for
from either aggregate or isolated molecule spectra of either species. Upon increase
in the ADT-TIPS-CN concentration, the ∼668 nm peak (which corresponds to an
energy of 1.86 eV) continued to dominate the total PL emission of the composite samples, accounting for ∼59 % and 55 % emission in the C(3.6 × 10−3 ) and
C(3.6 × 10−2 ) samples, respectively. The remaining ∼41 % and 45 % of the total
emission in these samples originated from ADT-TIPS-CN aggregates (Table 3.2).
Percentages were determined from the area under the various peaks as found from
the spectral fitting. The energy of 1.86 eV, corresponding to the new band in
PL, matches the difference between the HOMO level of ADT-TES-F (D) and the
LUMO level of ADT-TIPS-CN (A) (inset of Figure 3.1).
Absorption spectra from samples with ADT-TIPS-CN concentrations of up to
1.8×10−1 M showed only additive contributions from ADT-TES-F and ADT-TIPSCN pristine film behaviors. This suggests that the complex which emits at 668 nm
is an excited state species rather than a ground state complex, in particular, an
exciplex formed between ADT-TES-F in the ground state and photoexcited ADTTIPS-CN. Dominant exciplex emission was observed in the composite samples
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Figure 3.7: PL spectra of ADT-TES-F/ADT-TIPS-CN composite films with varying concentrations of ADT-TIPS-CN. PL spectra of pristine ADT-TES-F and
ADT-TIPS-CN films are included.
under both 532 nm and 633 nm illumination. 532 nm excitation predominantly
excited the ADT-TES-F and 633 nm excitation predominately excited the ADTTIPS-CN. This indicates that the exciplex can be formed through the excitation
of either the donor or the acceptor.
In addition to spectral measurements, PL decays were investigated. PL lifetimes measured in composite samples shown in Figure 3.8 exhibit the emergence
of a ∼19-22 ns lifetime upon addition of the ADT-TIPS-CN to ADT-TES-F. This
is longer than the PL lifetimes for either ADT-TES-F (aggregate:∼2-3 ns, isolated molecule:∼10-13 ns) [78] or ADT-TIPS-CN (aggregate:∼0.2-1.7 ns, isolated
molecule:∼13-16 ns)[57], which confirms exciplex formation in these composites
[97].
The onset of exciplex formation in composite samples depended on how the
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Figure 3.8: Normalized PL decays measured in the composite films. Instrument
response function (IRF) is also shown. PL decays of pristine ADT-TES-F and
ADT-TIPS-CN films are included.
sample was formed, specifically, whether it was drop cast or spin cast. In C(3.6×10−4 M),
Cd (3.6×10−2 M), and C(3.6×10−2 M), the exciplex peak at ∼670 nm peak dominates the spectra. The ∼670 nm peak accounts for 68% of the total emission in
C(3.6×10−4 M), 47% in Cd (3.6×10−2 M), and 55% in C(3.6×10−2 M). Cd (3.6×10−4 M)
shows no quantifiable emission at ∼670 nm. At both concentrations, the percentage of the emission due to the exciplex is higher in the spin cast film than the drop
cast. At 3.6×10−4 M, the exciplex emission is already strong in the spin cast film
and is not present in the drop cast film. This is consistent with the formation of
larger aggregates in drop cast films over spin cast films as discussed in Chapter
2. Larger areas of aggregation reduce the available surface area for interaction
between donor and acceptor. See schematic in Figure 3.9b.
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Figure 3.9: (a) PL from spin cast ADT-TES-F/ADT-TIPS-CN composite samples at two different concentrations, C(3.6×10−4 M) and C(3.6×10−2 M), and
drop cast composite samples at the same concentrations, Cd (3.6×10−2 M) and
Cd (3.6×10−2 M). (b) Schematic showing different size aggregates formed in drop
and spin casted ADT-TES-F films. In the spin cast film the area of interaction
between donor and acceptor is much higher than in the drop cast film.

3.5.2 Photoresponse of Composite Films
In order to establish effects of exciplex formation on photoexcited charge carrier
dynamics, we measured photocurrents under pulsed and continuous wave (cw)
photoexcitation in the composite films. Transient photocurrents (Iph ) obtained in
pristine ADT-TES-F, C(3.6×10−3 ), and C(3.6×10−2 ) films upon 355 nm 1 µJ/cm2
500 ps pulsed excitation at the applied electric field of 1.2 × 105 V/cm are shown
in Figure 3.10.
In pristine ADT-TES-F films, fast (sub-500 ps, limited by the laser pulse
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Figure 3.10: Transient photocurrents, normalized by their values at the peak at
t=0, obtained in pristine ADT-TES-F and ADT-TES-F/ADT-TIPS-CN (C(3.6 ×
10−3 )and C(3.6 × 10−2 )) films under 355 nm 500 ps pulsed excitation. Inset shows
photocurrents, normalized by their values at t = 40 s, measured in pristine ADTTES-F and C(3.6 × 10−2 ) films under cw 532 nm excitation. At t = 0 s (40 s), the
light is turned on (off).
width) charge carrier photogeneration was observed, consistent with previous studies [62, 63, 57]. The peak amplitude (at t = 0 in Figure 3.10) was ∼40 µA. After
a fast initial decay of the photocurrent, a slow component due to dispersive transport, described by a power-law function Iph ∼ t−β (with β = 0.16 in the film in
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Figure 3.10), persisted to at least microsecond time scales. In the composite samples C(3.6 × 10−3 ) and C(3.6 × 10−2 ), in which efficient exciplex formation was
confirmed by the PL data, the peak amplitude at t = 0 was reduced by ∼27 %
and 53 %, respectively, which is in part due to changes in film morphology upon
addition of the ADT-TIPS-CN and in part due to reduction in the density of
charge carriers photogenerated at sub-500 ps time scales [62, 57, 63, 69]. In the
C(3.6 × 10−3 ) sample, the photocurrent dynamics were similar to those in the pristine ADT-TES-F film at times below ∼5 ns after excitation, after which a slower
decay persisted, characterized by a power-law function with an exponent β of 0.032.
In the C(3.6 × 10−2 ) sample, an additional slow component of charge photogeneration was observed, which resulted in an increase in photocurrent at ns time scales,
with a peak response occurring at ∼20 ns after excitation. Photocurrents from
pristine ADT-TIPS-CN films under similar conditions were at least three orders
of magnitude lower than those from pristine ADT-TES-F films. Therefore, the
contribution of dissociated ADT-TIPS-CN excitons, created either via direct excitation of ADT-TIPS-CN or via excitation of ADT-TES-F followed by FRET, to
the photocurrent in ADT-TES-F/ADT-TIPS-CN composites is negligible. Thus,
the most likely source of charge carriers contributing to charge photogeneration at
ns time scales is the dissociated ADT-TES-F/ADT-TIPS-CN exciplex. Similarity
between the time-scales of the slower component of the charge carrier photogeneration in the C(3.6×10−2 ) sample (3.10) and of the exciplex PL decay (Figure 3.7b)
supports this conclusion. In the C(3.6×10−2 ) sample, the carriers originating from
the exciplex contributed ∼5 % of the total transient photocurrent amplitude. At

70
higher ADT-TIPS-CN concentrations, larger contributions from exciplex dissociation into the transient photocurrent were observed (e.g. ∼30 % in the C(1.8×10−1 )
sample in Reference [63]). At time scales above ∼20 ns, a slow power-law photocurrent decay with β = 0.026 was measured in the C(3.6 × 10−2 ) sample. The
drastic slowing down of the photocurrent decay upon addition of the ADT-TIPSCN to the ADT-TES-F host is due to inhibited charge carrier recombination in
the composite samples. This occurs due to efficient trapping of the electron by the
ADT-TIPS-CN, enabling the hole to freely propagate in the ADT-TES-F host.
Similar trends in charge carrier dynamics were observed on the time scales of tens
of seconds after photoexcitation, in the photocurrent measured under cw 532 nm
illumination. In composites, reduced amplitudes of the steady-state photocurrent
(e.g. by ∼60 % in the C(3.6 × 10−2 ) sample) and significantly slower charge carrier
recombination (inset of Figure 3.10) were obtained, as compared to the pristine
ADT-TES-F film.
Figure 3.11 shows cw photocurrent response of S(3.6×10−2 M) under 15 mW/cm2
532 nm and 633 nm excitation. 633 nm excitation primarily excites the acceptor, and still results in exciplex PL emission, where as 532 nm excitation excites
both donor and acceptor. The dissociation of the exciplex contributes to the photocurrent in both cases, however under 532 nm excitation, ADT-TES-F is directly
excited and contributes directly to conduction. Under 633 nm excitation, the
photocurrent is primarily due to the formation of the exciplex, as pristine ADTTIPS-CN films have a photoresponse approximately two orders of magnitude below
that of pristine ADT-TES-F films [57].

Photocurrent (arb.u.)
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Figure 3.11: Photoconductivity of C(3.6×10−2 M) under 15 mW/cm2 532 nm and
600 nm CW excitation. Inset shows dynamics under the two wavelengths, with
illumination being turned on at 20 s and off at 60 s.
The inset of Figure 3.11 shows dynamics under 15 mW/cm2 cw illumination at
532 nm and 633 nm. The laser was turned on at 20 s and off at 60 s. Under both
wavelengths, the dynamics are essentially the same, indicating that whatever differences in charge carrier generation processes exist between these two wavelengths
do not have a large effect on charge carrier dynamics on the order of tens of seconds. This suggests that exciplexes formed from initial excitation of the donor are
equivalent to exciplexes formed via initial excitation of the acceptor.

3.6 Conclusions
Figure 3.12 illustrates a summary of the donor-acceptor interactions presented in
this chapters. When the D-A distance is large, FRET dominates the interaction.
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As the D-A distance shrinks as in composite films, an exciplex forms. This exciplex
can decay radiatively, emitting in a band which is not present in either the donor
or acceptor spectra. If a voltage is applied, this exciplex contributes to the charge
carrier generation, drastically altering the charge carrier dynamics on time scales
from nanosecond up to tens of seconds.

Figure 3.12: Summary of donor-acceptor interactions studied.
In summary, ADT-TES-F and ADT-TIPS-CN molecules embedded in a PMMA
matrix form a D/A FRET pair with a Förster radius R0 of 4.8 nm. In ADT-TESF/ADT-TIPS-CN composite films, containing the bulk D/A heterojunctions, the
dominant D/A interaction is an exciplex formation. PL emission from the exciplex, peaked at ∼668 nm, dominated PL spectra of the composites. Although the
exciplex contributed to charge carrier photogeneration at nanosecond time scales,
the overall effect of ADT-TIPS-CN addition to the ADT-TES-F host was detrimental to the photoresponse amplitude. Larger energy offsets between the donor
and acceptor molecules would be necessary to improve charge photogeneration efficiency. However, significantly slower charge carrier recombination in ADT-TES-
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F/ADT-TIPS-CN composites, as compared to pristine ADT-TES-F films, could
be beneficial for applications requiring effective storage of photogenerated charge
carriers such as bistable optical switches, photodetectors, and image storage devices. By varying relative concentrations of the ADT-TES-F and ADT-TIPS-CN,
desired photocurrent dynamics can be obtained.
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Chapter 4: Single Molecule Studies

4.1 Introduction
Typical fluorescence measurements look at large ensembles of molecules. While
these measurements certainly yield useful spectroscopic and time dependent data,
the data collected are an average over are large sample size of molecules and important details of the of the photoresponse of a particular molecule may be lost
in the average. Single molecule studies, while still relying on statistics, allow for a
more detailed look at the behavior of individual molecules. Distributions can be
studied and contain more information than simply the mean [47].
Single emitters have come under wide application in the biological sciences.
Traditionally, the lateral resolution of far-field optical microscopy is defined by the
diffraction limit of the system, given by ∼ λ/(2N A) where λ is the wavelength
of light and N A = nsin(θa ) is the numerical aperture of the objective. n is the
index of refraction in the relevant media and θa is the half-angle of the cone which
can enter or exit the objective. This has a limit of ∼ λ/2n for an objective which
collects light with θa = 90◦ . Increasing the numerical aperture of the objective can
make some gains in resolution, but θa has a practical limit of about 72◦ [98]. For
biological samples, where the index of refraction is often that of water (∼1.33),
under a typical illumination wavelength of 500 nm this yields a resolution of about
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200 nm. If an oil objective with NA higher than 1.33 is used, say, a typical 1.4
NA objective designed for use with immersion oil and glass of n ≈ 1.5, significant
spherical aberration can occur [98]. Biological features of interest range from the
µm to the nm scale. In order to study small features, improved resolution is highly
desirable. Reducing the wavelength of light can improve the resolution somewhat,
but risks damaging biological samples.
If neither the index of refraction nor the wavelength of light can be appreciably
changed, enlarging θa becomes the apparent way to improve resolution. Several
techniques based around engineering the point spread function have been developed
to try and improve resolution. The point spread function is the response of an
imaging system to a point source.

4π microscopy uses two objectives aimed at

each other along the optical axis and focused to the same geometric location to
attempt to generate a spherical focal volume (thus the 4π moniker). 4π microscopy
relies on the interference between excitation and/or emission depending on the
type of 4π implementation. Ensuring interference requires careful attention to the
coherence of both excitation and emission paths and carefully matched optics. It
can however improve the diffraction limit to ∼ λ/4n, yielding three dimensional
resolutions on the order of ∼100 nm and has been used to study a wide range of
biological systems [99].
Resolutions on the order of ∼40 nm have been achieved by pairing a 4π microscopy configuration with STimulated Emission Depletion (STED) [100]. In
STED, a sample is tagged with a fluorophore and two wavelengths are used. One
wavelength is tuned to achieve stimulated emission in the fluorophore of interest.
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This beam is also modulated spatially, often into an annular shape. The sample
is excited in the center of this annulus with a blue-shifted beam tuned to excite
fluorescence, and then very shortly thereafter, hit with the beam tuned for stimulated emission. If the time delay is shorter than the fluorescence lifetime of the
fluorophore (typically ∼1-10 ns), then the red-shifted beam will deplete the excited
population in the annular region and the fluorescence will only appear in the center
region [101].
Both 4π and STED microscopy are experimentally complex and still only
achieve resolutions on the order of tens of nanometers. Single emitters can be
used to achieve resolutions down to ∼2 nm [102, 103]. Fluorescence Imaging with
One Nanometer Accuracy (FIONA) is a technique based on localizing a single
fluorophore (generally attached to a sample of interest) and fitting its image with
a gaussian point spread function. FIONA requires fluorophores which are very
bright with low background and is generally implemented with a total internal reflection microscopy geometry (see Section 4.3). This geometry is limited to probing
samples within the penetration depth of the evanescent field (∼ λ/5 [104]) so the
types of samples which can be studied are limited. FIONA has the advantage of
being implemented primarily in software, the experimental setup is simply a TIR
microscopy system. FIONA has been used to determine the mechanics behind
biological molecular motors [105].
STochastic Optical Reconstruction Microscopy (STORM), PhotoActivated Localization Microscopy (PALM), and Fluorescence PhotoActivated Localization Microscopy (FPALM) imaging are two very similar techniques which rely on photo-
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switchable emitters [106, 103, 107]. STORM, FPALM, and PALM are largely
accomplished with post processing in software, but they can require an additional
light source. With photo switchable fluorophores, one wavelength excites fluorescence and then into a dark state. A second wavelength of light can then return
these fluorophores to a fluorescent state [106]. When looking at a sample tagged
with fluorophores, if this switching procedure is repeated many times, different
groups of fluorophores will be turned off and on together. Adding all of these images together gives a diffraction limited image, similar to what would be obtained
from a conventional microscopy technique [103]. However, examining each image
independently allows for individual fluorophores to be fit with a point spread function just as in FIONA. Just as with FIONA, these techniques require very bright
emitters, the brighter the emitter, the better the localization and so suffer from
the same limitations on sample depth.
Single molecule FRET, which depends upon the same interaction as outlined
in Chapter 3, is commonly employed as a so-called ‘molecular ruler’, since typical
FRET radii are on the order of a few nanometers. This technique can be used to
study protein interactions in detail. A donor and acceptor molecule are attached
to different points on a protein or proteins. When those points are far apart, the
donor emission is observed. As the protein(s) move and brings two two dyes closer
together, a shift to emission from the acceptor is observed [108, 109, 110].
In addition to biological studies, single molecules have proven to be useful tools
in studying other physical systems. Single molecule emitters have been used to
study charge transfer states in systems ranging from crystalline environments to
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carefully constructed chromophore-bridge-electrode structures [111, 49]. In addition, measuring the polarization dependence of the fluorescence signal which can
identify the orientation of specific molecules. They have been used to study the
detailed structures of various polymer and crystalline systems. References [46] and
[112] provide nice reviews of single molecules in condensed matter systems.
This chapter discusses the development of a single molecule microscopy system
and presents single molecule studies on functionalized anthradithiophene (ADTTES-F, see Figure 2.1) and pentacene materials, two groups of materials not previously studied at the single molecule level. It also discusses the implementation of
a new polycrystalline, photoconductive, solution processable host matrix for single
molecule studies, a benzothiophene derivative (t-bu BTBTB, previously discussed
in Chapter 2 and shown in Figure 2.1).
The chapter is organized as follows: Section 4.2 gives an overview of the basic
experimental set up. Section 4.3 discusses a number of experimental considerations which much be addressed when working with single molecules and outlines
important control procedures. Section 4.4 discusses figures of merit and some basic
photophysics for single molecule fluorophores. The software that was developed to
process the data is outlined in Section 4.5. Section 4.6 discusses preliminary studies
on an anthradithiophene derivative. Section 4.7.1 discusses orientational studies
on pentacene derivatives and Section 4.8 discusses blinking studies on pentacene
derivatives. Section 4.9 summarizes the studies presented in this chapter.
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4.2 Experimental Set-Up
Figure 4.1 shows a schematic of the basic experimental set-up. The illumination
source as shown represents a 532 nm Nd:YVO4 cw source but can also be a 633 nm
light from a HeNe laser. The excitation wavelength is chosen based on the absorption of the fluorophore of interest. The excitation light is coupled into an inverted
microscope (Olympus IX-71) through a lens placed such that the light is focused
on the back plane of the objective, typically an Olympus UPLSAPO 100X (an
∞ corrected, NA 1.4, oil objective). A dichroic mirror redirects the excitation
light to the sample, and allows the fluorescence from the sample to pass through.
Because the excitation light is focused on the back plane of the objective, it exits
the objective collimated. The illuminated area has a diameter of approximately
50 µm using the 100X objective.
A typical sample consists of the fluorophore of interest embedded in a thin film
of a host matrix which has been deposited on a glass coverslip. The excitation light
excites the fluorophores and not the host matrix. Fluorescence from individual
fluorophores is then collected by the objective, passed through the dichroic and an
additional emission filter to remove any residual light at the excitation wavelength
and then imaged onto an Electron Multiplying Charge Coupled Device (EMCCD)
camera, a back illuminated Andor iXon DU-897. Data is collected from the Andor
camera and processed in a home written software package which is described below
(Section 4.5).
Details of sample preparation, experimental controls and methods to address

80

Figure 4.1: Schematic of the basic experimental set-up for single molecule measurements. 532 nm excitation is shown, but 633 nm is also possible.
the challenges of single molecule studies are discussed in the next section.

4.3 Experimental Considerations and Control Procedures
Imaging the fluorescence from a single molecule presents a host of experimental
challenges. First we must ensure that we are illuminating and imaging only a
single molecule, second, we must do this with sufficient signal to overcome the
background noise. There are several techniques to do this.
Ensuring the illumination and imaging of only a single molecule is achieved
primarily through using very low concentration samples. For example, in the
studies presented below, a typical sample might be a poly (methyl methacrylate)
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(PMMA) sample spun out of a 1% wt/wt solution in toluene at 3000 rpm. This
gives a film of approximately 25 nm in thickness [113]. The fluorophore of interest
is added to that initial solution at a concentration of ∼1×10−10 M. This yields an
approximate spacing between fluorophores (following Equation 2.1) of ∼5 µm. In
a 25 nm film, this gives a roughly two dimensional array of molecules which are
separated by ∼25 times the diffraction of limit of the system. So, in this dilute
sample, it is quite reasonable to be able to examine signal from one molecule at a
time.
Additional checks are done to ensure that individual molecules are being imaged. Each spot imaged is evaluated for a single photobleaching step and for
being a diffraction limited spot. In addition, the concentration of molecules and
film thickness can be used to estimate the number of molecules expected per area
imaged. This can then be compared to the actual data. Furthermore, the concentration of added fluorophore is varied by approximately a factor of two, and it is
verified whether or not the apparent concentration changes accordingly.
A single molecule shows a characteristic single photobleaching step. Under illumination, fluorophores exhibit a decay in their fluorescent signal due photobleaching. In bulk samples, this takes the form of an exponential decay (see Figure 4.7).
However, a single molecule can either be emitting or not emitting, it does not have
a continuous array of emission states, so photobleaching on the single molecule level
is exhibited as a single step from emissive to non-emissive as shown in Figure 4.8.
Mechanisms for photobleaching vary from fluorophore to fluorophore. For example, in water, Cy5, a commonly used fluorophore, photobleaches through at least
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three different metastable intermediate states. Some of these transitions require
oxygen, and some do not [114]. For example, since the ground state of oxygen is a
triplet state, it can readily interact with the triplet state of a fluorophore yielding
T1 + 3 O2 → S1 + 1 O2 . 1 O2 is highly reactive and can play a role in the destruction
of the fluorophore [115]. Another commonly used fluorophore, Rhodamine 6G in
a polymer host (poly (vinyl alcohol)) undergoes a photobleaching process which
involves up to six intermediate states, including the first triplet state [116]. Many
photobleaching pathways are strongly oxygen dependent [48, 117]. Though some
photobleaching processes, like Rhodamine 6G in PMMA have a dependence on
excitation intensity when under vacuum, suggesting a multi photon process may
be at work [118].
In our materials, we believe it to be primarily an oxidation process. We conducted a brief study of a semi-bulk sample. We prepared a sample of ADT-TES-F
(see Section 2.2) at a concentration of ∼10−3 molar fraction in PMMA (Polysciences, Inc. 75,000 MW). Based on aggregation studies presented in Chapter 2,
there should have been no molecular interaction between ADT-TES-F molecules at
that concentration, but the concentration and therefore signal was high enough for
bulk detection of fluorescence in the vacuum chamber. The sample was then placed
under vacuum and showed photostability over many hours, where a sample produced in the same matter, under the same illumination in atmospheric conditions
bleached to at least a 1/e level in a matter of minutes.
If we are certain we are only imaging one individual molecule at a time, it
is necessary to acquire enough signal from this single emitter to overcome back-
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ground noise. Background noise can arise from noise in the detector itself, scatter
off the surrounding matrix and leakage through optical filters, as well as from
autofluorescence or impurities in the substrate, matrix, immersion oil or optical
filters used for imaging. In order to ensure the best possible signal to noise ratio,
our chosen fluorophore must be sufficiently fluorescent and long-lived. In addition,
substrates must be sufficiently clean, the host matrix material must be sufficiently
pure, and the immersion oil and optical filters sufficiently non-fluorescent. The
latter two conditions are easily satisfied by choosing appropriate materials. High
quality optical filters with low autofluorescence can be selected and low fluorescence immersion oil can be used. For the experiments detailed below, Cargille
grade DF immersion oil was selected. It is a low fluorescence oil with viscosity
sufficient to make it easy to work with. A lower fluorescence oil, Cargille HF
grade, was investigated and found to be of low viscosity which made it harder to
use and no significant differences were observed between the two grades under our
experimental conditions.
Addressing background noise issues from substrate and host matrix can be
done in several ways. One common way is to use confocal imaging or total internal
reflection imaging geometries. In a confocal geometry, only a very small, diffraction limited focal volume is illuminated. Therefore, background fluorescence from
the rest of the sample is limited. However, the strength of the confocal geometry is also its biggest limitation. A sample must be raster-scanned and only one
single molecule can be studied at a time, which makes confocal techniques slow.
Another geometry which is frequently used is total internal reflection microscopy
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(TIR). In TIR, fluorophores very close to the surface of the sample are excited via
the evanescent field resulting from total internal reflection of the exciting light off
the sample surface. The fast decay of the evanescent field with regard to depth
into the sample similarly limits the excitation of impurities or autofluorescence
which minimizes background noise. The final geometry, which is the geometry employed in the experiments described below is wide-field microscopy. In wide-field
microscopy, the illuminating light is focused onto the back plane of the objective so
that it exits the objective collimated. Wide-field illumination has the advantages
of being both high throughput, namely that tens of molecules can be imaged simultaneously, and experimentally simple. It is the simplest of the three geometries to
implement. However, it does result in the entire thickness and area of the sample
and substrate being illuminated and imaged and so presents the largest challenge
in terms of reducing background noise [104, 119].
With the larger illuminated and imaged area, sample purity becomes a very
important issue. Plasma etching is a very common way of cleaning substrates,
however, this technique was not available [120, 50, 121]. Over many months, I
developed a system for cleaning slides that is, in the end, both quite simple and
robust. There have been many iterations of this process, but the final protocol
works very well and is relatively simple. The detailed procedures are outlined
in Appendix A. In summary, it consists of four steps. 1) Slides are soaked for
24 hours in a detergent solution (Contrad 70). 2) Slides are sonicated in this
detergent solution for 40 minutes. 3) Slides are rinsed thoroughly with ionized
water. 4) Slides are dried under lab-grade nitrogen gas.
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Selection of a suitable host matrix and solvents is also important. For example,
PMMA from Sigma Aldrich proved contain too many impurities to be suitable for
single molecule studies. PMMA from Polysciences, Inc was sufficiently pure. Furthermore, solvents of sufficient purity must be used as well. HPLC grade solvents
are high purity designed for high performance liquid chromatography and have
proven to be suitable for single molecule sample preparation.
The clean slide, and the host matrix without any fluorophore is always imaged
to ensure purity. Again, refer to Appendix A for detailed procedures of sample
preparation and data collection.

4.3.1 Collection Efficiency Calibration
The collection efficiency of the system was calculated as ηcoll = ηQ Tang Topt Tf ilt ,
where Tang is the angular collection factor, Topt is the collection factor through
the microscope optics, Tf ilt is the transmission through the dichroic and emission
filters and ηQ is the quantum efficiency of our camera [50]. For PMMA films, the
index of refraction is 1.49. This is close enough to that of the glass coverslip and
index matched immersion oil that the index of refraction was neglected for PMMA
films. The index of refraction of t-bu BTBTB is not known, and therefore is not
included in the collection efficiency for samples taken in t-bu BTBTB. Typically,
index of refraction effects are concluded in Topt . For the data presented in this
chapter, they are not included at all, since PMMA is well enough index matched
and the index of refraction of t-bu BTBTB is not known.
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The collection efficiency, along with the A-to-D counts per electron sensitivity and electron multiplying gain settings were used to determine the number of
emitted photons from the measured number of counts. The A-to-D counts per
electron are dependent on various settings for the camera, and sensitivities for all
settings are provided by the camera manufacturer. The angular collection factor,
Tang is calculated assuming a spherically symmetric emitter. This is not a good
assumption for single molecules which are better represented as dipole emitters.
However, when it is averaged over hundreds of molecules, it provides a suitable
estimate.
Tang is calculated based on the collection angle of the objective. For our experiments, the objective has a numerical aperture of 1.4. According to N A = nsin(θa ),
for an index of refraction of 1.5, our collection angle is θa = 69◦ . If we consider
collection at θa over a solid angle from a spherical emitter, we get the simple solid
angle integral:
Z

2π

Z

θa

sinθdθdφ

Ω=
0

(4.1)

0

This result is then divided by 4π which is the solid angle subtended by a whole
sphere. The result is the percentage of light emitted by a spherical emitter which
is collected by the objective. For θa = 69◦ this comes out to 30%. This does not
take into account the transmission of the objective, which at relevant wavelengths
of 500-600 nm) is ∼82-86%. This is typically considered as part of Topt .
ηQ , Ttilt and Topt all have spectral components and will vary with each flu-
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orophore imaged. Tf ilt has the strongest spectral dependence and the overlap
between the chosen filters and the emission spectrum of fluorophore are considered.
For the fluorinated pentacene derivatives which are discussed below, the transmission of the objective was taken to be ∼0.76 for the wavelength range of 650800 nm. The remainder of the components in the microscope have a transmission
of ∼80% in the relevant wavelength range. These values were taken from manufacturer supplied data. This yields a total Topt of 0.608. Tang is 0.3 as discussed
above. Tf ilt is calculated according to
R
Tf ilt =

Tdich (λ)TLP (λ)f (λ)dλ
R
f λdλ

(4.2)

where Tdich and TLP are the transmission spectra of the dichroic and long pass
emission filters respectively and f (λ) is the fluorescence spectrum of the molecule of
interest. For the fluorinated pentacenes, with the filters used (Chroma z633rdc and
Chroma HQ645lp), this comes out to be 0.59. Multiplying these factors together,
we get a total collection efficiency, before the camera of, 10.7%.
The quantum efficiency of the camera (again taken from manufacturer supplied
data) in the wavelength range of interest is ∼0.85. This gives a total collection
efficiency of ∼9.1%.
Converting from camera counts to photons emitted requires one more step.
The collection efficiency thus far describes the percent of emitted photons which
result in electrons generated on the CCD. The camera used, however employs
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electron multiplying (EM) gain. The manufacturer supplied software interface
ensures accurate gain, such that if the EM gain is set at 100x, we get an actual 100x
gain. This means that for every electron generated by a photon, 100 are generated.
The analog-to-digital conversion rate within the camera is determined by amplifier
settings and is given in the manufacturer documentation for the camera. For
typical settings used, this A/D conversion rate is 12.68. So, for the fluorinated
pentacenes, we get an expression for the emitted photons,

photonsemit =

counts
12.68
×
.
0.091
EM Gain

(4.3)

4.4 Figures of Merit and Photophysics
Single molecule fluorophores have to be both sufficiently bright and sufficiently
long-lived in order to for us to study them. There are several material properties
that describe these characteristics.
Fluorescence Quantum Yield, represented by ΦF , and the absorption cross
section, σabs are both important in determining how bright a fluorophore is under
illumination, an important consideration when trying to overcome background
noise for imaging.
Photobleaching Quantum Yield (PBQY, or ΦB ) is a description of how long
a fluorophore lives before photobleaching. PBQY can be calculated from fluorescence decays measured in semi-bulk samples as described in Section 4.3 according to Equation 4.4, where nbleach is the number of molecules bleached, Nphot is
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the number of photons absorbed, Rphot is the photon absorption rate, σλ and Iλ
are the absorption cross section and intensity at the excitation wavelength (λ),
respectively. The time constant τb is determined by fitting the photobleaching
dynamics of different fluorophores with a bi-exponential function. The presence
of a bi-exponential fit is indicative of two populations of fluorophores undergoing
two different photobleaching processes [122]. A weighted average of the fitted time
constants is used to arrive at τb [50].

ΦB =

nbleach
1
1
=
=
λ
Nphot
τb Rphot
τb σλ Iλ ( hc
)

(4.4)

The information contained in both ΦF and ΦB can also be presented in terms of
the total photons emitted by a fluorophore over its lifetime, Ntot . This parameter
is independent of excitation intensity. ‘Good’ single molecule fluorophores have
a Ntot on the order of ∼106 . A bulk estimate of Ntot , the average total photons
emitted by a single fluorophore, can be calculated from the inverse of ΦB as in
Equation 4.5, where ΦF is the PL quantum yield [50]. Ntot can also be measured
from single molecule data by integrating the photons emitted over a fluorophore’s
lifetime.

Ntot =

ΦF
ΦB

(4.5)

Values measured for the materials used in the studies presented below are summarized in Table 4.5. Fluorescence quantum yields for the materials improve in
PMMA due primarily to a reduction in free-volume effects [30, 123]. The pho-
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tobleaching quantum yields reported were determined via measurements on semibulk samples as described above. The Ntot values are averages over hundreds
or thousands of single molecule fluorophores of each species. They are integrated
counts over the lifetime of the molecule converted to emitted photons via the collecλexc
tion efficiency calculations described above. σabs
was measured in a dilute toluene

solution as described in Section 2.3.2.1. Absorption at λexc = 532 nm is reported
for ADT-TES-F and λexc = 633 nm is reported for the fluorinated, functionalized
pentacenes denoted as Pn-F8-R where R is a variable side group. The pentacenes
are the subject of both single molecule orientational and blinking studies and are
described further in Section 4.7.

ΦF
(PMMA)
0.89
0.67
0.82
0.80

ΦB
(PMMA)
1.1×10−6
3.6×10−6
1.9×10−6
5.6×10−6

ΦB
(t-bu BTBTB)
4.7×10−7
1.3×10−7
1.4×10−7
2.8×10−7

Ntot
(PMMA)
6.2×105
2.6×105
4.1×105
3.4×105

Table 4.1: Summary of Photophysical Properties
Ntot
(t-bu BTBTB)
–
2.1×105
1.5×105
9.4×105

Ntot
(PMMA, semi-bulk)
7.6×105
1.9×105
4.3×105
1.4×105

ΦF of the pentacenes in a dilute toluene solution were measured against a commercial fluorophore, Alexa 647, in a
PBS buffer. ΦF in PMMA was calculated from ΦF in a dilute toluene solution and measured PL lifetimes in
solution and in a semi-bulk PMMA host. ΦF in t-bu BTBTB was not measured because the pulsed excitation
source used to measure lifetimes excited the t-bu BTBTB host. Extracting the lifetime of the guest fluorophore
was not possible. For estimates in t-bu BTBTB, ΦF in PMMA was used. Values for ADT-TES-F are taken from
[57] and [65]. Values for Ntot are based on single molecule measurements. Values for Ntot denoted as semi-bulk are
calculated from semi-bulk measurements according to Equation 4.5.

Fluorophore
ADT-TES-F
Pn-F8-NODIPS
Pn-F8-TCHS
Pn-F8-TIPS

ΦF
(toluene)
0.70
0.53
0.61
0.60
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λexc
σabs
(cm2 )
1.2×10−16
4.9×10−17
3.9×10−17
3.6×10−17
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4.4.1 Blinking
Single emitters exhibit blinking behavior [46]. This fluorescent intermittency has
been observed in a wide range of systems ranging from quantum dots [124, 125], to
dye molecules [121]. Blinking, or fluorescence intermittency, refers to the tendency
of fluorophores to switch between emissive, or ‘On,’ states and non-emissive, or
‘Off’ states while under cw illumination. The underlying mechanisms for this
blinking are an active area of study. The time scales over which this blinking
occurs vary from species to species.
Some systems exhibit blinking due to intersystem crossing into a triplet state
[126, 127, 128]. These dark states last for times on the order of the triplet lifetime
which for many systems is on the order of ∼10 ms. Longer lived dark states
are commonly associated with charge transfer states [129, 49]. Figure 4.2 shows
diagrams of triplet state and charge transfer state blinking. By studying long time
scale blinking data, the nature and physical processes involved in charge transfer
states can be studied.

4.5 Data Processing
Data is collected in the form of videos of tens of molecules, typically on the order
of about a minute. These videos are moderately large data files, approximately
1 Mb per frame and are stored by the Andor Solis software (provided by the
manufacturer of the camera used) in a proprietary format. The Andor software
allows for investigation of regions of interest within collected data, and time traces
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(a) Triplet State Blinking

ket
kfl

M+

kbet
M
(b) Charge Transfer Blinking

Figure 4.2: Diagrams of blinking mechanisms. Photon excites molecule into S1.
Molecule radiatively decays back to the ground state with rate kf l , accounting
for fluorescence. (a) Diagram for triplet state blinking. Molecule can cross from
S1 into the triplet state, T1, with rate kisc , which requires a spin flip. While
molecule is in the T1, no fluorescence is observed. (b) Diagram for charge transfer
blinking. Molecule can lose a charge from the excited state M* to an external
charge trap with rate ket resulting in a charged state M+ . While molecule is in
M+ , no fluorescence is observed.
of a single molecule can be generated this way. However, it is extremely time
consuming and tedious. The videos can be exported as raw data in an ASCII file,
so in order to extract meaningful data from these data files, efficient Matlab scripts
were written to process these ASCII files.
First, the file is read in and parsed into a three dimensional matrix, 512 x 512
x number of frames. The first two frames are then examined with gaussian fits
in two dimensions to determine the illuminated area. Figure 4.4 shows an image
with the cutoffs determined from the gaussian traces to the side. Only the area
inside the red box is processed further. This reduces processing time. All frames
are added together and a user input threshold is used to determine the location of
fluorophores. All frames are added because not all fluorophores are not necessarily
emitting in any one frame. Once a fluorophore is located, it is traced throughout
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Figure 4.3: Screenshot of the GUI for the analysis software.
the video and a time trace of its total counts is produced. The user may input a
correction factor based on the collection efficiency (see Section 4.3.1) to convert
counts registered by the camera into photons emitted by the fluorophore. The
time traces are then displayed to the user who can choose to keep or reject each
time trace. Figure 4.3 shows the primary screen the user is presented with. The
left half of the window displays the first frame of the video under analysis with the
analyzed area boxed in red and the location of the current fluorophore circled in
red. The top of the left half allows the user to select files to process, set correction
factors (see Section 4.3.1) and the background level. The right hand panel shows
the current time trace on axes of counts versus frames.
The program allows the user to keep or reject a time trace, implemented as
the ‘Keep’ and ‘Throw Out’ buttons as shown in the right half of Figure 4.3. This
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Figure 4.4: Camera image with spatial traces shown for x and y directions. Gaussian fits to these are used to determine the cutoffs as shown by the red lines. Only
the area inside the red box is processed further.
design choice was made to avoid a ‘black box’ scenario where a user could process
data without ever seeing it. This also allows for the filtering of time traces which we
know the later processing steps will not handle well, namely systems which consist
of three or more levels, which could result from two fluorophores stuck together,
or from a more complicated photophysical response [130], or time traces resulting
from some impurity which exhibit a bulk-like response of an exponential decay.
Figure 4.5 shows a frame with several fluorophores circled and their time traces
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shown. Qualitatively, the behaviors can be quite different. The upper left image,
while likely representing a valid single molecule, would be thrown out because our
software is not currently equipped to handle a multi-level system such as this.
There was some concern over the introduction of human bias due to this step, but
comparisons between statistics generated from human filtered time traces or from
all time traces showed negligible differences. This is a good indication both that
human bias is not of great concern in this step, and also that any impurities present
are infrequent enough to not pose significant issues. Furthermore, it indicates that
the number of fluorophores which exhibit more than two-level response is small for
the materials studied.

Figure 4.5: Camera image with several fluorophores circled. Their time traces are
shown expanded.
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The kept time traces can then be analyzed according to the type of data being
collected. If the data is simply fluorophore behavior as a function of time under
constant illumination, then they will be analyzed for blinking. Figure 4.6 shows
a time trace that has been sorted into emissive and non-emissive states. The
basic procedure for this is to implement a simple thresholding. The first threshold
is set as the mid-point between the maximum and minimum values in the time
traces. The time trace is then sorted based off of this into ‘On’ and ‘Off’ states.
The analysis is then refined by taking the ‘Off’ values from the initial sorting and
resetting the threshold to three standard deviations above the ‘Off’ level [129].

Figure 4.6: An example time trace analyzed for blinking events. The threshold
level is shown in green. Red labels the sections of the time trace which were deemed
‘ON’.
If the polarization dependence is being studied, the excitation light is turned
on for a brief period (∼2-5 s), it is then turned off, the polarization of the light
is rotated and the excitation light is turned back on. If the data is polarization
dependent, as is discussed below in Section 4.7.1, the user inputs a series of angles.
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This is repeated over a full sequence of angles. Each period of laser illumination is
then taken as one of the angles in the user provided sequence. The data for each
illuminated time interval is averaged. The corresponding averages and angles are
then fitted to a sinusoidal function. The fit parameters are then output. Just as
with the blinking data, the user has the ability to keep or reject time traces.

4.6 Preliminary Work
Preliminary single molecule work was done on ADT-TES-F embedded in PMMA.
Attempts were made at collecting single molecule data on ADT-TES-F embedded
in a polycrystalline photoconductive host, t-bu BTBTB. However, spectral issues
led to unsatisfactory signal to noise for ADT-TES-F in t-bu BTBTB. The structures and spectra of both ADT-TES-F and t-bu BTBTB are shown in previous
chapters. See Figures 2.1 and 2.7.

Figure 4.7: Normalized fluorescence vs time for ADT-TES-F at concentrations of
0.2 mol % in PMMA and t-bu BTBTB films under wide-field 532 nm cw excitation
at 200 W/cm2 .
One of the most important molecular characteristics of a single molecule fluo-
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rophore is its photostability, characterized by the photobleaching quantum yield,
ΦB (see Section 4.4). ΦB of a fluorophore can be calculated from PL decays
in semi-bulk samples under continuous illumination such as those shown in Figure 4.7 and generally depends on the environment surrounding the fluorophores.
In order to verify our technique, we measured ΦB of DCDHF-N-6, an established,
high-performing single molecule fluorophore [50]. In PMMA we measured ΦB of
DCDHF-N-6 to be 4.2 × 10−7 which is comparable to the value calculated from literature of 3.7 × 10−7 [50]. The fluorescence intensity as a function of time shown in
Figure 4.7 was fit with bi-exponential functions of the form A1 e

− τt

1

+A2 e

− τt

1

+y0 , as

discussed in Section 4.4. In PMMA, decay times were found to be 3.5 s and 25.2 s
with relative amplitudes of 0.6 and 0.4 respectively. In t-bu BTBTB, decay times
were found to be 5.3 s and 40.4 s with relative amplitudes of 0.4 and 0.6 respectively. From the data in Figure 4.7 and our estimate of ADT-TES-F absorption
cross-section of σ532 = 1.2 × 10−16 cm2 at 532 nm, Φb for ADT-TES-F in PMMA
and in t-bu BTBTB were estimated to be 1.1 × 10−6 and 4.7 × 10−7 , respectively.
These values are significantly lower (i.e. better) than, for example, those measured in various standard single molecule fluorophores (such as R6G, Texas Red,
and Fluorescein) in aqueous environments and are comparable to DCDHF-N-6 in
aqueous gelatin [50]. Note that the polycrystalline t-bu BTBTB environment increases the photostability of ADT-TES-F, as compared to the amorphous polymer
(PMMA) environment.
Another important characteristic of a single molecule fluorophore is the total
number of photons (Ntot ) it emits before photobleaching. Demonstrably good
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single molecule fluorophores have Ntot values on the order of 106 [131]. Based on
an estimate of the PL quantum yield of ADT-TES-F in PMMA (∼87%) and the

Emitted Photon/100 ms

value of ΦB , we calculate Ntot to be 7.6 × 105 using Eq. 4.5.
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Figure 4.8: (a) A fluorescence trajectory for a single ADT-TES-F molecule showing
single-step photobleaching, characteristic of a single molecule. (b) Fluorescence
intensity histogram showing distinct two level system for the same molecule whose
trajectory is shown in (a).
Single molecule data for ADT-TES-F in PMMA shown in Figure 4.8 was collected at 650 W/cm2 cw 532 nm excitation. Over 100 ADT-TES- F molecules
were imaged and analyzed. One such fluorescence trajectory, which shows single
step photobleaching characteristic of a single molecule, is shown in Figure 4.8 along
with the intensity histogram showing distinct ”on” and ”off” states. Approximately
10% of the analyzed ADT-TES-F molecules showed significant blinking behavior.
From trajectories of all single molecules of ADT-TES-F which were analyzed, Ntot
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was determined by integrating individual single molecule fluorescence time traces,
the average of which was found to be 6.2 × 105 which compares favorably with the
value 7.6×105 obtained from bulk measurements above. Of the 10% which showed
blinking behavior, the average on time, τon , showed relatively little fluorophore-tofluorophore variation. This property could make ADT-TES-F molecules a useful
nanoprobe of charge transfer in films at the microscopic level, as variation in τon
may be attributable to charge transfer processes and can be analyzed to obtain
charge transfer rates [49].
Preliminary tests indicated that ADT-TES-F could be imaged at the single
molecule level in the photoconductive, polycrystalline host, t-bu BTBTB. Figure 4.10 shows a sample time trace. However, it was only relatively few molecules
which exhibited sufficient signal to detect, such that building up statistics on this
system proved troublesome. Several factors contributed to the difficulty. First,
t-bu BTBTB has an absorption edge around ∼430 nm in film (see Figure 2.7)
however, the tail is quite long and t-bu BTBTB does have measurable absorption
at 532 nm, which is the excitation wavelength of choice for ADT-TES-F (again,
see Figure 2.7). As a result, there is more background fluorescence from the host
than is ideal. Secondly, ADT-TES-F has a very small Stokes shift, ∼6-7 nm. So,
while the absorption peak is at 528 nm, the emission peak is at 535 nm. In order to
get a dichroic which effectively filters out the laser illumination, we had to go with
a filter with an edge near 580 nm. Figure 4.9 shows absorbance and PL spectra
of ADT-TES-F and the transmittance of the dichroic used. Dichroics with blue
shifted edges were tried, but the transmittance at 532 nm was too high, leading to

Normalized Absorbance/PL/Transmittance
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Figure 4.9: PL and absorption spectra of ADT-TES-F plotted with transmission
curve of Omega Optical 560 DCLP dichroic mirror.
a lot of leakage of the excitation light. As is evident in Figure 4.9 only a very small
portion of the light from ADT-TES-F was passed by the dichroic filter. This effect,
paired with the relatively high background fluorescence from the t-bu BTBTB host,
meant imaging ADT-TES-F in t-bu BTBTB was very challenging. Moving to a
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Figure 4.10: Sample time trace of an ADT-TES-F molecule in a t-bu BTBTB host
under 532 nm excitation.
bluer wavelength for excitation may have solved the filter issue, allowing for a blue
shifted dichroic. However, it would also have increased the absorption of the t-bu
BTBTB and thus worsened the background signal to be overcome. Ultimately, we
were unable to collect enough data to draw any conclusions.

4.7 Single Molecule Studies of Pentacene Derivatives
The primary difficulty in imaging ADT-TES-F in t-bu BTBTB was due to the
spectral features of the two materials. Functionalized pentacene derivatives, shown
in Figure 4.11, have absorption and PL spectra which are red-shifted relative to
the anthradithiophene such that they can be excited at 633 nm. t-bu BTBTB
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does not have appreciable absorption at 633 nm, so residual fluorescence from the
host matrix is less of a concern. Furthermore, the Stokes shift of the pentacenes is
78 78

larger than that of ADT-TES-F (∼10 nm), such that finding a suitable dichroic is
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in tetrahydrofuran and a 1% wt/wt PMMA in toluene. The molecule of interest
was then added to the PMMA or BTBTB at concentrations of 10−10 and 10−12 M,
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respectively. The solutions containing both the host and guest materials were then
spun for 50s onto clean glass coverslips at 2000 rpm for BTBTB and 3000 rpm for
PMMA.

Figure 4.12: PL and absorbance spectra of Pn-F8-R in toluene solutions. The side
groups do not affect the optical properties in solution.
Two types of data were collected on the pentacene derivatives, orientational
data and blinking data.

4.7.1 Orientational Studies of Pentacene Derivatives
The packing of the functionalized anthradithiophene and pentacene molecules
which we commonly work with can be varied by changing the molecular structure of the side group [58]. Furthermore, previous work in our group has shown
that the size of the side group and the subsequent influence on packing affects the
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formation of donor-acceptor complexes [132]. We seek to study how three different
pentacene derivatives pack into different host matrices, PMMA and t-bu BTBTB,
at the single molecule level.
Measuring the orientation of individual molecules can be done in a number
of ways. Wide-field defocusing yields images which give information as to the
orientation of the molecule [133]. Another method for detecting the orientations
of single molecules is to use the polarization of excitation and emission [134, 135,
136, 137]. We chose to vary the polarization of the excitation light and measure the
total emitted intensity [130]. A half-wave plate was added to the excitation path
on a rotation stage as shown in Figure 4.13. The result is that the polarization of
the excitation beam is rotated in the sample plane. The inset of figure 4.13 shows
a schematic of the polarization as it relates to the sample plane and optical axis.
Incoming light was rotated via a half-wave plate mounted in a motorized rotation stage. The light was shuttered during each stage movement. A time trace
showing the raw data from a single fluorophore is shown in Figure 4.14. The
data follows a sinusoidal pattern. This is expected since the emitted intensity I
~ 2 , where µ
is proportional to |~µ · E|
~ is the molecular transition dipole moment for
~ is the electric field. Since E
~ lies in the sample plane, we are
absorption and E
measuring the projection of the absorption transition dipole of the molecule onto
~ 2 = Asin2 (θ)cos2 (φ − γ) where θ is the polar
the sample plane, so we expect |~µ · E|
angle relative to the optical axis and φ is the azimuthal angle in the sample plane.
The dipole moment for the S0 → S1 transition is known to lie along the short
axis of the molecule in acenes as illustrated in figure 4.15 [76]. Thus, if we can
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Figure 4.13: Schematic of experimental set-up for polarization dependent single
molecule studies. Inset shows relevant vectors. The black dashed line is the optic
axis. The red vectors represent various polarizations of excitation light which lie
in the sample plane. The light green arrow is the absorption transition dipole of a
molecule, which can occur at any arbitrary orientation. The dark green arrow is
the projection of the transition dipole moment onto the sample plane.
determine the orientation of this transition dipole moment, we can determine the
orientation of each molecule.
Each high point of the raw data as shown in Figure 4.14 represents the fluorescence intensity at one angle. Each of these is averaged and plotted versus angle.
This is then fit with A0 cos2 (φ − γ) + y where A0 depends on the incident intensity,
I0 , the absorption cross-section of the fluorophore σabs , the fluorescence quantum
yield, ΦF , and the polar angle, θ. Figure 4.16 shows a sample fit to the averaged
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Figure 4.14: Raw time trace from a fluorophore under changing polarization. The
‘dark’ states are from the excitation beam being shuttered while the polarization
was rotated.

R
F

F

F

F

F

F
F

F
R

Figure 4.15: Schematic of the transition dipole moment for the S0 → S1 transition
(represented by green arrow).
polarization dependence data.
Because we are using an objective with a high numerical aperture (NA = 1.4),
we must correct for any polarization mixing that might occur due to the objective.
We follow corrections outlined in Ha et al. and Mackowiak et al. for wide field
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Figure 4.16: Averaged data from a polarization dependent time trace plotted vs
angle and a sample fit to A0 cos2 (φ − γ) + y.
excitation [134, 138]. If we define An as the portion of the fit parameter, A0 which
does not contain angular information, we can write it as

An = I0 ΦF σabs η0coll

(4.6)

where η0coll is the collection efficiency without the angular correction. Then,
following Ha [134] and Axelrod [137], we can write the polarization components of
emitted intensity as

Ik = I0 (K1 x2 + K2 y 2 + K3 z 2 )

(4.7a)

I⊥ = I0 (K2 x2 + K1 y 2 + K3 z 2 ),

(4.7b)

where Ik and I⊥ are emitted intensities with polarization oriented parallel and

110
perpendicular to the excitation polarization, respectively. K1 , K2 , and K3 are
dependent on the angular collection of the objective. K1 , K2 , and K3 are

3
(5 − 3 cos(θobj ) − cos2 (θobj ) − cos3 (θobj ))
32
1
K2 = (1 − 3 cos(θobj ) + 3 cos2 (θobj ) − cos3 (θobj ))
32
1
K3 = (2 − 3 cos(θobj ) + cos3 (θobj )),
8
K1 =

(4.8a)
(4.8b)
(4.8c)

where θobj is the angle of collection of the objective, defined as NA= n sin(θobj ).
These have been normalized so for an objective with θobj = π,

Ik + I⊥ = I0 .

(4.9)

Our objective is NA = 1.4, so K1 = 0.332, K2 = 0.0065, and K3 = 0.106. The
mixing of the two in-plane components is quite small, which we would expect, but
the mixing with the out-of-plane component is much larger which is expected with
a high NA optic. This has a much smaller effect in our experimental configuration
than if we were either exciting in confocal, or measuring the polarization of the
emitted light. Because we are exciting in wide-field, the polarization mixing is a
relatively small effect, but still non-zero [138]. In order to account for it, we apply
the following correction:

A0 = An sin2 (θ)((K1 + K2 ) sin2 (θ) + 2K3 cos2 (θ))

(4.10)
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Table 4.2: Summary of Angular Orientation Data
Mean
Std. Dev.
Number of
Fluorophore (Host)
(Degrees)
(Degrees) Fluorophores
Pn-F8-NODIPS (PMMA)
26.1± 0.2
7.3
928
6.8
486
Pn-F8-TCHS (PMMA)
28.5 ± 0.3
Pn-F8-TIPS (PMMA)
27.3 ± 0.2
7.3
932
2.8
2057
Pn-F8-NODIPS (t-bu BTBTB) 9.58 ± 0.06
Pn-F8-TCHS (t-bu BTBTB)
10.20 ± 0.04
2.4
3207
Applying Equation 4.10 to the fit parameters, A0 resulting from molecules of
the functionalized pentacenes, Pn-F8-NODIPS, Pn-F8-TCHS, and Pn-F8-TIPS in
PMMA and Pn-F8-NODIPS and Pn-F8-TCHS in t-bu BTBTB, yields values for
the polar angle θ for each of these molecules in the respective host matrices. These
values are shown in histograms in Figure 4.17. The resultant gaussian fits are all
plotted. Fit values are summarized in Table 4.2.
Pn-F8-TIPS was not robustly imageable in t-bu BTBTB. A slightly more upright orientation of the absorption transition dipole moment coupled with the lower
absorption cross-section of Pn-F8-TIPS could account for this.
Table 4.2 summarizes the results of the molecular orientation study. Means of
gaussian fits (see Figure 4.17) with standard error as uncertainties are reported.
Standard deviations derived from gaussian fits (shown in Figure 4.17) are also
1

listed. Histograms were fit according to f (x) = A σ√12π e− 2 (

x−x0
σ

2

) where A is the

amplitude, x0 is the mean and σ is the standard deviation.
PMMA and t-bu BTBTB host matrices result in very different molecular orientations. Furthermore, the spread in orientations is larger in the polymer host than
in the polycrystalline host. In order to determine whether or not the different side
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Figure 4.17: Histograms of molecular orientations from single molecule studies.
Gaussian fits to the histograms are also shown. Fit parameters are summarized in
Table 4.2
groups had a measurable effect on orientation, the data was analyzed pair-wise
using a Welch’s t-test to test the null hypothesis that two populations were the
same. When two distributions possess different variances, comparing the means
is no longer sufficient to determine whether or not the distributions are different.
Welch’s t-test is designed for populations which have different variances [139].
Results of the statistical comparison are reported as two-sided p-values for the
null hypothesis that µ1 = µ2 in each pair-wise comparison where µ1 and µ2 are the
means of the sample distributions. Two-sided p-values for pair-wise comparisons
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Table 4.3: Two-Sided p-values from Pairwise Comparisons of Molecular Orientation Distributions.
Fluorophore
NODIPS
NODIPS
TCHS
(Host)
(t-bu BTBTB) (PMMA) (t-bu BTBTB)
NODIPS (t-bu BTBTB)
–
<0.0001
<0.0001
–
<0.0001
NODIPS (PMMA)
<0.0001
TCHS (t-bu BTBTB)
<0.0001
<0.0001
–
<0.0001
<0.0001
TCHS (PMMA)
<0.0001
TIPS (PMMA)
<0.0001
0.002
<0.0001
Fluorophores (Pn-F8-R) are denoted by R group.

TCHS
(PMMA)
<0.0001
<0.0001
<0.0001
–
0.002

TIPS
(PMMA)
<0.0001
0.002
<0.0001
0.002
–

are summarized in Table 4.3. Every pair-wise comparison resulted in p-values well
below the 0.01 significance level. Each pair of populations showed differences in
molecular orientations which were statistically significant from one another.

4.8 Blinking Studies of Pentacene Derivatives
In addition to orientational studies, data was collected on the blinking behaviors
of the three pentacene derivatives in both PMMA and t-bu BTBTB host matrices.
From this data, we hope to learn the nature of the underlying processes. For example, if the blinking is due to intersystem crossing to the triplet state, the on and
off times will follow an exponential distribution [140]. Non-triplet state blinking is
generally attributed to a charge separation phenomenon, and the distribution of
on and off times can help to determine the nature the charge separation process
[49, 141, 142, 124, 143, 144, 145, 129, 144].
Blinking data was collected separately from the orientation data, and the setup
was as shown in Figure 4.1 with 633 nm excitation. Due to the lack of the half-
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wave plate, the illuminated intensity was higher, and data on Pn-F8-TIPS in t-bu
BTBTB was able to be extracted. In PMMA, 82% of Pn-F8-NODIPS molecules,
76% of Pn-F8-TCHS molecules, and 89% of Pn-F8-TIPS molecules exhibited blinking. In t-bu BTBTB, 90% of Pn-F8-NODIPS molecules exhibited blinking and 86%
of Pn-F8-TCHS
Blinking times for single molecules are compiled as described in Section 4.5.
These times are then binned into a histogram, and a probability distribution is
generated according to

P (ti ) =

2Ni
(ti+1 − ti ) + (ti − ti−1 )

(4.11)

where Ni is the histogram value at a particular time and (ti+1 −ti ) and (ti −ti−1 )
are the times to the following and preceding entry in the histogram, respectively
[124]. Several bin sizes were chosen tried (over an order of magnitude variation in
bin sizes) and no significant changes in probability distributions was observed.
This distribution can then be fit to a chosen probability density function (PDF),
such as the commonly employed power-law distribution P (t) ∝ t−α . However, as
is shown in Figure 4.18, these distributions are often quite broad, and determining
a good fit is not often easy.
If we continue to consider the power law PDF, which is very commonly applied
to single emitter systems [129, 124, 144, 146, 147], it would appear linear on a
log-log plot as shown in Figure 4.18. However, given the spread of data, there is
a moderately wide range of lines that can be fit to the data in Figure 4.18, even
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Figure 4.18: P(t) for On times of Pn-F8-TIPS in PMMA.
though the data may not actually be linear on the log-log axes.
Instead of fitting the the PDF directly, a more sensitive way to compare data to
a model is to look at the cumulative distribution function (CDF) which is defined
as
Z

t

S(t) =

P (τ )dτ

(4.12)

tmin

and is simply the probability that an event shorter than a specific time occurs
[129]. This can be computed for discrete data as

S(t) =

1 X
ti < t.
N i

(4.13)

The CDF is bound by one at the longest observed time and by zero for t<tmin
[129]. Since, when looking at blinking data, the probabilities are greatest for
shorter times, the complimentary CDF, given by F (t) = 1 − S(t), is used [129].
In analyzing blinking data for the three pentacenes in PMMA and in t-bu
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BTBTB, many different PDFs were tried. The three most promising PDFs were
the power-law mentioned above and further defined in Equation 4.15a, a lognormal
distribution (Equation 4.15b) and a Weibull distribution (Equation 4.15c) [129].


−α
α−1
t
Ppl (t) =
tmin tmin


log(t)−µ 2
1
− 12 [
]
σ
e
Pln (t) = √
,t > 0
2πσt
 A−1
t A
A t
Pwb (t) =
e−( β ) , t > 0
β β

(4.14a)
(4.14b)
(4.14c)

The CDFs for these functions are


Spl (t) = 1 −

t

−α

tmin



1 log(t) − µ
1
Sln (t) = erf c − √
2
σ
2
t

(4.15a)
(4.15b)

A

Swb (t) = 1 − e−( β ) .

(4.15c)

Complimentary CDFs were computed for data from all systems, and then these
three distributions were fit to the data. A few sample fits are shown below in
Figures 4.19, 4.20, and 4.21.
Long time scale blinking (e.g. that not attributed to intersystem crossing) is
generally considered to be due to charge separation from the excited molecule to a
nearby acceptor site. Power-law statistics can describe several physical processes
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Figure 4.19: Complimentary CDF of On times for Pn-F8-TCHS in PMMA plotted
with fits to power-law, lognormal and Weibull distributions.

Figure 4.20: Complimentary CDF of On times for Pn-F8-TCHS in t-bu BTBTB
plotted with fits to power-law, lognormal and Weibull distributions.
in single organic molecules. Diffusion based charge separation and recombination
can result in off times following a power-law distribution with an exponent of α =
1.5. However, the on times in this model would be expected to show statistics fit
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Figure 4.21: Complimentary CDF of On times for Pn-F8-TIPS in t-bu BTBTB
plotted with fits to power-law, lognormal and Weibull distributions.
to a single exponential corresponding to a single rate for charge separation from
the excited state. None of the distributions studied exhibited single-exponential
characteristics. Charge separation via tunneling to an acceptor site can also give
rise to power-law statistics. Acceptor sites will be located at varying distance from
the donors. Tunneling rates have an exponential dependence on distance, which
can result in large variations in tunneling rates (several orders of magnitudes in
time over a few nanometers variation in distance). The summation over many
molecules with varying distances to acceptor sites yields an overall power-law distribution with exponents restricted to >1 [147].
Diffusive models can yield different probability distributions if the mechanics of
the underlying random-walk are different. Multiplicative random walk models such
as one dimensional diffusion with randomly distributed traps or diffusion in the
presence of local electric fields which are randomly varying possess regimes which
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follow both power-law and lognormal statistics. Finally, the Weibull distribution
is often used in reliability analysis or in survival studies on organisms. In terms
of fluorophores it can be thought of as a model for the survival time of each on
or off time interval [129]. In addition to the distributions discussed which have
models associated with them, fits to several other heavy-tailed distributions which
have no known model corresponding to fluorophore blinking were tried such as a
generalized Pareto and an inverse gaussian. The power-law, lognormal and Weibull
distributions provided far better fits than other distributions tried.
It is important to note that the properties of the blinking times are not simply
a function of a group of molecules, but that were the molecules long-lived enough
to allow the collection of enough data, an individual molecule would show the
same trends. Smaller groups of molecules (∼50) were looked at and compared to
the whole ensemble. For example, a smaller subset of Pn-F8-TCHS in PMMA is
shown plotted with all the molecules in Figure 4.22. The complimentary CDF of
this function gives lognormal fit parameters (the function that was the best fit for
the whole data set) of µ = 0.97 and σ = 2.0.
A summary of fit parameters are shown in Table 4.4. R2 values for each fit are
reported as a guideline as to goodness-of-fit.
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Figure 4.22: Probability distributions for ON times of a subset of Pn-F8-TCHS
molecules in PMMA shown with probability distributions for all molecules.

Fluorophore (Host)
Pn-F8-R
NODIPS (t-bu BTBTB)
NODIPS (PMMA)
TCHS (t-bu BTBTB)
TCHS (PMMA)
TIPS (t-bu BTBTB)
TIPS (PMMA)

Fluorophore (Host)
Pn-F8-R
NODIPS (t-bu BTBTB)
NODIPS (PMMA)
TCHS (t-bu BTBTB)
TCHS (PMMA)
TIPS (t-bu BTBTB)
TIPS (PMMA)

Lognormal
µ
1.32
0.16
0.73
0.82
1.01
-0.01

Lognormal
σ
2.32
1.69
2.08
2.65
1.26
2.14

Power-Law
tmin
0.33
0.35
0.29
0.46
0.30
0.36

Power-Law
α
1.42
1.79
1.65
1.47
1.70
1.62

Lognormal
µ
0.80
0.05
0.02
0.98
-0.05
0.24

Lognormal
σ
2.07
1.21
1.55
1.91
1.26
1.70

Table 4.5: Blinking Parameters for On Times

Power-Law
α
1.36
1.65
1.48
1.38
1.51
1.57

Table 4.4: Blinking Parameters for Off Times
Power-Law
tmin
0.40
0.36
0.40
0.31
0.51
0.30

Weibull
β
4.89
1.67
1.84
5.47
1.53
2.35

Weibull
β
9.10
2.15
4.44
6.02
4.48
2.03

Weibull
A
0.50
0.79
0.61
0.51
0.81
0.54

Weibull
A
0.45
0.53
0.45
0.37
0.85
0.41

Power-Law
R2
0.9270
0.9710
0.9786
0.9527
0.9596
0.9845

Power-Law
R2
0.9321
0.9911
0.9762
0.9319
0.8930
0.9937

Weibull
R2
0.9769
0.9347
0.9666
0.9557
0.9940
0.9074

Weibull
R2
0.9752
0.9641
0.9667
0.9814
0.9841
0.9478

Lognormal
R2
0.9744
0.9705
0.9871
0.9544
0.9365
0.9460

Lognormal
R2
0.9710
0.9900
0.9868
0.9925
0.9921
0.9799
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The goodness of fit measures do not suggest a clear fit to a certain subset of
models. In a few cases, one model or another provides a very good fit. In general,
we are fitting to the tail of the distributions, which could account for the lack of a
clear fit. More specifically, if you are only fitting to the long tail of any number of
distributions, it is often unclear how to distinguish between them.
Because we could not determine which of the above presented models might
be best suited to our data, we moved on to a more complex model for 3-D brownian motion. Diffusion controlled charge transfer processes have been proposed as
models for single emitter blinking, however they are often restricted to one or two
dimensional models because a three dimensional random walk only sees a fraction
of particles return to their origin [148, 142]. However, it is hard to argue that
single molecules are all going to behave with dimensionality less than three.
To this end, the Bessel process for 3D Brownian motion is examined. In this
model the charge is assumed to wander from some inner shell to an outer shell.
For a three dimensional system, the descriptions of this process are given by the
inverse Laplace transforms of

1
  12 1
I (a(2s) 2 )
b
2
φab (s) =
1
a
I 1 (b(2s) 2 )
1
2

(4.16a)

2

1
2

φba (s) =

 a  12 K 1 (b(2s) 21 )
2

b

1

K 1 (a(2s) 2 )
2

(4.16b)
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where I and K are modified Bessel functions of the first and second kind [149].
These models describe the diffusion of a particle as shown in Figure 4.23. The
electron sits at radius a. It can move to a trap state at radius b via a process
described by Equation 4.16a and from radius b back to radius a via Equation 4.16b.

Figure 4.23: Schematic of first application of Bessel process diffusion.
In this model, the on times compiled from single molecule data should correspond to the the process from a → b and the off times to the process from b → a.
The inverse Laplace transform of Equation 4.16b has an analytical form,
1
(b − a) (b−a)2
2
2t
(t) = √
.
φba
3 e
2πt 2

(4.17)

The inverse Laplace transform of Equation 4.16a does not have an analytical
form so simulations must be run.
Figure 4.24 shows data for the off times of Pn-F8-TIPS in PMMA and a sample fit to Equation 4.17. The fit yields an R2 value of 0.80, which is decidedly
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worse than those given by the models discussed above. Since this formulation
of the model did not seem to fit the data well, a more complex system is being
investigated.

Figure 4.24: Sample fit of Off times from Pn-F8-TIPS in PMMA to Equation 4.17.
R2 value is 0.80.
We added a third shell, as shown in Figure 4.25. In this model, the charge is
allowed to wander between a and b and the molecule remains fluorescent. When
the charge moves from b → c → b the fluorophore is in a dark state and the whole
trip from a → c → a should describe the sum of on+off.
The on+off process corresponds to the sum of an on time with its following off
time. The data was analyzed for these pairs as well. Three data sets, on, off, and
on+off were fit simultaneously to try and determine values for a, b, and c. A set
of example fits for the Pn-F8-TIPS in PMMA system are shown below.
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Figure 4.25: Schematic of second application of Bessel process diffusion.
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Figure 4.26: P(t) for on times for Pn-F8-TIPS in a PMMA host plotted in red. In
black, fit data corresponding to the process labelled ‘On’ in Figure 4.25.
Best fit values for a, b, and c for the fits shown in Figures 4.26, 4.27, and 4.28
were chosen for all three fits simultaneously by minimizing the objective function
q
2
2
2
2
σtot = σOn
+ σOf
f + σOn+Of f . For comparison to R values reported elsewhere,
the R2 values for the three fits shown are 0.999 for the on times, 0.994 for the off
times, and 0.999 for the on+off times.
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Figure 4.27: P(t) for off times for Pn-F8-TIPS in a PMMA host plotted in blue.
In black, fit data corresponding to the process labelled ‘Off’ in Figure 4.25.
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Figure 4.28: P(t) for on+off times for Pn-F8-TIPS in a PMMA host plotted in
green. In black, fit data corresponding to the process labelled ‘On+Off’ in Figure 4.25.

a
0.96
0.96
1.01
0.96
0.24
0.1

b
1.46
1.46
1.43
1.56
0.73
0.83

c
2.01
1.91
1.96
1.96
1.48
1.22

b-a
0.5
0.5
0.42
0.6
0.49
0.73

c-b
0.55
0.45
0.53
0.4
0.75
0.39

c-a
1.05
0.95
0.95
1
1.24
1.15

σab
On
0.0521
0.0356
0.0401
0.0314
0.1255
0.0245

σbc
Off
0.0367
0.0271
0.0219
0.0249
0.0705
0.0336

Table 4.6: Fit Parameters from 3D Bessel Process Model

Fluorophore (Host)
Pn-F8-R
NODIPS (t-bu BTBTB)
NODIPS (PMMA)
TCHS (t-bu BTBTB)
TCHS (PMMA)
TIPS (t-bu BTBTB)
TIPS (PMMA)

σac
On+Off
0.0816
0.0514
0.0454
0.0538
0.104
0.0455

σtot
0.103
0.0681
0.0644
0.0671
0.1775
0.0616
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The best fit values for all systems which have been fit so far are summarized
√
in Table 4.6. a, b, and c are given in units of s and represent the quantity
r/D1/2 where r is a distance in meters and D is a diffusion coefficient in units of
m2 /s [150]. The diffusion coefficient can range from ∼10−13 -10−7 m2 /s in organic
materials [151]. However, diffusion processes varies quite strongly with the degree
of disorder in organic materials [152]. In the case of a single charge diffusing in
a region of high disorder and heterogeneity, such as a single molecule in a foreign
host, we might expect diffusion coefficients several orders of magnitude smaller than
those seen in bulk polycrystalline materials. A diffusion coefficient of ∼10−14 m2 /s,
when considered with fit parameters in Table 4.6 would yield radii on the order of
a few nanometers.
The radii (a,b,c) associated with Pn-F8-TIPS in both PMMA and t-bu BTBTB
hosts are all smaller than the radii associated with both Pn-F8-NODIPS and PnF8-TCHS, which is qualitatively consistent with the trends in molecular size, the
TCHS side group being the largest, and the TIPS side group being the smallest.
The difference between the radii b and a, namely the quantity b-a, is smaller in
the t-bu BTBTB host than in the PMMA host, which suggests the the PMMA is
more loosely packed and therefore there is less interaction between the molecule
and the host material. The difference between the radii c and b (c-b) is smaller
in the PMMA host than in the t-bu BTBTB host, which is consistent with fewer
trap states in the t-bu BTBTB host and longer propagation lengths.
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4.9 Summary
Single molecule emitters provide an opportunity to study material properties beyond the ensemble average. They can be studied as fascinating systems or can
serve as nanoscale sensors of their local environment or be used to image with
resolutions better than the diffraction limit. A new single molecule fluorescence
microscopy system was developed based around an inverted microscope and an
electron multiplying CCD camera. Custom analysis software was written to process image data collected through the microscopy system and gather statistics
on the molecules under study. The photophysical properties of an anthradithiophene derivative, ADT-TES-F and of several pentacene derivatives were measured.
ADT-TES-F, an established, high-performing organic semiconductor material was
shown to be suitable for study on the single molecule scale. The functionalized
pentacene derivatives were also shown to be viable single molecule fluorophores.
A new, solution-processable, photoconductive, polycrystalline material, t-bu
BTBTB, was identified which can serve as a single molecule host matrix. Detailed
studies of the fluorinated pentacenes were carried out both in t-bu BTBTB and in
a polymer host matrix (PMMA). The molecular orientation of the fluorinated pentacene derivatives was found to depend on both the host matrix and the molecular
structure of the derivative. The polycrystalline environment not only changed the
orientation relative to the polymer host, but resulted in a narrow spread of orientations. Blinking behavior in the fluorinated pentacenes was analyzed to reveal a
model for the underlying photophysics.
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Chapter 5: Conclusion
Organic semiconductor materials are promising in a wide range of applications
including OLEDs, photovoltaics, and thin-film transistors. Specifically, classes
of tunable, solution processable, small molecular weight materials were studied.
These materials consist of a polyacene backbone with functional groups that affect
solubility, molecular packing and molecular interaction. By changing the functionalization, the photo physics of the material can be altered. Understanding how
these materials behave is important for designing new materials with desirable
properties.
Intermolecular interactions were studied in several systems looking at both interactions between molecules of the same type and interactions between molecules
of a different species. In a fluorinated anthradithiophene derivative, ADT-TES-F,
aggregation was shown to result in red-shifted and broadened optical absorption
and photoluminescence (PL). Furthermore, the onset of aggregation was studied as
a function of molecular environment. ADT-TES-F was embedded in two different
host matrices: a polymer, poly(methyl methacrylate) (PMMA) and a photoconductive polycrystalline host matrix, a benzothiophene derivative, t-bu BTBTB.
The nature of aggregate which formed in each host matrix was shown to have the
same spectral signature. Concentration dependent studies of ADT-TES-F in each
host matrix were performed and the onset and degree of aggregation in each ma-
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trix was quantified. t-bu BTBTB resulted in decreased aggregation as compared
to the polymer host except for the highest concentration when the crystalline environment resulted in a higher degree of aggregation. The effects of aggregation
on photoconductivity were also studied. Higher degrees of aggregation resulted
in improved photoconductivity. In the polycrystalline matrix, better conductivity
was observed, even at lower degrees of aggregation due to reduced disorder and
additional conduction pathways through the host material.
Blends of different materials can result in favorable properties. If one molecule
behaves as an electron donor and one as an electron acceptor, it can facilitate
exciton dissociation which is key to charge generation in organic semiconductor
materials. A blend of two functionalized anthradithiophene derivatives was found
to have interesting properties. ADT-TES-F behaved as an electron donor, and
a different derivative, ADT-TIPS-CN served as an electron acceptor. At large
donor-acceptor difference, the system was found to exhibit Förster Resonant Energy Transfer (FRET). In FRET, the donor is excited and the excitation energy
is resonantly transferred to the acceptor via a dipole-dipole interaction. This interaction has a strong dependence on the intermolecular distance, with a 1/R6
dependence. The Förster radius, R0 , is defined as the distance at which the energy
transfer occurs with 50% efficiency. In the ADT-TES-F/ADT-TIPS-CN system,
we calculated R0 to be 4.8 nm. This was consistent with studies done of blends of
ADT-TES-F and ADT-TIPS-CN suspended in PMMA.
ADT-TIPS-CN was also added to host films of ADT-TES-F resulting in lower
donor-acceptor distances than in the PMMA films.

With the smaller donor-
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acceptor distance, exciplex formation was observed. Exciplexes are excited state
complexes formed between two species which exhibit improved PL quantum yields
and PL spectra which are red-shifted relative to the donor. Further more the PL
lifetimes of exciplexes are typically much longer than either donor or acceptor.
In blends of ADT-TES-F and ADT-TIPS-CN, a new PL band was observed
with a wavelength ∼680 nm, which corresponds to the energy difference between
the HOMO level of the donor (ADT-TES-F) and the LUMO level of the acceptor
(ADT-TIPS-CN). PL lifetimes of the new spectral band were 20-22 ns as compared
to those of the donor (aggregate: ∼2-3 ns, isolated: ∼12-13 ns) or the acceptor
(aggregate: ∼0.2-1.7 ns, isolated: ∼13-16 ns).
The formation of the exciplex was also found to have a significant effect on
charge carrier dynamics. At short time scales (∼ns) the peak photocurrent was
quenched upon addition of the acceptor, and a slow (∼20 ns) charge generation
process was observed. At longer time scales (up to ∼40 s), the presence of the
acceptor, and therefore exciplex formations resulted in the reduction of charge
carrier recombination. At both time scales, the overall photocurrent amplitudes
were reduced, largely due to disruption of the morphology and relatively inefficient
dissociation of the exciplex into free charge carriers.
Finally, several classes of organic semiconductor materials were studied on the
single molecule level. A single molecule imaging system and analysis software were
designed, built and calibrated. The photophysical properties, including photobleaching quantum yield, fluorescence quantum yield and absorption cross sections
of ADT-TES-F and a group of fluorinated pentacene derivatives were measured.
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ADT-TES-F was found to be suitably fluorescent and stable under 532 nm excitation to be imaged on the single molecule level in a thin film of PMMA. A
new solution-processable, photoconductive host was found which was suitable for
imaging single fluorescent molecules (t-bu BTBTB). A group of fluorinated pentacene derivatives, functionalized with different side groups were studied at the
single molecule in PMMA and t-bu BTBTB host matrices under 633 nm excitation. Their blinking behavior and molecular orientation were measured. Molecular
orientation was shown to vary with both host matrix, and less dramatically, with
side group. The polycrystalline environment of t-bu BTBTB was found to both
alter the molecular orientation and to restrict the variability in orientation. The
blinking behavior can be used to study charge transfer properties of individual
molecules as a function of molecular structure and molecular environment. Several models have been applied in an attempt to study the photophysical processes
underlying blinking in the fluorinated pentacene derivatives.
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Appendix A: Single Molecule Procedures
These procedures are meant as notes on how to perform the mechanics of a single
molecule experiment. They are not meant as experimental design guidelines.

A.1 Slide Cleaning
• Soak an individual slide for ∼24 hours in detergent solution. Detergent
solution is prepared roughly according to dilution instructions on Contrad
70 bottle. Err on the side of more concentrated. To prepare the solution, fill
the bottle with about an inch of dionized water with about one good squirt
of the detergent solution. NOTHING GOES IN THE BOTTLE BESIDES
THE SLIDE, dH2 0, AND DETERGENT!
• After soaking for 24 hours, sonicate for 40 minutes.
• Rinse well with dH2 O. Approximately 45 seconds with wash bottle per side of
slide is a rough guideline. It seems that rinsing technique pretty important.
– Hold the slide with a gloved hand rather than tweezers. Tweezers tend
to break slides under the N2 , and also impede rinsing. Always make
sure you have a clean glove that has not been exposed to solvents which
degrade the nitrile. The purple nitrile is fluorescent.
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– Use the excess solution that is in the wash bottle with the slide to wash
the fingers of one of your gloves. Gloves typically have some residue left
from the factory on them.
– With the clean glove, hold the slide by diagonally opposite corners.
– Rinse from the top down for about 45 seconds per side, making sure to
alternate back and forth between sides

A.2 Vial Cleaning
• Same basic procedure as slide cleaning.
• Soak vials and lids in detergent solution for ∼24 hours. You can fit 7 vials
and 7 lids per wash bottle.
• Sonicate 40 minutes.
• Rinse well with dH2 O. A good guideline is 3 complete rinses after last visible
sign of suds is gone.
• Air dry lids and vials upside down over night. A test tube drying rack works
very well for this.
• Seal up vials.
• These seem to be ok for quite awhile after washing.
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A.3 Microscope Setup
• Align laser of choice into scope making sure that illumination is well centered
coming through the 100X objective.
• Measure power through objective. Imaging seems to work best in the 500-900
µW range.
• FF, DF, or HF immersion oil can be used. All three are low fluorescence oils.
FF is the least fluorescent and the lowest viscosity. HF is a higher viscosity
but slightly more fluorescent. DF is what has been used most, as it is a nice
compromise.
• Checking slide cleanliness comes first and requires looking for ‘nothing.’ In
order to expedite this, I suggest putting a slide on with something easy to
image. A fingerprint or a mark from a red marker works well. Get the scope
focused on this mark being sure to find the bottommost edge of it. The focus
is actually pretty repeatable between slides.
• Hook the camera up, both the black power cable and the grey/tan data cable
must be hooked up.
• Start the Andor Solis software.
– Close the internal shutter to protect the camera. You will need to open
this again before trying to image anything or check for cleanliness.
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– Set temperature to -70C and let it settle. It is okay to set up while
camera is still settling to -70C (indicated by red), but wait until it is
stable at -70C (indicated by blue) to actually collect data.
– Typical settings I use are 0.1s integration time, 40x EM gain, 3.3 µs
vertical shift and 5x 14bit preamp. If you want ‘what you see is what
you get’ between the camera and the binoculars, the image has to be
flipped both vertically and horizontally.
– For taking movies, you need a ‘Kinetic Series’.
– Please make sure you are familiar with the Andor iXon EMCCD camera
by reading the documentation

A.4 Checking Cleanliness
The procedures outlined here are a complete check. Some steps can be skipped
once user is confident. Host material without active fluorophore MUST ALWAYS
be checked. In the event that a contaminant is found, these procedures are designed
to help find the source of contamination.
• Ensure that you are comfortable using a micro pipette.
• Take a clean vial, rinse a pipette tip and the vial each twice with the solvent
of choice for your host. Add your required amount of HPLC grade solvent
to the vial.
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– The appropriate amount of solvent depends on your experimental design
and how much host material you want to end up with for your run. A
typical amount might be 200-500µL.
• Take a clean and dried slide and place it on the scope.
• If you’ve properly focused on a test slide, the focus should not be more
than a revolution of the fine knob in either direction, probably within a half
revolution.
• Turn on camera imaging with all gain settings, and watch on the camera as
you carefully sweep around that initial focus point a little ways. Don’t forget
to open the internal shutter.
• Make sure you don’t see anything on the slide. Go VERY slowly; it’s very
easy to breeze past some contaminant.
• Once you are confident the slide is clean, take the vial of solvent and (again
with a twice rinsed pipette tip) add a small amount 2-5 µL of the solvent to
the slide directly over the objective and let it dry.
• Repeat the imaging check to ensure that the solvent/vial are clean.
• Slides and solvent/vials can and have been completely clean. Sometimes a
small level of impurity can be workable. If there is some impurity, take an
image to get an idea of concentration, and note the highest count intensity
recorded.
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• If solvent and vial are clean, then add your host material (e.g. BTBTB or
PMMA) and sonicate to dissolve.
• Rinse and dry another slide and spin a sample of the plain host onto it. Some
starting parameters are:
– t-bu BTBTB ∼10−2 M in tetrahydrofuran(THF), 2000 RPM, 50 s
– PMMA: ∼1% wt/wt in toluene, 3000 RPM, 50 s
• Again repeat cleanliness check with host. Probably won’t be completely
clean, again, take an image/video for comparison later, and note the highest
intensity level of impurities seen.

A.5 Adding Fluorophore
• All steps, including this one, should be done with a rinsed pipette tip.
• Previous dilution steps to get to the final stock solution of fluorophore should
be done in clean vials, with clean solvent and rinsed pipette tips.
• Some starting parameters are:
– PMMA: fluorophore should be added to the 1% wt/wt solution at a
concentration of ∼10−10 M
– t-bu BTBTB: fluorophore should be added to the 10−2 M solution at a
concentration of ∼10−12 . Dilution steps prior to final mixing should be
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done in toluene since we’ve had some issues with fluorophores holding
up to the THF. THF and toluene mix well, so this isn’t a problem.
• Samples should be spun as before. Upon imaging, ensure that your signal
level is higher than your impurity level.

