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Understanding the impact of inter-molecular orientation on the optical properties of organic semiconductors is important for designing next-generation organic
(opto)electronic and photonic devices. However, fundamental aspects of how various
features of molecular packing in crystalline systems determine the nature and dynamics of excitons have been a subject of debate. Toward this end, this work presents
a systematic study of how various molecular crystal packing motifs affect the optical properties of a class of high-performance organic semiconductors: functionalized
derivatives of fluorinated anthradithiophene. The absorptive and emissive species
present in three such derivatives (exhibiting “brickwork”, “twisted-columnar”, and
“sandwich-herringbone” motifs, controlled by the side group R) were analyzed both
in solution and in single crystals, using various modalities of optical and photoluminescence spectroscopy, revealing the nature of these excited states. In solution,
in the emission band, two states were identified: a Franck-Condon state present at

all concentrations and an excimer that emerged at higher concentrations. In single
crystal systems, together with ab initio calculations, it was found in the absorptive
band that Frenkel and Charge Transfer (CT) excitons mixed due to nonvanishing
CT integrals in all derivatives, but the amount of admixture and exciton delocalization depended on the packing, with the “sandwich-herringbone” packing motif least
conducive to delocalization. Three emissive species in the crystal phase were also
identified: Frenkel excitons, entangled triplet pairs 1 (TT) (which are precursors to
forming free triplet states via singlet fission), and self-trapped excitons (STEs, similar in origin to excimers present in concentrated solution). The “twisted-columnar”
packing motif was most conducive to the formation of Frenkel excitons delocalized
over 4 to 7 molecules depending on the temperature. These delocalized Frenkel states
were dominant across the full temperature range (78 K to 293 K), though at lower
temperatures, the entangled triplet states and STEs were present. In the derivative
with the “brickwork” packing, all three emissive species were observed across the
full temperature range and, most notably, the 1 (TT) state was present at room temperature. Finally, the derivative with the “sandwich-herringbone” packing exhibited
localized Frenkel excitons and had a strong propensity for self-trapped exciton formation even at higher temperatures. In this derivative, no formation of the 1 (TT)
state was observed. The temperature-dependent dynamics of these emissive states
are reported, as well as their origin in fundamental inter-molecular interactions.
In addition this this, this work also reports on strong exciton-photon coupling in
all-metal microcavities containing functionalized anthradithiophene (ADT) in host
poly(methyl methacrylate) (PMMA) matrices for a wide range of ADT concentrations. Angle-resolved reflectance of polycrystalline films revealed Rabi splittings up

to 340 meV . Angle-resolved photoluminescence in films with low ADT concentrations (dominated by “isolated” ADT molecules) showed Rabi splittings which scaled
with the square root of oscillator strength. When “aggregated” and “isolated” ADT
molecules coexisted in film, cavities preferentially coupled to “isolated” molecules due
to an anisotropic distribution of aggregates. Finally, this work also discusses strong
exciton-photon coupling for several other closely related materials: TIPS–Pentacene
and TIPS–Tetracene, both of interest because of their unique singlet fission properties. Reported here are Rabi splittings as high as 276 meV in TIPS-Pentacene films
and 303 meV in TIPS-Tetracene films. As solution-processable high-performance organic semiconductors, the family of functionalized (thio)acenes: ADT, Pentacene and
Tetracene show promise as (opto)electronic polaritonic materials.

©Copyright by Jonathan D. B. Van Schenck
March 16, 2021
All Rights Reserved

Exciton and Polariton Nature in Organic Crystals
by
Jonathan D. B. Van Schenck

A DISSERTATION
submitted to
Oregon State University

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

Presented March 16, 2021
Commencement June 2021

Doctor of Philosophy dissertation of Jonathan D. B. Van Schenck presented on
March 16, 2021.

APPROVED:

Major Professor, representing Physics

Head 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.

Jonathan D. B. Van Schenck, Author

ACKNOWLEDGEMENTS

The author would like to begin by thanking his many collaborators: Dr. E. K. Tanyi,
Dr. L.-J. Cheng, Dr. J. Anthony, G. Mayonado, Dr. M. W. Graham, G. Giesbers,
R. Van Court, S. Vega Gutierrez, Dr. S. Robinson, T. Krueger, J. Morre, Dr. C.
Fang, A. Kannegula and Dr. K. Paudel for their assistance and support generating
the research found in this work.
The author would also like to thank the following individuals for their direct
assistance with data collection: Dr. B. Gibbons, Dr. S. Parkin and Dr. L. Zakharov
for their assistance with x-ray diffraction and single-crystal x-ray diffraction structure
determination; additionally the author would like to thank D. Haas for his assistance
with angle resolved photoluminescence characterization.
Next, the author would like to thank his coworkers: G. Giesbers, N. Quist, W.
Goldthwaite, C. Webber, R. Tollefsen and R. Puro for their assistance, support and
stimulating discussion.
Additionally, the author would like to thank the National Science Foundation
for their continuing financial support, without which this research could not have
happened (NSF Grants: DMR-1808258, DMREF-1627428, CBET-170509 and CHE1956431).
Finally, the author would like to thank Dr. O. Ostroverkhova for her instrumental
support and mentorship; this work was only possible with her skillful (and timely)
guidance.

TABLE OF CONTENTS
Page
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1 Organic Semiconductors . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

1.1 Organic
1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.1.6

Molecules . . . . . . . . . . . . . . . . . . .
Molecular Conformations . . . . . . . . . . .
Optical Transitions . . . . . . . . . . . . . .
The Transition Dipole Moment . . . . . . .
The Franck-Condon Principle . . . . . . . .
The Vibronic Progression . . . . . . . . . . .
The Two-Level Franck-Condon Hamiltonian

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

7
7
8
9
12
15
17

1.2 Organic
1.2.1
1.2.2
1.2.3
1.2.4
1.2.5

Intermolecular Interactions . . . . . . . . . . . .
J- and H-aggregates . . . . . . . . . . . . . . . .
The Holstein Hamiltonian . . . . . . . . . . . .
Electron and Hole Transfer Interactions . . . . .
Singlet Fission and Triplet-Triplet Annihilation
Excimers . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

18
19
22
24
27
30

1.3 Gaps in Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

32

2 Organic Crystalline Packing . . . . . . . . . . . . . . . . . . . . . . . . . .

34

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

34

2.2 Molecular and Crystalline Structures . . . . . . . . . . . . . . . . . . .
2.2.1 Monomeric Conformation and Properties . . . . . . . . . . . .
2.2.2 Side Groups and Crystal Packing Motifs . . . . . . . . . . . .

38
38
38

2.3 Ab Initio Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Monomer Excited State Structure . . . . . . . . . . . . . . . .
2.3.2 Dimer Excited State Structure . . . . . . . . . . . . . . . . . .

43
43
48

2.4 Solutions Optical Characterization . . . . . . . . . . . . . . . . . . . .
2.4.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54
54
58

2.5 Crystalline Optical Characterization
2.5.1 Methods . . . . . . . . . . .
2.5.2 Absorption Results . . . . .
2.5.3 PL Results . . . . . . . . . .

68
68
92
95

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

2.6 Packing Motifs and their Effects on Excitonic Structure . . . . . . . . . 109
2.6.1 Excitons: Absorptive Species . . . . . . . . . . . . . . . . . . . 109
2.6.2 Excitons: Emissive Species . . . . . . . . . . . . . . . . . . . . 117

TABLE OF CONTENTS (Continued)
Page
2.6.3 Comparison with Density Functional Theory . . . . . . . . . . 124
2.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3 Organic Pigments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
3.2 Methods . . . . . . . . . . . . . . . . . . .
3.2.1 Pigment Extraction and Synthesis
3.2.2 Spectral Analysis . . . . . . . . .
3.2.3 Density Functional Theory . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

133
133
133
136

3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
3.3.1 Spectral Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 140
3.3.2 Density Functional Theory . . . . . . . . . . . . . . . . . . . . 144
4 Organic Polaritonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.1 Context and Background . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.2 Theoretical Models for Confined Photons . . . . . . . .
4.2.1 Classical Theory: a Parallel Conducting Plates
4.2.2 Cavity Mode Dispersion . . . . . . . . . . . .
4.2.3 Experimental Observation of Cavity Modes . .
4.2.4 Quantization of Cavity Modes . . . . . . . . .

. . . .
Model
. . . .
. . . .
. . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

155
156
165
166
173

4.3 Theoretical Models for Polaritons . . . . .
4.3.1 Light Matter Interaction . . . . .
4.3.2 Jaynes Cummings Model . . . . .
4.3.3 Holstein-Travis-Cummings Model
4.3.4 Coupled Oscillators Model . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

180
180
182
187
191

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

5 Polaritonics in diF ADT–TES . . . . . . . . . . . . . . . . . . . . . . . . . 199
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
5.2.1 Sample Preparation and Description . . . . . . . . . . . . . . . 201
5.2.2 Spectroscopic and Numerical Methods . . . . . . . . . . . . . 207
5.3 Results
5.3.1
5.3.2
5.3.3

. . . . . . . . . . . . . . . . . . . . . . . . .
“Bare” Films Spectra . . . . . . . . . . . .
Optical Cavities Spectra . . . . . . . . . .
Relative Couplings between Replica Peaks

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

220
220
221
231

TABLE OF CONTENTS (Continued)
Page
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
6 Strong Coupling in Acenes . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
6.1 Strong-Coupling in TIPS–Pn .
6.1.1 Introduction . . . . .
6.1.2 Methods . . . . . . .
6.1.3 Results . . . . . . . .
6.1.4 Discussion . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

241
241
242
258
267

6.2 Strong-Coupling in TIPS–Tc .
6.2.1 Introduction . . . . .
6.2.2 Methods and Results
6.2.3 Further Steps . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

272
272
273
287

Method
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

287
287
288
289
290
293
297

6.3 Polaritons in Crystals: a Novel Characterization
6.3.1 Introduction . . . . . . . . . . . . . . .
6.3.2 Drop Casting Technique . . . . . . . .
6.3.3 Spectral Analysis Methods . . . . . . .
6.3.4 Spectral Analysis Results . . . . . . . .
6.3.5 Polaritonic Analysis and Results . . . .
6.3.6 Discussion . . . . . . . . . . . . . . . .

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300
Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
A

Estimating Molecular Densities . . . . . . . . . . . . . . . . . . . . . . 305

B

Perturbed Vibronic Progression . . . . . . . . . . . . . . . . . . . . . . 310

C

Maximum Likelihood Estimation . . . . . . . . . . . . . . . . . . . . . 326

LIST OF FIGURES
Figure
1.1

1.2

1.3

1.4

Page
Schematic representation of the Franck-Condon principle, where two
electronic states (S0 and S1 ) have an potential energy surface in the
nuclear coordinate space (here plotted on the displacement coordinate
between the potential well minima) which support discrete vibrational
modes of the molecules (wavefunctions shown, and kets labeled to the
right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14

A schematic representation of the Holstein model for orangic chromophores. A set of organic chromophores (shown in a chain indexed
by i, but could also be a higher dimensional, or even amorphous, arrangement), each with a ground and excited electronic state strongly
coupled to the vibrational modes of the molecule. The chromophores
interact through a nearest neighbor resonant interaction JN N . See
Hamiltonian 1.17. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

23

A schematic representation of molecular orbital occupation for the
ground state S0 , first singlet excited state S1 and the first triplet excited state T1 . The horizontal bars represent the molecular orbitals
(the HOMO and LUMO are labeled), and arrows represent electrons
with the direction specifying that the electron is spin up or spin down.
Note that in this case, an even number of electrons has been assumed.

25

A schematic representation of electron and hole transfer within the
molecular orbital perspective. The horizontal bars represent the molecular orbitals (the HOMO and LUMO are labeled), with each vertical
stack representing adjacent molecules within a 1 dimensional crystal,
and arrows represent electrons with the direction specifying that the
electron is spin up or spin down. The center chromophore is viewed
as being in the S1 excited state. The orange dashed transition represents electron transfer, with the excited electron moving to the adjacent
LUMO. The green semi-dashed transition represents hole transfer, with
the electron vacancy (a “hole”) moving the adjacent HOMO. . . . . .

27

LIST OF FIGURES (Continued)
Figure
1.5

1.6

2.1

Page
A schematic representation of singlet fission (SF) and triplet triplet
annihilation (TTA) within the molecular orbital perspective. The horizontal bars represent the molecular orbitals (the HOMO and LUMO
are labeled), On the left side of the figure is two adjacent chromophores,
one in the ground state S0 and one in the first singlet excited state S1 .
The right side of the figure shows the same chromophores, but now
both in the triplet state T1 . Singlet fission is the process of moving
from the left to the right, while triplet-triplet annihilation is the process of moving from the right to the left . . . . . . . . . . . . . . . .

28

A schematic representation of excimer formation. The two curves represent the potential surfaces for a pair of chromophores (A) in the
ground and first excited electronic state, plotted against a some reaction coordinate. The vertical arrows show possible optical transitions
(with photon emission/absorption labeled), from the ground state to
an excited state on the right, and the reverse on the left. Notice that
the excited state potential has a potential well at small reaction coordinate that the system can fall into, corresponding to a bonding state
between the two chromophores: (AA)∗ . This bonded state is called an
“excimer”. Notice also that the ground state does not have a corresponding potential well, so that the molecules cannot remain bonded
after the excited state collapses. . . . . . . . . . . . . . . . . . . . . .

31

(a) The normalized reduced absorption of diF R–ADT in solution (R=
TES, 30 µM in chlorobenzene; solid line; see Fig. 2.9 for R = TSBS
and TBDMS) and in the crystal phase (R = TSBS (dots), TES (triangles), and TBDMS (dashed line)), polarized so as to maximize the
absorption. The inset shows the chemical structure for diF R–ADT (in
the syn-ADT configuration, see Fig. 2.4. (b)–(d) Chemical structures
for the three side groups: R = TSBS, TES,and TBDMS. Insets show
a representative microscope image of each crystal with scale bar at the
bottom indicating the width of the image. (Adapted from [32]) . . .

37

LIST OF FIGURES (Continued)
Figure
2.2

2.3

Page
The crystalline structures of diF R–ADT (R = TES, TSBS, and TBDMS). (a), (c), and (e) Top view of the crystal when grown on a glass
substrate with the vertical orientation corresponding to the fast growth
direction (i.e., “long axis” of the crystal. (b), (d), and (f) Side view of
the crystal, viewed along the fast growth direction (i.e., “long axis” of
the crystal, with the substrate shown. Each pair of figures has selected
molecules indexed for reference in the main text. In all figures, the side
groups are omitted and only the syn–ADT isomer is shown for clarity.
For diF TES–ADT, the low temperature (T < 294 K) crystal phase is
shown. (Adapted from [32]) . . . . . . . . . . . . . . . . . . . . . . .

39

X–ray diffraction measured for diF R–ADT (R = TES, TSBS, TBDMS) crystals grown on a glass substrate. The well–defined peak
structures confirm the crystal nature of the materials, and the corresponding Miller indices for each peak are labeled. (Adapted from [32])
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41

2.4

Geometries for diF R–ADT molecules optimized using DFT (B3LYP@631G(d,p)) showing the syn– and anti–ADT isomers. For clarity, the
side groups (R) have been omitted. The overlaid arrows show the orientations of the S0 –S1 and S0 –S2 transition dipole moments for syn–ADT
and S0 –S1 and S0 –S3 for anti–ADT. For anti–ADT, S0 –S2 has vanishing oscillator strength due to the inversion symmetry of the molecule,
so the corresponding TDM is omitted from the figure. Similarly, the
S0 –S3 TDM for syn–ADT is small and so omitted. (Adapted from [32]) 44

2.5

Frontier orbitals for the diF SiH3 –ADT molecules calculated using DFT
(B3LYP@6-31G(d,p)) for the (a) syn– and (b) anti–ADT isomers.
(Adapted from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

LIST OF FIGURES (Continued)
Figure
2.6

2.7

2.8

Page
An example of the natural transition orbitals (NTOs) for the two CT
type transitions of the intra–stack 1-3 dimer of diF TBDMS–ADT (see
Fig. 2.2(e), Fig. 2.2(f) and Table 2.2). (a) The 1-3 dimer in both a
face–on and edge–on view, with hydrogens omitted for clarity. In this
configuration, molecule 1 is on top of molecule 3. (b) and (c): The
first and second CT type transitions. The left graphics show the initial
state and the right graphics show the final state of each transition (approximately the hole and electron wavefunctions respectively). In this
case, there is only one nonzero contribution to each transition, labeled
as “100 %”. These transitions are described as “CT type” because the
initial (“hole”) and final (“electron”) states reside primarily on the opposing molecules–e.g. (b) involves a hole on molecule 3 and an electron
on molecule 1. (Adapted from [32]) . . . . . . . . . . . . . . . . . . .

52

An example of the natural transition orbitals (NTOs) for the two
Frenkel type transitions of the intra–stack 1-3 dimer of diF TBDMS–
ADT (see Fig. 2.2(e), Fig. 2.2(f) and Table 2.2). (a) The 1-3 dimer
in both a face–on and edge–on view, with hydrogens omitted for clarity. In this configuration, molecule 1 is on top of molecule 3. (b) and
(c): The first and second Frenkel type transitions. The left graphics
show the initial state and the right graphics show the final state of
each transition (approximately the hole and electron wavefunctions respectively). In this case, there are two nonzero contributions to each
transition (labeled “primary” and “secondary”) with their relative percentage given. These transitions are described as “Frenkel type” because the initial (“hole”) and final (“electron”) states reside primarily
on the same molecule–e.g. the “primary” contribution in (b) involves
mostly molecule 3. (Adapted from [32]) . . . . . . . . . . . . . . . .

53

Optical spectra of dilute solution of diF TES–ADT in chlorobenzene:
PL (180 µM ) and absorbance (30 µM ), both normalized to a maximum
value of 1. Dots show the experimental data, solid line shows a fit to
a vibronic progression of equation 2.1 and equation 2.2, and dashed
lines show the deconvolved peaks. Relevant fit parameters are shown
in insets. (Adapted from [32]) . . . . . . . . . . . . . . . . . . . . . .

56

LIST OF FIGURES (Continued)
Figure
2.9

Page
The absorption spectra for diF R–ADT (R = TSBS, TES and TBDMS)
dissolved in chlorobenzene (30 30 µM ). Solid lines show the normalized
reduced absorption, while dashed lines show the same data shifted
vertically to aid in comparison. Notice that for all three derivatives,
the absorption lineshape is nearly identical pointing to the fact that
the side group has a negligible impact on the optical properties of the
diF R–ADT molecule in isolation. (Adapted from [32]) . . . . . . . .

60

2.10 The (a) normalized reduced steady–state photoluminescence (PL) and
(b) time–resolved PL for solutions of diF TES–ADT in chlorobenzene
at several concentrations. In (a), steady-state PL spectra show that
as concentration increases, a new emission peak at ∼2.0 eV , attributed
to an excimer (X), increases relative to the FC vibronic progression.
In (b), time–resolved PL data are shown with low opacity, and fits of
the data are overlaid as solid lines. The dotted (solid) arrow indicates
the shortening of the FC lifetime (rising X weight) as concentration
rises. The inset shows the extracted decay rates for the FC (dotted
line with diamonds) and X (solid line with crosses) components across
the entire range of concentrations for diF TES–ADT; see Fig. S7 for
all derivatives. (Adapted from [32]) . . . . . . . . . . . . . . . . . . .
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2.11 The PL kinetics for a solution of diF TBDMS–ADT in chlorobenzene (2 mM ) integrated over the full wavelength range. In blue solid
line is shown the experimental data. The solid orange line shows
a bi–exponential fit using Maximum Likelihood Estimation (MLE),
where the second exponential was allowed to have a negative amplitude value to better fit the slightly convex shape of the decay. A
mono–exponential fit is also shown as a dotted line to better highlight
the truly convex shape of the decay kinetics. (Adapted from [32]) . .

64

2.12 The PL decay rates for the Franck–Condon (FC) and excimer (X) components of diF R–ADT (R = TSBS, TES and TBDMS) in chlorobenzene as a function of concentration. The FC decay rates are given as
stars with a solid line intended to guide the eye, and the X decay rates
are given as dots with a dashed line to guide the eye. Here, diF TSBS–
ADT is plotted in goldenrod, diF TES–ADT is plotted in brown and
diF TBDMS–ADT is plotted in purple. (Adapted from [32]) . . . . .
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2.13 Fits of the Franck–Condon (FC) decay rate in high concentration diF
R–ADT solution where (a) R = TSBS in goldenrod, (b) R = TES in
brown and (c) R = TBDMS in purple. Experimental values extracted
from TCSPC are given as dots with error bars estimated based on the
solution preparation procedure. Fits (using least squares) are given as
solid lines. The insets for each graph show the model and parameter
estimates together with 66 % confidence intervals for the parameter
values based on the Fisher information matrix. The “low” concentration decay rate (k ∗ ) and the power exponent (γ) are similar for (a) and
(b), but different for (c), whereas the characteristic concentration (C0 )
is larger for (a) than for (b) and (c). (Adapted from [32]) . . . . . .
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2.14 The weights of the Franck–Condon (FC) and excimer (X) decay components in concentrated solutions of diF R–ADT for (a) R = TSBS
in goldenrod, (b) R = TES in brown and (c) R = TBDMS in purple. The weights were extracted via Maximum Likelihood Estimation
from TCSPC data. Labeled are the crossover concentrations (Ccross )
above which the weight of the X decay becomes larger than the weight
of the FC decay components in the overall PL decay dynamics. The
crossover concentration for diF TSBS–ADT is distinctly larger than
the crossover concentration for diF TES–ADT and diF TBDMS–ADT.
(Adapted from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2.15 (a) Normalized steady–state PL (triangles) and polarized absorption
spectra at three representative polarizations (lines) for a single crystal
of diF TSBS–ADT at room temperature. The inset shows a microscope
image of the crystal, with an overlay showing the polarization orientation relative to the “long axis” of the crystal. The vertical bars label
the energies of the absorptive states in the crystal, based on a full deconvolution of the absorption spectra (details in Section 2.5.1.1). The
lowest–energy absorptive feature has two closely spaced resonances,
1A and 1B, comprising the Davydov pair in this system. (b)–(g) Polar
plots showing the total area of the absorptive resonance peaks of (a)
as a function of polarization. Extracted peak areas are given as dots,
and fits according to equation 2.9 are given as solid lines. The dotted
radial line shows the polarization of maximum absorption. (Adapted
from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2.16 (a) Normalized steady–state PL (triangles) and polarized absorption
spectra, at three representative polarizations (lines), from a single crystal of diF TES–ADT at room temperature. The inset shows a microscope image of the crystal, with an overlay showing the polarization
orientation relative to the “long axis” of the crystal. The vertical bars
label the energies of the absorptive states in the crystal, based on a
full deconvolution of the absorption spectra (details in Section 2.5.1.1).
(b)–(g) Polar plots showing the total area of the absorptive resonance
peaks of (a) as a function of polarization. Extracted peak areas are
given as dots, and fits according to equation 2.9 are given as solid lines.
The dotted radial line shows the polarization of maximum absorption.
(Adapted from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2.17 The full deconvolution of the polarized absorption spectra of single
crystal diF TSBS–ADT. Experimental absorbance is given in blue dots,
total fits (based on least squares) are given as red solid lines, and the
deconvolved peaks are shown in grey. The fits were conducted as a sum
of Lorentzians, areas and widths allowed to vary independently, but
the center energies were held constant throughout each polarization.
The areas of these peaks were then used to construct the polar plots
shown in the Fig. 2.15(b-g) Of particular note is the presence of two
Lorentzians in lowest energy absorption peak, assigned to two Davydov
components. (Adapted from [32]) . . . . . . . . . . . . . . . . . . . .
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2.18 The full deconvolution of the polarized absorption spectra of single
crystal diF TES–ADT. Experimental absorbance is given in blue dots,
total fits (based on least squares) are given as red solid lines, and the
deconvolved peaks are shown in grey. The fits were conducted as a sum
of Gaussians, with areas and widths allowed to vary independently, but
the center energies were held constant throughout each polarization.
The areas of these peaks were then used to construct the polar plots
shown in the Fig. 2.16(b-f). (Adapted from [32]) . . . . . . . . . . .
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2.19 Polarized absorption spectra for single crystals of diF R–ADT (R =
TSBS, TES, TBDMS). Each polarization is assigned a color corresponding to that shown on the inset. All angles are measured with
respect to the long axis of the crystal. The vertical dashed (dotted)
line shows the energy of the S0 –S1 (S0 –S2 ) electronic transition for
diF R–ADT molecules in dilute solution for comparison. (Adapted
from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2.20 A partial deconvolution of the polarized absorption spectra of single
crystal diF TBDMS–ADT, polarized at 40◦ off the long axis of the
crystal. Experimental absorbance is given in blue dots, total fits (based
on least squares) are given as orange solid lines, and the deconvolved
peaks are shown in grey. The fits were conducted as a sum of Gaussians,
with areas, center energies and widths allowed to vary independently.
(Adapted from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2.21 (a) Normalized steady–state PL (triangles) and polarized absorption
spectra, at three representative polarizations (lines), from a single crystal of diF TBDMS–ADT at room temperature. The inset shows a
microscope image of the crystal, with an overlay showing the polarization orientation relative to the “long axis” of the crystal. The vertical
bars label the median energies of the absorptive states in the crystal, based on a partial deconvolution of the absorption spectra (details in Section 2.5.1.1).The lowest energy absorptive feature has two
closely spaced resonances, 1A and 1B, comprising the Davydov pair in
this system. (b)–(g) Polar plots showing the “reduced absorption at
the median peak energy” labeled in (a) as a function of polarization.
The reduced absorption values are given as dots, and fits according to
equation 2.9 are given as solid lines. The dotted radial line shows the
polarization of maximum absorption. (Adapted from [32]) . . . . . .
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2.22 Schematic representation of the p-Polarized Multiple Angles of Incidence Resolved Spectroscopy (pMAIRS) measurement. Labeled are
the short and long axes of the crystal, as well as the incident light
k–vector. This k–vector makes an angle (θ) with the substrate normal
which we also call the angle of incidence. In the substrate plane, the k–
vector also makes an angle (φ) with the long axis of the crystal–which
in the case of normal incidence corresponds exactly with the “polarization angle” discussed above. The incident wave is polarized to confine
the electric field to the plane of incidence, so for general values of θ, the
electric field will have projections into the substrate plane and along
the substrate normal. (Adapted from [32]) . . . . . . . . . . . . . . .

82

2.23 p-Polarized Multiple Angles of Incidence Resolved Spectroscopy (pMAIRS)
for a single crystal of diF TES–ADT. The plane of incidence is coincident with (a) the short axis and (b) the long axis of the crystal. Each
plot is normalized to a value of 1 for ease of comparison. For both configurations, no dramatic change in the lineshapes was observed. See
Fig. 2.22 for a schematic representation. (Adapted from [32]) . . . . 83
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2.24 Bi–exponential fits of the red– (a)–(c) and blue–edge (d)–(f) PL kinetics for diF R–ADT crystals at T = 78 K (R = TSBS, TES, TBDMS) where the blue background shows experimental counts and the
orange line gives the fit extracted from Maximum Likelihood Estimation (MLE). The inset graphs show a zoomed–in view in the times immediately after excitation and the inset text lists the parameter values
of the fit. (g)–(i) Temperature dependence of the decay rates of each
decay component; experimentally extracted decay rates are marked
with dots (stars) for the faster (slower) components and fits according
to equation (4) in the main text are given as solid (dashed) lines for the
(Blue)
red–(blue–)edge emission. The slower decay on the blue-edge (k2
)
has a similar temperature dependence to the red–edge components.
(Adapted from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . .

86

2.25 Tri–exponential fits of the PL kinetics of diF TSBS–ADT crystals at
T = 78 K at selected wavelengths across the emission band. The time
constants for each fit are held constant at the values extracted from
bi–exponential fits of the band edges–see Fig. 2.24. The insets give the
parameter values (specifically the weights). The bottom center graph
shows the extracted weights (marks) with the cubic spline interpolations (lines). The final graph shows the reconstructed steady–state PL
spectrum for each decay component created by interpolating the weight
factors of each decay and multiplying by the total CW PL spectrum
at T = 78 K, c.f. Fig. 2.26(e). (Adapted from [32]) . . . . . . . . . .

89

2.26 The reconstructed photoluminescence spectra for the three decay components (k1 , k2 , k3 ) for diF R–ADT (R = TES, TBDMS, and TSBS) at
low (78 K) and high (293 K) temperatures. Plotted also is the steady–
state PL (the “total” PL) at that temperature. Data are normalized
so that the steady–state PL (which is used to scale the wavelength–
dependent decay component weights–called the “reconstructed PL”;
see Section 2.5.1.4) is set to a maximum value of 1. (Adapted from [32]) 90
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2.27 (a) The temperature dependence for the reconstructed PL spectra of
the delocalized Frenkel state (k1 ) in diF TBDMS–ADT. The spectra
are normalized so that the steady–state PL (used to generate the reconstructed PL; see Section 2.5.1.4) at T = 78 K is set to a maximum
value of 1, so as to allow quantitative comparisons between temperatures. Labeled are the first two vibronic peaks: I00 and I01 . The
inset shows a thermal coherence number of the Frenkel state (dots),
calculated according to equation 2.12 from the experimental data, with
error bars estimated at 10 %. A fit according to equation 2.15 (line) is
also included. (b) The temperature dependence for the reconstructed
PL spectra of the 1 (TT) state (k2 ) in diF TES–ADT. The spectra are
normalized using the same scheme as (a). Labeled are the first two
vibronic peaks: I00 (thermally activated) and I01 . (Adapted from [32])
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2.28 Normalized steady–state (a) and time-resolved (b) photoluminescence
of diF R–ADT in solution (R = TSBS, 0.18 mM in chlorobenzene;
solid line) and in the crystal phase (R = TSBS (dots), TES (triangles),
TBDMS (dashed line)) at room temperature. In (b), time-resolved PL
is plotted as normalized photon counts, integrated over all wavelengths.
The lines show the experimental data, smoothed for clarity (for fits, see
the discussion in Section 2.5.1.4). The instrument response function
(IRF) is included as a dotted line. The solution has the longest average
PL lifetime, followed closely by diF TSBS–ADT, then diF TES–ADT,
and finally, diF TBDMS–ADT crystals. (Adapted from [32]) . . . . .
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2.29 Steady–state photoluminescence from single crystals of diF R–ADT (R
= TSBS, TES, TBDMS) as a function of temperature. PL was excited
in vacuum with 355 nm light. The PL from each crystal is normalized
to the maximum value of the entire dataset, to allow for comparison of
the PL quantum yield for each crystal and PL lineshapes as a function
of temperature. (Adapted from [32]) . . . . . . . . . . . . . . . . . .
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2.30 The comparative weights of each of the three decay components (k1 , k2 , k3 )
based on the integrated reconstructed PL spectra for diF R–ADT (R
= TES, TBDMS, TSBS). Plotted are the reconstructed PL spectra
integrated over wavelength and then normalized to the value of the integrated steady–state PL spectra (used to generate the reconstructed
PL, see Section 2.5.1.4) at that temperature. This allows for the comparison of each component’s proportional contribution to the total
emission. For diF TSBS–ADT, this process was not possible above
T = 200 K, due to a blue–shifting of the emission beyond the cut–off
filter of the measurement system, which prevented accurate numerical
integration of the highest energy emission peak. (Adapted from [32])
99
2.31 The temperature dependence of the (reconstructed) PL lineshape for
the fast (k1 ) decay component in diF TES–ADT crystals. All lineshapes are normalized according to the maximum value of the total
CW PL lineshape at T = 78 K (c.f. Fig. 2.26 and Fig. 2.27), so
that comparing between temperatures is reflective of the changing PL
quantum yield with temperature. Labeled are the two primary emission peaks I00 and I01 . The inset shows the value of Ncoh , calculated
according to equation 2.15 with error bars estimated at 10 %. The thermal coherence number is only weakly dependent on the temperature
in the range studied. (Adapted from [32]) . . . . . . . . . . . . . . . 101
2.32 The temperature dependence of the (reconstructed) PL lineshape for
the intermediate (k2 ) decay component in diF TBDMS–ADT crystals.
All lineshapes are normalized according to the maximum value of the
total CW PL lineshape at T = 78 K (c.f. Fig. 2.26 and Fig. 2.27),
so that comparing between temperatures is reflective of the changing
PL quantum yield with temperature. Labeled are the two primary
emission peaks I00 and I01 . The inset shows the value of R, calculated
according to equation 2.9, fit with an Arrhenius equation 2.14. Parameter values are given as text in the insert, and error bars represent an
assumed 10 % error. (Adapted from [32]) . . . . . . . . . . . . . . . 103
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2.33 The reconstructed PL for (a) the fast (c.f. Fig. 2.27(a)), (b) the intermediate (c.f. Fig. 2.32) and (c) the slow decay components for a diF
TBDMS–ADT crystal as a function of temperature. All lineshapes are
normalized according to the maximum value of the total CW PL lineshape at T = 78 K (c.f. Fig. 2.26 and Fig. 2.27), so that comparing
between temperatures is reflective of the changing PL quantum yield
with temperature. Notice that the vertical scales for the three graphs
are each of different order ((a) ∼1, (b) ∼0.1 and (c) ∼0.01). (Adapted
from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.34 Transition dipole moments for diF R–ADT (R = TES, TSBS, TBDMS)
calculated for dimers using TD DFT methods. TDMs are categorized
as described in Section 2.3.2.2 as either primarily Frenkel in character
(“Frenkel type”) or CT in character (“CT type”). The TDMs shown
here are a representative subset. For (b) and (c), the two Frenkel
type states (labeled Fa and Fb ) are the Davydov pair discussed in
Section 2.5.2. Note that included here are results for the syn–ADT
isomer, though the anti–ADT isomer is qualitatively similar. (Adapted
from [32]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
2.35 Schematic representation of the relation pathways for diF R–ADT (R
= TSBS, TES, TBDMS). Each arrow shows the three radiative decay pathways: Frenkel (singlet, F), entangled triplet 1 (TT), and selftrapped exciton (STE). Each arrow is labeled with the percentage of
the total PL constituted by that pathway at T = 293 K (T = 78 K).
Note that for diF TSBS–ADT, T = 200 K is used. (Adapted from [32]) 118
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(a) C. aeruginosa producing blue–green pigment xylindein on the decaying wood. (b) Molecular structure of xylindein (Tautomer A). (c)
The extracted pigment in the solution. (Adapted from [77]) . . . . . 134
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3.2

Comparison of the (reduced) absorption spectrum for solutions of various organic pigments, all normalized to the absorbance maximum together with numerical fits. (a) The reduced absorption of a solution
of X in dichloromethane (DCM), fit according to a double vibronic
progression model (equation 3.2). (b) The reduced absorption of a
solution of XDM in DCM, fit according to vibronic progression model
(equation 3.1). (c) The reduced absorption spectrum of a solution of
DR in chlorobenzene (CB), fit according to double vibronic progression model (equation 3.2). Parameter values for these fits can be found
in Table 3.1. The insets for each plot show the chemical structure for
the associated molecule (for X and DR, the A and cis tautomers are
shown respectively). (Adapted, in part, from [77, 78]) . . . . . . . . . 137

3.3

Molecular structures for xylindein tautomers A (a) and B (b) with
optical properties described in Table 3.1. The differences in the orientation of the OH groups between the two tautomers is emphasized
by encircling. (c) and (d): HOMO of tautomers A and B; (e) and (f):
LUMO of tautomers A and B. (Adapted from [77]) . . . . . . . . . . 146

3.4

Molecular structure for dimethylxylindein (a) with optical producing
described in Table 3.1. (b) and (c) show the HOMO and LUMO respectively. (Adapted, in part, from [78]) . . . . . . . . . . . . . . . . 149

3.5

Molecular structures for DR tautomers: trans-DR (a) and cis-DR (b)
with optical properties described in Table 3.1. (c) and (d): HOMO of
the two tautomers; (e) and (f): LUMO of the two tautomers. . . . . 151

4.1

A schematic representation of a Fabry-Pérot Cavity, with an active
layer between the mirrors. The top mirror is semi-transparent so that
light can be coupled into the system from outside, and that light confined within the system can be coupled out. . . . . . . . . . . . . . . 156

4.2

A schematic representation of a semi-infinite parallel plate cavity, with
an active layer between the perfect conductors. The cavity has a thickness L, and the vertical direction is taken to be z. . . . . . . . . . . . 157

4.3

The dispersion of the fundamental cavity mode for a semi-infinite parallel plate capacitors cavity plotted against in-plane momentum. Shown
also is the light cone, representing the lower bound on an EM-wave’s
energy for a given momentum . . . . . . . . . . . . . . . . . . . . . . 167
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4.4

The dispersion of the fundamental mode for a microcavity plotted
against in-plane momentum compared with the dispersion of incident
free space (FS) external fields at different angles of incidence. Shown
in dots are the intersections, representing the external field state which
can couple into the mode. In this case, the index of refraction is taken
to be 1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

4.5

The dispersion of the fundamental mode for a microcavity plotted
against angle of incidence. The gap material index of refraction is
taken to be n = 1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

4.6

A dispersion plot of a cavity photon (blue, where nef f = 1.5), exciton
(orange) and the two system states (green and red) with a Rabi splitting of ~Ω = Ex /10. This splitting is also labeled on the figure with a
dotted black line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

4.7

A schematic representation of the Holstein-Tavis-Cummings (HTC)
model for polaritons. The top box represents the cavity photon mode,
with quantized energy states. This cavity is coupled (through the
light-matter interaction ~Ω) to a Hostein-like chain of chromophores
which have strongly coupled exciton and vibrational states. The chromophores also interact with one another, approximated here with nearest neighbor, resonant, Coulombic interactions JN N . (Based upon the
model from reference [96]) . . . . . . . . . . . . . . . . . . . . . . . . 190

4.8

An example of the Coupled Oscillators (CO) model for an organic
0
, Eph (kk = 0) =
polaritonic
system. In this example, EV = 0.1EX
√
0
0
0.9EX , N ~Ω/2~Ω/2 = 0.1EX , λ = 0.7 and nef f = 1.4 all consistent with a moderately interactive and rigid organic molecule with a
visible (EX ∼ 2 eV ) range exciton. Labeled are the photon dispersion (Eph , blue dashed line), the first four exciton-phonon energies
0
(EX
+ mEV for m = 0, .., 3, black dotted lines) and the polariton
branches (LP, M P1 , M P2 , M P3 and U P , colored solid lines). . . . 197

5.1

(a) Absorption and (b) photoluminescence of “bare” (i.e. outside of
the cavity) diF TES–ADT:PMMA films Pagg (solid blue lines) and
P1.5 (dotted black lines). Spectra of dilute diF TES–ADT solution in
toluene due to “isolated” diF TES–ADT molecules are also included
(dashed red lines). Inset of (a) shows the molecular structure of diF
TES-ADT. (Adapted from [42]) . . . . . . . . . . . . . . . . . . . . . 202
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5.2

A schematic of the samples used, showing both “cavity” and “bare
film” regions of the sample. The silver mirrors had thicknesses of 30 nm
(top):100 nm (bottom) (or 45 nm:45 nm in select samples to facilitate
optical transmission measurements), while the diF TES–ADT:PMMA
films ranged between 100 nm and 150 nm depending upon desired
cavity detuning. (Adapted from [42]) (Adapted from [42]) . . . . . . 204

5.3

X-ray diffraction data for the “bare” films P1.5 and Pagg . Both show
strong peaks consistent with (00l) (l = 1, 2, 3, 4) oriented crystallites.
(Adapted from [42]) . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

5.4

Cross-sectional SEM image of an Ag/PMMA/Ag cavity on glass. The
average thicknesses of each layer are indicated as inset text. (Adapted
from [42], with thanks to the work of E. K. Tanyi) . . . . . . . . . . 208

5.5

(top) Angle resolved reflectance measurements of a control cavity containing only PMMA, P∞ , of thickness 150 nm for s-(p-)polarized illumination at various angles of incidence (AOI). Dotted lines indicate
the center energies and FWHM of each cavity resonance. (bottom)
Dispersion plots of the cavity resonance modes for s-(p-)polarizations.
Dots correspond to the center energies extracted from reflectance data
(top), and the lines are the fit, with the fit parameters included on the
plot. (Adapted from [42]) . . . . . . . . . . . . . . . . . . . . . . . . 211

5.6

Photoluminescence spectra of cavity P5 detected at substrate normal.
Symbols correspond to the measured counts (normalized), the line is
a Lorentzian fit, and the dotted lines shows the center energy and
FWHM. (Adapted from [42]) . . . . . . . . . . . . . . . . . . . . . . 212

5.7

The reduced absorption of film P1.5 with deconvolution. Blue dots are
experimental spectrum, grey lines are individual absorption resonances
and the orange line is the total fit. (Adapted from [42]) . . . . . . . 215

5.8

1 − R − T spectra for film P1.5 at s-(p-)polarized illumination showing the exciton absorption peaks due to both isolated diF TES–ADT
molecules and diF TES–ADT aggregates, with their relative weights.
(Adapted from [42]) . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

5.9

The reduced absorption of film Pagg with deconvolution. Blue dots are
experimental data, grey lines are individual absorption resonances and
the orange line is the total fit. (Adapted from [42]) . . . . . . . . . . 217
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5.10 Angle-resolved s-polarized PL from cavity P2.5 (thickness: 135 nm),
representative of ARPL from cavities Pd where d ≥ 2.5 nm. The
top left inset shows the polariton dispersion (peak PL energy as a
function of the detection angle) (blue dots). The black line shows the
dispersion modeled with equation 5.11. Energies of “bare” exciton EX
and photon mode of equation 5.1 are also included as red dashed lines.
The bottom right inset shows the exciton-photon coupling energy (V )
obtained from cavities Pd where d varied between 2.5 and 5 nm. Error
bars indicate sample-to-sample variation over 6 to 8 cavities. The solid
line is a linear fit to the data (intercept at 13 ± 3 meV ) and the dotted
line is a fit to equation 5.13 (intercept fixed at 0) showing scaling of
the coupling energy (V ) with the square root of diF TES–ADT density.
(Adapted from [42]) . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
5.11 (a) Angle-resolved s-polarized reflectance spectra from cavity P1.5 with
a 100 nm thickness. Dashed purple lines indicate exciton energies for
the isolated diF TES–ADT molecules (corresponding to the 0-0, 0-1,
and 0-2 transitions in the vibronic progression), while dotted brown
lines indicate exciton energies for the diF TES–ADT aggregates, in
“bare” films. (b) Energies for the LP, MP1 , MP2 , and UP branches
extracted from (a) at various angles of incidence are shown as dots (colored to differentiate each polariton branch). The solid black lines show
the polariton dispersion fit using the coupled oscillators model (equation 5.10), demonstrating the preferential coupling of the cavity photon
to isolated diF TES-ADT molecules. Energies of excitons (dashed purple lines for isolated molecules and dotted brown lines for aggregates)
in “bare” film are also included along with the cavity photon energies
of equation 5.1. (Adapted from [42]) . . . . . . . . . . . . . . . . . . 225
5.12 (a) Angle-resolved s-polarized reflectance from cavity Pagg with a thickness of 120 nm (see Figure 5.13 for p-polarization). Exciton energies of
diF TES–ADT aggregates in “bare” Pagg films are indicated by dotted
brown lines. (b) Energies for the LP, MP1 , MP2 , and UP extracted
from (a) at various angles of incidence are shown as dots (colored to
differentiate each polariton branch). The higher energy of the split LP
pair is also indicated with purple crosses, though it was not utilized
during fitting. The solid black lines show the polariton dispersion fit
using the coupled oscillators model (equation 5.10). Energies of excitons (dotted brown lines) in “bare” film, as well as of the cavity photon
energies of equation 5.1 are also included. (Adapted from [42]) . . . 227
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5.13 Angle resolved reflectance spectra of cavity Pagg with p-polarized illumination. Black lines are the reflectance at various angles of incidence
(AOI) between 20◦ and 75◦ . Dotted lines are the exciton energies of
aggregates in “bare” Pagg films (used in fits). (Adapted from [42]) . . 228
5.14 Dispersion plot of cavity P1.5 at s-(p-)polarization. The contour plot
background represents the simulated angle resolved reflectance of the
cavity using transfer matrix formalism together with the complex valued index of refraction, calculated by spectroscopic ellipsometry. Dots
represent the center energies extracted from the experimental angle resolved reflectance, using color to differentiate the LP, MP1 , MP2 and
UP branches. The dotted grey lines represent the bare exciton energies
and the cavity photon energy and the solid lines represent the polariton
dispersions modeled using equation 5.10. (Adapted from [42]) . . . . 229
5.15 Dispersion plot of cavity Pagg at s-(p-)polarization. The contour plot
background represents the simulated angle resolved reflectance of the
cavity using transfer matrix formalism together with the complex valued index of refraction, calculated by spectroscopic ellipsometry. Dots
and crosses represent the center energies extracted from the experimental angle resolved reflectance. Dots give the LP1 , MP1 , MP2 and
UP branches while crosses give the LP2 energies (not used in fitting).
The dotted grey lines represent the bare exciton energies and the cavity
photon energy and the solid lines represent the polariton dispersions
modeled using equation 5.10. (Adapted from [42]) . . . . . . . . . . 230
5.16 The scaling of the exciton-photon coupling energy V for cavity P1.5 .
Dots show the coupling energy (averaged over polarization) of Table 5.2
for the 0-m exciton with the cavity photon plotted against the square
root of their FC factor (where FC ∝ µ2 ), assuming an HR factor of
S = 0.71. Vertical error bars represent 10 % uncertainty discussed
in Table 5.2. The dashed orange line represents a proportional fit to
equation 5.13 (intercept fixed at 0), while the solid green line represents
a linear fit (intercept as a fitting parameter). (Adapted from [42]) . . 232
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5.17 The scaling of the coupling energy for cavity Pagg . Dots show the coupling energy (averaged over polarization) for the 0-m exciton with the
cavityp
photon plotted against the square root of their absorption peak
area ( Am /A0 ), normalized to the 0-0 exciton value. Vertical error
bars represent 10 % uncertainty discussed in Table 5.2. The dashed orange line represents a proportional fit to equation 5.13 (intercept fixed
at 0), while the solid green line represents a linear fit (intercept as a
fitting parameter). (Adapted from [42]) . . . . . . . . . . . . . . . . 234
6.1

Schematic representations of the four film types as embedded in an
(B)
optical cavity. (a) Film F2 , shows TIPS–Pn embedded in a PMMA
(B)
matrix with average molecular spacing (d) set at 2 nm. (b) Film F1 ,
shows both single TIPS–Pn molecules and small crystallites (ordered
aggregates) embedded in a PMMA matrix. The average molecular
spacing (d) is 1 nm. (c) Film F (P ) , shows a polycrystalline film, the
dominant orientation is (00l) (for l = 1, 2, 3), which places the long
c-axis of the crystal in the substrate normal direction which is represented on the left of the cavity, with the sub-dominant (011) orientation
schematically represent on the right. (d) Film A(P ) , shows an annealed
pristine cavity where TIPS–Pn molecules form a disordered aggregate. 244

6.2

The reduced absorption (normalized to the 0-0 peak height) from four
(B)
TIPS–Pn films deposited onto a silver substrate: film F2 (dashed),
(B)
film F1 (semi–dashed), film F (P ) (diamonds), and film A(P ) (triangles). The reduced absorption spectrum from TIPS–Pn in dilute
(30 µM ) solution in toluene is also shown (solid) for comparison. The
(B)
F2 and A(P ) films show an “amorphous” molecular response, with
a 0–0 transition energy of ∼1.9 eV , which is incidentally very similar
(B)
to that of dilute solution. Both the F1 and F (P ) films show an “aggregate” molecular response, with a 0–0 transition energy of ∼1.8 eV .
The inset shows the molecular structure of TIPS–Pn. . . . . . . . . 245
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6.3

(a) Absorption (1 − R) of a pristine TIPS–Pn “bare film” at various
times during thermal annealing, showing the transformation from a
“crystalline” (main absorption peak at ∼1.8 eV ) to an “amorphous”
(main absorption peak at ∼1.9 eV ) phase.(b) The absorption
(1 − R)

(Amorph.)
at the amorphous 0-0 transition energy E00
and crystalline


(Crys.)
transition energy E00
, as a function of annealing time. Vertical
dotted lines show demarcations for the four epochs of the annealing process: the crystalline phase (“Crys.”), the phase transition (“P.T.”), the
amorphous phase (“Amorph.”) and degradation (“Degrade”). Labeled
(t ≈ 20 sec) is the maximum of the amorphous exciton absorption time
during the amorphous phase, representing the ideal annealing time to
fully convert the film’s phase without degrading a significant proportion of the TIPS–Pn molecules. (c) The same absorption spectra from
(a) but vertically shifted for clarity. . . . . . . . . . . . . . . . . . . . 248

6.4

XRD intensity for a pristine film of TIPS–Pn on a silver substrate
before (F (P ) ) and after (A(P ) ) annealing. Both films show the amorphous background signal characteristic of glass-silver-film samples [42],
however the F (P ) sample also has a clear peak structure, revealing that
both the (00l) (l = 1, 2, 3) and (011) crystalline orientations are present
in this film. These results are consistent with others works classifying
“crystalline” and “amorphous” phases of TIPS–Pn, e.g. [16] . . . . . 250

6.5

The reduced absorption spectrum for a 30 µM solution of TIPS–Pn
in toluene. Experimental data is given as dots, and the fit according
to a vibronic progression (equation 6.1) is given as a solid line; dashed
lines show the deconvolved peaks. The inset gives the parameter values.252

6.6

The reduced absorption spectrum for a film F2 . Experimental data
is given as dots, and the fit according to a vibronic progression (equation 6.1) is given as a solid line; dashed lines show the deconvolved
peaks. The inset gives the parameter values. . . . . . . . . . . . . . . 254
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6.7

Reflectance spectra (vertically shifted for clarity) at several angles of
incidence for a pristine TIPS–Pn optical cavity before (a) and after (b)
thermal annealing. Shown also is the reduced absorption spectra from
each film (dotted) and vertical dashed lines highlight the first three
exciton energies. In both plots, the main feature in the reflectance
spectra are emphasized by encircling. Because of the low reflectance
of this feature and it’s blue-shifting dispersion, it is expected to have
to have high photonic character. Since the features are separated by
nearly 1 eV between (a) and (b), the annealing process much drastically
increase the photonic energy of a given cavity, likely due to a shrinking
cavity thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

6.8

(a) A comparison of the interaction strengths
(2V0m , m = 0, 1, 2, 3)for

(B)
(B)
s-polarized polaritons in each cavity F2 , F1 , F (P ) , and A(P ) as
plotted against the square root of the oscillator strength (relative to
the 0-0 exciton) for the associated exciton. For “amorphous” films,
the oscillator strength is taken as the Franck-Condon (FC) coefficient
(e−S S m /m! where the HR factor S). The dashed lines for each set of
data represent either a proportional fit or constant fit to highlight the
deviation from a proportional model. The “star” and “plus” markers show comparable data for diF TES–ADT for “aggregated” and
“isolated” molecules respectively [42]. (b) A comparison of the 0-0 interaction strength (2V00 ) for s-polarized polaritons in each cavity type
plotted against the square root of the effective molecular density. The
dotted line represents a proportional fit, based on equation 6.9. Note
that for F (P ) , the “molecular density” is estimated from the average
crystal axis length, and for A(P ) from the estimated film contraction
induced by annealing (where horizontal error express bounds of this
estimate), see Appendix A.1 for details. Vertical error bars were estimated at 20 meV based of the coupled oscillators fit. The “star”,
“plus” and “x” markers show comparable data for diF TES–ADT for
“aggregated” and “isolated” molecules [42]. . . . . . . . . . . . . . . 260
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6.9

(a) The reflectance from a cavity containing the film F2 at angles
of incidence ranging from 20◦ to 80◦ . (b) A dispersion plot of the polariton state energies extracted from the reflectance. Dots show the
experimentally extracted state energy, the semi-dashed line shows the
photon energy, the dashed line shows the exciton energies for “isolated”
molecules and solid black lines show fits according to the coupled oscillator model. Adjacent to (b) has the reduced absorption from the
corresponding film for comparison, which shows a clear “amorphous”
molecule response. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

(B)

(B)

6.10 (a) The reflectance from a cavity containing the F1 film at angles
of incidence ranging from 20◦ to 80◦ . (b) A dispersion plot of the polariton state energies extracted from the reflectance. Dots show the
experimentally extracted state energy, the semi-dashed line shows the
photon energy, the dashed line shows the exciton energies for “amorphous” molecules and solid black lines show fits according to the coupled oscillator model. Adjacent to (b) has the reduced absorption
from the corresponding film (solid line) which show as “aggregate”
(B)
molecular response, and the reduced absorption for a F2 film with
an “amorphous” molecular response (dashed line) for comparison. Notice that the photon is clearly coupled to “amorphous” molecules in
the cavity, despite the absorption spectrum showing a predominately
“aggregated” molecular content. . . . . . . . . . . . . . . . . . . . . . 264
6.11 A comparison of the s-polarized polariton dispersions in pristine cavities before and after thermal annealing. (a) The dispersion for a preannealed pristine cavity (F (P ) ) with the adjacent reduced absorption of
the bare film for comparison. (b) the dispersion for a (different) postannealed pristine cavity (A(P ) ) of comparable thickness to (a) with the
adjacent reduced absorption for the bare film also shown. For both
plots, dots show the experimentally extracted state energies, the semidashed line shows the photon energy, the dashed lines show the exciton
energies (extracted from the bare film), and the solid lines show the
fits according to the coupled oscillator model. Fit parameter values
are given in Table 6.2 and Table 6.2. . . . . . . . . . . . . . . . . . . 265
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6.12 The (top) s-polarized Angle-Resolved Reflectance and (bottom) polaritonic dispersion for a cavity containing TIPS–Tc, deposited by spincasting at 1500 RPM. The Angle-Resolved Reflectance is shown in
black lines, vertically shifted with angle of incidence (between 20◦ and
80◦ ), vertical dashed lines show the exciton energies for the first 3 absorptive peaks, extracted from fits of the bare film. The dispersion
plot shows in dots the locations of the reflective peak minima plotted against in-plane momentum, corresponding to the LP, MP1 , MP2
and UP branches. The dashed lines show the exciton energies (with
the plot on the right hand side showing the corresponding bare film
reduced absorption). The semi-dashed line shows the cavity photon
energy (modeled using equation 6.14) and the solid black lines show
and coupled oscillator model fit (Hamiltonian 6.13). All fit parameters
are given in Table 6.5. . . . . . . . . . . . . . . . . . . . . . . . . . . 275
6.13 The (top) p-polarized Angle-Resolved Reflectance and (bottom) polaritonic dispersion for a cavity containing TIPS–Tc, deposited by spincasting at 1500 RPM. The Angle-Resolved Reflectance is shown in
black lines, vertically shifted with angle of incidence (between 20◦ and
80◦ ), vertical dashed lines show the exciton energies for the first 3 absorptive peaks, extracted from fits of the bare film. The dispersion
plot shows in dots the locations of the reflective peak minima plotted against in-plane momentum, corresponding to the LP, MP1 , MP2
and UP branches. The dashed lines show the exciton energies (with
the plot on the right hand side showing the corresponding bare film
reduced absorption). The semi-dashed line shows the cavity photon
energy (modeled using equation 6.14) and the solid black lines show
and coupled oscillator model fit (Hamiltonian 6.13). All fit parameters
are given in Table 6.5. . . . . . . . . . . . . . . . . . . . . . . . . . . 276
6.14 The normal incidence reflectance spectrum from a “bare film” of TIPS–
Tc on a silver substrate. Experimental data is shown in dots, and a fit
according to equation 6.11 is shown with a line. . . . . . . . . . . . . 277
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6.15 The interaction strengths 2V0m for TIPS–Tc plotted against the square
root of the bare film’s reduced absorption peak area. The dots show
the average of the interaction strength over polarization and film spincasting speed with error bars representing the standard deviation.
The dotted line shows a proportional fit (slope 264 ± 8 meV , c.f.
equation 6.15), consistent with the expectation that the interaction
strength should
scale with magnitude of the transition dipole moment:
√
V ∝ µ ∝ A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
6.16 The structure (a), highest occupied molecular orbital (b) and lowest
unoccupied molecular orbital (c) for SiH3 –Tc. The configuration of this
molecule was optimized using DFT methods (B3LYP/6–311+G(2d,p))).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282
6.17 The Natural Transition Orbitals for the S0 –S1 transition for SiH3 –Tc.
(a) show the initial state for the transition (analogous to the “hole”
wavefunction) and (b) the final state for the transition (analogous to
the “electron” wavefunction). Note that “hole” and “electron” wavefunctions are nearly identical to the HOMO and LUMO in Figure 6.16.
The all calculations were done using TD DFT methods (B3LYP/6–
311+G(2d,p))). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
6.18 The structure (a) and Natural Transition Orbitals (b)-(c) for the S0 –S1
transition for Tc–EPOA . (b) The initial state for the transition (analogous to the “hole” wavefunction) and (c) the final state for the transition (analogous to the “electron” wavefunction). Note that “hole” and
“electron” wavefunctions are primarily concentrated on the backbone
of molecule below the oxygen atoms. The all calculations were done
using TD DFT methods (B3LYP/6–311+G(2d,p))). . . . . . . . . . 284
6.19 The structure (a) and Natural Transition Orbitals (b)-(c) for the S0 –
S1 transition for (Tc + Tc). (b) The initial state for the transition
(analogous to the “hole” wavefunction) and (c) the final state for the
transition (analogous to the “electron” wavefunction). Note that the
“hole” and “electron” wavefunctions are primarily concentrated on the
undistored Tc backbone, and that they are qualitatively similar to the
“hole” and “electron” states of SiH3 –Tc (see Figure 6.17), suggesting
that this dimer excited state has similar character to the S0 –S1 state
for a monomer. The all calculations were done using TD DFT methods
(B3LYP/6–311+G(2d,p))). . . . . . . . . . . . . . . . . . . . . . . . 285

LIST OF FIGURES (Continued)
Figure

Page

6.20 The structure (a) and Natural Transition Orbitals (b)-(c) for the S0 –
S2 transition for (Tc + Tc). (b) The initial state for the transition
(analogous to the “hole” wavefunction) and (c) the final state for the
transition (analogous to the “electron” wavefunction). Note that while
the “hole” wavefunction is localized on the undistored Tc backbone, the
“electron” wavefunction is localized on the bottom half of the distored
Tc backbone, making this a charge transfer excited state. Additionally,
the “hole” wavefunction is qualitatively similar to the “hole” wavefunction for the S0 –S1 transition of SiH3 –Tc (see Figure 6.17) while
the “electron” wavefunction is qualitatively similar to the “electron”
wavefunction for the S0 –S1 transition of Tc–EPOA (see Figure 6.18).
In this way, the two Tc backbones appear to be only weakly coupled
through their side–group bond. The all calculations were done using
TD DFT methods (B3LYP/6–311+G(2d,p))). . . . . . . . . . . . . . 286
6.21 The polarization dependent transmittance of a microcavity containing
a diF TES–ADT single crystal, vertically shifted for clarity. The left
side of the plot shows a near IR cavity resonance, polarized perpendicularly to the long axis of the crystal. The right side (multiplied by
a factor of 10) shows a set of visible range cavity resonances polarized
parallel to the long axis of the crystal. . . . . . . . . . . . . . . . . . 292
6.22 (a) Polarized confocal transmission microscopy (PCTM) on an optical cavity containing a diF TES–ADT single crystal. The plot shows
the PCTM (normalized to a maximum value of 1) at two different polarizations measured with respect to the long axis of the crystal (0◦
(i.e. parallel to the long axis) in green and 90◦ (i.e. perpendicular to
the long axis) in red). Labeled are four features, the perpendicularly
polarized lower polariton (LP⊥) and the parallel polarized polaritons
(LPk , M Pk , U Pk ). The inset shows the transmittance as a function of
polarization angle integrated in the regions (filled in the main plot) of
the two types of features: LP⊥ (coral) and LPk /M Pk /U Pk (sage). (b)
Polarized fluorescence microscopy (PFM) at the same spot as in (a) at
the same polarizations. Labeled are the two features: LP⊥ and LPk .
The inset shows the integrated fluorescence similar to (a). . . . . . . 294
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6.23 (a) The (unpolarized) reflectance spectra from a single crystal (in an
optical cavity) of diF TES–ADT measured at different spots with varying thickness. The reflectance is vertically shifted to approximately
correspond with decreasing thickness. Dots show the center energies
of the resonances extacted from spectral deconvolution and are labeled
LP⊥, LPk , M Pk , and U Pk with the subscript corresponding to the primary polarization of the resonance. (b) The dispersion of the parallel
polariton states plotted against the perpendicular (Off-axis) polariton
energy. Solid lines show a fit utilizing a Coupled Oscillators model. . 296
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A summary of the relevent fit parameters for the solution absorption
spectra of the three organic pigments: X , XDM and DR. The fit of XDM
was conducted with a vibronic progression model (equation 3.1) with
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fits where calculated according to equation 3.3. Finally, the values
(DF T )
of EX
given in parentheses are copied for easy comparison from
Table 3.2 and represent the vertical singlet energy for the first excited
state calculated using to TD-DFT methods. (Adapted from [77, 78])
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6.1

A summary of the first three excited state (vertical) transition energies
(EX ) and assoicated oscillator strengths (f ) as predicted by TD-DFT
calculation for diF SiH3 –ADT (both the C2h (trans-ADT) and Cs (synADT) tautomer symmetries) and SiH3 –Pn. All calculations were done
using the B3LYP functional and the 6-311+G(2d,p) basis set. . . . . 251

6.2

The polaritonic coupling values for representative cavities containing
(B)
(B)
each of the four films: F2 , F1 , F (P ) , A(P ) , indexed by the spincasting RPM for the associated film. The table lists the incident polarization of light (Pol.), the normal-incident photon energy (E0 ) and the
effective index of refraction for that polarization (nef f ) used in equation 6.5. Cited also is the exciton energy for the 0−i absorptive transition (i = 0, 1, 2, 3, extracted and fixed at the value from reflectance of
the bare film) as well as the interaction strength (2V0i ) associated with
that excitonaccording to equation 
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Introduction
Organic semiconductors are of interest due to their applications in low-cost, large-area
(opto)electronic and photonic devices; these include thin-film transistors (TFTs), solar cells, light-emitting diodes, photodetectors, sensors, and many others. [1] Tremendous progress in device performance has been achieved over the past 10 years due to
a better understanding of the fundamental processes that determine (opto)electronic
properties of organic materials, as well as the structure-property relations that led to
the development of improved fabrication methods, enabling optimized film structure
and morphology.
Another area that has seen significant development over the last decade is the
field of organic polaritonics. Impressive demonstrations of exotic states of matter
(including Bose-Einstein Condensates) have been seen, present even at room temperature. [2,3] The strong light-matter interactions which form polariton states have also
been shown to modulate the photochemistry of many organic systems [4], and even
enhance the electrical characteristics of some organic (opto)electronic systems. [5] As
such, utilizing polaritonic state in next-generation (opto)electronic and photochemical
devices is an exciting and rapidly growing field of study. However, further advances
in knowledge (and better theoretical models for current observations) of organic polaritonics are limited by our understanding of the underlying excitonic physics and
light-matter interactions of organic materials. As such, systematic studies of organic
excitonic structure with its application to strong light-matter interaction is necessary
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for the future of this field.
Toward a better understanding the nature and properties of excitonic structure
and how that applies to polaritonics, this work presents several such systematic investigations. The dissertation is divided into two parts of three chapters each.
Section 1 deals with the nature and properties of excitons in organic crystals.
Chapter 1 presents some of the background for organic (opto)electronic materials,
both theoretical models (historical and current) and a brief survey of an open question in the field: namely the effect of crystal packing structure on organic excitonic
properties. Chapter 2 (adapted from Ref [A2]) presents a systematic study investigating that question for the model system of functionalized anthradithiophene. This
chapter represents an extension of research previously published by the author in
Ref [A10]. Though not included in the chapter, interested readers are referred to
Ref [A4] and Ref [A8] for the author’s contributions to works studying the same
system using ultrafast spectroscopy and electrical methods respectively. Chapter 3
presents a summary of the author’s contributions to works addressing other questions
in the field of organic (opto)electronics. In particular, it summarizes the optical analysis of a new class of sustainable organic semiconductors, those naturally secreted by
spalting fungi. The chapter reproduces the author’s results from Refs [A1,A5,A7,A9]
as well as some results awaiting publication.
Section 2 deals with with organic polaritonics. Chapter 4 will presents background specific to strong light-matter interactions for orangic materials, including
both theoretical model (historical and current) and a survey of the state of the field.
Chapter 5 (adapted from Ref [A6]) presents a systematic study of strong light-matter
interactions for films of polymer doped with functionalized anthradithiophene (dis-
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cussed previously) across the concentration spectrum: from isolated molecules to fully
aggregated films. Chapter 6 summarizes the author’s contributions to several other
works (in press) which extend the previous chapter’s analysis to other organic systems.
These works will study the effects of strong light-matter interactions on singlet fission
and photochemical degradation. Finally, the chapter also includes the description of
a novel experimental technique, developed by the author, for studying solution-grown
organic single crystals in optical microcavities. Though not discussed in this work,
interested readers are also referred to Ref [A3] for the author’s contributions to a
related field: organic plasmonics.
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Chapter 1: Organic Semiconductors
A Brief Introduction
This chapter will focus on the theoretical background for understanding the (opto)electronic
properties of organic semiconductors, before presenting some of current open questions in the field.
Organic semiconductors have many unique properties which differentiate them
from more “traditional” inorganic semiconductors such as silicon and GaAs, due to
the intrinsically “molecular” structure of their fundamental elements. Whereas traditional inorgnaic semiconductors are typically composed of many atoms, covalently
bonded to form macroscopic crystals with bulk material properties arising from the
inter-atomic interactions, organic semiconductors, on the other hand, are composed
of many molecules which are bonded with van der Waals forces. The molecular
building-blocks themselves are far more complicated than the simple atomic building
blocks of inorganics, being themselves composed of many covalently bonded atoms.
In this way, there are two levels of analysis relevant to organics: how atoms participate in the molecular structure and then how the molecules in turn participate in the
larger bulk structure. The next section will introduce some of foundational elements
for understanding organics molecularly, followed by theory related to intermolecular
interactions.
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1.1 Organic Molecules
1.1.1 Molecular Conformations
Understanding organic molecular properties from a theoretical perspective begins
by constructing a quantum mechanical model for the system. Nuclei and electrons
are treated as point charges interacting through the Coulomb force, from which a
Hamiltonian can be constructed and diagonalized to yield the wavefunctions of the
molecule. From this perspective nuclei and electrons are treated equivalently, however
since nuclei are orders of magnitude more massive than electrons, one might expect
them to have different behaviors. Specifically, since the electrons are so much lighter
than the nuclei, the Born-Oppenheimer (BO) approximation says that they will react
with their electrostatic potential environment much more quickly than the nuclei
will, making the nuclei effectively stationary relative to the motion of the electrons.
For this reason, the task of studying these molecules is usually split into two pieces.
First, one decides how to distribute nuclei whose locations are fixed in place and then
second the electrons are distributed across the molecule. In this sense, the nuclear
position coordinates (R) can be thought of as forming a parameter space for which
each nuclear arrangement will produce a particular electronic arrangement.
Actually, each nuclear arrangement will produce many electronic arrangements,
the various energy levels that arise from diagonalizing the system Hamiltonian. Each
system energy level (for instance the ground state) exists in the nuclear parameter
space as high dimensional surfaces (called potentials). A molecule may move across
one of these potential surfaces, because as the nuclear postilions change, the electrons
will rapidly reorganize themselves to maintain the overall energy state. A molecule left

8
to evolve in time by itself will move across this potential surface, seeking an energetic
minimum point (“potential wells”). These minima, then, represent the true states
of organic molecules, as they are the nuclear coordinate space positions where the
molecule will be found. As such, the nuclear coordinate positions which correspond
to an electronic state’s energy minimum point is called the molecular conformation
of that state.
The conformation for each electronic state, once known, then determine the electron distribution of the molecule from much the molecular properties can be extracted.
An example of this would be the optical spectra of the molecule, which is discussed
next.

1.1.2 Optical Transitions
The optical spectra of a molecule arise from its interaction with an electromagnetic
field whereby the molecule transitions from one electronic state to another. In the
case of absorption spectra, molecules in the ground state transition to higher electronic state by absorbing photons from the external electromagnetic field. In the
case of photoluminescence, molecules in an excited state transition to a lower state
(usually ground), emitting a photon into the external field. Within the electric dipole
approximation and assuming that thermal energy is low enough to guarantee that
molecules will start in the ground state, the absorption spectrum takes the form: [1]

A(~ω) ∝ ~ω

X
Ψ

|hΨ| µ̂ |Gi|2 Γ (~ω − EΨ )

(1.1)
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where A is the absorption spectrum, ~ω is the incident photon energy, the sum is over
all molecular excited states |Ψi with energies EΨ , µ̂ is the transition dipole moment
operator (discussed below), |Gi represents the ground state of the molecule (note
that the total energy of this system here has been shifted so that EG = 0), and Γ
is some lineshape (usually Gaussian or Lorentzian) modeling that fact that excited
state energies take a distribution of values rather than an exact value (both because
of finite excited state lifetimes, and system disorder).
Similarly, the photoluminescence (PL) lineshape takes the form:

I(~ω) ∝ ~ω 3

XX
Ψi

|hΨf | µ̂ |Ψi i|2 Γ ~ω − EΨf + EΨi



(1.2)

Ψf

where I is the PL spectrum and the sum is now over all initial excited states |Ψi i
(frequently there is only one) and over all final states |Ψf i (typically the ground
state).
As can be seen from the functional forms, the two important features determining
spectral lineshapes are first the relative energies of the states participating in the
transition and second is the matrix elements of the transition dipole moment operator.
The energies have already been discussed but matrix elements require some additional
discussion.

1.1.3 The Transition Dipole Moment
A full derivation of the functional forms equation 1.1 and equation 1.2 is part of
many standard texts (for example, Sakurai [6] or Fox [7]), and readers are referred
there for details, but the important results will be related here. It is assumed that

10
the molecular system is already solved within the BO approximation, so that the
 →
−
−
−
molecular wavefuntions Ψ →
r , R can be split into electronic wavefunctions Ψ(e) (→
r)
→

−
and nuclear wavefunctions Ψ(n) R . Within the electric dipole approximation, a
harmonic external electric field (as part of an electromagnetic wave) imposes a timedependent perturbation to the molecular Hamiltonian: [7]
→
−
−
−
V (→
r , t) = e→
r · E0 eiωt

(1.3)

→
−
−
where e is the electric charge, →
r is an electronic displacement and E0 eiωt is the
external electric field. Notice that no nuclear coordinates appear here, because the
BO approximation means that the electrons will undergo reorganization much faster
than the nuclei, and so the electric field’s direct influence on the nuclei is negligible
compared to the electronic effect.
Time-dependent perturbation theory then prescribes that the transition probability from one state Ψi to another state Ψf is proportional to the corresponding matrix
element of V : [7]
−
Vf,i (t) = hΨf | V (→
r , t) |Ψi i
Z
Z

−
→
−  (e) →
(n)∗ (n) →
(e)∗
−
→
−
= Ψf
e r · E0 Ψi d r · Ψf Ψi d R · eiωt
− and a field strength E , then
If the electric field is split into a polarization vector →
0
the transition dipole moment can be defined as the vector which satisfies the dot
product:
→
−
− ≡ −e
µ f,i · →

Z

(e)∗

Ψf

−
− ) Ψ(e) d→
−
(→
r ·→
r
i

(1.4)
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−
The transition dipole moment is a vector in the sense that the x-component of →
µ f,i is
− = x̂, the y-component is calculated by setting →
− = ŷ, etc. It
calculated by setting →
should also be noted that this transition dipole moment is specific to this transition,
and will generally take different values for different initial and final states.
With this definition, the interaction takes the reduced form:
→
−
−
Vf,i (t) = −→
µ f,i · E0


Z

−
(n)∗ (n) →
Ψf Ψi d R



eiωt

(1.5)

In this sense, the transition dipole moment for a given transition captures all of the
intrinsic (electronic) information about how likely that transition is to occur. Much
in the same way that the capacitance of an electrical element is a purely geometric
quantity which can be used together with a specified charge to calculate voltage
differences, the transition dipole moment is a quantity which only depends on the
electronic wavefunctions which can be combined with a particular external field to
calculate a transition probability.
Since the transition dipole moment is specific to a particular transition, it is also
useful to define an operator (the transition dipole operator) which has as its matrix
elements the value of the transition dipole moment. So for a given polarization vector
→
− , the transition dipole operator µ̂ is the operator which satisfies:
D

(e)
Ψf

µ̂()

(e)
Ψi

E

−
−
=→
µ f,i · →

(1.6)

Now, typically the dependence on  is either implicit or averaged over (depending
upon the context). It is important to note here, that the transition dipole operator
only acts on the electronic part of the total system state. This leaves the nuclear
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dependence to be discussed.

1.1.4 The Franck-Condon Principle
The previous section defined the transition dipole moment operator µ̂, and observed
that it fully describes the electronic contribution to optical transitions, but is agnostic
about the nuclear wavefunctions. This section will focus on the nuclear contribution
to optical transitions, building a model (the Franck-Condon model) for calculating
the nuclear overlap integral in equation 1.5.
Recall the Born-Oppenheimer approximation allows the separation of the total
molecular wavefunction into an electronic and nuclear piece. This also allows for the
construction of potential surfaces, where the nuclear coordinates are the parameter
space and the total system energies (calculated from the Hamiltonian) form those
surfaces. Molecules will reside in potential minima (at the bottom of potential wells),
because the nuclei will reorganize themselves to minimize the system energy and any
nuclear motion this incurs will be compensated by effectively instantaneous reorganization of the electrons keeping the system on the potential surface. Now, the nuclei
themselves are treated as quantum mechanical particles, and so do not have a definite position, but rather a spatially extended wavefunction (Ψ(n) ), so the potential
surfaces in nuclear coordinate space function as the potential energy landscape that
determines the nuclear wavefunction.
For thermally stable molecules, these potential energy surfaces (specifically the
electronic ground state potential) have steep, deep potential wells that the nuclear
wavefunction is localized within. In fact, the highly localized nuclear wavefunction
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is necessary for being able to define “nucleus positions” (and so molecular configurations) in the first place. Since the wavefunction is highly localized, the entire potential
surface is not necessary to approximate the nuclear wavefunction, only the portion of
the potential surface where the wavefunction resides – i.e. within the potential well.
In this wave, the full potential surface can be approximated with parabolic surface of
the same local curvature.
In this way, nuclei within potential wells can be modeled as harmonic oscillators,
making it approximately equivalent to a complicated spring-mass system. Just as in
classical mechanics, the “spring-mass” system can be decomposed into a set of normal modes and so the total nuclear wavefunction is just a product of many harmonic
oscillator wavefunctions. This means that rather than having “a nuclear wavefunction” corresponding to a particular electronic state, there are actually infinitely many
possible nuclear wavefunctions, corresponding to different kinds harmonic nuclear vibrations. At the same time, many of these nuclear vibrations have energy quantum
values much larger then what reasonable thermal energy can excite, and so these
normal modes only ever have an occupation number of 0.
With this harmonic oscillator model for the nuclear wavefunction, it is now possible to discuss evaluating the overlap integral in equation 1.5. Consider two different
electronic states, which will have two different potential surfaces in the nuclear coordinate space. It is implausible to assume that the potential minima will occur at the
same nuclear coordinate values, not least because the two electronic states necessarily
produce different charge distributions from the electrons. So, the harmonic potential
wells should be displaced from one another along some coordinate direction (called a
“displacement coordinate” R, and referring to some complicated linear combination
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of Cartesian nuclear coordinates). An example of this pair of shifted harmonic potentials can be seen in Figure 1.1 where S0 (the ground electronic state potential) and S1
(a higher electronic state potential) are plotted against the displacement coordinate,
with a displacement of λ. In this example, the two potential wells are assumed to
have the same curvature, though this condition can easily be relaxed.

Figure 1.1: Schematic representation of the Franck-Condon principle, where two electronic states (S0 and S1 ) have an potential energy surface in the nuclear coordinate
space (here plotted on the displacement coordinate between the potential well minima) which support discrete vibrational modes of the molecules (wavefunctions shown,
and kets labeled to the right).
Under the assumption that the two potentials have the same curvature, the S0
nuclear wavefunctions and the S1 nuclear wavefunctions (along the displacement coor-
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dinate) are identical, except for a constant shift λ. Note in particular, that this means
all of the other coordinate directions have fully identical wavefunctions, without any
shift. So, if ψn (R) represents the harmonic oscillator wavefunction for an occupation
number of n, then the overlap between the initial nuclear wavefunction (with ket |ni )
and the final nuclear wavefunction (with ket |m̃i , where the tilde indicates a shifted
potential) is:
Z

−
(n)∗ (n) →
Ψf Ψi d R

Z
=

∗
ψm̃
(R)ψn (R − λ)dR ≡ hm̃| ni

(1.7)

These integrals are easily computed, being based upon Hermite polynomials, with
the an important special case being the overlap between the 0 occupation state of
one well to another:
2

2

|hñ| 0i| = hn| 0̃i

2

e−S S m
e−λ /2 λ2m
=
=
2m m!
m!

(1.8)

where S ≡ λ2 /2 is the Huang-Rhys factor.

1.1.5 The Vibronic Progression
With the Franck-Condon model for how vibrational modes of the molecule are coupled
to the electronic states, it is possible to predict the optical spectra that this model
would produce. In the case of absorption, it is assumed that the molecule starts in
the total ground state (both electronic ground and vibrational ground, represented
by the ket |g, 0i ), then the absorption spectrum for transition into the first electronic
excited state (represented by the ket |e, m̃i , where m is the nuclear vibrational state
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index) mediated by the transition dipole moment µ10 (where the vector has been
averaged over polarizations) is (c.f. equation 1.1):
A(~ω) ∝ ~ω

X

= ~ω

X

|he, m̃| µ̂ |g, 0i|2 Γ (~ω − EX − mEV )

m

|µ10 |2 |hm̃|0i|2 Γ (~ω − EX − mEV )

(1.9)

m

= ~ωµ210

X e−S S m
m!

m

Γ (~ω − EX − mEV )

where EX is the energy difference between the S0 and S1 potentials and EV is the
energy quantum of the potential wells. The functional form suggests that the optical
absorption should appear as several evenly spaced absorption peaks (labeled “0-m”)
whose lowest energy peak (0-0) represents the transition between the vibrationless
nuclear states, and each subsequent peak represents the transition into a higher vibrational state.
Similarly, if it is assumed that the molecule starts in the excited electronic state
with no vibrational occupation, the photoluminescence (PL) spectrum looks like:

I(~ω) ∝ ~ω 3 µ210

X e−S S m
m

m!

Γ (~ω − EX + mEV )

(1.10)

In this way, the PL spectrum looks like a mirror image of the absorption spectrum
(see figure 2.8) also with evenly spaced peaks. Additionally, the relative amplitudes
of the 0-m to 0-0 peaks should be the same in the absorption and PL spectra, as they
both have the same prefactors from the nuclear overlap integrals.
This model is referred to for the remainder of this work as a “vibronic progression”
so as to indicate that the vibrational motion of the molecule couples to the electronic

17
states, producing an evenly spaced progression of absorptive peaks, or occasionally
the Franck-Condon model refering to the fact that it is based on the Franck-Condon
principle.

1.1.6 The Two-Level Franck-Condon Hamiltonian
Before progressing it is useful to codify the results of the above discussion into a
formal system Hamiltonian. For this purpose, assume that an organic molecule has
two electronic states, represented by the kets |gi and |ei . The molecule also has a
vibrational mode, modeled as a harmonic oscillator which in the ground state has
creation and annihilation operators b̂ and b̂† with associated Fock states |mi . The
shifted harmonic oscillator for the excited state has the (shifted) creation and annihilation operators b̂ + λ and b̂† + λ with associated Fock states |m̃i . In this way, the
“Franck-Condon” Hamiltonian can be constructed as:

o
n
ĤF C = EV b̂† b̂ + |eihe| EX + EV λ(b̂† + b̂) + λ2

(1.11)

where EX is the electronic state energy difference, EV is the harmonic oscillator energy
quantum (see Appendix B.2 for more details on the final term). This Hamiltonian has
as its eigen states |g, mi (with E = mEV ) and |e, m̃i (with E = EX + mEV + λ2 EV ,
though often that last term, called the reorganization energy, is absorbed into the
value of EX ).
This model has great success, accurately modeling the spectra of many organic
molecules when they are “isolated” (that is, not interacting with each other, or the
environment as when dissolved dilutely in solution). In this sense, the Franck-Condon

18
(FC) model serves as the organic analogue to the more simple atomic spectra models
for inorganic semiconductors and as the building block for understanding higher order
effects. In particular, once organic molecules are allowed to interact (for instance,
when they are brought close together in a film or crystal), these interactions are
treated as perturbations to the FC model. In effect, the Franck-Condon model makes
the claim that for organic molecules, vibrational and electronic states come as a
package, and any interactions must treat both kinds of states to accurately capture
the physics involved.

1.2 Organic Intermolecular Interactions
Organic molecules, when brought into close proximity are able to interact with one
another and even form (weak) van der Waals bonds between molecules. These interactions are weak compared to bonding interactions between the atoms inside an
organic molecule, so a common approach to modeling intermolecular interactions is
as a perturbation to the isolated molecule. As discussed in the previous section, these
isolated molecules are usually well described by a Franck-Condon (vibronic progression) model that serves as the initial system, which is then perturbed.
However, for the Franck-Condon model with even a single electronic transition
(say, between ground and the first excited state), the number of possible states
associated with this single molecule is large, making it non-trivial to incorporate
intermolecular interactions. Additionally, the two-electronic states FC model neglects some molecular states which are irrelevant to the isolated molecular properties,
but can become important through intermolecular interactions (for example, triplet

19
states). This section seeks to provide a brief introduction to how modeling intermolecular interactions is done, but being that this is still an active area of research
this will necessarily be incomplete.

1.2.1 J- and H-aggregates
In the simplest case, consider a 1 dimensional chain of N organic molecules indexed
by i, each of which have a single electronic excited state. For this simplest case, it will
be assumed that the electronic and vibrational modes of the molecule are decoupled,
which in the context of the Franck-Condon model is accomplished by setting λ = 0.
By decoupling the electronic and vibrational modes, there are now only two (relevant)
states associated with each molecule: the ground and excited electronic states. To
draw the connection with “Traditional” solid-state physics, the excited states here
are often called “Frenkel excitons” where that term indicates that the excited state
(specifically the electron and hole pair) is localized on a single molecule, over against
inorganic semiconductors which have highly delocalized excited states that span many
atomic sites (Wannier-Mott excitons). As a result, the terms “Franck-Condon” state
and “Frenkel exciton” will be be used interchangeably.1
Recall that the each of the molecules in the chain also possesses a transition dipole
−
moment (→
µ i ) for the electronic transition between the ground and excited states. In
an intuitive jump credited to M. Kasha, [8] one can imagine that the transition dipole
moments (whose orientation specifies the polarization of the electric field which will
maximally excite the transition) behave somewhat like a dipole emitter during a pho1

Though, the former term (“Franck-Condon”) technically refers to an isolated molecular model
and the latter term (“Frenkel exciton”) technically refers to a bulk system state.
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toluminescence event. In this way, the transition dipole moments from neighboring
molecules are, by analogy, postulated to have a dipole-dipole-like interaction with one
another:
(D−D)

Jij

∝

−
−
−
−
(→
µi·→
µ j ) − 3 (→
µ i · r̂ij ) (→
µ j · r̂ij )
3
rij

(1.12)

−
where →
r ij is the vector pointing from the ith to the j th molecule. The intuitive idea
here is that a dipole on one molecule (present because of an excited electron state),
can cause the excitation of an electron on another molecule. Expressed as an operator,
this interaction is:

V̂

(D−D)

=

(D−D)
JN N

N
X

{|ei ihei+1 | + |ei+1 ihei |}

(1.13)

i

(D−D)

where JN N

indicates the nearest neighbor coupling (since the interaction decays

with 1/r3 , the adjacent molecules will have the dominant interaction), and the kets
|ei i indicate that the ith molecule is in an excited state (and all others are in ground).
With this interaction, it is possible to form a system Hamiltonian, which will be
called the Kasha Hamiltonian:

ĤK =

N
X

(D−D)

|ei ihei | + JN N

i

N
X

{|ei ihei+1 | + |ei+1 ihei |}

(1.14)

i

If periodic boundary conditions are imposed on the chain, then this system is easily
diagonalized with the Bloch states:
N
1 X
|ki = √
|ei i eikan
N n

(1.15)
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where k = 2mπ/aN for m = 0, ..., N − 1 is the crystal momentum of the state and a
is the crystal lattice spacing, yielding state energies of:
(D−D)

E(k) = EX + 2JN N

cos(ka)

(1.16)

What is interesting to note here, and what was identified by Kasha, is that depending
(D−D)

upon the sign of JN N

, the intermolecular interaction will either shift the k = 0

excited state energy up or down. This has important implications for the PL spectrum
of the resulting molecular chain, because only the k = 0 state can efficiently coupled to
(D−D)

electronic ground (via the system transition dipole moment), but if JN N

> 0 then

the k = 0 excited state will be at a higher energy than state of non-zero momentum.
Intraband scattering will then rapidly cause the k = 0 to relax down into k 6= 0 states,
which are not able to radiative decay. The net result is that positive couplings prevent
photoluminescence. The reverse is true for when the coupling is negative; the lowered
k = 0 state energy is preferentially populated, leading to enhanced emission (so called
super-radiance). Aggregates with positive coupling are called “H-aggregates” while
those with negative couplings are called “J-aggregates”. The sign of the coupling,
comes from the relative orientation of the transition dipole moments of adjacent
molecules (equation 1.12). In this way, molecules can have vastly different emission
characteristics in the solid phase simply by arranging them differently. Interested
readers are referred to Ref [9] for a more complete discussion.

22

1.2.2 The Holstein Hamiltonian
The Kasha Hamiltonian is useful in that it highlights the importance of intermolecular coupling on bulk material properties, however it requires that the vibrational
mode of the molecule be disregarded. This is a very coarse approximation, considering how critical the vibrational modes are for correctly understanding the isolated
molecular properties. A more thorough model must include the vibrational modes,
which is called the Holstein Hamiltonian. Assuming once more a 1 dimensional chain
of organic molecules with nearest neighbor interactions JN N (which could be modeled
with a Kasha dipole-dipole interaction, or could be a more general Coulomb interaction), the system Hamiltonian, based off of the Franck-Condon Hamiltonian with of
equation 1.11, can be expressed as:
N n
n
oo
X
ĤH =
EV b̂†i b̂i + |ei ihei | EX + EV λ(b̂†i + b̂i )
i

+ JN N

N
X

(1.17)
{|ei ihei+1 | + |ei+1 ihei |}

i

where the vibrational creation and annihilation operators are now indexed with the
excitons. A schematic representation of this Hamiltonian is given in Figure 1.2,
where a series of molecules (also called chromophores) which have the same local
states structure as Figure 1.1, are given nearest neighbor interactions.
As it turns out by reintroducing the vibrational modes this system model no
longer has a closed form solution. Whereas for the Franck-Condon Hamiltonian equation 1.11 and Kasha Hamiltonian equation 1.14, the system energies had a simple
functional form based on the state indices (like the vibrational occupation number,
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Figure 1.2: A schematic representation of the Holstein model for orangic chromophores. A set of organic chromophores (shown in a chain indexed by i, but could
also be a higher dimensional, or even amorphous, arrangement), each with a ground
and excited electronic state strongly coupled to the vibrational modes of the molecule.
The chromophores interact through a nearest neighbor resonant interaction JN N . See
Hamiltonian 1.17.
or crystal momentum) and the absorption (e.g. equation 1.9) and PL lineshapes (e.g.
equation 1.10) similarly had a simple functional form. No such analytical solutions
exist here, and numerical methods are required to solve this Hamiltonian, with further
details being given in Appendix B.
This Hamiltonian, and its derivatives which will be discussed below, is actively
being researched, with Hestand and Spano providing a definitive discussion of the
state of the field in their work: Ref. [9].
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1.2.3 Electron and Hole Transfer Interactions
In addition to the nearest neighbor Coulombic interaction discussed in the previous
section, there are other types of intermolecular interactions which have been shown to
be important in understanding solid-state organic semiconductors. One such example
are the so called electron and hole transfer integrals. Modeling these interactions
requires considering more than just the two electronic states (the ground and Frenkel
exciton) but include Charge Transfer (CT) exciton states as well.
In the FC model for an optical excitation, the electronic piece of the system moves
from the ground state to a higher excited state. Frequently for organic molecules, this
many-particle electron wavefunction can be approximately factored into the product
of many one-particle wavefunctions, called molecular orbitals (MOs) in analogy to
the atomic orbitals.

2

The ground state of the system is then expressed by the first M/2 orbitals exactly
doubly occupied (where here an even number of electrons is assumed), with the highest
energy of these called the Highest Occupied Molecular Orbital (HOMO). The first
excited state of the system will then correspond to one of the electrons in the HOMO
2

The details of this factorization are more complicated than a simple product, because electrons
are spin-1/2 fermions which means each MO can be at most doubly occupied and the total wavefunction must be asymmetric with respect to particle exchange. This be accomplished for an M -particle
wavefunction with a Slater determinant:


−
−
−
ψ1 (→
r 1 ) ψ2 (→
r 1 ) . . . ψM (→
r 1)
−
−
−
 ψ1 (→

r 2 ) ψ2 (→
r 2 ) . . . ψM (→
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−
−
−
Ψ(e) (→
r 1, →
r 2 , ..., →
r M ) = det 
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.
.
.
.
−
−
−
ψ (→
r ) ψ (→
r ) . . . ψ (→
r )
1

M

2

M

M

M

−
where →
r i is the ith electron’s coordinates and ψj the j th molecular orbital which is occupied by an
electron. A more compact notation with kets can be defined by simply specifying which MOs are
occupied without indexing, and the antisymmetry is assumed. In either case, the end result is being
able to articulate system electron states in terms of the individual electrons occupation of molecular
orbitals.
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Figure 1.3: A schematic representation of molecular orbital occupation for the ground
state S0 , first singlet excited state S1 and the first triplet excited state T1 . The
horizontal bars represent the molecular orbitals (the HOMO and LUMO are labeled),
and arrows represent electrons with the direction specifying that the electron is spin
up or spin down. Note that in this case, an even number of electrons has been
assumed.
moving to the next higher molecular orbital, called the Lowest Unoccupied Molecular
Orbital (LUMO). Figure 1.3 shows a schematic representation of the ground state
(denoted S0 for singlet, because total system spin is zero), along with the first excited
states (denoted S1 and T1 , because depending on how the spin of the LUMO occupying
electron compares with the HOMO occupying electron, the total system spin can
either be 0 (singlet) or 1 (triplet). Often, T1 has a lower transition energy than
S1 , but since spin flips are optically forbidden, only the S1 excited state is optically
accessible from S0 making it the first allowed excited state).
For an isolated molecule, the only excited states then are the S1 and T1 (where T1 is
usually neglected), since the isolated molecule only has one terminal orbital (LUMO)
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for the electron to move to. In an aggregate, each molecule has a HOMO and LUMO,
which means that electrons have many more options for were to transition to. Two
very important transitions are called electron and hole transfer, shown in Figure 1.4.
From an excited state (S1 ) electron transfer occurs when the electron in the LUMO
of the excited molecule moves to the LUMO of an adjacent molecule (shown with an
orange dashed line). Since the vacancy (called a “hole”) in the HOMO remains on
the first molecule, it now has a net positive charge and the adjacent molecule has a
next negative charge. This configuration is called a Charge Transfer (CT) exciton
in distinction from a Frenkel exciton.3 The important transition is shown with a
green semi-dashed line, where an adjacent molecule’s HOMO electron moves into the
vacancy on the center molecule. This can also be thought of as the vacancy moving
to the right, which leads to the name “hole transfer” for this process. Once again,
the result is a CT exciton.
Just like resonant intermolecular coupling4 , which can be modeled in the Holstein
Hamiltonian, it is possible to adapt the Holstein Hamiltonian to include electron and
hole transfer, the details of which are discussed at length in Refs [10] and [9].
3

It is important to note here, that a CT exciton is not the same thing as an oxidized and a
reduced molecule happening to be adjacent to one another. The transfer event leaves the electron
and hole still correlated with one another, and still feeling one another’s Coulomb attraction. In this
way, the CT exciton has the electron and hole still bound to one another, but just with a spatial
separation, rather then fully uncorrelated charges which are adjacent.
4
also called exciton “hopping”, because the electron and the hole move together from one molecule
to an adjacent molecule. It should also be pointed out that while the end result of exciton hopping
can be accomplished by electron transfer followed by hole transfer, it is actually a distinct process.
That is, JN N 6= te th , even if Jˆ |en i is parallel to t̂e t̂h |en i . The importance of this is discussed at
length in Ref [9]
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Figure 1.4: A schematic representation of electron and hole transfer within the
molecular orbital perspective. The horizontal bars represent the molecular orbitals
(the HOMO and LUMO are labeled), with each vertical stack representing adjacent
molecules within a 1 dimensional crystal, and arrows represent electrons with the direction specifying that the electron is spin up or spin down. The center chromophore
is viewed as being in the S1 excited state. The orange dashed transition represents
electron transfer, with the excited electron moving to the adjacent LUMO. The green
semi-dashed transition represents hole transfer, with the electron vacancy (a “hole”)
moving the adjacent HOMO.

1.2.4 Singlet Fission and Triplet-Triplet Annihilation
The previous section mentioned that there are actually two excited electronic states
corresponding to a HOMO→LUMO electronic transition, one where the highest two
electrons have parallel spins and one where the two electrons have antiparallel spin,5
called triplet (T1 ) and singlet (S0 ) states respectively, referring to the total system
5

In reality, both electrons can either be spin up or spin down, leading to four possible states:
|↑H , ↑L i , |↑H , ↓L i , |↓H , ↑L i , |↓H , ↓L i however under the basis transformation from the particle basis
to the system basis for spins, there are only two types of states (characterized by the total system
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spin either being 1 (“parallel” spins) or 0 (“antiparallel” spins).

Figure 1.5: A schematic representation of singlet fission (SF) and triplet triplet annihilation (TTA) within the molecular orbital perspective. The horizontal bars represent
the molecular orbitals (the HOMO and LUMO are labeled), On the left side of the
figure is two adjacent chromophores, one in the ground state S0 and one in the first
singlet excited state S1 . The right side of the figure shows the same chromophores,
but now both in the triplet state T1 . Singlet fission is the process of moving from the
left to the right, while triplet-triplet annihilation is the process of moving from the
right to the left
Within the electric dipole approximation, and neglecting any spin-orbit coupling,
there is no way to change the total system spin. So from the isolated molecule
perspective the triplet state can be safely ignored because there is no pathway to it
from the ground (singlet S0 ) state. In a molecular aggregate, however, triplet states
spin s): singlet and triplet states:

1
Singlet : |s = 0, ms = 0i = √ (|↑H , ↓L i − |↓H , ↑L i )
2

|s
=
1,
m
=
−1i
=
|↓H , ↓L i

s



1
|s = 1, ms = 0i = √ (|↑H , ↓L i + |↓H , ↑L i )
Triplet :

2



|s = 1, ms = 1i = |↑H , ↑L i
where the triplet states are often referred to in the singular, even though it is triply degenerate.
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can be populated via an indirect pathway called Singlet Fission (SF). Figure 1.5 shows
a schematic representation of the SF within the molecular orbital perspective. A pair
of molecules begin with one in the ground S0 state and one in the first excited singlet
state (S1 , populated by an optical absorption event), singlet fission occurs when these
pair of molecules reorganize their electronic configuration so that both molecules are
now in the first triplet state T1 . Because both triplet states are separately spin 1, it
is possible to combine them in such a way that the total dimer state has total spin
zero (qualitatively, the spins of the triplets cancel out). In this way, the total dimer
system spin in the initial S0 + S1 state is spin zero and the total dimer system spin in
the final T1 + T1 state is also spin zero, so no total spin flip is necessary.6 The reverse
process is also possible, where two triplet states can combine to produce a pair of
ground and excited singlet states, called Triplet-Triplet Annihilation (TTA).


 SF : S0 + S1 → T1 + T1

TTA : T1 + T1 → S0 + S1
The conditions under which singlet fission can occur as well as the efficiency under
which it progresses are still being investigated in the context of organic semiconductors, [11–14] however two factors which are generally found to be important are energy
matching and molecular order. In the first case, SF is only expected to be active in
the case where the excited state energy of the singlet state S1 is approximately twice
the excited state energy of the triplet state T1 , so that the energy difference between
the S0 + S1 and T1 + T1 states is small. The excited state energies of singlet and
6

To achieve the total spin zero, the spins of the two triplet states T1 need to be correlated with
one another, and there is still vigorous debate about the nature of these spin-correlated, also called
entangled, triplet states.
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triplet states do not have a simple relationship to one another, so having this energy
alignment is not generally the case for organic molecules. A very notable exception
to this is pentacene, which has very close energy alignments leading to very efficient
singlet fission. [15] The other important factor in SF is the molecular order of the bulk
material. For example with pentacene films, it was recently found that SF in highly
ordered crystalline films progressed much more rapidly than in disordered amorphous
films. [16]

1.2.5 Excimers
The discussion up to this point has focused primarialy upon interactions present in
molecular aggregate (like crystals), however, organic molecules can also have nonaggregate interactions, provided that molecules are brought close enough together
by some mechanism other than (van der Waals mediated) aggregation. In highly
concentrated solutions, diffusive motion will occasionally bring dissolved molecules
close enough together to interact and form dimer states. An example of one of
these dimer states is called an excimer: a bonding state between molecules that
only exists in the presence of an electronic excitation. Figure 1.6 shows a schematic
representation for how excimers can form. Considering a pair of molecules, one can
define a reaction coordinate (very similar to the displacement coordinate discussed in
the previous section), which controls the distance between the molecules. Frequently
in the ground state, organic molecules will have a repulsive interaction, so that the
potential surface for a pair of molecules will have an inverse relationship with distance
(as seen for the A + A ground state potential in the fig 1.6). It is possible, however,
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for the excited state of the dimer potential (A + A∗ , where one of the molecules is
in an excited state) to have a potential well. In this case, the molecular pair will
experience an attractive force, pulling them into a bonded state (this bonded state is
the “excimer”). When the excited state eventually collapses, emitting a photon, the
molecules are no longer in a potential well (having moved back down to the A + A
potential), and so will diffuse apart.

Figure 1.6: A schematic representation of excimer formation. The two curves represent the potential surfaces for a pair of chromophores (A) in the ground and first
excited electronic state, plotted against a some reaction coordinate. The vertical
arrows show possible optical transitions (with photon emission/absorption labeled),
from the ground state to an excited state on the right, and the reverse on the left.
Notice that the excited state potential has a potential well at small reaction coordinate that the system can fall into, corresponding to a bonding state between the two
chromophores: (AA)∗ . This bonded state is called an “excimer”. Notice also that
the ground state does not have a corresponding potential well, so that the molecules
cannot remain bonded after the excited state collapses.
Being a bi-molecular state, excimer formation is highly dependent upon the con-
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centration of the of the solution, where at low concentrations excited molecules A∗
do not have sufficient time to diffuse to ground state molecules and form the excimer bond before the excited state collapses. Excimers are also have a characteristic
spectral signature which can be inferred from fig 1.6. Whereas single molecule absorption and emission spectra should be mirror images of one another according to the
Franck-Condon model (discussed above), with the 0-0 absorption and 0-0 emission
peaks being very similar in energy, because the excimer state is both a bonding state
(at the bottom of a potential well) and is situated above the scattering part of the
ground state potential (“up hill” on the lower potential), emission from an excimer
state is at a much lower energy. So, the absorption spectrum from a concentrated
solution will appear relatively unchanged (since the ground state molecules do not
bond), but the emission spectrum will become red shifted since excited molecules will
rapidly relax into excimer states before emitting. Further discussion of excimer states
can be seen in Section 2.4.

1.3 Gaps in Knowledge
With the above described background, much recent progress has been made advancing
the understanding of organic semiconductors, particularly in the last 10 years, which
has lead to an explosion in the number of (opto)electronic devices which use organic
semiconductors. In spite of this progress in device design and the progress discussed
above in theoretical understanding, many fundamental questions pertaining to the
photophysics of organic materials, especially crystalline materials, remain. Some the
these questions have already been hinted at in the preceeding sections, including the
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nature of excitons [17–19] (particularly the interplay of Frenkel and CT exciton states)
as well as the underlying interactions [20,21] between excitons of various types. Also,
the interactions between processes like singlet fission [22] and the Frenkel-CT exciton
model are still not fully understood.
In addition to this, there are many other questions not discussed above, including
the localization/delocalization [23] of excitonic states on molecular cites and how this
contributes to processes such as singlet fission and charge photogeneration. [24, 25]
For studies of these fundamental properties, organic systems with long-range order such as molecular crystals are especially valuable, since many of these underlying
intermolecular interactions depend heavily on such order to operate. [11,15,21,26–31]
In addition to merely having molecular order, the specific geometric arrangement of
molecules inside these crystals is also of critical importance, a fact first highlighted
by Kasha, [8] where by simply rearranging molecules inside a crystal lattice can drastically change the bulk material properties. Unfortunately, crystal structure depends
heavily upon the chemical structure of the constituent molecules, so disentangling the
effects of crystalline changes from the effects of chemical changes is challenging. This
is the question that will be addressed in the next chapter, for a particular class of
organic molecules, called thio-acene.
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Chapter 2: Organic Crystalline Packing
The Role of Intermolecular Orientation in Excitonic Structure
This chapter presents results from our recent publication [32]. The author would like
to thank his collaborators for their participation in this research and any experimental
data from that publication which was not collected by the author but is reproduced
here is given an acknowledgment to the researcher responsible for the result.

2.1 Introduction
Organic crystals of various acene derivatives (e.g. tetracene, pentacene, rubrene) have
long served as model systems for a variety of studies of exciton dynamics. [19, 30, 33]
The contributions of the vibronically coupled Frenkel excitons and charge transfer
(CT) excitons to the absorption spectra as well as the implications of Frenkel-CT
exciton admixture for exciton dissociation, diffusion, and singlet fission have been
vigorously debated. [18, 30, 31, 34, 35] Interpretation is often complicated due to the
many and diverse kinds of interactions that include both short-range interactions
mediated by direct wavefunction overlap (which are highly sensitive to the molecular
orientations and can constructively or destructively interfere depending on the sign of
the transfer integral) and long-range Coulomb-mediated interactions. [17] The photophysical picture is further confounded by processes such as singlet fission [11–13] and
by the existence and interplay of electronic states with different properties (including
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localized and delocalized Frenkel excitons, Davydov pairs, delocalized CT excitons,
excimers, etc.) in organic crystalline systems. [36, 37]
Contributions of molecular packing to various aspects of exciton dynamics in organic crystals have also been under investigation. For example, in pentacene (Pn)
polymorphs, the Davydov splitting, as well as the energies and oscillator strengths
of the higher-lying energy states were found to be considerably more sensitive to the
polymorph structure than the energy of the lowest excited state. [35] In perylene
crystals, the α– and β–phases characterized by different molecular packing exhibited
considerably different exciton delocalization properties. [38] These were related to
differences in the extent of the exciton band dispersion, which manifested in dramatically different photoluminescence (PL) lifetimes. [38] In functionalized anthracene
crystals, the formation of excimers was found to be highly dependent on the molecular packing. [39]
This chapter presents a comprehensive investigation of how molecular packing
determines various aspects of the photophysics in crystals of three functionalized anthradithiophene (ADT) derivatives, diF TES–ADT (TES = (triethylsilyl)ethynyl),
diF TSBS–ADT (TSBS = tri-secbutylsilylethynyl), and diF TBDMS–ADT (TBDMS
= tert-butyldimethylsilylethynyl) (Fig. 2.1). Functionalized fluorinated ADT derivatives have been extensively studied [1] in field-effect transistors (FETs) (both in the
single-crystal and in the thin-film form) and in devices relying on the ADT’s strong
photoconductive response and singlet fission. [14] For example, the diF TES–ADT
derivative exhibited hole mobilities of up to
films [40] and up to

∼7

∼20

cm2 /(V s) in pristine crystalline

cm2 /(V s) in ultra-thin highly-ordered diF TES–ADT:PS

(PS = polystyrene) films. [41] Most recently, [42] strong exciton-photon coupling,
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with a Rabi splitting of 340 meV , was observed in diF TES–ADT:PMMA polycrystalline films in all-metal microcavities. This makes diF R–ADT derivatives potentially attractive not only for traditional (opto)electronic applications, but also for
applications relying on the properties of exciton polaritons. [43–45] Some aspects of
the photophysics of diF TES–ADT have been previously studied in polycrystalline
thin films [14, 46–48] and in blends with polymers and other small molecules. [49, 50]
However, the photophysics of single crystals offers a considerably deeper insight into
fundamental properties of excitons, which has not been previously reported for diF
R–ADT. Presented here is a comprehensive study of exciton dynamics in diF TES–
ADT, diF TSBS–ADT, and diF TBDMS–ADT crystals chosen due to their similar
molecular properties, but drastically different packing motifs. Polarization-dependent
optical absorption and temperature-dependent time-resolved PL spectroscopy, combined with density functional theory (DFT) establishes how features in the exciton
nature and dynamics are determined by various aspects of the crystal structure.
The choice of the diF R–ADT derivatives with the particular side groups: R =
TES, TSBS, and TBDMS (Fig. 2.1) was motivated by the following considerations:
1. The crystal structures of all three derivatives have been established in previous
studies, and methods of crystal growth from solutions were developed
2. These derivatives possess distinctly different packing motifs which are expected
to exhibit a range of behaviors relating to their excitonic nature and properties
3. All three derivatives have been studied in electronic devices [51–55] thus providing opportunities to probe deeper connections between exciton and charge
carrier dynamics
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Figure 2.1: (a) The normalized reduced absorption of diF R–ADT in solution (R=
TES, 30 µM in chlorobenzene; solid line; see Fig. 2.9 for R = TSBS and TBDMS) and
in the crystal phase (R = TSBS (dots), TES (triangles), and TBDMS (dashed line)),
polarized so as to maximize the absorption. The inset shows the chemical structure for
diF R–ADT (in the syn-ADT configuration, see Fig. 2.4. (b)–(d) Chemical structures
for the three side groups: R = TSBS, TES,and TBDMS. Insets show a representative
microscope image of each crystal with scale bar at the bottom indicating the width
of the image. (Adapted from [32])
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2.2 Molecular and Crystalline Structures
2.2.1 Monomeric Conformation and Properties
All diF R–ADT derivatives under study contained a 35:65 mixture of syn- and antiisomers of diF R–ADT defined with respect to the Sulphur atom positions on the
molecular backbone. [56] For simplicity, figures showing molecular structures (e.g.
Fig. 2.1 and Fig. 2.2) include only the syn–ADT isomer. Molecular structure and
pertinent properties of the syn– and anti–ADT isomers are included in Fig. 2.4,
Fig. 2.5 and Table 2.1

2.2.2 Side Groups and Crystal Packing Motifs
2.2.2.1 “Brickwork” Motif: diF TES–ADT
The diF TES–ADT derivative exhibits a two-dimensional (2D) “brickwork” molecular
packing (Fig. 2.2(a-b)), one of the most successful packing motifs for FETs. The
diF TES–ADT single crystal has a triclinic structure with one molecule per unit
cell (Z = 1) and unit cell parameters a = 7.21 Å (7.12 Å), b = 7.32 Å (7.23 Å),
c = 16.35 Å (16.63 Å), α = 87.72◦ (97.52◦ ), β = 89.99◦ (91.36◦ ), γ = 71.94◦ (107.49◦ )
at temperatures above (below) 294 K, with a solid-solid phase transition occurring at
294 K. [51] A summary of these and other crystalline parameters is given in Table 2.5
The “brickwork” packing structure of diF TES–ADT exists in the a-b plane of the
crystal such that the molecular backbones are π–stacked in a 2D sheet (Fig. 2.2(a));
in the c-direction, these 2D sheets are well separated by ∼16 Å (Fig. 2.2(b)), which
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Figure 2.2: The crystalline structures of diF R–ADT (R = TES, TSBS, and TBDMS).
(a), (c), and (e) Top view of the crystal when grown on a glass substrate with the
vertical orientation corresponding to the fast growth direction (i.e., “long axis” of
the crystal. (b), (d), and (f) Side view of the crystal, viewed along the fast growth
direction (i.e., “long axis” of the crystal, with the substrate shown. Each pair of
figures has selected molecules indexed for reference in the main text. In all figures,
the side groups are omitted and only the syn–ADT isomer is shown for clarity. For
diF TES–ADT, the low temperature (T < 294 K) crystal phase is shown. (Adapted
from [32])
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minimizes inter-sheet interactions. Each molecule in the 2D sheets has six neighbors,
though only four have a short π–π stacking distance (∼3.5 Å, e.g. pairs 1-2, 14 and their inversion-symmetric pairs in Fig. 2.2(a)) and a significant overlap of
molecular orbitals. Crystals grown from solution on a glass substrate exhibit (00l)
orientation (l = 1, 2, 3, 4) (Fig. 2.3) so that the 2D sheet is parallel to the plane
of the substrate, [52] with the b-axis as the fast growth axis identified in previous
studies. [57]

2.2.2.2 “Sandwich-Herringbone” Motif: diF TSBS–ADT
The diF TSBS–ADT derivative exhibits a one-dimensional (1D) “sandwich-herringbone”
packing motif (Fig. 2.2(c-d)). The diF TSBS–ADT single crystal has a triclinic structure with Z = 4 and unit cell parameters a = 15.07 Å, b = 16.45 Å, c = 18.25 Å,
α = 90◦ , β = 103.06◦ , γ = 90◦ .
The “sandwich-herringbone” packing structure of diF TSBS–ADT exists along
the a- and b/c-axes. In particular, along the a-axis is the “sandwich” structure
(Fig. 2.2(c)), where pairs of molecules with approximate glide reflection symmetry
form a 1D chain (similar to the pattern footsteps make–where each “print” is offset
forward and laterally from the previous “print”). The pairs of inequivalent molecules
in these chains are π–stacked, with a large slip distance between pairs (so that the
slip distance constitutes about 50 % of the molecular backbone length), and so each
molecule has only two nearest neighbors (e.g. for molecule 2, pairs 1-2 and 2-3 in
Fig. 2.2(c)). In the b-c plane (Fig. 2.2(d)), these chains form a herringbone pattern
with a 90◦ rotation between the molecular backbones in inequivalent chains. Each
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Figure 2.3: X–ray diffraction measured for diF R–ADT (R = TES, TSBS, TBDMS)
crystals grown on a glass substrate. The well–defined peak structures confirm the
crystal nature of the materials, and the corresponding Miller indices for each peak
are labeled. (Adapted from [32])
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chain is separated from its inequivalent neighbors (four in total, exemplified by pair 24 in Fig. 2.2(d)) by ∼11 Å, making the inter-chain excited-state interactions far longerranged than the intra-chain excited-state interactions. When grown from solution on
a glass substrate, diF TSBS–ADT crystals exhibit a (0ll) (l = 1, 2, 3) orientation
(Fig. 2.3), with the a-axis as the fast growth axis. [52]

2.2.2.3 “Twisted Columnar” Motif: diF TBDMS–ADT
The diF TBDMS–ADT derivative exhibits a 1D “twisted columnar” packing motif
(Fig. 2.2(e-f)). The diF TBDMS–ADT single crystal has a monoclinic structure with
Z = 4 and unit cell parameters a = 7.92 Å, b = 15.37 Å, c = 26.68 Å, α = 90◦ ,
β = 97.04◦ , γ = 90◦ .
The “twisted columnar””” packing structure of diF TBDMS–ADT exists along
the a-axis. Adjacent molecules are π–stacked (with the π–π distance of 3.6 Å), with
a small (∼10 % of molecular backbone length) slip distance between pairs exemplified
by the 1-2 pair in Fig. 2.2(e). So, the molecules form a pattern similar to a “leaning
column”, which hereafter is referred to as a “column” to differentiate it from the
“footstep-patterned 1D chain” of diF TSBS–ADT crystals described in Sec. 2.2.2.2
(c.f. Fig. 2.2(c) and Fig. 2.2(e)). Additionally, there is a ∼45◦ intra-column rotational
offset between adjacent molecular backbones (see pairs 1-3 or 4-5 in Fig. 2.2(e-f)). In
the b-c plane, the columns are well separated from each other (with an inter-column
distance of ∼16 Å, exemplified by the pair 1-5 in Fig. 2.2(e)). When grown from
solution onto a glass substrate, the crystals exhibit a (0lm) (l = 1, 2 and m = 2, 4)
orientation on the substrate (Fig. 2.3) with the a-axis as the fast growth axis identified
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in previous studies. [54]

2.3 Ab Initio Calculations
2.3.1 Monomer Excited State Structure
2.3.1.1 Methods
To assess the properties of isolated diF R–ADT (R = TSBS, TES, TBDMS) molecules
(monomers), the initial geometries of each of these molecules were optimized using Density Functional Theory (DFT) methods (using the B3LYP functional with
the 6-31G(d,p) basis set). Having obtained the ground state configuration for each
molecule, Time-Dependent DFT (TD-DFT) methods were employed (at the same
level of theory) to ascertain the excited state properties of isolated molecules. In particular, the excited state transition energies (vertical), oscillator strengths, transition
dipole moments (TDMs) and Natural Transition Orbitals (NTOs, discussed below)
for the first three excited states were calculated. Consistent with previous studies
of anthradithiophene and pentancene derivatives, [48, 58] it was found that the side
groups R have very little impact on the excited state properties of the individual
molecules, because the excited state wavefunctions are primarily located on the backbone of the diF R–ADT molecules, only just extending to the Si atom of the side
groups. So to reduce further computational and interpretational complexity, these
and all subsequent dimer-based calculations (discussed below) were conducted with
the reduced side group R = SiH3 , which will be focused upon for the remainder of
this chapter.
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Figure 2.4: Geometries for diF R–ADT molecules optimized using DFT (B3LYP@631G(d,p)) showing the syn– and anti–ADT isomers. For clarity, the side groups (R)
have been omitted. The overlaid arrows show the orientations of the S0 –S1 and S0 –
S2 transition dipole moments for syn–ADT and S0 –S1 and S0 –S3 for anti–ADT. For
anti–ADT, S0 –S2 has vanishing oscillator strength due to the inversion symmetry of
the molecule, so the corresponding TDM is omitted from the figure. Similarly, the
S0 –S3 TDM for syn–ADT is small and so omitted. (Adapted from [32])
Additionally, all diF SiH3 –ADT monomer calculations were conducted on both
the syn–ADT and anti–ADT ismoers, which can be seen in Figure 2.4 and Figure 2.5
with a summary of all the relevent excited state properties listed in Table 2.1.

2.3.1.2 syn– and anti–ADT Isomers Compared
Both the syn– and anti–ADT isomers were found to have very similar ground state
properties, include very similar frontier orbitals which can be comparied in Figure 2.5.
Additionally, the first excited state (labeled S0 –S1 ) between the two isomers was
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Figure 2.5: Frontier orbitals for the diF SiH3 –ADT molecules calculated using
DFT (B3LYP@6-31G(d,p)) for the (a) syn– and (b) anti–ADT isomers. (Adapted
from [32])
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Isomer:
HOMO Energy
LUMO Energy

syn-ADT
−4.958 eV
−2.492 eV

anti -ADT
−4.954 eV
−2.494 eV

S0 − S1 Transition

Energy
Oscillator Strength

2.235 eV
0.212

2.233 eV
0.244

S0 − S2 Transition

Energy
Oscillator Strength

3.080 eV
0.040

3.147 eV
0.000

S0 − S3 Transition

Energy
Oscillator Strength

3.320 eV
0.001

3.227 eV
0.042

Table 2.1: Table summarizing the results of TD-DFT calculations on monomers of
diF SiH3 –ADT (B3LYP @ 6-31G(d,p)). Both the syn–ADT and anti–ADT isomers
are included for comparison. Notice that only the first two excited states are in the
energy range of interest (∼1.6 eV to ∼3.1 eV (400 nm)). (Adapted from [32])
very similar, with transition energies within 2 meV of one another. The differences
between the two are most notable in the oscillator strengths (differing by ∼13 %) and
transition dipole moments (TDMs). Examining Figure 2.4 reveals that while the
syn–ADT isomer has it’s TDM for the S0 –S1 transition exactly vertical in the figure
(that is, along the “short axis of the molecular backbone”) due in part to the mirror
symmetry of the molecular backbone, the anti–ADT isomers (possessing inversion
symmetry instead of mirror symmetry) has it’s TDM slightly off-axis (15◦ off the
“short axis of the molecular backbone”).
The differences between the isomers is more apparent for the higher energy transtions.
In particular, while the S0 –S2 transtion possesses a nonzero oscillator strength for the
syn–ADT isomer (with a TDM exactly along the “long axis of the molecular backbone”), the corresponding oscillator strength for the anti-ADT isomer is exactly zero
due to the molecule’s inversion symmetry. The S0 –S3 transition shows the reverse
trend, where the syn–ADT isomer has that transition forbidden while the anti–ADT
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has that transition allowed.
In attempting to compare these predicted excited state transitions to experimental
spectral analysis in dilute solution, it should be noted that these TD-DFT calculations neglect vibrational coupling (i.e. Franck-Condon coupling), and so a non-trival
systematic shift between the experimental and theoretical values is expected. However, comparing energy difference between calculation should not fall prey to this
systematic error (particularly for such similar molecules). In comparing the relative
energies for the S0 –S1 excited state transition, TD-DFT predicts that the two isomers
should be spectroscopically indistinguishable, given that the two transitions are only
4 meV appart from one another and spectra broadening in solution will be much
larger than this (on the order of 10 meV ). For the second excited state, a different
comparison is more fruitful. For the syn–ADT isomer, the oscillator strength of the
S0 –S2 is expected to be 19 % of the value of the S0 –S1 oscillator strength, while for the
anti–ADT isomer it should be zero. Given the 65:35 mixture of anti– and syn–ADT
present in solutions of diF R–ADT, this would predict that the transition strengths
of the second electronic excitation (using syn–ADT only) should be 7 % of the value
for the first electronic excitation (using both syn– and anti–ADT). The ratio of the
transition strengths can also be estimated from spectral analysis (see Section 2.4.2.1)
yielding a value of 6.5 %, which has excellent agreement with the TD-DFT predicted
value.
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2.3.2 Dimer Excited State Structure
2.3.2.1 Dimer Configuration via Principal Value Analysis
In order to study the properties of the excited states in each of the crystalline systems (diF R–ADT), TD-DFT calculations on various dimers taken from the crystalline structures of diF R–ADT were conducted. As described above, the geometry
of a diF SiH3 –ADT monomer was optimized using DFT (B3LYP/6-31G(d,p)), see
Figure 2.4. TD-DFT methods were then employed at the same level of theory to
calculate the excited states of this monomer, yielding energetically well separated
excited states (Table 2.1). Pairs of this monomer geometry were then arranged in
the same configuration as dimers from each crystalline system (R = TES, TBDMS,
TSBS). This was done by conducting a principal value analysis (PCA) on each of
the molecules within a crystalline system as extracted from X-Ray Diffraction. The
principal values of this analysis yielded the orientation and position (the “pose”) of
each of these molecules with respect to the crystalline axes. Using the same PCA for
molecules of diF SiH3 –ADT it was possible to construct dimers whose relative pose
(orientation and position) matched that found in each crystalline system.
Examples of such dimers are labeled in Figure 2.4. TD-DFT methods were then
employed on these diF SiH3 –ADT dimers to calculate the excited states of each system, the results of which can be seen in Table 2.2. In each case, the first four excited
states of each dimer system were similar in transition energy (∼1.9 to ∼2.3 eV ) to the
S0 –S1 monomer transition (∼2.2 eV ) and well below the S0 –S2 monomer transition
(∼3.0 eV ), suggesting negligible inter-band mixing. TD-DFT methods also yielded the
transition dipole moments and oscillator strengths of each transition. See Table 2.2
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for a full list of values.
Unless otherwise state, all results listed here are for dimers where both molecules
are syn–ADT isomers, so that visualizations and qualitative discussion can utilized
the mirror symmetry of the molecular backbones so as to simplify the discussion.

2.3.2.2 Natural Transition Orbitals
In order to qualitatively analyze each of the first four excited states for each dimer
system, these TD-DFT calculations were followed up by calculating the Natural Transition Orbitals (NTOs) for each transition. [22] Briefly, the NTOs are an alternative
basis set to the molecular orbitals (MOs) which diagonalize the single particle transition density matrix for a particular excited state transition. Whereas several occupied
MOs might participate in an excited state transition into a virtual MO, NTOs come in
pairs of occupied and virtual states that have a one-to-one correspondence in such an
excited state transition. In this sense, the NTO pairs have a physical interpretation
as describing the hole and electron states for a given excitonic transition (unlike MOs,
which in general do not). Further, the eigenvalues associated with the diagonalization of the transition density matrix allows the ranking of the contributions of each
NTO pair to the excited state transition (for example, Fig. 2.7(b) has two dominant
contributions whereas Fig. 2.6(b) has only one dominant contribution). It is found
that for the dimer excited state transitions considered here, two types exist. The first
are called “CT” type, which have NTO pairs on opposing molecules–that is the hole
and electron are separated between the molecules, hence there is a charge transfer
(Fig. 2.6). The second are called “Frenkel” type, which have NTO pairs on the same

22
7
20

1–2
1–4
1–3
<1
68
1

<1
2
1

<1
N.A.
N.A.
20∗

16
4∗
1∗
52∗

2–3
1–4∗
1–5∗
1–3∗

<1
N.A.
N.A.
63∗

IM Interaction [meV ]
|V | |th |
|te |

Index

2.219 (0.0)
2.217 (0.349)
2.208 (0.0)

2.264 (0.325)
2.229 (0.0)
2.249 (0.388)

2.018 (0.0)
2.004 (0.0)
2.118 (0.0)

2.032 (0.049)
2.064 (0.019)
2.118 (0.0)

Transition Energy [eV ] (Oscillator Strength)
F1
F2
CT 1
CT 2
2.214 (0.0) 2.247 (0.396) 2.140 (0.0)
2.140 (0.0)
2.230 (0.097) 2.238 (0.357) 2.232 (0.0)
2.336 (0.0)
2.231 (0.010) 2.234 (0.435) 2.265 (0.0)
2.282 (0.0)
2.117 (0.063) 2.221 (0.184) 1.855 (0.008) 1.954 (0.014)

2.229 (0.197) 2.239 (0.236) 2.085 (0.0)
2.326 (0.0)
2–5∗
5∗ N.A.
N.A.
2.191 (0.385) 2.200 (0.0)
2.027 (0.0) 2.043 (0.035)
TSBS
2–3
4
27
41
2.211 (0.0) 2.214 (0.395) 2.066 (0.0) 2.075 (0.029)
1–2
2
11
23
2.231 (0.449) 2.232 (0.0)
2.259 (0.0) 2.259 (0.006)
1–3 < 1
3
<1
Table 2.2: Summary of the TD-DFT calculations for diF SiH3 –ADT dimers in the orientation of the diF R–ADT
crystalline structure (R = TSBS, TES, TBDMS). The dimer index references the pair of molecules used in the
calculation, referenced against Fig. 2.2. The total exciton coupling strength |V | was extracted as half the energy
splitting between the Frenkel-type excitons (see Section 2.3.2.3); the electron and hole transfer integrals |th | and
|te | were extracted using the energy splitting method. The transition energies and oscillator strengths are included
for the each of the two Frenkel-type and CT-type excitons. Note that for simplicity, included here are results for
the syn-syn ADT dimers. Values that are marked with an asterisk (“*”) indicate that the dimer system does not
have the required inversion symmetry required to apply the energy splitting method exactly, and these values
should be interpreted as an upper bound. See the text in Section 2.3.2.3 for dicussion. (Adapted from [32])

TES

TBDMS

Side Group

50

51
molecule–that is the hole and electron inhabit the same spatial extent (Fig. 2.7).

2.3.2.3 Intermolecular Interactions: Energy Splitting Method
To evaluate the intermolecular interactions, the electron transfer integrals (te ), the
hole transfer integrals (th ) and the total exciton coupling (V ) were estimated by an
energy splitting method for each dimer (described above). In the case of the transfer
integrals for holes and electrons, half the splitting between the HOMO/HOMO-1 and
LUMO+1/LUMO were used respectively. [17] In the case of the total exciton coupling,
half of the splitting between the two “Frenkel”-type states described above were used.
As Brédas and co-workers point out, [24] these energy splitting methods are only
strictly accurate when the on-site energies of each molecule are the same, which is only
guaranteed in dimers with inversion symmetry. Most of the dimers–in this case, the
syn–syn dimers–considered here have close-to-inversion symmetry, suggesting that the
on-site energy difference between the molecules is negligible. The notable exceptions
are the inter-chain dimers for diF TSBS–ADT (e.g. dimer 2-5), inter-stack dimers for
diF TBDMS–ADT (e.g. dimers 1-4 and 1-5) and the inequivalent intra-stack dimer
for diF TBDMS–ADT (e.g. dimer 1-3)–all of which are labeled with an asterisk (“*”)
in Table 2.2 to indicate the asymmetry of the dimer. In the case of the inter-stack
and inter-chain dimers, the skewing of the calculated transfer integrals induced by the
asymmetry of the dimer is compounded by the fact that these dimers–being separated
by ∼12 Å–have virtually no π–π overlap. In this way, one would not expect the true
transfer integrals to be large, so any systematic error induced by asymmetry will likely
overwhelm the true value in these estimates. As such, Table 2.2 includes a “N.A.”
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Figure 2.6: An example of the natural transition orbitals (NTOs) for the two CT
type transitions of the intra–stack 1-3 dimer of diF TBDMS–ADT (see Fig. 2.2(e),
Fig. 2.2(f) and Table 2.2). (a) The 1-3 dimer in both a face–on and edge–on view,
with hydrogens omitted for clarity. In this configuration, molecule 1 is on top of
molecule 3. (b) and (c): The first and second CT type transitions. The left graphics
show the initial state and the right graphics show the final state of each transition
(approximately the hole and electron wavefunctions respectively). In this case, there
is only one nonzero contribution to each transition, labeled as “100 %”. These transitions are described as “CT type” because the initial (“hole”) and final (“electron”)
states reside primarily on the opposing molecules–e.g. (b) involves a hole on molecule
3 and an electron on molecule 1. (Adapted from [32])
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Figure 2.7: An example of the natural transition orbitals (NTOs) for the two Frenkel
type transitions of the intra–stack 1-3 dimer of diF TBDMS–ADT (see Fig. 2.2(e),
Fig. 2.2(f) and Table 2.2). (a) The 1-3 dimer in both a face–on and edge–on view, with
hydrogens omitted for clarity. In this configuration, molecule 1 is on top of molecule
3. (b) and (c): The first and second Frenkel type transitions. The left graphics
show the initial state and the right graphics show the final state of each transition
(approximately the hole and electron wavefunctions respectively). In this case, there
are two nonzero contributions to each transition (labeled “primary” and “secondary”)
with their relative percentage given. These transitions are described as “Frenkel type”
because the initial (“hole”) and final (“electron”) states reside primarily on the same
molecule–e.g. the “primary” contribution in (b) involves mostly molecule 3. (Adapted
from [32])
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symbol to indicate that these transfer integrals cannot be estimated accurately using
the energy splitting method.
On the other hand, the total exciton coupling (V ) includes both short-range (π–π
overlap) and long-range (Coulombic) contributions [25] suggesting that the lack of
π–π overlap need not result in a vanishing true value for the total exciton coupling.
For this reason, Table 2.2 includes the estimated values of V for asymmetric dimers
labeled with an asterisk (“*”) to indicate that these estimates should be considered
an upper bound on the true value. Finally, in the case of the inequivalent intra-stack
dimer for diF TBDMS–ADT, this dimer has excellent π–π overlap, and so both the
total exciton coupling and the transfer integrals are expected to be non-vanishing.
As such, all three values are included in Table 2.2 labeled with an asterisk (“*”).
In addition to the excellent π–π overlap, this dimer is also the most “symmetric” of
the asymmetric dimers in that the spatial perturbation required to enforce inversion
symmetry on this dimer is much smaller than, say, for the herringbone pair in diF
TSBS–ADT (e.g. dimer 2-5). So while the calculated values of V , te and th are
overestimates due to the asymmetry of the inequivalent intra-stack diF TBDMS–
ADT dimer (dimer 1-3), the overestimation is likely not large.

2.4 Solutions Optical Characterization
2.4.1 Methods
For studies related to the concentration dependence of diF R–ADT spectral features
in solution, molecules were dissolved in chlorobenzene at concentrations ranging from
5 µM to 0.2 M .
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S0 –S1
EX
EVS0 –S1

S
σ00
FWHM00
∆σ
S0 –S2
A00 /AS000 –S1

Absorption Photoluminescence
2.355 eV
2.303 eV
0.175 eV
0.144 eV
0.69
0.64
0.032 eV
0.042 eV
0.065 eV
0.098 eV
0.45
0.45
7%
N.A.

Table 2.3: Fit parameters for dilute diF R–TES solution in chlorobenzene. Fits are
conducted with respect to the “reduced” absorption and photoluminescence spectra
using Equation 2.1 and Equation 2.2 (Adapted from [32])

2.4.1.1 Steady-State Spectra
In dilute (< 100 µM ) solution, optical absorption was measured in a 1 cm fused
silica cuvette using a fiber-coupled tungsten white light (Ocean Optics LS-1) source
and USB spectrometer (Ocean Optics USB2000). All absorption spectra were fit as
“reduced absorption”, that is the absorbance divided by the photon energy, which
corrects for the linear dependence of spontaneous absorption on photon energy (c.f.
equation 2.1 and reference [10])
The steady-state photoluminescence (PL) for all solutions were measured using a
355 nm laser (44 kHz Q-switched frequency-tripled pulsed Nd:YAG laser, Nanolase,
Inc.) excitation. The excitation beam was collimated and the PL was collected offaxis by a parabolic mirror, as described in [47], and analyzed by the Ocean Optics
USB2000-FLG spectrometer. All PL spectra were fit as “reduced PL”, that is the PL
counts divided by the photon energy cubed, which corrects for the cubic dependence
of spontaneous emission on photon energy (c.f. equation 2.2 and reference [10]).
The spectra of dilute diF TES–ADT are given in Fig. 2.8, both the absorbance and
the PL. The spectra were fit using a vibronic progression, according to the following
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Figure 2.8: Optical spectra of dilute solution of diF TES–ADT in chlorobenzene:
PL (180 µM ) and absorbance (30 µM ), both normalized to a maximum value of 1.
Dots show the experimental data, solid line shows a fit to a vibronic progression of
equation 2.1 and equation 2.2, and dashed lines show the deconvolved peaks. Relevant
fit parameters are shown in insets. (Adapted from [32])
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equations: [1]
3  −S m



X
A (~ω)
e S
(S0 –S1 )
(S0 –S1 )
=A00
Γσ00 (1+m∆σ) ~ω − EX
+ mEV
~ω
m!
m=0


(S –S )
(S –S )
+ A000 2 Γσ00 ~ω − EX 0 2

(2.1)
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X
e S
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(S0 –S1 )
(S0 –S1 )
Γσ00 (1+m∆σ) ~ω − EX
− mEV
= I00
~ω 3
m!
m=0

(2.2)

(S –S1 )

Here A000

is the area of the S0 –S1 0-0 absorption peak, S is the Huang-Rhys

(HR) factor, Γ is the lineshape (Lorentzian for absorption, and Gaussian for PL),
σ00 is the width of the 0-0 peak (so FWHM00 = 2σ00 for a Lorentzian lineshape and
FWHM00 ≈ 2.355σ00 for a Gaussian lineshape), ∆σ is the progressive broadening
(S –S1 )

factor of each successive peak, [10] EX 0

is the S0 –S1 exciton energy, EV is the
(S –S2 )

effective vibrational energy quantum of the molecule, A000
(S –S2 )

0-0 absorption peak, EX 0

is the area of the S0 –S2
(S –S1 )

is the S0 –S2 exciton energy, and I00 0

is the area of

the S0 –S1 0-0 PL peak.

2.4.1.2 Concentration-Dependent Photoluminescence Kinetics
To quantify the wavelength-dependent PL kinetics of diF R–ADT solutions, Time
Correlated Single Photon Counting (TCSPC) was employed. A 532 nm pulsed laser
(500 kHz frequency-doubled Nd:YAG laser, Fianium HE-1060) was used to excite
the samples using the geometries described above. The collected PL emission was
filtered using a 532 nm long-pass filter and analyzed using a fiber-coupled monochromator (Newport/Oriel, full width at half maximum (FWHM) = 10 nm) and avalanche
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photo diode (APD, Molecular Photonic Devices) assembly custom built for TCSPC.
The APD signal was analyzed with a TimeHarp 200 card (Picoquant, Inc.). The
Instrument Response Function (IRF) was measured by scattering attenuated excitation light through pristine solvent into the detection setup with the 532 nm long-pass
filter removed. This yielded a pulse FWHM of ∼270 ps. The measured PL time traces
(histograms) were then modeled using either a mono- or bi-exponential decay:

P L(t) = IRF (t) ? U (t)ke−kt + BG
P L(t) = IRF (t) ? U (t)

2
X

βi ki e−ki t + BG

(2.3)
(2.4)

i=1

Here P L(t) is the (area) normalized photon counts as a function of delay time
from the pulse event, ki and βi are the decay rates and weight factors for each decay
component, ? denotes convolution, U (t) is the unit step function, IRF is the normalized instrument response function (discussed above), and BG is the time-independent
background noise. All parameter values were extracted from experimental fits using
Maximum Likelihood Estimation (MLE). [59, 60]

2.4.2 Results
2.4.2.1 Steady-State Spectra
Figure 2.1(a) and Figure 2.9 show the optical absorption spectrum of diF R–ADT in a
30 µM chlorobenzene solution, while Fig. 2.10(a) shows PL spectra of diF TES–ADT
in solution at concentrations ranging between 350 µM and 0.14 M . In all three diF R–
ADT derivatives under study (R = TES, TSBS, TBDMS), optical absorption spectra
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of dilute (< 100 µM ) solutions in the 2.3 − 2.8 eV range were well described using a
Frank-Condon (FC) vibronic progression [1,10,17,61] (eq 2.1) with the homogeneously
broadened zero-phonon (0-0) resonance at 2.355 eV (FWHM = 0.065 eV ), followed
by 0-n (n = 1, 2, 3) vibronic replica peaks at 0.175 eV intervals due to the exciton
coupling to a C–C stretch mode of the diF R–ADT backbone with the Huang-Rhys
factor of S = 0.69 (Fig. 2.8). [61]
The next apparent transition in solution is that at 2.98 eV , with a considerably
lower oscillator strength as compared to that of the 0-0 line (7 % of the 0-0 peak area,
Fig. 2.1(a) and Fig. 2.8. The transitions at 2.35 eV and 2.98 eV are consistent with
the two lowest allowed electronic transitions predicted by DFT (Tab. 2.1, recall that
only the syn–ADT isomer has a non-zero S0 –S2 transition), which will be referred to
as S0 –S1 and S0 –S2 transitions, respectively. TD-DFT methods also predicts that the
syn–ADT S0 –S1 oscillator strength should be 19 % of the value of the S0 –S2 oscillator
strength, which with the 65:35 mixture of anti– and syn–ADT predicts an absorbance
ratio of 6.5 % for the first and second excited states in excellent agreement with the
measured value of 7 % for dilute solution, see Fig. 2.8.
The photoluminescence spectra for dilute solutions is similarly well described using
the FC vibronic progression model, with 0-0 emission peak at ∼2.30 eV (FWHM =
0.083 eV ) followed by the vibronic replica peaks with energy spacing of ∼0.14 eV
and Huang-Rhys factor of S = 0.64 (Fig. 2.8). In general, the change in molecular
confirmation caused by electronic excitation should cause these three of those material
properties (EX , EV , S) to deviate between the absorptive and emissive species.
However the relatively small HR factor (S = 0.64 − 0.69) suggests that diF R–ADT
is a relatively “stiff” molecule, meaning these perturbations should be small, which is
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Figure 2.9: The absorption spectra for diF R–ADT (R = TSBS, TES and TBDMS)
dissolved in chlorobenzene (30 30 µM ). Solid lines show the normalized reduced absorption, while dashed lines show the same data shifted vertically to aid in comparison.
Notice that for all three derivatives, the absorption lineshape is nearly identical pointing to the fact that the side group has a negligible impact on the optical properties
of the diF R–ADT molecule in isolation. (Adapted from [32])
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Figure 2.10: The (a) normalized reduced steady–state photoluminescence (PL) and
(b) time–resolved PL for solutions of diF TES–ADT in chlorobenzene at several concentrations. In (a), steady-state PL spectra show that as concentration increases, a
new emission peak at ∼2.0 eV , attributed to an excimer (X), increases relative to the
FC vibronic progression. In (b), time–resolved PL data are shown with low opacity,
and fits of the data are overlaid as solid lines. The dotted (solid) arrow indicates
the shortening of the FC lifetime (rising X weight) as concentration rises. The inset shows the extracted decay rates for the FC (dotted line with diamonds) and X
(solid line with crosses) components across the entire range of concentrations for diF
TES–ADT; see Fig. S7 for all derivatives. (Adapted from [32])
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what is observed comparing the absorption and PL spectra. All derivatives exhibited
a ∼10 nm Stokes shift, which is further consistent with a rigid structure of the ADT
backbone.
As has already been mentioned, the absorption spectra in dilute solution (30 µM )
are nearly identical for each side group: R = TSBS, TES and TBDMS. Fig. 2.9
shows the normalized reduced absorption for all three derivatives overlaid onto top
of one another to show the nearly identical lineshapes. Given that these lineshapes
are well described with an FC vibronic progress (discussed above), this suggests that
the underlying excitonic structure of each derivative is identical in dilute solution.
In particular, the exciton energies (EX ) and vibrational coupling (S) are identical.
This confirms the observation that the side groups (R) have a negligible impact on
the excited state properties of the isolated diF R–ADT molecules, in agreement with
previous studies of various ADT and Pn derivatives. [47, 62, 63]

2.4.2.2 Concentration-Dependent Photoluminescence Kinetics
In all three diF R–ADT derivatives under study, the PL emission in solutions at
concentrations below ∼1 mM was mono-exponential (c.f. equation 2.3), given that the
steady-state PL is well described with a FC vibronic progression, the single emissive
state is assigned to the Franck-Condon state seen in the absorption spectra, and so
label the decay as kF C (Fig. 2.10(b)). The excited state lifetime (τF C = 1/kF C )
at low concentrations (∼10 µM ) was τF C = 10 ± 1 ns, consistent with previous
studies of diF R–ADT molecules in solutions, which corresponds to the decay rate
kF C = 0.10 ns−1 . [47, 63, 64] In the intermediate concentration range (∼1 mM to
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∼10

mM ), this rate slightly decreased, yielding for example 0.069 ns−1 at 5 mM for

diF TES–ADT. This decreasing rate could be due to the contribution of re-absorption
and re-emission events to the PL causing a slightly delayed emission. In the case of
diF TBDMS–ADT, the PL dynamics at intermediate concentrations exhibited a small
(< 3 % of the total emission) contribution from a negative amplitude component (e.g.
Fig. 2.11) which vanished at higher concentrations. Such behavior was previously
attributed to the presence of an additional, indirect channel of populating the emissive
state, [65] although further study is needed to ascertain the origin of this channel in
diF TBDMS–ADT solutions. As the concentration exceeded ∼10 mM , in all three
diF R–ADT derivatives the PL kinetics evolved from mono- to bi-exponential decay
(c.f. equation 2.4) which is parameterized as:

P L(t) ∝ (1 − β) kF C exp (−kF C t) + βkX exp (−kX t)

(2.5)

with the fast decay component (kF C ) due to the FC emission and the new slow
component with the rate kX and weight β due to formation of excimer (X) states
(Fig. 2.10(b)).
In this high concentration regime (∼10 mM and higher), the FC decay rate exhibited a strong concentration dependence (inset of Fig. 2.10(b), Fig. 2.12 and Fig. 2.13)
which was well described by the following relationship:

kF C (C) = k

∗




1+

C
C0

γ 
(2.6)

Here C is the concentration of diF R–ADT molecules, C0 is a scaling factor, k ∗ is
the decay rate at low concentrations, and γ is the power-law exponent. For example,
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Figure 2.11: The PL kinetics for a solution of diF TBDMS–ADT in chlorobenzene
(2 mM ) integrated over the full wavelength range. In blue solid line is shown the
experimental data. The solid orange line shows a bi–exponential fit using Maximum
Likelihood Estimation (MLE), where the second exponential was allowed to have a
negative amplitude value to better fit the slightly convex shape of the decay. A mono–
exponential fit is also shown as a dotted line to better highlight the truly convex shape
of the decay kinetics. (Adapted from [32])
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Figure 2.12: The PL decay rates for the Franck–Condon (FC) and excimer (X) components of diF R–ADT (R = TSBS, TES and TBDMS) in chlorobenzene as a function
of concentration. The FC decay rates are given as stars with a solid line intended to
guide the eye, and the X decay rates are given as dots with a dashed line to guide
the eye. Here, diF TSBS–ADT is plotted in goldenrod, diF TES–ADT is plotted in
brown and diF TBDMS–ADT is plotted in purple. (Adapted from [32])
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Figure 2.13: Fits of the Franck–Condon (FC) decay rate in high concentration diF
R–ADT solution where (a) R = TSBS in goldenrod, (b) R = TES in brown and (c) R
= TBDMS in purple. Experimental values extracted from TCSPC are given as dots
with error bars estimated based on the solution preparation procedure. Fits (using
least squares) are given as solid lines. The insets for each graph show the model and
parameter estimates together with 66 % confidence intervals for the parameter values
based on the Fisher information matrix. The “low” concentration decay rate (k ∗ )
and the power exponent (γ) are similar for (a) and (b), but different for (c), whereas
the characteristic concentration (C0 ) is larger for (a) than for (b) and (c). (Adapted
from [32])

67
for diF R–ADT with R = TES and TSBS in chlorobenzene (inset of Fig. 2.10(b)),
the fits of the data to equation 2.6 yielded an exponent γ = 1.77 ± 0.01(1.70 ± 0.01)
and a rate k ∗ = 0.0646 ± 0.0001 ns−1 (0.0650 ± 0.0001 ns−1 ) for R = TES (R =
TSBS), exhibiting only a weak dependence of these parameters on the side group R
(Fig. 2.13). This suggests that the mechanism of excimer formation in solution is
the same for these two side groups (R) and is most likely a second-order diffusionlimited reaction similar to that seen in TIPS-Tc. [66] However, the side group does
affect the concentrations at which excimer formation is activated, seen in the differing
scale factors: C0 = 24 ± 4 mM for R = TES and 53 ± 16 mM for R = TSBS. diF
TBDMS–ADT exhibits a slightly lower rate k ∗ = 0.0545 ± 0.0001 ns−1 and a scale
factor C0 = 30 ± 5 mM comparable with that in diF TES–ADT. However, the power
law exponent γ = 2.29 ± 0.02 is higher than that for diF TES–ADT and diF TSBS–
ADT, which suggests that additional processes may be active with this molecule in
highly concentrated solutions. See Fig. 2.13 for details on the fitting procedure.
The excimer (X) decay yielded a lower decay rate kX of ∼0.025 ns−1 , 0.03 ns−1 and
0.04 ns−1 , corresponding to the lifetime of ∼40 ns, 30 ns and 25 ns for R = TBDMS,
TES and TSBS respectively–exhibiting only a weak concentration dependence up to
∼0.1

M concentration (Fig. 2.12). The weight β in the bi-exponential decay dynam-

ics (Equation 2.5) was strongly concentration-dependent, with the slower component
due to the excimer emission dominating over the FC emission (β > 0.5) at concentrations above the cross-over concentration Ccross (41 mM , 41 mM and 59 mM for
R = TBDMS, TES and TSBS respectively), and approaching 1 as the concentration
approached 0.1 M (Fig. 2.14). This change in the excited state dynamics was accompanied by a change in the PL spectra (Fig. 2.10(a)), which developed a broad
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red-shifted component centered at about 2 eV , consistent with the excimer emission.
The relative contribution of this excimer emission to the PL spectra increased with
concentration relative to the FC vibronic progression and dominated the spectra at
concentrations above the cross-over concentrations Ccross , consistent with the trends
seen in the PL dynamics. This can be seen in Fig. 2.10(a) for diF TES–ADT, where
the broad emission peak at ∼2 eV rises drastically between the 35 mM and 58 mM
concentrations. The larger values of C0 and Ccross for diF TSBS–ADT as compared
to those in diF TES–ADT and diF TBDMS–ADT suggest that upon diffusive motion of the molecules in solution it is statistically more probable to achieve a dimeric
molecular configuration conducive to stable excimer formation in diF TES–ADT and
diF TBDMS–ADT than in diF TSBS–ADT.

2.5 Crystalline Optical Characterization
2.5.1 Methods
Single crystals of diF R–ADT (R = TSBS, TES, TBDMS) were prepared by drop
casting from chlorobenzene solutions at concentrations ranging between 1 and 5 mM .
20 µL drops of solution were placed onto glass substrates. The substrates were then
covered and kept in a 0◦ C environment to slow the evaporation process to several
hours. This procedure resulted in the formation of high aspect ratio (∼100 ) plateletlike crystals with short dimensions typically 10−100 µm (Fig. 2.1()) due to anisotropic
growth rates along each of the in-plane crystal axes. The “short” and “long” sides of
these platelets will be referred to as “short axis” and “long axis” of the crystals–where
the “long axis” corresponds with the fast growth direction. Crystal thicknesses varied
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Figure 2.14: The weights of the Franck–Condon (FC) and excimer (X) decay components in concentrated solutions of diF R–ADT for (a) R = TSBS in goldenrod, (b)
R = TES in brown and (c) R = TBDMS in purple. The weights were extracted via
Maximum Likelihood Estimation from TCSPC data. Labeled are the crossover concentrations (Ccross ) above which the weight of the X decay becomes larger than the
weight of the FC decay components in the overall PL decay dynamics. The crossover
concentration for diF TSBS–ADT is distinctly larger than the crossover concentration
for diF TES–ADT and diF TBDMS–ADT. (Adapted from [32])
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between 200 nm and 1 µm, estimated on the microscope by focusing light onto two
faces of the crystal. Only crystals that were confirmed to have only a single domain
under crossed polarizers were selected for this studies. Measurements were done on
at least three crystals of each derivative.

2.5.1.1 Polarization-Dependent Absorption
Polarization-resolved optical absorption from crystals was measured in a transmissive
geometry using a modified inverted confocal microscope (Olympus IX-71). Collimated
white light was passed through a linear polarizer and focused onto the sample with a
spot diameter of 30 µm. Transmitted light was collected by a 10x objective and then
analyzed by an Ocean Optics 2000 USB spectrometer. For polarization-dependent
measurements, the polarizer was rotated in steps of 10◦ . All polarizations are referenced with respect to the “long axis” (i.e. fast growth direction) of the crystal defined
above.
Absorption spectra were all fit as “reduced absorption”, (A/~ω) as discussed in
Section 2.4.1.1,to remove the intrinsic 1/λ wavelength dependence of spontaneous absorption from the spectra. In order to deconvolve the contributions of each absorptive
feature from the polarized absorption spectra of each diF R–ADT (R = TES, TSBS)
crystal, the following peak fitting procedure was employed:
A(~ω, θ) X
=
Aj,θ Γσj,θ (~ω − Ej )
~ω
j

(2.7)

where A is the absorbance, ~ω is the incident photon energy (so A/~ω is the
reduced absorption, discussed above), θ is the polarization off the long axis of the
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crystal, j indexes the absorptive resonances, Aj,θ is the area of the j th absorptive
resonance when polarized at θ, Γ is the absorptive feature lineshape (Gaussian or
Lorentzian), σj,θ is the width of the lineshape of the j th absorptive resonance when
polarized at θ and Ej is the center energy of the j th absorptive resonance. The center
energies are constrained to be the same across each polarization. This constitutes a
“full” deconvolution. The areas extracted from these fits are what are used both in
Table 2.4 and Table 2.5, and Fig. 2.15 and Fig. 2.16. A sample of these raw fits is
provided in Fig. 2.17 and Fig. 2.18.
Unlike the full deconvolutions of diF TES–ADT and diF TSBS-ADT, which constrained center energies between polarizations, such methods did not converge for diF
TBDMS–ADT. So, for diF TBDMS–ADT, the more general peak fitting procedure
was utilized:
A(~ω, θ) X
=
Aj,θ Γσj,θ (~ω − Ej,θ )
~ω
j

(2.8)

where the center energies of the peak Ej,θ were allowed to vary between polarizations. An example of such a fit is given in Fig. 2.20. This constitutes the “partial”
deconvolution. Because the constraint on the center energy is relaxed for “partial”
fits, direct comparisons of the areas and widths between polarizations are no longer
straightforward. To compensate for this, the median center energy between polarizations was used to estimate the true transition energy of the absorptive feature (given
in Table 2.4 and Table 2.5). To estimate the absorbance of this feature across polarizations, the value of the total absorbance at that median center energy was used.
This “reduced absorbance at the median center energy” is given in both Table 2.4
and Table 2.5 and Fig. 2.21.
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Side Group

R = TSBS
R = TES
“Sandwich
“Brickwork”
-Herringbone”

Packing

R = TBDMS
“Twisted
-Columnar”

Z

4

1

4

Solution-to-Crystal Shift

39 meV

105 meV

160 meV

Davydov Splitting

45 meV

∼

90 meV

2.32 eV
2.36 eV

2.25 eV

2.19 eV
2.28 eV

2.26 eV

2.12 eV

2.12 eV

2.45 ns
8.71 ns
29.8 ns

760 ps
5.05 ns
22.6 ns

610 ps
2.79 ns
16.4 ns

Absorption Transition
for Peak 1

1A
1B

Emission Maximum
at T = 293 K
PL Lifetime
at T = 78 K
(τi = 1/ki )

τ1
τ2
τ3

Table 2.4: Summary of basic optical properties of diF R–ADT (R = TSBS, TES, TBDMS) crystals. The solution-to-crystal shift was calculated as the difference between
the lowest energy peak (1 or 1A) and the 0-0 line extracted from diF TES–ADT in
dilute solution (Fig. 2.8). The Stokes shift was calculated between the lowest energy
peak (1 or 1A) and the energy of the PL maximum at room temperature. The Davydov splitting was calculated as the difference between the transition energies of 1A
and 1B (where applicable). The transition energies for each peak were calculated for
diF TSBS–ADT and diF TES–ADT through a full deconvolution of the absorption
spectra (see Fig. 2.17 and Fig. 2.18), whereas the values for diF TBDMS–ADT were
extracted from a partial deconvolution, explained in Section 2.5.1.1. The PL lifetimes at low temperature were extracted for the fast (k1 ), intermediate (k2 ) and slow
(k3 ) components using maximum likelihood estimation on the band-edge emission, as
described in Section 2.5.1.4.
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Side Group
Packing
Z
a (α)
b (β)
c (γ)
α
β
γ
Solution-to-Crystal Shift
Davydov Splitting
1A
Peak 1
1B
Transition
Peak 2
Energy
Peak 3
Peak 4
Peak 5
1A
Peak 1
1B
Polarization /
Peak 2
Anisotropy
Peak 3
Factor
Peak 4
Peak 5

R = TSBS
R = TES
“Sandwich
“Brickwork”
-Herringbone”
4
1
15.07 Å
7.12 Å
16.45 Å
7.23 Å
18.25 Å
16.63 Å
90◦
97.52◦
◦
103.1
91.36◦
90◦
107.5◦
39 meV
105 meV
∼
45 meV
2.32 eV
2.25 eV
2.36 eV
2.51 eV
2.41 eV
2.69 eV
2.57 eV
2.87 eV
2.73 eV
2.99 eV
2.96 eV
◦
41 / 0.93
84◦ / 0.92
74◦ / 0.71
73◦ / 0.34
90◦ / 0.77
150◦ / 0.18
100◦ / 0.80
◦
160 / 0.67
110◦ / 0.82
164◦ / 1.00
100◦ / 0.98

R = TBDMS
“Twisted
-Columnar”
4
7.92 Å
15.37 Å
26.68 Å
90◦
97.0◦
90◦
160 meV
90 meV
2.19 eV
2.28 eV
2.45 eV
2.62 eV
2.75 eV
2.97 eV
89◦ / 0.78
90◦ / 0.81
90◦ / 0.49
90◦ / 0.40
90◦ / 0.52
178◦ / 0.15

Table 2.5: Summary of the basic crystal properties of diF R–ADT (R = TSBS, TES,
TBDMS) extracted from XRD and absorption spectra. The unit cell parameters a,
b, c, α, β, and γ are extracted from single-crystal XRD (note that in the case of diF
TES–ADT, the low temperature (T < 294 K) polymorph is used [51]). The solutionto-crystal shift was calculated as the difference between the lowest energy peak (1 or
1A) and the 0-0 line extracted from diF TES–ADT in dilute solution (Fig. 2.8). The
Davydov splitting was calculated as the difference between the transition energies of
1A and 1B (where applicable). The transition energies for each peak were calculated
for diF TSBS–ADT and diF TES–ADT through a full deconvolution of the absorption
spectra (see Fig. 2.17 and Fig. 2.18), whereas the values for diF TBDMS–ADT were
extracted from a partial deconvolution, explained in Section 2.5.1.1. The angle at
which maximum absorption occurred for the particular peak was found by fitting the
integrated reduced absorbance of each peak (or for diF TBDMS–ADT, the absorbance
at each wavelength) with equation 2.9, and the anisotropy factors (Φ) are given as
equation 2.10. (Adapted from [32])
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Figure 2.15: (a) Normalized steady–state PL (triangles) and polarized absorption
spectra at three representative polarizations (lines) for a single crystal of diF TSBS–
ADT at room temperature. The inset shows a microscope image of the crystal, with
an overlay showing the polarization orientation relative to the “long axis” of the
crystal. The vertical bars label the energies of the absorptive states in the crystal,
based on a full deconvolution of the absorption spectra (details in Section 2.5.1.1).
The lowest–energy absorptive feature has two closely spaced resonances, 1A and 1B,
comprising the Davydov pair in this system. (b)–(g) Polar plots showing the total area
of the absorptive resonance peaks of (a) as a function of polarization. Extracted peak
areas are given as dots, and fits according to equation 2.9 are given as solid lines.
The dotted radial line shows the polarization of maximum absorption. (Adapted
from [32])
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Figure 2.16: (a) Normalized steady–state PL (triangles) and polarized absorption
spectra, at three representative polarizations (lines), from a single crystal of diF
TES–ADT at room temperature. The inset shows a microscope image of the crystal,
with an overlay showing the polarization orientation relative to the “long axis” of the
crystal. The vertical bars label the energies of the absorptive states in the crystal,
based on a full deconvolution of the absorption spectra (details in Section 2.5.1.1).
(b)–(g) Polar plots showing the total area of the absorptive resonance peaks of (a) as
a function of polarization. Extracted peak areas are given as dots, and fits according
to equation 2.9 are given as solid lines. The dotted radial line shows the polarization
of maximum absorption. (Adapted from [32])
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Figure 2.17: The full deconvolution of the polarized absorption spectra of single
crystal diF TSBS–ADT. Experimental absorbance is given in blue dots, total fits
(based on least squares) are given as red solid lines, and the deconvolved peaks are
shown in grey. The fits were conducted as a sum of Lorentzians, areas and widths
allowed to vary independently, but the center energies were held constant throughout
each polarization. The areas of these peaks were then used to construct the polar
plots shown in the Fig. 2.15(b-g) Of particular note is the presence of two Lorentzians
in lowest energy absorption peak, assigned to two Davydov components. (Adapted
from [32])
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Figure 2.18: The full deconvolution of the polarized absorption spectra of single
crystal diF TES–ADT. Experimental absorbance is given in blue dots, total fits (based
on least squares) are given as red solid lines, and the deconvolved peaks are shown in
grey. The fits were conducted as a sum of Gaussians, with areas and widths allowed
to vary independently, but the center energies were held constant throughout each
polarization. The areas of these peaks were then used to construct the polar plots
shown in the Fig. 2.16(b-f). (Adapted from [32])
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Figure 2.19: Polarized absorption spectra for single crystals of diF R–ADT (R =
TSBS, TES, TBDMS). Each polarization is assigned a color corresponding to that
shown on the inset. All angles are measured with respect to the long axis of the
crystal. The vertical dashed (dotted) line shows the energy of the S0 –S1 (S0 –S2 )
electronic transition for diF R–ADT molecules in dilute solution for comparison.
(Adapted from [32])
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Figure 2.20: A partial deconvolution of the polarized absorption spectra of single
crystal diF TBDMS–ADT, polarized at 40◦ off the long axis of the crystal. Experimental absorbance is given in blue dots, total fits (based on least squares) are given
as orange solid lines, and the deconvolved peaks are shown in grey. The fits were
conducted as a sum of Gaussians, with areas, center energies and widths allowed to
vary independently. (Adapted from [32])
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Figure 2.21: (a) Normalized steady–state PL (triangles) and polarized absorption
spectra, at three representative polarizations (lines), from a single crystal of diF
TBDMS–ADT at room temperature. The inset shows a microscope image of the
crystal, with an overlay showing the polarization orientation relative to the “long
axis” of the crystal. The vertical bars label the median energies of the absorptive
states in the crystal, based on a partial deconvolution of the absorption spectra (details in Section 2.5.1.1).The lowest energy absorptive feature has two closely spaced
resonances, 1A and 1B, comprising the Davydov pair in this system. (b)–(g) Polar
plots showing the “reduced absorption at the median peak energy” labeled in (a) as
a function of polarization. The reduced absorption values are given as dots, and fits
according to equation 2.9 are given as solid lines. The dotted radial line shows the
polarization of maximum absorption. (Adapted from [32])
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To model the anisotropy for each absorptive feature, the values of Aj,θ (for diF
TES–ADT and diF TSBS–ADT, and the “reduced absorbance at the median center
energy” is substituted for diF TBDMS–ADT) were fit according to the following
equation:


Aj,θ = − log10 10−Amax cos2 (θ − φ) + 10−Amin sin2 (θ − φ)

(2.9)

Where Amax is the maximum peak area (or reduced absorption), Amin is the minimum peak area (or reduced absorption), and φ is the orientation of the maximum.
The peak area (or reduced absorption) for each of the absorptive features and fits
according to equation 2.9 are given in Fig. 2.15, Fig. 2.16 and Fig. 2.21. Table 2.5
gives the values of φ and the associated anisotropy factors, defined as:

Φ=

Amax − Amin
Amax + Amin

(2.10)

2.5.1.2 pMAIRS
In order to assess the “out-of-plane” absorption characteristics, the sample was tilted
at angles between 0◦ and 60◦ (so that the plane of incidence contained the substrate
normal and either the “long” or “short” crystal axis) and absorption was measured
via p-polarized multiple-angle incidence resolution spectrometry (pMAIRS). [67] A
schematic representation of pMAIRS is shown in Figure 2.22 illustrating how the angle
of incidence, polarization of the electric field and “long” and “short” crystal axes are
related to one another. Additionally, Figure 2.23 shows an example of pMAIRS data
for diF TES–ADT along both the “short” and “long” crystal axes.
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Figure 2.22: Schematic representation of the p-Polarized Multiple Angles of Incidence
Resolved Spectroscopy (pMAIRS) measurement. Labeled are the short and long axes
of the crystal, as well as the incident light k–vector. This k–vector makes an angle (θ)
with the substrate normal which we also call the angle of incidence. In the substrate
plane, the k–vector also makes an angle (φ) with the long axis of the crystal–which
in the case of normal incidence corresponds exactly with the “polarization angle”
discussed above. The incident wave is polarized to confine the electric field to the
plane of incidence, so for general values of θ, the electric field will have projections
into the substrate plane and along the substrate normal. (Adapted from [32])
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Figure 2.23: p-Polarized Multiple Angles of Incidence Resolved Spectroscopy
(pMAIRS) for a single crystal of diF TES–ADT. The plane of incidence is coincident
with (a) the short axis and (b) the long axis of the crystal. Each plot is normalized to
a value of 1 for ease of comparison. For both configurations, no dramatic change in
the lineshapes was observed. See Fig. 2.22 for a schematic representation. (Adapted
from [32])
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2.5.1.3 Temperature-Dependent Steady-State Photoluminescence
The steady-state photoluminescence (PL) for all crystalline samples was measured
using a 355 nm laser (44 kHz Q-switched frequency-tripled pulsed Nd:YAG laser,
Nanolase, Inc.) excitation. Samples were placed in a Janis Research ST-500-UC
cryostat cooled with liquid nitrogen and held at 5 · 10−5 T orr mounted to an inverted
microscope, the laser excitation was focused onto the sample through a 10x objective,
and PL was collected in reflection through that same objective and analyzed by the
Ocean Optics USB2000-FLG spectrometer. Selected samples were also excited at
532 nm (frequency-doubled Nd:YVO4 continuous wave laser, Verdi-5, Coherent, Inc.)
to confirm that the PL line shapes were not dependent upon excitation wavelength.
All PL spectra are plotted as “reduced PL” (I/~ω 3 ) as discussed in Section 2.4.1.1, to
remove the intrinsic 1/λ3 wavelength dependence of spontaneous emission from the
spectra.

2.5.1.4 Temperature- and Wavelength-Dependent PL Kinetics
To quantify the wavelength-dependent PL kinetics of diF R–ADT crystals Time Correlated Single Photon Counting (TCSPC) was employed. A 532 nm pulsed laser
(500 kHz frequency-doubled Nd:YAG laser, Fianium HE-1060) was used to excite
the samples using the geometries described above. The collected PL emission was
then analyzed using the same custom detection setup described in Section 2.4.1.2.
The Instrument Response Function (IRF) was measured by scattering attenuated excitation light off of a pristine substrate through the detection setup with the 532 nm
long-pass filter removed. All temperature-dependent PL measurements in crystals
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were obtained by placing a sample in a Janis Research ST-500-UC cryostat cooled
with liquid nitrogen, which was mounted on an Olympus IX-71 inverted microscope.
Unlike solution-based PL kinetics (see Sec. 2.4.1.2), which are a very clear monoexponential at low concentration and bi-exponential at high concentration, the decays
from diF R–ADT (R = TES, TSBS, TBDMS) crystals have a complicated wavelength
and temperature dependence which makes identifying the number of decay components challenging. To reduce the complexity of the problem, fitting the temperatureand wavelength-dependent PL kinetics was conducted in two steps.
The first step was to investigate the band-edge emission in an effort to separate
decay components with different wavelengths. For all crystals, the red- and blue-edges
of the emission (∼750 nm and ∼550 nm respectively with a 10 nm bandwidth, see
Fig. 2.24 for exact values) were fit with a bi-exponential decay at each temperature.
An example for T = 78 K is given in Fig. 2.24(a-f). While the two components in
the red-edge emission tended to have similar weights (see inset of Fig. 2.24(a-c)), the
(blue)

blue-edge emission was dominated by a fast component (k1
(blue)

slower component (k2

), with only a small

), see inset of Fig. 2.24(d-f)).

The temperature-dependence of each of the four components (two red-edge, two
blue-edge, see Fig. 2.24(g-i)) was fit using the following model:


Ea
kP L (T ) = kS + kD exp −
kB T


(2.11)

where kP L (T ) is the temperature dependent decay rate (subscripted with a “PL” to
indicate this comes from a fit of the PL kinetics, but can represent any of the four
band-edge decay rates). The model assumes that the decay can be split into a “static”
decay component kS (temperature independent) and a “dynamic” decay component
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Figure 2.24: Bi–exponential fits of the red– (a)–(c) and blue–edge (d)–(f) PL kinetics
for diF R–ADT crystals at T = 78 K (R = TSBS, TES, TBDMS) where the blue
background shows experimental counts and the orange line gives the fit extracted
from Maximum Likelihood Estimation (MLE). The inset graphs show a zoomed–in
view in the times immediately after excitation and the inset text lists the parameter
values of the fit. (g)–(i) Temperature dependence of the decay rates of each decay
component; experimentally extracted decay rates are marked with dots (stars) for the
faster (slower) components and fits according to equation (4) in the main text are
given as solid (dashed) lines for the red–(blue–)edge emission. The slower decay on the
(Blue)
blue-edge (k2
) has a similar temperature dependence to the red–edge components.
(Adapted from [32])
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kD which follow a simple thermal activation (where Ea is the activation energy and
kB is Boltzmann’s constant).
It was found that the slower blue-edge components had very similar temperature
dependences to the red-edge components. In particular, for diF TBDMS–ADT, the


(blue)
slow blue-edge component k2
is nearly coincident with the fast red-edge compo



(red)
(blue)
nent k1
. For diF TES–ADT, the slow blue-edge component k2
is similar


(red)
to the fast red-edge component k1
at high temperatures and similar to the slow


(red)
red-edge k2
at low temperature. For diF TSBS–ADT, the slow blue-edge com

(blue)
ponent k2
appears between the two red-edge components. The similarity of


(blue)
the slow blue-edge component k2
to the red-edge components, together with
the observation that its weight compared with the fast blue-edge component is small,
suggest the following interpretation. There are three total decays which describe
emission on the band-edges: one fast component on the blue-edge and two slower
components on the red-edge. These red-edge components are broadband, and so the
tail of their emission reaches the blue-edge causing the “slow blue-edge components”
discussed above. So, the decays are thus re-indexed and re-labeled as:


(blue)

k1
→ k1




(red)
k2
→ k2





 k3(red) → k3

(“Fast”)
(“Intermediate”)
(“Slow”)

The second step of the fitting procedure was to take the three components identified above and use them to fit the full wavelength-dependence as a tri-exponential
decay. For each temperature, the decay rates (ki ) were fixed across the wavelength
range at the values extracted above (at the corresponding temperature), but the
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weight factors (βi ) were allowed to vary between each wavelength. An example of
such a fit is given in Figure 2.25 for a crystal of diF TSBS–ADT at T = 78 K. In
each insert of Figure 2.25, the decay rates (equivalently, the time constants) are all
the same, but the weight factors are different. In this way, the full wavelength- and
temperature-dependence for each of the three decay components were extracted. A
summary of these properties are given in Table 2.7.
As a follow up to this fitting procedure, it was expedient to reconstruct the steadystate PL lineshapes of each of the three decay components from the results of the
kinetic fits. To do this, first a cubic spline was used to interpolate between the
wavelength-dependent weight factors for each decay component (at each temperature)
extracted from TCSPC (e.g. bottom center of Figure 2.25). Next, these weight
interpolations were multiplied by the total steady-state (equivalently, the continuouswave CW) PL lineshape of the crystal (at the same temperatures, measured using a
spectrometer, discussed in Sec. 2.5.1.3) to correct for both the varying efficiency of the
TCSPC/APD system over the wavelength range and to the varying PL quantum yield
of the crystal over the wavelength range. In this way, the approximate steady-state
PL lineshape of each component was deconvolved, and this is what is referred to as
the “reconstructed PL lineshape” discussed throughout this chapter – e.g. Fig. 2.26
and Fig. 2.27. Additionally, Figure 2.25 shows the results of this procedure for diF
TSBS–ADT at T = 78 K, which is copied in Fig. 2.26(e).
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Figure 2.25: Tri–exponential fits of the PL kinetics of diF TSBS–ADT crystals at
T = 78 K at selected wavelengths across the emission band. The time constants
for each fit are held constant at the values extracted from bi–exponential fits of
the band edges–see Fig. 2.24. The insets give the parameter values (specifically the
weights). The bottom center graph shows the extracted weights (marks) with the
cubic spline interpolations (lines). The final graph shows the reconstructed steady–
state PL spectrum for each decay component created by interpolating the weight
factors of each decay and multiplying by the total CW PL spectrum at T = 78 K,
c.f. Fig. 2.26(e). (Adapted from [32])
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Figure 2.26: The reconstructed photoluminescence spectra for the three decay components (k1 , k2 , k3 ) for diF R–ADT (R = TES, TBDMS, and TSBS) at low (78 K) and
high (293 K) temperatures. Plotted also is the steady–state PL (the “total” PL) at
that temperature. Data are normalized so that the steady–state PL (which is used to
scale the wavelength–dependent decay component weights–called the “reconstructed
PL”; see Section 2.5.1.4) is set to a maximum value of 1. (Adapted from [32])
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Figure 2.27: (a) The temperature dependence for the reconstructed PL spectra of the
delocalized Frenkel state (k1 ) in diF TBDMS–ADT. The spectra are normalized so
that the steady–state PL (used to generate the reconstructed PL; see Section 2.5.1.4)
at T = 78 K is set to a maximum value of 1, so as to allow quantitative comparisons
between temperatures. Labeled are the first two vibronic peaks: I00 and I01 . The inset
shows a thermal coherence number of the Frenkel state (dots), calculated according
to equation 2.12 from the experimental data, with error bars estimated at 10 %. A fit
according to equation 2.15 (line) is also included. (b) The temperature dependence for
the reconstructed PL spectra of the 1 (TT) state (k2 ) in diF TES–ADT. The spectra
are normalized using the same scheme as (a). Labeled are the first two vibronic peaks:
I00 (thermally activated) and I01 . (Adapted from [32])
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2.5.2 Absorption Results
Among the three diF R–ADT derivatives, diF TSBS–ADT crystals exhibited an absorption spectrum most similar to that of dilute solutions (e.g. Fig. 2.1(a)). In this
derivative, the solution-to-crystal shift, due to non-resonant effects caused by the
Coulomb interaction of the molecule with its surrounding and exchange interactions
between translationally equivalent molecules, was only ∆StoC = 0.039 eV . This is considerably smaller than that in diF TES–ADT and diF TBDMS–ADT crystals where
the values of 0.105 eV and 0.16 eV , respectively, were obtained. The most important
feature of the absorption spectra of all diF R–ADT crystals was in the presence of
in-plane polarization dependence of the crystal spectra (Fig. 2.15, Fig. 2.16, Fig. 2.21,
Fig. 2.17, Fig. 2.18 and Fig. 2.19), which is discussed here.

2.5.2.1 “Sandwich-Herringbone” Motif: diF TSBS–ADT
In diF TSBS–ADT crystals, Davydov splitting (∆DS ) of 0.045 eV was observed upon
deconvolution of the lowest-energy absorption peak (Fig. 2.17), with the Davydov
components, 1A and 1B (Fig. 2.15(a)), polarized at 41◦ (2.32 eV ) and 74◦ (2.36 eV )
with respect to the long crystal axis (Fig. 2.15(b-c)). These two components were
also highly anisotropic, with an anisotropy factor (Φ of eq. 2.10) of 0.93 and 0.71
respectively.
The Davydov splitting results from interaction of translationally inequivalent
molecules in crystals with Z > 1. In acenes, it increases with the size of the molecule
and with the degree of admixture between Frenkel and CT states. [27, 31, 66] The
∆DS value obtained in diF TSBS–ADT is considerably lower than those observed in
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Tc, Pn or Hex crystals with Z = 2 (e.g. 0.08 eV , 0.14 eV and 0.18 eV , respectively,
in Refs. [35,68,69]), but comparable with that for the α-phase perylene (Z = 4, same
as that in diF TSBS–ADT) of 0.033 eV . [38]
The next higher energy state, peak 2 at ∼2.5 eV in Figure 2.15(a), had a similar
dominant polarization to that of peak 1B (Fig. 2.15(d)), but it exhibited a considerably lower anisotropy factor (Φ) of 0.33. Peak 3 at

∼2.7

eV in Figure 2.15(a)

continued this trend, being nearly isotropic, with an anisotropy factor of only 0.18
(Fig. 2.15(e)). Interestingly, peak 3 and all higher energy states (peaks 4 and 5 in
Fig. 2.15(a)) exhibited distinctly different polarizations from those of peaks 1A, 1B
and 2, with dominant contributions at 150◦ , 160◦ and 165◦ , for peaks 3, 4 and 5
respectively (Fig. 2.15(e-g)).

2.5.2.2 “Brickwork” Motif: diF TES–ADT
The diF TES–ADT crystals did not exhibit any Davydov splitting, as expected based
on their crystal structure with Z = 1. The in-plane polarization dependence of the
optical absorption spectra revealed that the lowest energy (2.23 eV ) absorption (peak
1 in Fig. 2.16(a)) was polarized at about 80◦ with respect to the long crystal axis,
which is close to the short crystal axis (Fig. 2.16(b) and Fig. 2.19). In agreement
with previous publications, [61] higher energy states contained contributions with
different polarizations such that the dominant absorption at, for example, 2.41 eV
and 2.58 eV (peaks 2 and 3 in Fig. 2.16(a)) was along 90◦ and 100◦ respectively
(Fig. 2.16(c-d)). Additionally, the polarization of each peak from 1-4 followed a
consistent trend, starting at 84◦ for peak 1 and steadily increased to 110◦ for peak 4.
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The anisotropy factors (Φ of eq. 2.10) for peaks 2-4 were smaller than that of
peak 1 (0.77 to 0.82 compared to 0.92) but did not have the same clear ordering
as in diF TSBS–ADT. Conversely peak 5 did not exhibit either trend, but returned
to a very high anisotropy factor of 0.98, polarized at 100◦ . Interestingly, unlike the
strong in-plane anisotropy, the out-of-plane anisotropy was relatively low (Fig. 2.23) as
evidenced by pMAIRS (Sec. 2.5.1.2) where the overall absorption lineshape remained
unchanged across a range of angles of incidence.

2.5.2.3 “Twisted-Columnar” Motif: diF TBDMS–ADT
The diF TBDMS–ADT crystals exhibited the most drastic deviation of the absorption
spectra from those of solutions. In addition to the large solution-to-crystal shift ∆StoC
of 0.16 eV , the peak sequence did not conform to the equally spaced replica peaks
expected from a vibrationally coupled exciton. Instead, two broad features (centered
at about 2.27 eV and 2.7 eV ) and a much narrower feature (at about 2.46 eV ) were
observed. In this case, full spectral deconvolution such as that of diF TSBS–ADT
and diF TES–ADT (described in Section 2.5.1.1, Fig. 2.17 and Fig. 2.18) was not
possible and so a partial deconvolution was utilized, for example in Figure 2.20.
Figure 2.21(b-g) shows polarization dependence of absorption at the particular wavelengths representative of each of the absorptive resonances labeled in Figure 2.21(a). This revealed that both of the broad features (∼2.27 eV and 2.7 eV )
contained finer structure, for example a Davydov pair 1A and 1B in the case of
the lower-energy feature. All the resonances 1A-4 in the absorption spectra in Figure 2.21(a) were predominantly polarized at 90◦ with respect to the long axis (a-axis)
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of the crystal, but with changing anisotropy. In particular, the anisotropy factors (Φ
of eq. 2.10) started at 0.77 and 0.82 for the Davydov pair 1A and 1B, but steadily decreased to only 0.42 for peak 3 similar to diF TSBS–ADT crystals. It should be noted
that while peak 5 had a very low anisotropy factor (0.15), this is likely artificially low
because the wavelength methods used for the diF TBDMS–ADT anisotropy factors
do not deconvolve the spectra (using instead the “reduced absorbance at the median
center energy”), so peak 5 contains some of the tail for peak 4. The Davydov splitting (∆DS ) of 0.09 eV was obtained in diF TBDMS–ADT from partial deconvolution,
which is considerably higher than that in diF TSBS–ADT (0.045 eV ) and similar to
that in Tc crystals (0.08 eV ). [35]

2.5.3 PL Results
Similar to optical absorption, the steady-state PL from diF R–ADT crystals was
strongly dependent on the side group R (Fig. 2.28(a)), and by extension the packing
structure. Many trends observed in the absorption spectra were also seen in the PL.
In particular, diF TSBS–ADT crystals had the most similar PL spectra to those in
solution, with only a small solution-to-crystal shift of < 0.03 eV (which represents an
upper bound due to self-absorption) and a similar lineshape structure that included
two main emission peaks at ∼2.3 eV and ∼2.1 eV with a shoulder at ∼1.95 eV . On
the other hand, both diF TES–ADT and diF TBDMS–ADT crystals had much larger
PL spectral shifts (0.2 eV solution-to-crystal shift) and suppressed vibronic replica
emission. For example, the diF TBDMS–ADT crystal had a dominant emission peak
at 2.1 eV and only a weak shoulder near 1.9 eV (Fig. 2.28(a)).
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Figure 2.28: Normalized steady–state (a) and time-resolved (b) photoluminescence
of diF R–ADT in solution (R = TSBS, 0.18 mM in chlorobenzene; solid line) and
in the crystal phase (R = TSBS (dots), TES (triangles), TBDMS (dashed line)) at
room temperature. In (b), time-resolved PL is plotted as normalized photon counts,
integrated over all wavelengths. The lines show the experimental data, smoothed
for clarity (for fits, see the discussion in Section 2.5.1.4). The instrument response
function (IRF) is included as a dotted line. The solution has the longest average PL
lifetime, followed closely by diF TSBS–ADT, then diF TES–ADT, and finally, diF
TBDMS–ADT crystals. (Adapted from [32])
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The PL for each crystal was also strongly dependent on temperature, in several
ways: an overall increase in the total emission and red-shift of the spectra at lower
temperatures (Fig. 2.29) were observed, and it was accompanied by changes in the
lineshape (i.e. relative contributions of various peaks to the overall PL spectra)
(Fig. 2.26 and Fig. 2.27). In diF TES–ADT and diF TBDMS–ADT crystals, as the
temperature decreased, the contribution of the low-energy shoulders at 1.9 eV to the
overall spectra increased, as seen from Fig. 2.26(a-d).
In each derivative, analysis of the PL dynamics (e.g.

Fig. 2.26(b)) revealed

that both a mono- and bi-exponential model were insufficient to describe the full
temperature- and wavelength-dependent PL dynamics. As described in Section 2.5.1.4,
three emissive states were identified (characterized by three distinct decay rates k1 , k2 ,
and k3 ) with relative weights depending on the emission wavelength and temperature
(Fig. 2.26 and Fig. 2.30).

2.5.3.1 PL Kinetics “Brickwork” Motif: diF TES–ADT
Figure 2.26(a-b) shows the reconstructed PL spectra (that is, the wavelength-dependent
decay component weights rescaled by the steady-state PL spectra, details explained in
Section 2.5.1.4) of the three states obtained in a diF TES–ADT crystal at 293 K and
78 K. The “fast” decay component, with a lifetime (τ1 = 1/k1 ) of 0.49 ns (0.74 ns)
at 293 K (78 K), adopted the same general structure as the steady-state PL (a main
0-0 emission peak at 2.1 eV and a shoulder due to the 0-1 vibronic replica peak at
∼1.9

eV ) and exhibited temperature dependence resembling that of delocalized exci-

tons in J-aggregates, with the relative contribution of the 0-0 emission increasing at
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Figure 2.29: Steady–state photoluminescence from single crystals of diF R–ADT (R
= TSBS, TES, TBDMS) as a function of temperature. PL was excited in vacuum
with 355 nm light. The PL from each crystal is normalized to the maximum value of
the entire dataset, to allow for comparison of the PL quantum yield for each crystal
and PL lineshapes as a function of temperature. (Adapted from [32])
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Figure 2.30: The comparative weights of each of the three decay components
(k1 , k2 , k3 ) based on the integrated reconstructed PL spectra for diF R–ADT (R =
TES, TBDMS, TSBS). Plotted are the reconstructed PL spectra integrated over wavelength and then normalized to the value of the integrated steady–state PL spectra
(used to generate the reconstructed PL, see Section 2.5.1.4) at that temperature. This
allows for the comparison of each component’s proportional contribution to the total
emission. For diF TSBS–ADT, this process was not possible above T = 200 K, due to
a blue–shifting of the emission beyond the cut–off filter of the measurement system,
which prevented accurate numerical integration of the highest energy emission peak.
(Adapted from [32])

100
lower temperatures. In this case, the change in the relative 0-0 and 0-1 peak areas is
related to the coherence size of the excited state, and the thermal coherence number
(Ncoh ) can be determined as: [17]
(k )

Ncoh = S

I001

(k )

I011

(2.12)

where S is the Huang-Rhys factor (assumed to be the same as for diF R–ADT
(k )

molecules in dilute solution: 0.69) and I0i 1 is the area of the ith peak of the “fast”
(k1 ) decay component’s reconstructed PL lineshape, counting from blue-edge. The
Ncoh calculated for diF TES–ADT from equation 2.12 yielded a weakly temperaturedependent value of ∼1.6-1.7 (Fig. 2.31). The relative weight of this “fast” decay was
dominant across the entire temperature range (Fig. 2.30(a)).
The “intermediate” decay component, with a lifetime (τ2 = 1/k2 ) of 1.8 ns (4.8 ns)
at 293 K (78 K), exhibited a lineshape change with temperature resembling that of
the excitons in disordered H-aggregates. [17] In particular, at low temperature (78 K),
the PL of this component was principally at ∼1.9 eV (which corresponds to the 0-1
vibronic peak) but as the temperature increased, the contribution of the 0-0 emission
peak at ∼2.1 eV grew and became dominant at 293 K, as shown in Figure 2.27(b).
This 0-0 peak rise can be quantified by defining the follow ratio:
(k )

R(k2 ) =

I002

(k )

I012

(2.13)

(k )

where I0i 2 is the area of the ith peak of the “intermediate” (k2 ) decay component’s
reconstructed PL lineshape.
Notice the similarity of this equation with equation 2.12, except for the factor
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Figure 2.31: The temperature dependence of the (reconstructed) PL lineshape for the
fast (k1 ) decay component in diF TES–ADT crystals. All lineshapes are normalized
according to the maximum value of the total CW PL lineshape at T = 78 K (c.f.
Fig. 2.26 and Fig. 2.27), so that comparing between temperatures is reflective of
the changing PL quantum yield with temperature. Labeled are the two primary
emission peaks I00 and I01 . The inset shows the value of Ncoh , calculated according
to equation 2.15 with error bars estimated at 10 %. The thermal coherence number is
only weakly dependent on the temperature in the range studied. (Adapted from [32])
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Side Group

R = TES

R = TBDMS

(DF )
Activation Energy Ea
(k )
Peak Ratio R0 2

60 meV
6

20 meV
2.5

Table 2.6: Summary of the thermal activation of delayed fluorescence from the 1 (TT)
state in diF R–ADT (R = TES, TBMDS). Values are extracted from fits of the 0-0
and 0-1 peak areas of the reconstructed PL lineshapes of the “intermediate” (k2 )
decay components which where then fit as a function of temperature according to the
model equation 2.14. See Section 2.5.3.1 for further discussion. (Adapted from [32])
of S. It is important to note that while the “fast” component’s reconstructed PL
lineshape is consistent with a delocalized J-aggregate–allowing the association of the
0-0 and 0-1 peak ratio with the thermal coherence number–the “H-like” lineshape of
the “intermediate” component does not permit this same association. Rather, as is
discussed fully in Section 2.6.2.1, the “intermediate” component is associated with
the entangled triplet 1 (TT) state, where the 0-1 peak arises from direct emission,
while the 0-0 relies on thermally activated delay fluorescence (DF). [14] The ratio of
the two peaks, then, can be modeled with a simple Arrhenius equation:
(DF )

R(k2 ) (T ) =
(DF )

where Ea

(k )
R0 2

Ea
exp −
kB T

!
(2.14)
(k )

is the activation energy of delayed fluorescence (DF), and R0 2 is the

low temperature limit of the peak ratio and kB is Boltzmann’s constant. In the case
(DF )

of diF TES–ADT, the activation energy is found to be Ea

= 60 meV . All fit

parameters are given in Table 2.6 and an example of this fit (for diF TBDMS–ADT)
is shown in the inset of Fig. 2.32.
The “slow” component, with a lifetime (τ3 = 1/k3 ) of 13 ns (20 ns) at 293 K
(78 K), showed a broad emission peak around 1.9 eV at low temperature (78 K, see
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Figure 2.32: The temperature dependence of the (reconstructed) PL lineshape for
the intermediate (k2 ) decay component in diF TBDMS–ADT crystals. All lineshapes
are normalized according to the maximum value of the total CW PL lineshape at
T = 78 K (c.f. Fig. 2.26 and Fig. 2.27), so that comparing between temperatures
is reflective of the changing PL quantum yield with temperature. Labeled are the
two primary emission peaks I00 and I01 . The inset shows the value of R, calculated
according to equation 2.9, fit with an Arrhenius equation 2.14. Parameter values are
given as text in the insert, and error bars represent an assumed 10 % error. (Adapted
from [32])
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Fig. 2.26(a)) as well as a small emission at the 0-0 transition energy (∼2.1 eV ). As the
temperature increased, the weight of this component in the overall PL dropped precipitously, accounting for less than 10 % of the total emission near room temperature
(Fig. 2.30(a)).

2.5.3.2 PL Kinetics “Twisted-Columnar” Motif: diF TBDMS–ADT
In diF TBDMS–ADT crystals, the three PL decay components followed similar trends
overall (Fig. 2.26(c-d) and Fig. 2.33) to those in diF TES–ADT, but with a few
notable differences. The first difference was that the lifetimes of each of the three
components were shorter than those of diF TES–ADT (at 293 K, τ1 = 1/k1 = 0.33 ns,
τ2 = 1/k2 = 1.5 ns and τ3 = 1/k3 = 7.5 ns).
Additionally, the “intermediate” and “slow” components constituted a considerably smaller percentage of the total emission compared with diF TES–ADT, making
up only 25 % and 8 %, respectively, of the total PL at low temperature, which further
decreased as temperature increased (down to 5 % and 3 %, respectively, at 293 K).
The lineshape of the “fast” component had a temperature dependence qualita(k )

(k )

tively similar to that of diF TES–ADT, with the I001 /I011 emission peak ratio
increasing as temperature decreased (Fig. 2.27(a)), but with a considerably more
pronounced change as compared to that in diF TES–ADT. In particular, in diF
TBDMS–ADT, the thermal coherence number (Ncoh of equation 2.12) varied with
the inverse square root of temperature (T ), which is consistent with the model for 1D
J-aggregates: [17]
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Figure 2.33: The reconstructed PL for (a) the fast (c.f. Fig. 2.27(a)), (b) the intermediate (c.f. Fig. 2.32) and (c) the slow decay components for a diF TBDMS–ADT
crystal as a function of temperature. All lineshapes are normalized according to the
maximum value of the total CW PL lineshape at T = 78 K (c.f. Fig. 2.26 and
Fig. 2.27), so that comparing between temperatures is reflective of the changing PL
quantum yield with temperature. Notice that the vertical scales for the three graphs
are each of different order ((a) ∼1, (b) ∼0.1 and (c) ∼0.01). (Adapted from [32])
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r
Ncoh (T ) = N∞ +

4πEc
kB T

(2.15)

Here, N∞ is the coherence number in the thermodynamic limit found to be 1.1 ±
0.4 (consistent with the theoretical value of 1), Ec is the curvature of the exciton
band found to be 17.5 ± 0.5 meV , and kB is Boltzmann’s constant. The inset of
Figure 2.27(a) illustrates the fit of the data with equation 2.15, showing a good
agreement with this model and predicting a coherence size of ∼7 molecules at 78 K
which reduces to ∼4 molecules at 293 K.
Similar to diF TES–ADT, the “intermediate” component exhibited temperaturedependent PL spectra resembling that of H-aggregates, with a thermally activated
0-0 peak. The same association with the 1 (TT) state is made here, and so the peak
ratio R(k2 ) (T ) (see equation 2.13) is also modeled with a simple Arrhenius equation
(see equation 2.14), which reveals that the activation energy of delayed fluorescence
(DF )

from the 1 (TT) state is Ea

= 20 meV , a factor of 3 smaller then that of diF

TES–ADT (see Table 2.6). Figure 2.32 shows the reconstructed PL lineshape for the
“intermediate” decay component, along with the an Arrhenius plot of peak ratios in
the inset.

2.5.3.3 PL Kinetics “Sandwich-Herringbone” Motif: diF TSBS–ADT
The key features in the dynamics of the diF TSBS–ADT emission were the absence of
a fast, sub-nanosecond decay component (so that the three components had lifetimes
of τ1 = 1/k1 = 2.5 ns, τ2 = 1/k2 = 8.9 ns and τ3 = 1/k3 = 29 ns at 78 K)
and the large contribution of the “slow” component to the total PL even at higher
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temperatures (e.g. ∼30 % of the overall PL at 200 K, see Fig. 2.30(c)). Additionally,
the two faster components were similar in their lineshape (with a preferential emission
near the 0-0 PL emission, peaked at about 2.2 eV , Fig. 2.26(e)).

2.5.3.4 PL Kinetics Temperature Dependence Summary
The temperature dependence of the decay rates (modeled with equation 2.11) revealed
the following distinct features of the PL dynamics in diF R–ADT crystals:
1. The “fast”, sub-nanosecond decay component in diF TES–ADT and diF TBDMS–
ADT was only weakly temperature dependent (Ea = 0.004 eV and 0.016 eV ,
respectively).
2. The activation energy of the “intermediate” and “slow” decay component in
diF TES–ADT was 0.12 eV and 0.1 eV . These are considerably higher than
those in diF TBDMS–ADT (0.007 eV and 0.036 eV , respectively).
3. The activation energies of the two faster decay rates in diF TSBS–ADT had
similar values of 0.029 eV and 0.032 eV .
See Table 2.7 for a full comparison.
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Side Group

R = TSBS R = TES
kS
0.361 ns−1 << 1 ns−1
“Fast”
kD
3.40 ns−1
2.36 ns−1
Decay
Ea
29 meV
3.7 meV
(LT )
(LT )
(k1 )
τ1
(1/k1 )
2.45 ns
760 ps
Rise Time
510 ps
470 ps
−1
kS
0.11 ns
0.21 ns−1
“Intermediate”
kD
1.39 ns−1
36.3 ns−1
Decay
Ea
32 meV
120 meV
(LT )
(LT )
(k2 )
τ2
(1/k2 )
8.71 ns
5.05 ns
Rise Time
1.23 ns
660 ps
−1
kS
0.034 ns
0.049 ns−1
“Slow”
kD
0.687 ns−1 1.33 ns−1
Decay
Ea
47 meV
100 meV
(LT )
(LT )
(k3 )
τ3
(1/k3 )
29.8 ns
22.6 ns
Rise Time
1.23 ns
660 ps

R = TBDMS
1.40 ns−1
2.99 ns−1
16 meV
610 ps
420 ps
1.40 ns−1
0.776 ns−1
6.7 meV
2.79 ns
640 ps
0.06 ns−1
0.312 ns−1
36 meV
16.4 ns
640 ps

Table 2.7: Temperature dependent properties of the “fast” (k1 ), “intermediate” (k2 )
and “slow” (k3 ) decay components in the PL kinetics of diF R–ADT single crystals (R
= TSBS, TES, TBDMS). The total decay rates for each component were extracted
from fits of the band edges of the emission (see Section 2.5.1.4), and fit according
to equation 2.11 in the main text. Note that the “fast” static decay rate (kS ) for
diF TES–ADT was found to be much smaller than the dynamic decay rate (kD ), and
so is labeled “<< 1 ns−1 ”. The low temperature (T = 78 K) PL lifetimes (τi ) are
included for comparison, and are simply the inverse of the decay rate at the relevant
temperature (τi = 1/ki , i = 1, 2, 3). Finally, the average rise time is extracted from
the PL decay at the relevant band edge (blue-edge for k1 and red-edge for k2 and k3 )
and averaged over all temperatures. (Adapted from [32])
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2.6 Packing Motifs and their Effects on Excitonic Structure
2.6.1 Excitons: Absorptive Species
2.6.1.1 “Brickwork” Motif: diF TES–ADT
In this section, the features of absorption spectra in diF TES–ADT crystals are examined, which represents the simplest case (Z = 1) of the three derivatives under study.
Analysis of the absorption spectra (Fig. 2.16) shows a clear absorption resonance at
2.96 eV (feature 5 in Fig. 2.16(a)), which is assigned to the second electronic manifold–
corresponding to the S0 –S2 transition in solution (2.98 eV )–due to its close energy
alignment with the S0 –S2 transition. Additionally, the polarized absorption spectra
indicate that the 2.96 eV state’s TDM is consistent with the TDM of the syn–ADT
S0 –S2 transition (along the molecular backbone, Fig. 2.4(a)). Figure 2.16(f) shows
that the 2.96 eV state’s TDM–when projected onto the optical (a-b) plane–is oriented
at about 100◦ with respect to the long crystal axis (Table 2.5), which is the b-axis. [57]
As can be appreciated from Fig. 2.2(a), this is nearly coincident with the orientation
of the long dimension of the diF TES–ADT molecular backbones (which point at
∼100◦

measured clockwise off the b-axis).

Analysis of the absorption spectra (Fig. 2.16) together with pMAIRS (Fig. 2.23)
results suggests the presence of two distinct electronic states within the 2.2 − 2.8 eV
range (corresponding to the S0 –S2 electronic/vibrational energy manifold for isolated
diF R–ADT molecules). These two states (2.23 eV and ∼2.6 eV , respectively) have
distinct TDMs both in terms of their in-plane and out-of-plane orientations evidenced
by the differing polarization dependence of the first four absorption peaks (peaks
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1-4 in Fig. 2.16(a) and Fig. 2.19). Dimer TD-DFT calculations also predict two
kinds of excited states in this same energy range (2.0 − 2.8 eV ). The first kind are
Frenkel-type excitons (where the electron and hole wavefunctions, extracted from
the Natural Transition Orbitals (NTOs), are primarily located on the same molecule
in the dimer; see Section 2.3.2.2), with TDMs approximately parallel to the short
dimension of the diF TES–ADT molecular backbone (c.f. S0 –S2 in Fig. 2.4(a) and
F (1) in Fig. 2.34(a); note that perfect alignment of TDMs is not expected, as even
the “Frenkel-type” excitons in dimers have a small CT character due to mixing,
causing a perturbation of the TDM orientation). Projection of these TDMs into
the optical (a-b) plane of the crystal yields orientation of 83◦ off the b-axis (long
axis) of the crystal, in excellent agreement with the experimental data (84◦ ) for
the lowest-energy (2.25 eV ) absorption peak (peak 1 in Fig. 2.16(a)). The second
kind of excited state is charge transfer (CT) in character (with electron and hole
wavefunctions located on different molecules in the dimer, e.g. Fig. 2.6). These
CT states have considerably smaller TDMs than those of Frenkel states and the CT
TDMs are oriented in the intermolecular direction, rather than in the plane of either
molecular backbone (Fig. 2.34). The largest of such CT TDMs has a projection on
the optical (a-b) plane at about 120◦ with respect to the b-axis of the crystal (inset
of Fig. 2.16(a)). The TDM for the experimentally observed higher energy transition
(e.g. peak 3 in Fig. 2.16(a)) in the optical plane (100◦ off the b-axis) is between the
calculated TDMs for the Frenkel and CT excitons. So this transition is attributed
to the admixture of the Frenkel and CT states. Finally, there is excellent agreement
with experimental data for the 2.98 eV transition (peak 5 in Fig. 2.16(a)) which is due
to the TDM aligned with the long axis of the molecules (c.f. S0 –S2 in Fig. 2.4(a)), of
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Figure 2.34: Transition dipole moments for diF R–ADT (R = TES, TSBS, TBDMS)
calculated for dimers using TD DFT methods. TDMs are categorized as described
in Section 2.3.2.2 as either primarily Frenkel in character (“Frenkel type”) or CT
in character (“CT type”). The TDMs shown here are a representative subset. For
(b) and (c), the two Frenkel type states (labeled Fa and Fb ) are the Davydov pair
discussed in Section 2.5.2. Note that included here are results for the syn–ADT
isomer, though the anti–ADT isomer is qualitatively similar. (Adapted from [32])
which the projection onto the a-b plane is predicted to be at about 110◦ with respect
to the b-axis (105◦ in the experimental data in Fig. 2.16(f)).
To further study the nature of these two states in diF TES–ADT, it is helpful to
compare these observations to a similar crystalline system widely studied in the literature: a functionalized Pn derivative, TIPS–Pn. [58, 70] Similar to diF TES–ADT,
the TIPS–Pn exhibits a 2D “brickwork” molecular packing with the a-b plane as a
substrate plane of the solution-grown crystal. In Ref. [58], four distinct electronic
states (S1 through S4 ) were revealed in the 1.6 − 2.5 eV range using the GW/BSE
approach, with states S1 and S4 exhibiting similarly out-of-phase polarization dependence seen in the lower (2.23 eV ) and higher (2.57 eV ) energy states observed here
in diF TES–ADT. The theory predicted that while the lowest-energy (S1 ) state has
a molecular origin and is due to coupling of light to the TDM along the short axis of
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the molecule, the higher-energy absorption features rely on long-range order and π–π
overlap that causes the formation of many nearly-degenerate excited state transitions.
The electron-hole correlation function for these predicts higher exciton delocalization
than that of the S1 state.
In other studies, such as those of optical properties of Pn, TIPS–Pn and rubrene,
two distinct electronic states separated by about 0.3−0.35 eV , and of different nature,
were observed. [30, 31, 70, 71] For example, in Pn crystals, the lower-energy exciton
was primarily of Frenkel character and the 0.35 eV offset higher-energy exciton was
primarily of CT character, [31] which is comparable to these observations in diF
TES–ADT.

2.6.1.2 “Sandwich-Herringbone” Motif: diF TSBS–ADT
In the diF TSBS–ADT crystals (Z = 4, “sandwich-herringbone” packing), Davydov
splitting of 0.045 eV was observed, with the projection of the TDM onto the optical (011) plane for the lower (higher) energy Davydov component aligned along 41◦
(74◦ ) with respect to the long crystal axis (Fig. 2.15(b-c)). The Davydov splitting
arises from the interactions between pairs of inequivalent molecules inside the crystal
unit cell. For example, in the Z = 2 system of Pn, [31] two Davydov states were
−
−
observed with TDMs corresponding to the symmetric (→
µ + ) and antisymmetric (→
µ −)
−
−
−
combinations of the individual molecular TDMs: →
µ± = →
µ1±→
µ 2.
For diF TSBS–ADT where Z = 4, there are potentially six different inequivalent
molecular pairs (two intra-chain e.g. 1-2 and 2-3 in Figure 2.2(c), and four interchain e.g. 2-4 and 2-5 in Figure 2.2(c)). However, since all intra-chain molecules
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have the same orientation due to their glide reflection symmetry, the two molecular
−
−
TDMs (→
µ 1 and →
µ 2 ) for any pair are parallel. This makes the anti-symmetric state
dark (as seen in Table 2.2 with vanishing oscillator strength for the second Frenkeltype exciton in all intra-chain dimers). Since a Davydov pair is observed, it must be
due to the inter-chain dimers, which have distinct molecular TDMs admitting bright
anti-symmetric states. TD-DFT calculations for inter-chain dimers confirms this by
predicting two Frenkel-type states with nonzero oscillator strength (transitions at
2.229 eV and 2.239 eV , Table 2.2) and TDMs whose projections onto the (011) plane
of the crystal are aligned with the 70◦ and 81◦ with respect to the a-axis for the lower
and higher Davydov states, respectively, for syn–syn ADT isomer dimers (Fig. 2.34).
By assigning the a-axis to the fast growth direction of the crystal (long crystal axis),
this provides qualitative agreement with the polarizations of the Davydov components seen in the absorption spectra (Fig. 2.15(b-c)), insofar as the pair of TDMs
are both oriented off-axis and relatively close together (∼10◦ separation predicted by
calculation, and ∼30◦ separation observed in experiment). Differences between the
theoretical and experimental orientations of the Davydov component TDMs could
be partly due to the simplifying assumptions made in the TD-DFT model, including the use of syn–syn ADT dimers in the calculation whereas the diF TSBS–ADT
crystal is a mixture of syn– and anti–ADT isomers. Since the anti–ADT isomer has
a slightly different molecular TDM (see Fig. 2.4) compared to the syn–ADT isomer,
the resulting symmetric and antisymmetric dimer TDMs which involve anti–ADT
isomers are similarly shifted with respect to syn–syn dimers. Additionally, dimerbased calculations do not capture the full extent of the intermolecular interactions.
Nevertheless, the simplified dimer-based approach here has been utilized by other
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studies [70] which have seen good agreement between TDMs predicted by TD-DFT
and those extracted from experimentally measured polarized absorption. Simulating
either a fully periodic system or a large cluster would be necessary to provide a more
quantitative assessment of the impact of intermolecular interactions on the spectral
features; however, both of these are computationally intensive and are beyond the
scope of the present study.
In addition to the Davydov components (Frenkel-type excitons), diF TSBS–ADT
crystals show evidence of Frenkel-CT mixing at higher energies. These CT states, like
in diF TES–ADT, appear to be higher in energy, near the 2.68 eV resonance (3 in
Fig. 2.15(a)), and are due to intra-chain dimers. TD-DFT calculations on intra-chain
dimers predict a CT-type exciton with a nonzero TDM aligned at ∼160◦ with respect
to the a-axis (Fig. 2.34(b)). This agrees well with the observed orientation of the
experimentally observed TDM at 150◦ with respect to the long crystal axis (a-axis)
for feature 3 (Fig. 2.15(e)), suggesting a large CT character to this state mediated
by nonvanishing intra-chain electron and hole transfer integrals (see Section 2.6.3
for further discussion). Finally, the 2.98 eV absorption (peak 5 in Fig. 2.15(a)) in
diF TSBS–ADT is polarized at 165◦ (Fig. 2.15(f)). Similar to diF TES–ADT, this
is consistent with the S0 –S2 TDM parallel to the long axis of the ADT molecular
backbone, which makes a 160◦ angle with the a-axis of the diF TSBS–ADT crystal.

2.6.1.3 “Twisted-Columnar” Motif: diF TBDMS–ADT
In the diF TBDMS–ADT crystals, three main features were observed within the S0 –
S2 energy manifold (Fig. 2.21(a)): two broad features (centered at about 2.27 eV and
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2.7 eV ) and a much narrower peak (at about 2.46 eV ), all polarized predominantly
at 90◦ with respect to the long axis (a-axis) of the crystal. This agrees reasonably well with TD-DFT predictions: given that the long (a) axis of the crystal and
the π–π stacking direction of the columnar stacks are coincident (Fig. 2.2(e-f)), all
projections of the Frenkel TDMs (Fig. 2.34(c)) onto the optical plane are oriented
approximately perpendicular to the long axis of the crystal (since all the molecular backbones are normal to the a-axis). In particular, the broad 2.27 eV feature
is asymmetric with a shoulder on the red edge (in that the peak is non-Gaussian,
c.f. 1A in Fig. 2.21(a)), with the polarization-independent asymmetry (thus, similar
polarization dependence of 1A and 1B in Fig. 2.21) but polarization-dependent total
absorption (Fig. 2.19(c)). This suggests the presence of two states of similar energy
and with similar TDM orientations, leading to the their assignment as a Davydov pair
arising from the inequivalent intra-column molecules (e.g. pair 1-3 in Fig. 2.2(e-f)).
Unlike diF TSBS–ADT, where intra-chain molecules all have the same orientation
(causing the anti-symmetric dimer TDM to vanish), intra-column diF TBDMS–ADT
molecules have a 45◦ twist between neighboring molecules. This ensures that for
inequivalent dimers, both the symmetric and anti-symmetric states are bright. TDDFT calculations confirm this, predicting nonzero oscillator strengths for both of the
Frenkel-type excitons in intra-column inequivalent molecular pairs (Table 2.2). The
TDMs for these two Frenkel-type states also align well with the symmetric and antisymmetric combinations of the molecular TDMs; however, when projected into the
optical plane, these TDMs become nearly parallel and thus, difficult to distinguish in
polarization-dependent optical measurements. The Davydov splitting obtained from
the deconvolution of the broad 2.27 eV peak yields of ∼0.09 eV , which is twice as large
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as that in diF TSBS–ADT but is comparable to that in Tc crystals (0.08 eV ) [68]
and Pn crystals (∼0.11 − 0.14 eV ) [31,35]. The amount of Davydov splitting has been
previously related to the degree of the CT and Frenkel exciton admixture. [27, 31, 66]
Moreover, recent work by Hestand and Spano (Ref. [17]) established that in the context of charge-transfer J-aggregates, strong Frenkel-CT mixing can produce a twoband absorption signature, where a pair of well-separated and dominant absorptive
peaks is observed. These two peaks represent the two bright exciton bands that
form as a result of the Frenkel and CT states mixing. The dominant presence of
both low energy (2.27 eV ) and high energy (∼2.7 eV ) absorptive features in the diF
TBDMS–ADT spectra is indicative of exactly this behavior, and suggests a strong
mixing between the Frenkel and CT states in diF TBDMS–ADT. The CT character
of exciton states in diF TBDMS–ADT can also be inferred from the variations of polarization anisotropy of peaks 1 through 4 in Fig. 2.21. With the columnar molecular
packing of diF TBDMS–ADT (Fig. 2.2(e)), any intra-column CT state should have
a TDM oriented in the π–π stacking direction, making it approximately parallel to
the a-axis of the crystal (Fig. 2.34). Any Frenkel-CT mixing, then, would manifest as
additional absorption along the long axis of the crystal, which is indeed observed for
the states 2-4 which exhibit reduced anisotropy factors (Table 2.5 and Fig. 2.21(d-f)).
Finally, it is interesting to note that the state corresponding to S0 –S2 in solution
(2.98 eV) was present in all diF R–ADT crystals under study and that its energy is
relatively insensitive to the molecular side group (R). Additionally, its polarization
in any of the crystals under study was always along the long axis of the molecule,
which is the orientation of the S0 –S2 TDM for isolated molecules. These observations
indicate a negligible effect of intermolecular interactions on this state in diF R–ADT
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crystals, pointing to an intramolecular nature of this exciton, which is similar to
observations in TIPS-Pn and TES-Pn crystalline films. [70]

2.6.2 Excitons: Emissive Species
As discussed in Section 2.5.1.4, the PL emission from diF R–ADT crystals includes
contribution of three electronic states, properties of which are molecular packingdependent. Based on the observations of Figure 2.28 and Figure 2.26, each of these
are assigned one of the following (Fig. 2.35):
1. Localized singlet excitons (with high in Frenkel character)
2. Delocalized singlet excitons (also high in Frenkel character)
3. Entangled triplet exciton pairs 1 (TT) [14]
4. Self-trapped excitons (STEs) (similar in character to the excimers observed in
solution) [13]
Before further discussing the assignment of each emissive species to one of these
categorizations, it is expedient to review the general properties of the 1 (TT) and STE
states seen in the literature.

2.6.2.1 Entangled Triplets 1 (TT)
The triplet pairs 1 (TT) are an intermediate state in the singlet fission (SF) process,
and mechanisms of its formation and decay have been extensively discussed in the
literature. [22] Recently, charge transfer directly from this state on donor molecules
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Figure 2.35: Schematic representation of the relation pathways for diF R–ADT (R
= TSBS, TES, TBDMS). Each arrow shows the three radiative decay pathways:
Frenkel (singlet, F), entangled triplet 1 (TT), and self-trapped exciton (STE). Each
arrow is labeled with the percentage of the total PL constituted by that pathway at
T = 293 K (T = 78 K). Note that for diF TSBS–ADT, T = 200 K is used. (Adapted
from [32])
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to an acceptor molecule has been demonstrated, which opens up possibilities to use
molecules with a stable 1 (TT) state as donors in donor-acceptor photovoltaic cells
with SF-enabled enhanced photogeneration efficiencies. [14] Due to the individual
triplet characters of the excitons, direct radiative decay of either state should be
inefficent relative to other decay pathways. Nevertheless, it was also found that in
diF TES–ADT and rubrene films these correlated triplet pairs can radiatively decay
via two separate indirect pathways.
First, the 1 (TT) state is able to borrow oscillator strength from nearby (bright)
singlet states through a Herzberg-Teller (HT) like effect. [14] Distortions in the crystal
allow for the 1 (TT) and singlet states (which in the vibration-less ground state are
orthogonal) to mix. Thus hybridized, the 1 (TT)-singlet state can utilize the nonzero oscillator strength of the it’s singlet constituent to radiatively decay. Because of
this pathway is mediated by vibrational coupling, the emission produces a vibronic
progression, where the 0-n (n = 1, 2, ...) transitions are allowed, but the 0-0 transition
is suppressed due to it’s vibration-less character. Since diF TES–ADT molecules have
their excitonic and vibrational states strongly coupled, this HT-like effect is active
irrespective of the thermal energy present in the crystal. [14]
The second pathway involves the 1 (TT) state “back-converting” to the (emissive)
singlet state which it was originally formed from. The reformed S1 state can then
radiatively decay, amounting to delayed fluorescence (DF). Since the emission is coming from the S1 state, it is also expected to have a vibronic structure, however unless
the HT-lke pathway where the 0-0 emission is forbidden, the 0-0 emission from the
DF pathway should be active. It should be noted that this “back-conversion” process
requires overcoming an energy barrier, so sufficient thermal energy is required in they
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crystal to active this process.
As a result, the PL lineshape resulting from the 1 (TT) should have the same
vibronic peaks energies as the corresponding singlet state, but with the following
characteristic temperature-dependence. At low temperatures, 0-n (n = 1, 2, ...) emission is expected due to the HT-like pathway, but 0-0 transition will be suppressed.
As the temperature rises, the DF pathway will begin to activate, which will cause
the 0-0 emission to rise relative to the other replica peaks. By examining the relative
peak areas of the 0-0 and 0-1 emissions, the ratio will show a clear thermal activation
described with an Arrhenius equation (c.f. equation 2.14). This is exactly the behavior seen for diF TES–ADT (Fig. 2.26(a-b) and Fig. 2.27(b)) and diF TBDMS–ADT
(Fig. 2.26(c-d) and Fig. 2.32) crystals, in the case of the “intermediate” PL decay
component of the emission, as discussed below.

2.6.2.2 Self-Trapped Excitons
Emissive “excimer-like” self-trapped exciton states [13] in the crystal phase have been
observed in various acene derivatives (including polycrystalline films of tetracene [13]
and anthracene [72]); their formation was facilitated by polycrystalline interfaces,
where adjacent molecules can have the face-to-face orientation (rather than the bulk
face-to-edge orientation) which is necessary for large CT integrals. These CT integrals
mediate the formation of excimer-like states, which have high CT character. The
emission from these states is expected to be red-shifted relative to the singlet states,
to be structureless in its lineshape and to possess a much longer state lifetime than
the singlet state.
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2.6.2.3 Emissive State Assignment
As discussed in Section 2.5.3, in diF TES–ADT and diF TBDMS–ADT crystals, the
“fast” (sub-nanosecond) decay, which is only weakly temperature dependent (Table 2.7), is assigned to delocalized Frenkel excitons. This “fast” component primarily
emits on the blue-edge of the PL spectrum, and it is responsible for most of the total
PL emission–40 − 60 % (60 − 90 %) for diF TES–ADT (diF TBDMS–ADT)–growing
in relative weight with temperature, Fig. 2.30(a) (Fig. 2.30(b)). The short lifetime
of this component (more than an order of magnitude faster than that for isolated
molecules in dilute solution, τF C = 1/kF C = 10 ns) suggests that nonradiative decay
pathways–including both scattering into the ground state and conversion into a different excited state–compete strongly with the radiative decay for this state. In diF
TBDMS–ADT, the delocalized exciton behavior was well described in the framework
of 1D J-aggregates whereas in diF TES–ADT, the temperature dependence of Ncoh
was considerably weaker than that expected from either 1D or 2D aggregates [17] and
delocalization was limited to ∼2 molecules at all temperatures as compared to 4 − 7
molecules in diF TBDMS–ADT, depending on the temperature.
The “intermediate” component (with lifetime τ2 = 1/k2 = 3 − 5 ns) in diF TES–
ADT and diF TBDMS–ADT crystals is attributed to the 1 (TT) state. In both crystals, the average rise time of this state was 0.65 − 0.68 ns (Table 2.7), comparable to
the lifetime of the delocalized Frenkel exciton. This suggests that 1 (TT) is populated
via the Frenkel exciton. Ultrafast pump-probe measurements of the same systems
suggest other formation pathways are possible on faster timescales, but they also
confirm that 1 (TT) is formed directly from the singlet exciton. [73] The lineshape
of the “intermediate” component shows preferential emission at lower energies, and
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it has a vibronic structure with transition energies similar to the Frenkel (“fast”)
component. At low temperatures the 0-0 emission peak is very small (negligible for
diF TES–ADT at T < 160 K, Fig. 2.27(b)), but it increases with temperature with a
∼0.06

eV activation energy, which is due to the energy barrier for “back-conversion”

of the 1 (TT) state to the S1 state. This is consistent with previous observations in diF
TES–ADT films. [14] The large activation energy of 0.12 eV obtained from Arrhenius
fits of the 1 (TT) state lifetime (equation 2.11) suggests that in diF TES–ADT crystals, this state is stabilized and does not readily convert into, for example, free triplet
states (T1 ). In particular, since the latter would be a major decay channel for the
1

(TT) state, short 1 (TT) lifetimes and their activation energies on the order of ther-

mal energy would be expected for an efficient conversion to T1 states, which was not
observed here. Qualitatively similar processes occur in diF TBDMS–ADT crystals.
However, the energy barrier for the “back-conversion” of the 1 (TT) to S1 is considerably smaller (so that 0-0 emission is observed even at 78 K, Fig. 2.26(c)) and the
activation energy for the 1 (TT) state lifetime is only ∼0.007 eV (the “intermediate”
decay in Table 2.7).
In contrast to the other two diF R–ADT derivatives where the “fast” and “intermediate” decay components have very different behaviors pointing to different
origins, these components in diF TSBS–ADT crystals appear to have similar origins,
suggesting their assignment to the Davydov pair of Frenkel excitons seen in the absorption spectra. The components common origin is confirmed by their relatively
similar lifetimes (∼3 ns and ∼9 ns), similar temperature dependencies (with Ea of
equation 2.11 of 0.029 eV and 0.032 eV , respectively, Table 2.7) and nearly identical
lineshapes–other than a slight energy shift–at low temperature (Fig. 2.26(e)). The
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Frenkel character of these components is evidenced by their preferential emission via
the 0-0 transition (on the blue edge), their similar lifetime to that of dilute solution (10 ns), and their small Stokes shift of ∼0.058 eV compared with ∼0.078 eV
(∼0.13 eV ) for diF TBDMS- ADT (diF TES–ADT). Since the Davydov splitting in
diF TSBS–ADT is only 0.045 eV , some thermal occupation of the upper Davydov
state is expected across the whole temperature range studied here (78 − 293 K),
but this occupation should be small at lower temperatures. This comports with the
observed weights of the “fast” and “intermediate” components: the lower energy component (“intermediate”) is dominant at low temperatures, but decreases in relative
weight compared to the higher energy component (“fast”) as the temperature rises
(Fig. 2.26(e-f) and Fig. 2.30(c)).
For all three crystalline systems, the “slow” component emission arises from STEs
similar to the excimers found in solution. First, the lifetimes of this component
(τ3 = 1/k3 = 16 − 30 ns at 78 K, depending on the crystal structure) are all longer
than the radiative lifetime of diF R–ADT molecules (∼14 ns). [47] While this precludes a Frenkel origin for the “slow” component, these long lifetimes are consistent
with the excimer lifetime in solution (25−40 ns depending on the side group, see Section 2.4.2.2). Second, the low temperature lineshapes (Fig. 2.26 and Fig. 2.33(c)) have
a broad main emission peak which is red-shifted with respect to both the Frenkel and
1

(TT) main emission peaks, pointing to a lower excited state energy. Furthermore,

the width of this peak contrasts with the clear vibronic structure of the Frenkel (e.g.
Fig. 2.27(a)) and 1 (TT) emission (e.g. Fig. 2.27(b)). Additionally, as the temperature
increases, the “slow” component’s main emission peak red-shifts substantially (e.g.
∼0.1

eV , Fig. 2.33(c)). This is pronouncedly different behavior as compared to that
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of the “fast” and “intermediate” components, and it is consistent with a thermallyactivated relaxation into lower energy states. Finally, the “slow” component emission
also has a small amount of emission on the blue-edge (e.g. Fig. 2.33(c)) which is likely
due to a delayed fluorescence process similar to that seen for the back-conversion of
the 1 (TT) emission to S1 discussed above. Altogether, these observations indicate
that the “slow” components are consistent with the excimer state found in solution
(Sec. 2.4.2.2).
In summary, the following excited state assignment is made for diF R–ADT crystals:

diF TES–ADT
:
diF TBDMS–ADT















“Fast” (k1 ) → Frenkel (Singlet, delocalized)
“Intermediate” (k2 ) → 1 (TT)
“Slow” (k3 ) → STE




“Fast” (k1 ) → Frenkel (Davydov Component A)




diF TSBS–ADT : “Intermediate” (k2 ) → Frenkel (Davydov Component B)






“Slow” (k3 ) → STE

2.6.3 Comparison with Density Functional Theory
Given the spectroscopic interpretations descibed in the previous section, it is also
useful to consider how these state assignments interface with the results of ab initio
calculations, specifically how the three intermolecular interaction integrals (the elec-
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tron transfer integral te , the hole transfer integrals th and the total exciton coupling
V ) give rise to the experimentally observed excited state structure.
The intermolecular interactions expected in each crystalline system were quantified using TD-DFT methods as discussed in Section 2.3.2.3, which established that
diF TBDMS–ADT is expected to have the strongest interactions, and diF TSBS–
ADT to have the weakest. This agrees well with the experimental observations of
various features of optical properties discussed above and points to the impact that
the packing structure of each crystal has on its excited state properties.
TD-DFT predicts that diF TSBS–ADT (1D “sandwich-herringbone” packing structure) has the smallest total exciton coupling [17, 74] (V ) of the three systems, Table 2.2. This suggests that the Frenkel excitons in the diF TSBS–ADT crystal would
be relatively localized, so that the optical properties of the crystal would have properties similar to those of isolated molecules. This is seen in the absorption spectra
of diF TSBS–ADT crystals as a small solution-to-crystal spectral shift, relatively
narrow absorption peaks, a small Davydov splitting, and an overall lineshape which
most closely resembles that of solution (Sec. 2.5.2.1). In the PL spectra and kinetics
(Sec. 2.5.3), this manifests as a relatively small Stokes shift (∼0.058 eV ) and Frenkel
exciton lifetimes which are relatively similar to that of isolated molecules (indicating
that these states are too localized to efficiently access nonradiative decay pathways),
in contrast to the other diF R–ADT derivatives under study.
The small total exciton coupling (V < 5 meV for all dimers, Table 2.2) in diF
TSBS–ADT are likely caused by the large slip distance between intra-chain dimers,
which has been shown [10] to sensitively impact the value of the V , and the large
separation (d > 12 Å) between inter-chain dimers. In addition to the small values of
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V in this system, diF TSBS–ADT is also approximately a 1D material, so that each
molecule has only two nearest neighbors (e.g. for molecule 2, pairs 1-2 and 2-3 in
Fig. 2.2(c-d)). These facts combine to afford only a small amount of total interaction
between Frenkel exciton states in diF TSBS–ADT.
In contrast to small values of V for these intra-chain dimers, the electron (te ) and
hole (th ) transfer integrals dimers (|te | = 20 − 40 meV and |th | = 10 − 25 meV )
are of a similar magnitude to those found in the other derivatives (Table 2.2). This
may enable nontrivial mixing of the Frenkel and CT excitons–despite a small Frenkel
delocalization–which in the absorption spectra manifests in the polarization dependence of the higher energy peaks (e.g. peak 3 in Fig. 2.15), which show substantial
absorption when aligned with the CT exciton TDM (theoretically 156◦ off the a-axis,
see Fig. 2.34(b)), indicative of a high CT character of that state. In the PL spectra, the nonzero electron and hole transfer integrals, combined with small interaction
energies V , enable the formation of the excimer-like STEs, [13] which constitute a
substantial fraction (∼30 % at 78 K) of the total PL in these crystals.
In diF TES–ADT and diF TBDMS–ADT crystals, TD-DFT predicts much larger
exciton couplings (V , Table 2.2). For example, the highest value of V in diF TBDMS–
ADT (which is a 1D system) is . 52 meV (see Section 2.3.2.3 for discussion of the
upper bound), and it is obtained for dimer interactions along the columnar stack (aaxis, e.g. pair 1-3 in Fig. 2.2(e)). In the diF TES–ADT (a 2D system), V = 22 meV
for the a-axis dimers (e.g. pairs 1-2 in Fig. 2.2(a)) and 20 meV for the b-axis dimers
(e.g. pair 1-3 in Fig. 2.2(a)). In both systems, these intermolecular couplings can be
seen in the absorption spectra, with large solution-to-crystal shift, broadening of the
peaks and, in diF TBDMS–ADT, a large Davydov splitting (Sec. 2.5.2.3, Table 2.4).
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In the PL kinetics, the large value of V manifests as rapid sub-nanosecond decay rate
for the Frenkel state, coupled with weak temperature dependence of the nonradiative rates (Sec. 2.5.3). In terms of features of molecular packing, the much higher
exciton interaction energies V in the diF TES–ADT and diF TBDMS–ADT crystals
as compared to those in diF TSBS–ADT are obtained for different reasons. In the
case of diF TBDMS–ADT, the larger interaction comes from the much smaller slip
distance between molecules in a column which enables a much larger π–π overlap. In
the case of diF TES–ADT, the slip distance between molecules in not substantially
smaller than that of diF TSBS–ADT, but the 2D nature of diF TES–ADT provides
more neighbors to each molecule, which compensates for the lower π–π overlap.
Both diF TES–ADT and diF TBDMS–ADT also have relatively large electron
and hole transfer integrals. While for diF TBDMS–ADT, the coupling and largest
transfer integrals (V , th and te ) are all coincident along the a-axis dimers (e.g. 1-3 in
Fig. 2.2(e)), it is peculiar that the diF TES–ADT dimer along the a+b-axis, which has
the largest hole transfer integral (|th | = 68 meV for the dimers in the a+b-direction),
is not the dimer with the largest total exciton coupling V (i.e. dimers along the aand b-axes). Similar to the case of diF TSBS–ADT, the formation of excimer-like
STEs in diF TES–ADT and diF TBDMS–ADT are observed, possibly connected to
these large charge transfer integrals. However, unlike diF TSBS–ADT, the interplay
of charge and total exciton coupling in these geometries leads to shorter lifetimes of
the STE emission (Table 2.7) and considerably lower contribution to the overall PL
(Fig. 2.30). In this way, larger total exciton coupling appear to prevent the formation
of the STE states.
It is interesting to note that just as excitons (studied here) are considerably more
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localized in diF TSBS–ADT than in diF TES–ADT, the charge carriers (holes) (studied in previous publications [40,53]) are also more localized in diF TSBS–ADT than in
diF TES–ADT. This is evidenced by the much higher conductivity in diF TES–ADT
crystals (2D packing) against diF TSBS–ADT crystals (1D packing). [40,53] However,
such comparison between exciton and charge carrier characteristics is less straightforward when comparing those in diF TBDMS–ADT and diF TES–ADT. In particular,
charge transport in diF TBDMS–ADT crystals is considerably less efficient than that
in diF TES–ADT crystals (with FET hole mobilities of 0.07 and 20 cm2 /(V s), respectively), [40, 54] and so the lower charge carrier delocalization in diF TBDMS–ADT is
not well correlated with the higher exciton delocalization in this crystal. It is known
that dimensionality plays considerable role in the charge transport so that the 2D
molecular packing motifs such as “brickwork” and “herringbone” facilitate charge
transport. [1] However, this is not necessarily the case for exciton dynamics and so
different material design principles could be needed for applications relying on exciton characteristics. While the Frenkel and STE states were observed in all three
crystals, the 1 (TT) state, of importance to singlet fission-related applications such
as photovoltaics, [14, 75] was only present in diF TES–ADT and diF TBDMS–ADT,
and not in diF TSBS–ADT. This is consistent with results from ultrafast spectroscopy
of these crystals, in which polarization-dependent and probe wavelength-dependent
pump-probe experiments explicitly probed conversion of S1 to the 1 (TT) state with
a sub-picosecond time resolution. [73] Also important is that at room temperature
it appears that the molecular packing motif of diF TES–ADT is more conducive to
the formation of the stable 1 (TT) state, as compared to diF TBDMS–ADT (which
strongly favors formation of short-lived delocalized Frenkel exciton).
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2.7 Conclusion
In summary, this chapter examines the nature and properties of excitons in functionalized fluorinated diF R–ADT crystals, depending on the molecular packing dictated by the side group, R. The band-edge states observed in the absorption and PL
spectra were of the Frenkel type in all crystals, with their delocalization properties
dependent upon the crystal structure. The highest Frenkel exciton delocalization,
manifested through both the optical absorption and PL properties, was observed in
diF TBDMS–ADT crystals characterized by the 1D “twisted-columnar” molecular
packing motif (due to its large π–π overlap of adjacent molecules), followed by diF
TES–ADT with the 2D “brickwork” packing (due to its large number of nearest
neighbors). In contrast, Frenkel excitons in the diF TSBS–ADT crystals with 1D
“sandwich-herringbone” packing were localized. At the same time, this packing motif was the most conducive to formation of excimer-like self-trapped excitons at all
temperatures studied (78 K to 293 K), likely due to its nontrivial intra-chain charge
transfer integrals combined with vanishing total exciton couplings. This is in contrast
to diF TBDMS–ADT, in which formation of self-trapped excitons was considerably
inhibited, even at low temperatures, due to an interplay of both relatively large charge
transfer integrals and total exciton couplings. The diF TES–ADT derivative is an
intermediate between the other two derivatives, exhibiting some self-trapped exciton
formation at temperatures below 280 K. The nontrivial charge transfer integrals in
all crystals studied here also manifest in the mixed CT/Frenkel character of higherenergy absorptive states. In addition to these singlet and CT states, triplet states
were also observed: namely the 1 (TT) state, which is a precursor to the free triplets
created via singlet fission upon excitation of a singlet state. These were observed in
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diF TBDMS–ADT and diF TES–ADT derivatives, but not in diF TSBS–ADT. More
studies are needed to ascertain the connection between the formation and stabilization
of this state and the underlying intermolecular interactions.
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Chapter 3: Organic Pigments
Toward Sustainable and Robust (Opto)Electronics
This chapter presents a subset of results from the publications [76–78] representing
the author’s contributions to those works.

3.1 Introduction
While much of the focus in organic (opto)electronics has historically focused on various derivatives in the acene and thiophene families (discussed in the previous chapter), these compounds often have one significant weakness that harms their utility
as industry-ready materals, that is their low stability when exposed to a natural
environment. [79] One of the major pathways for degradation among oligoacenes involves a photochemical reaction where singlet oxygen bonds across one of the ring
structure of the oligoacene, forming an endoperoxide: a precursor to total molecular
decomposition. [80] Much work has been done attempting to address the volatility
of these “conventional” organic semiconductors, including functionalization of the
molecule by attaching various alkynyl side groups [80], and fluorination of the molecular core. [63, 81]
More recently, an alternative class of “unconventional” organic molecules has
emerged which do not share this environmental instability. These organic pigments include hydrogen (H)-bonding structures, which is thought to contribute their excellent
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(photo)chemcial stability in air, with the premier example being indigo. [82] Among
organic pigments, a new class has recently attached attention: naturally-derived pigment from wood-decaying splating fungi. These fungi secrete these pigments into
their host environments to claim and defend territory. [83] As a result, these pigments exhibit incredible environmental stability over even hundreds of years. [78, 84]
This stability makes them an exciting candidate for (opto)electronic devices, by solving the photostability problem endemic to conventional organic materials. However,
much remains unknown about the fundamental properties of this new class of pigments, including molecular and excited state structures, properties which have long
been known (and exploited) in conventional organics.
Toward understanding the fundamental properties of this new and exciting class
of organic materials, this chapter presents a systematic study of the molecular structures and excited state properties of several novel organic pigments. The first pigment
is xylindein (abbr. X ), secreted by fungi in the Chlorociboria genus, native to the
American Pacific Northwest. [77] The second is synthetically methylated derivative
of xylindein, dimethylxylindein (abbr. XDM ). The final is a crystalline pigment called
Draconin Red (abbr. DR), secreted by the fungi Scytalidium cuboideum. [85] Ab initio
calculations are combined with solution-based spectral analysis to identify the molecular confirmations, excited state energies, and properties of these materials. Much
additional work has been done exploring the electrical properties and excited state
properties of these pigments, and the interested reader is directed to the following
publications for further discussion: [77, 78, 85]
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3.2 Methods
3.2.1 Pigment Extraction and Synthesis
Both X and DR were naturally sourced through the a collaboration with the Wood
Science and Engineering Department at Oregon State University. Full descriptions of
the pigment extraction process are given generally in [86] with specific details for X
in [77] and DR in [85], briefly summarized here.
X was extracted from fungi in the Chlorociboria aeruginosa species, taken in
wild in Tidewater, Oregon. The fungi were bound to wood fragments (Fig. 3.1(a)),
which were subsequently pulverized. Xylindein was extracted from the powder with
dichloromethane (DCM), and then purified by rinsing with ethanol (Fig. 3.1(c)).
From extracted X , XDM was then synthesized by replacing the two OH groups (insets
of Fig. 3.2(a-b)) with OCH3 (OMe) groups. [78] DR was extracted from fungi in the
Scytalidium cuboideum species with a similar solvent process.
Having extracted and synthesized these pigments, dilute solutions of each of these
molecules was were prepared. For X and XDM , solutions in dichloromethane were
preferred, while for DR solutions in chlorobenzene were preferred.

3.2.2 Spectral Analysis
Absorption spectra was collected for each of the pigment solutions described in the
previous section. White light (Ocean Optics LS-1) was collimated and passed through
a 1 cm fused sillica cuvette before being analyzed by a spectrometer (Ocean Optics
USB 2000-FLG).
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Figure 3.1: (a) C. aeruginosa producing blue–green pigment xylindein on the decaying
wood. (b) Molecular structure of xylindein (Tautomer A). (c) The extracted pigment
in the solution. (Adapted from [77])
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The “reduced absorption” spectra (see Section 2.4.1.1) were then fit in the region of
the first electronic excited state (S0 –S1 ) using a vibronic progression (VP) model: [1]
N
X
A(~ω)
e−S S m
= A0
Γσ00 (1+m∆σ) (~ω − EX − mEV )
~ω
m!
m=0

(3.1)

where A/~ω is the “reduced absorption”, A0 is a normalization constant, S is the
Huang-Rhys factor (characterizing the coupling between the electronic and vibrational
modes of the molecule), Γσ is a normalized lineshape function (Lorentzian) with width
σ, σ00 is the width of the 0-0 peak, while ∆σ is the progressive broadening of high
vibrational peaks (a phenomenalogical term to correct the single vibrational mode
coupling of this model with the actual vibrational band coupling [10]), EX is the
exciton state enery and EV is the vibrational energy quantum.
While this model was sufficient for XDM , it was insufficient to correctly capture
the fine structure of the absorption of X and DR (discussed further below), so to fit
these last two spectra, a double vibronic progression (DVP) was utilized:
A1 (~ω) A2 (~ω)
Atot (~ω)
=
+
~ω
~ω
~ω

(3.2)

where A1 (~ω) and A2 (~ω) are vibronic progressions as described by equation 3.1. In
order to characterize the relative contributions of the two vibronic progressions to the
total, the weight factors for the two are given as:
R
αi = R

Ai (~ω)
d~ω
~ω
Atot (~ω)
d~ω
~ω

(3.3)

Figure 3.2 shows the reduced absorption spectra together with the VP or DVP
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Structure
Solvent
Index
α

XDM
DCM

DR
CB

1
0.3

2
0.7

∼

1.84 eV

1.90 eV

(1.89 eV )

(1.93 eV )

EV

0.13 eV

0.16 eV

0.18 eV

0.17 eV

0.16 eV

S
σ00
∆σ

0.77
0.06 eV
0.55

0.92
0.08 eV
0.59

0.99
0.11 eV
0.53

1.4
0.07 eV
0.16

1.4
0.11 eV
0.07

(exp)

EX


X
DCM

(DF T )

EX



∼

1
0.45

2
0.55

2.17 eV

2.24 eV

2.33 eV

(2.14 eV ) (2.33 eV )

(2.47 eV )

Table 3.1: A summary of the relevent fit parameters for the solution absorption
spectra of the three organic pigments: X , XDM and DR. The fit of XDM was conducted
with a vibronic progression model (equation 3.1) with the fits of X and DR were
conducted with a double vibronic progression (DVP) model (equation 3.2). The
weight factors (α) for the two DVP fits where calculated according to equation 3.3.
(DF T )
Finally, the values of EX
given in parentheses are copied for easy comparison from
Table 3.2 and represent the vertical singlet energy for the first excited state calculated
using to TD-DFT methods. (Adapted from [77, 78])
fits for each of the pigment solutions, and Table 3.1 provides the corresponding fit
parameters.

3.2.3 Density Functional Theory
To discover the exact molecular confirmation of each of these pigments, as well as
study the their excited state structure, density functional theory was employed. For
each pigment, several candidate confirmations (based on previous studies of the molecular structures [85, 87], discussed further below) were used as initial guesses which
were then geometrically optimized in the ground state using the B3LYP functional
with the 6-31G(d,p) basis set. These calculations were repeated both in vacuum
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Figure 3.2: Comparison of the (reduced) absorption spectrum for solutions of various
organic pigments, all normalized to the absorbance maximum together with numerical fits. (a) The reduced absorption of a solution of X in dichloromethane (DCM),
fit according to a double vibronic progression model (equation 3.2). (b) The reduced absorption of a solution of XDM in DCM, fit according to vibronic progression
model (equation 3.1). (c) The reduced absorption spectrum of a solution of DR in
chlorobenzene (CB), fit according to double vibronic progression model (equation 3.2).
Parameter values for these fits can be found in Table 3.1. The insets for each plot
show the chemical structure for the associated molecule (for X and DR, the A and
cis tautomers are shown respectively). (Adapted, in part, from [77, 78])
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Pigment

Environment
Vacuum

X
DCM
XDM

Tautomer
A
B
A
B

HOMO
−6.494 eV
−6.297 eV
−6.285 eV
−6.193 eV

LUMO
−4.308 eV
−3.992 eV
−4.092 eV
−3.913 eV

S0 –S1
1.943 eV
1.996 eV
1.886 eV
1.929 eV

∼
∼

−6.459 eV
−6.350 eV

−3.990 eV
−3.888 eV

2.200 eV
2.142 eV

−6.054
−6.195
−6.171
−6.303

−3.458
−3.332
−3.563
−3.458

2.419
2.547
2.331
2.473

Vacuum
DCM
Vacuum

DR
Chlorobenzene

trans
cis
trans
cis

eV
eV
eV
eV

eV
eV
eV
eV

eV
eV
eV
eV

Table 3.2: A summary of the DFT and TD-DFT calculations for X , XDM and DR.
All calculations are conducted using the 6-311++G(d,p) basis set and the B3LYP
functional. The tautomer specifies the configuration of the molecule, which for X
refers to Fig. 3.3(a-b), and for DR refers to Fig. 3.5(a-b). Note XDM only has as
single configuration, shown in Fig. 3.4(a). The environment refers to the solvent
environment used by the polarizable continuum model in DFT calculations. The
HOMO and LUMO can be visualized for X in Fig. 3.3(c-f), for XDM in Fig. 3.4(b-c)
and for DR in Fig. 3.5(c-f). The first allowed single transition energy (S0 –S1 ) refers
to the vertical transition calculated using TD-DFT (copied in Table 3.1). (Adapted
in part from [77, 78])
and with a polarizable continuum model (PCM) to approximate the solvent environment (DCM for X and XDM and CB for DR). The optimized geometries which
were energetically stable and low energy (a subset of the total number of candidate
confirmations) were then re-optimized with the larger 6-311G++(d,p) basis set (both
in vacuum and with a PCM). From these final ground state confirmations, the frontier molecular orbital (HOMO and LUMO) energies were then calculated. Finally,
time-dependent (TD) DFT methods were used at the same level of theory to find the
energies of the first allowed (vertical) singlet excited state energies. Results of these
calculations are given in Table 3.2
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Structure Environment
M2†
Vacuum
M3†
Vacuum
‡
Vacuum
PXX
‡
PXX
Cyclohexane

HOMO
−4.89 eV
−4.97 eV
−5.08 eV
−5.10 eV

LUMO
−1.63 eV
−1.63 eV
−1.79 eV
−1.81 eV

S0 –S1
Vertical Adiabatic
2.79 eV
2.60 eV
2.86 eV
2.67 eV
2.83 eV
2.65 eV
2.79 eV
2.60 eV

Table 3.3: A summary of the DFT and TD-DFT calculational results for several
xylindein-like molecules, for comparison with other works. The structural names
are adopted from the two citation [88] and [89]. The “†” symbol indicates that the
structure was optimized using the 6-311++G(d,p) basis set, while the “‡” symbol
indicates that the 6-311G(d,p) basis set was used. The environment specifies the
solvent environment which was used (using a polarizable continuum model). Both
the vertical and adiabatic transition energies for the first allow singlet state are also
given. (Adapted from [77])
In order to validate the results here, similar calculations were conducted on related
molecules which have already been studied in the literature. In particular, two papers were utilized [88, 89] both of which studied derivatives of peri -xanthenozanthene
(PXX), a molecule closely related to X . The geometries of PXX (from [89]), M2 and
M3 (from [88]) where optimized using DFT/B3LYP/6-311++G(d,p) and DFT/B3LYP/6311G(d,p) respectively (so as the approximately match the basis sets used in the
literature) in the ground state. TD-DFT was applied next to calculated the vertical
excited state transition energy. Finally, the geometries were also optimized (using
TD-DFT) in the first excited state, to acquire the excited state confirmation. By
comparing the total energies in the ground state configuration and the excited state
configuration, the adiabatic excited state energy was also calculated:

ES0 –S1

(Vertical)

∗
= EGSC
− EGSC

(Adiabatic)

∗
= EESC
− EGSC

ES0 –S1
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where the EGSC is the total energy of the molecule in the ground state at the ground
∗
state configuration, EGSC
is the total energy of the molecule in the first excited state
∗
at the ground state configuration and EESC
is the total energy of the molecule in the

first excited state at the excited state configuration. The results are give in Table 3.3.

3.3 Results and Discussion
3.3.1 Spectral Analysis
3.3.1.1 X Solution
The absorbance spectrum for dilute X is given in Figure 3.2(a). The spectrum shows
an asymmetric peak at around 1.9 eV (asymmetric in that it has a shoulder on the rededge) followed by asymmetric replica peaks at higher energies space at nearly 170 meV
steps. Were the peaks not asymmetric, this spectral signature would perfectly map
onto a single exciton strongly coupled to a C-C stretch mode giving rise to a vibronic
progression which is common among aromatic organic molecules (see, for example,
Section 2.4.1.1). Given the aromatic structural core of X (Fig. 3.1(b)), this spectral
signature would be expected. However, the shoulders present on each peak suggest
that there are actually pairs closely spaced absorptive resonances which together
form the peak structures. By fitting the spectrum with two vibronic progressions
(described above, equation 3.2), the fine structure of the peaks is can be captured.
This implies that rather than a single vibronically coupled exciton, there are actually
two vibronically coupled excitons which are closely spaced in energy present in the
solution. Analysis of the fit parameters given in Table 3.1, it is seen that the two
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excitons are not only similar in their energies (being split by only 40 meV ), but are
also similar in their exciton-vibrational couplings (S = 0.77 and 0.92). So rather
than being two different excitons on the same molecule (which would be expected
to vary drastically in energy, since they would likely arise from different electronic
excitations), these two excitons are assigned to two (slightly) different molecules which
coexist in the solution together. As the next section describes, these two molecules are
different tautomers of X which differ only in the orientation of the hydroxyl groups
near the edges of the molecular backbone (Fig. 3.3(a-b)).

3.3.1.2 XDM Solution
The absorbance spectrum for dilute XDM is given in Figure 3.2(b). The spectrum is
significantly more simple than that of unmethylated X , in that the peak structures
do not contain finer structure (i.e. shoulders). There is a primary absorptive resonance near 2.2 eV with evenly spaced replica peaks every 180 meV . In this way,
the spectrum does map cleanly on the spectral signature for a single exciton strongly
coupled to a C-C stretch, that is a vibronic progression (equation 3.1). Figure 3.2(b)
also shows a fit of the spectrum, which matches well for first 3 absorptive peaks.
Beyond these first several peaks, artifacts from higher electronic states begin (not
shown), which are not included in the single vibronic progression model, so the fit is
truncated beyond 2.6 eV . Table 3.1 gives all the relevant fit parameters.
So, unlike X , there appears to be only a single exciton present in the DCM
solution. Given the assignment of the paired excitons in the X to different tautomers
of the molecule, the singular exciton type in XDM solutions suggests that XDM has only
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a single molecular confirmation (discussed below). Comparing the excitons of X and
XDM also shows another difference, namely the large blue-shift (∼320 meV ) caused
by interchanging the hydroxyl groups for methyl groups. This blue shift is very large,
considering the relatively small chemical change that the molecule has undergone,
suggesting that the hydroxyl groups have a significant impact on the excited state
structure of X even though they are distant from the majority of the molecular core.
This is in contrast to the behavior of side groups in oligoacenes (like diF R–ADT,
discussed above), where side groups have relatively small impact on the excited state
properties of the molecule (see Section 2.3.1.1).
It is also interesting to note that the width of the exciton resonance of XDM is
large (σ00 = 110 meV ) compared to that of X (σ00 ≈ 70 meV ). Given the distinctly
Lorentzian lineshape of the 0-0 peak (see, in particular the red-edge of Figure 3.2(b)),
this suggests that XDM should have a longer excited state lifetime than that of X .
Further evidence of this is reported in [78], where the PL quantum yield of XDM is
seen to be larger then that of X , confirming that XDM has a more stable excited state.
Finally, by comparing the HR factors of X and XDM , it can be seen that they are
fairly similar (S ≈ 0.85 for X compared with S = 0.99 for XDM ), which suggests that
while the excitons might differ energetically, their coupling to the vibrational modes
of the molecule are similar.

3.3.1.3 DR Solution
The absorbance spectrum for dilute DR is given in Figure 3.2(c). Similarly to X , DR
has a spectral signature more complicated than that of a simple vibronic progression.
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There are clear peaks at 2.25 eV , 2.4 eV and 2.6 eV , which have the approximately
correct energy spacing to correspond with vibrational replica peaks, however between
each of these are smaller and broader peaks (2.3 eV and 2.5 eV ) which confound
this trend. Given the success of the double vibronic progression at modeling similar
features in X , a similar approach was adopted here. An example of this fit is also
shown in Figure 3.2(c). Just as in X , the double vibronic progression suggests the
presence of two similar excitons.
The fit itself seems to capture the structure of the spectrum well, however interpretation of the parameter values (Table 3.1) is more complicated. The excitons are
split by nearly 90 meV , over twice that seen in X . Additionally, the widths of the
peaks are divergent between the two (70 meV compared with 110 meV ). Both of
these differences indicate that the underlying excitons are also more different from one
another then is seen in X . The predicted HR factor (S = 1.4, which was constrained
during fitting to be equal between the two vibronic progression to aid in convergence)
is the largest of the three pigments. Typically, the HR factor is understood to be a
measure of the electronic-vibrational coupling, with one of the most important defining properties being the rigidity of the molecular bonds (rigid molecules have smaller
couplings). This follows from the Franck-Condon model for exciton-vibrational cou√
pling, where λ = 2S is the (dimensionless) length that the confirmation the molecule
shifts along its reaction coordinate during excitation (see Appendix B.2). This large
HR factor for DR suggest it is the least rigid of the three pigments. Examination of
the molecular structures (insets of Fig. 3.2) confirm this qualitatively as the 1 dimensional pair of rings which composes the core of DR should be more compliant then
the 2 dimensional, many-ring structure of X and XDM .
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Like X , the structure of DR with its pair of hydroxyl groups adjacent to neighboring oxygen atoms, has the potential for multiple tautomers, which could explain
the multiple excitons observed in the absorption spectrum. Additionally, since the
DR molecular structure is so much smaller than that of X , changes to these hydroxyl
groups are expected to have a much larger impact on the total molecular state, which
could explain why the observed excitons are more divergent in their optical properties than the exciton pairs in X . Evidence of multiple tautomers has previously
been seen in the literature [85], where Nuclear Magnetic Resonance (NMR) spectroscopy evidenced two possible orientations of the hydroxyl groups. The existence
and confirmation of these two tautomers of DR will be discussed in the next section.

3.3.2 Density Functional Theory
3.3.2.1 X Tautomers
The approximate molecular confirmation of X has been previously studied [87]. The
molecule is comprised of a molecular core of 6 rings arranged in a 2 × 3 stack
(Fig. 3.1(b)). This core is identical to the more widely known molecule peri -xanthenozanthene
(PXX). [88] Of particular interest is the explicitly 2 dimensional nature of the ring
structure, which differs from the more traditional 1 dimensional ring structures of
oligoacene (discussed previously). X also possesses a number of oxygen atoms attached to perimeter of the molecular core, as well as two carbon chains. Finally, and
of particular interest to this section is a part of hydroxyl groups which are attached
to the top and bottom of the molecule. There is a potential ambiguity as to the orientation of the hydrogen within this hydroxyl group. Because there are neighboring
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oxygen molecules on both sides of the hydroxyl group, the hydrogen could potentially
point in either direction without seeing a significantly different local environment.
Additionally, since the hydrogen in the hydroxyl group will be oriented toward one
of the outside oxygen atoms, it is also possible that the a hydrogen bond can form
between the hydrogen of the hydroxyl group and one of the outside oxygen atoms,
raising the question as to which oxygen the hydrogen is bonded to.
In order to clarify this ambiguity, ab initio calculations were conducted among
many candidate configurations for the hydroxyl groups: including both hydrogen
atoms being bonded to each of three exterior oxygen atoms (4 × 4 = 16 total configurations). It was found that the hydrogen could not form a stable bond directly
with the ouside oxygens, so only configurations with centralized oxygens were stable. Additionally, it was found that the total energies of two of these configurations
were very similar (split by ∼100 meV ) and lower than the total energies of the other
configurations. These two configurations are shown in Figure 3.3 and are labeled
“Tautomer A” and “Tautomer B”. The important feature of these tautomers is that
they both have centralized hydroxyl groups, with the hydrogen atoms oriented in
opposing directions – either both point toward or away the carbon tails.
TD-DFT calaculations also reveal that the excited state (vertical) transition energies of these two molecules are very similar to one another. In a DCM environment,
tautomer A has a singlet energy of 1.886 eV with tautomer B has a singlet energy
of 1.929 eV . These are both very similar to the exciton energies seen in the absorption spectrum, with the energy difference between the two DFT tautomers (43 meV )
closely matching the energy difference between the two experimentally observed excitons (60 meV ). This close alignment is strong evidence that the two exictons seen
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Figure 3.3: Molecular structures for xylindein tautomers A (a) and B (b) with optical
properties described in Table 3.1. The differences in the orientation of the OH groups
between the two tautomers is emphasized by encircling. (c) and (d): HOMO of
tautomers A and B; (e) and (f): LUMO of tautomers A and B. (Adapted from [77])
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in the absorption spectrum arise from coexistence of tautomer A and tautomer B in
solutions.

3.3.2.2 Validation with Other Works
To validate the calculational methods used for X , similar calculations were made
on various derivatives of peri -xanthenozanthene (PXX)–closely related and more extensively studied molecules as compared to xylindein. First, to validate the HOMO/LUMO energies, comparison was made to Lv and coworkers’ experimental work [88]
with functionalized PXX. The geometries of two derivatives they used, M2 and M3,
were optimized (DFT/B3LYP/6-311++G(d,p)) to find HOMO and LUMO energies,
and TD-DFT was applied to calculate the vertical and adiabatic first allowed singlet
energies. The results are given in Table 3.3.
The calculated HOMO energy for both M2 and M3 compare very well with the
experimental values reported by Lv (which were −4.92 eV and −5.02 eV for M2
and M3 respectively. Similarly, the singlet excited state energies calculated here
compared well with the experimental optical gaps 2.68 eV and 2.72 eV for M2 and
M3, respectively, as estimated from the absorption rising edge.
Further comparison was made to Al-Aqar and coworkers’ [89] extensive study of
unsubstituted PXX. PXX was optimized using DFT and TD-DFT methods (B3LYP/6311G(d,p)) first in vacuum and then in a solvent assuming a Polarizable Continuum
Model (PCM) for cyclohexane. The results are given in Table 3.3.
Similar to Al-Aqar’s DFT calculations (B3LYP/cc-pVTZ), which obtained the
S0 –S1 transition energy of 2.72 eV , the vertical and adiabatic transition energies
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calculated here are similar to the optical band gap (2.69 eV ) and peak absorption
energy (2.8 eV ) obtained from the experimentally measured absorbance of dilute PXX
in cyclohexane.
Taken together, these validation calculations confirm that the DFT and TD-DFT
methods used in this section can be accurately (and predicatively) compared with
experimental spectra.

3.3.2.3 XDM Configuration
The spectral analysis of XDM suggests that only a single molecular configuration is
expected, so to confirm this a configuration search similar to that for X was conducted.
Candidate geometries for XDM with various orientations of the methyl groups on the
central oxygen were prepared, and then geometrically optimized in the ground state.
It was found that the only stable configuration had the methyl groups oriented out
of the plane of the molecular backbone, so as to maximize their distance from the
neighboring, unbonded oxygen atoms. This single configuration is shown in Figure 3.4
along with the frontier molecular orbitals. TD-DFT also yielded an excited state
S0 –S1
(vertical) transition energy of EX
= 2.142 eV which compares very favorably with

the experimental value of EX = 2.17 eV . This confirms that only a single exciton is
present in the XDM solution, consisting of the S0 –S1 transition.

3.3.2.4 DR Tautomers
As discussed above, both previous publications [85] and spectroscopic analysis presented here suggest that multiple tautomers of DR coexist in solution. Gutierrez and
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Figure 3.4: Molecular structure for dimethylxylindein (a) with optical producing described in Table 3.1. (b) and (c) show the HOMO and LUMO respectively. (Adapted,
in part, from [78])
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coworkers [85] studied the DR using nuclear magnetic resonance (NMR) spectroscopy
and proposed two configurations for the molecule. In their proposal, the relevant difference between the two is which oxygen atom the upper hydrogen is bonded to. In
“Isomer A”, it is bonded to the left oxygen atom, oriented away from the center line
of the molecule. In “Isomer B”, it is bonded to the right oxygen atom orient toward
the center line of the molecule. The lower hydrogen is proposed to be bonded to the
right oxygen, oriented away from the center line of the molecule. However, the same
study also analyzed x-ray diffraction data from crystallized DR, where the hydroxyl
groups are pictured both oriented inward on the molecule. There is also an ambiguity
as to the orientation of the methyl groups on the right and left edges of the molecule.
In order to resolve this ambiguity, many candidate confirmations of the molecule,
including the four positions of the hydrogen atoms and the two positions of the
methyl groups (4 × 4 × 2 × 2 = 64 total candidates) were geometrically optimized
using density functional theory, similarly to the previous sections. As with X , many
of these configurations were not energetically stable, and of the stable configurations,
a pair of configurations had the lowest total energies. The structures of these two
tautomers are shown in Figure 3.5 along with the frontier molecular orbitals. It
was found that for both molecules, the methyl groups pointed upward (toward the
horizontal center line of the molecule) and the hydroxyl groups point toward the
(vertical) center line of the molecule. The first tautomer, labeled trans-DR, has the
hydrogen atoms bonded to opposing oxygen atoms while the second tautomer, labeled
cis-DR, has the hydrogen atoms bonded to the correspondent oxygen atoms.
TD-DFT was also utilized for trans-DR and cis-DR to calculate the excited state
(vertical) transition energies. It was found that trans-DR had a singlet energy of
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Figure 3.5: Molecular structures for DR tautomers: trans-DR (a) and cis-DR (b)
with optical properties described in Table 3.1. (c) and (d): HOMO of the two tautomers; (e) and (f): LUMO of the two tautomers.
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2.331 eV (in a chlorobenzene environment) while cis-DR had a singlet energy of
2.473 eV , giving a splitting between the two of 142 meV . Both of these singlet
energies are higher than (∼100 meV ) the transition energies extracted from the absorption spectrum, and the splitting is also larger by 50 meV . The calculated and
measured values are similar, but not nearly as close as those seen for X . Part of this
discrepancy can be explained by the larger HR factor seen for DR. The TD-DFT
methods used here do not incorporate vibrational coupling, which will introduce error
into the calculation. This error should be larger for more strongly coupled systems
(characterized by a larger HR factor), and that is the trend seen here.
Despite the larger error in the DFT measurements, the trend present in these
calculations (two similar molecular confirmations with similar excited state energies
split by ∼100 meV ) comports well with the experimental data, even if the numerical
agreement is not as excellent as that seen in X . Given this, the following assignment
is made: The lower energy exciton present in the absorption spectrum is assigned
to the trans-DR tautomer and the higher energy exciton present in the absorption
spectrum is assigned to the cis-DR tautomer.
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Chapter 4: Organic Polaritonics
A Brief Introduction

4.1 Context and Background
An exciton-polariton is a quasi-particle which is the quantum superposition of a
material excited state (in this case, an exciton) and a photon, arising from a so
called “strong” interaction between the two. Most light-matter interactions (like
those discussed in the previous chapters) are considered “weak” in the sense that a
photon passing through a material will either be absorbed or will not be, but the
likelihood of such an absorption event is small enough that it makes sense to discuss
the photon and the exciton separately. On the other hand, if this interaction was not
weak, and the likelihood of an interaction was large, than the photon could undergo
multiple absorption and emission events. If these absorption and emission events
happen rapidly enough, it becomes less relevant to think about a separate “photon”
and “exciton” exchanging energy with one another and much more useful to think of
a composite “exciton-photon” particle. The study of exciton-polaritons is equivalent
to the study of strong light-matter interactions in the sense that strong interactions
blur the distinction between the constituent pieces: excitons and photons.
The question remains, then, as how to induce strong light-matter interactions. The
most common approach is to build a device which confines light spatially, like with
a Fabry-Pérot optical cavity that traps light between parallel mirrors or a plasmonic
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surface which traps electromagnetic waves on a dielectric-metal interface, and then
to place the (opto)electronic material in that same spatial region. While this does
not alter the fundamental absorptivity of the material itself, it does increase the
timescale over which the light and matter are able to interact. Qualitatively for an
optical cavity, the light makes many trips through the material (rather than just one)
which drastically increases the likelihood of interaction. In this way, device design
can create the conditions of strong light-matter interactions, even if the materials
themselves are weakly interactive.
Now, strong light-matter interactions are of interest, in large part, because of their
property-altering effect on (opto)electronic materials. Materials have been shown to
experience boosts in performance induced by strong coupling. Examples include an
order of magnitude increase in the charge carrier mobility of a perylene diimide derivative when strongly coupled to a plasmonic nanostructure due to the increased coherence size of the polariton states in the film compared with excitons in an uncoupled
film. [5] From an engineering perspective, being able to tune a material’s electrical
response by an order of magnitude purely through device geometry has great promise
for increasing the efficiency and performance in next-generation (opto)electronic devices.
Strong light-mater interaction is also of interest from a theoretical perspective
because of the novel properties polariton states possess. The polariton state inherits
properties from both its excitonic and photonic constituents, so that the states have
large coherence sizes and bosonic occupation statistics from their photonic piece, but
highly non-linear particle-particle interactions from their excitonic piece. [45] The
combination of photonic propagation with excitonic nonlinear scatter was recently
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taken advantage of to form an “all-optical” logic gate: devices that can calculate
Boolean logic by scattering polariton waves within a plasmonic device. [90]
Polaritonics which utilize organic materials for the active material have only been
recently investigated, with astonishing results. Organics have relatively strong interactions with light (compared with inorganic materials), and so when coupled to a
confined electric field in a polaritonic device, strong and even ultra-strong coupling
can be achieved. For example, with the organic material poly(9,9-dioctylfluorene),
interactions of over 1 eV were seen (making the interaction strength comparable to
exciton energy). [91]
Toward developing an understanding of organic polaritonics, this chapter will
examine two foundational aspects of polaritonic theory: first how to model confined
electromagnetic fields and second how to model (non-perturbatively) strong lightmatter interactions within the context of organic materials.

4.2 Theoretical Models for Confined Photons
Central to the theory of strong light-matter interaction is the ability to confine photons in the same spatial region as an optically active material, so as to increase the
time scale of the interaction. Typically this confinement is achieved through device
engineering, where active materials are placed in an environment which can trap light.
The most common (and easiest to fabricate) such environment is a Fabry-Pérot Cavity, where a pair of parallel mirrors confine light between them by causing multiple
internal reflections. The mirrors used in these systems can either metallic (with silver and aluminum being the most common) or dielectric (so called distributed Bragg
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Figure 4.1: A schematic representation of a Fabry-Pérot Cavity, with an active layer
between the mirrors. The top mirror is semi-transparent so that light can be coupled
into the system from outside, and that light confined within the system can be coupled
out.
reflectors). Often one of these mirrors is designed to be semi-transparent, so that
light be coupled into or out of the cavity through the semi-transparent interface. A
schematic of this system can be seen in Figure 4.1.

4.2.1 Classical Theory: a Parallel Conducting Plates Model
For the purpose of building a toy model, this section will approximate an all-metal
Fabry-Pérot as two semi-infinite perfect conductors, which will be discussed next.
First, this system will be analyzed classically, to consider how the electric field is
confined between the capacitors, followed by a brief discussion of how this system can
be quantized into a fully quantum mechanical model.

157

Figure 4.2: A schematic representation of a semi-infinite parallel plate cavity, with
an active layer between the perfect conductors. The cavity has a thickness L, and
the vertical direction is taken to be z.

4.2.1.1 Classical Cavity Modes
Considering a pair of perfect conductors separated by a distance L in the z-direction,
with a homogeneous, isotropic, linear material (HILM), of refractive index n filling
the gap between the conductors, see Figure 4.2. By symmetry, the classical fields
inside the gap take the form:
→
− →
→
−
E (−
r , t) = E (z)ei(kx x+ky y−ωt)

(4.1)

→
− →
→
−
H(−
r , t) = H (z)ei(kx x+ky y−ωt)

(4.2)

which together with Maxwell’s Equations in a HILM are:
→
−
∇· E =0

(4.3)

→
−
∇· H =0

(4.4)
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→
−
→
−
∂H
∇ × E = −µ
∂t
→
−
→
−
∂E
∇× H =
∂t

(4.5)

(4.6)

Taking another curl of equation 4.5 and equation 4.6 together with the divergences
decouple the fields:


 2
 2 2

 2

−
→
−
−
n2 →
d
nω
d
2
2
2
2 →
∇ − 2 E =
+
− kx − ky
E =
+ kz E = 0
2
2
2
c
dz
c
dz

(4.7)

 2
 2 2
 2




−
→
−
−
d
nω
d
n2 →
2
2
2 →
2
+
−
k
−
k
H
=
+
k
H =0
∇ − 2 H=
x
y
z
c
dz 2
c2
dz 2

(4.8)

where the two definitions:
n2
≡ µ
c2

(4.9)

and
kz2 ≡

n2 ω 2
− kx2 − ky2
2
c

(4.10)

have been used to simply. These differential equations are readily solved as:

Ai = Asi sin(kz z) + Aci cos(kz z) for A = E, H and i = x, y, z

Now, the perfect conductors create the following the boundary conditions:
 The E-field must be purely normal to the interface.
 The H-field must be purely tangential.

(4.11)
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These boundary conditions result in the following identities:

Ex (0) = Ex (L) = 0

(4.12)

Ey (0) = Ey (L) = 0

(4.13)

Hz (0) = Hz (L) = 0

(4.14)

which together with equation 4.11 imply:

Ex (z) = Exs sin(kz z)

(4.15)

Ey (z) = Eys sin(kz z)

(4.16)

Hz (z) = Hzs sin(kz z)

(4.17)

kz =

mπ
L

(for m ∈ Z)

(4.18)

With equation 4.18 in particular, a dispersion relationship for the cavity modes can
be formed:
n2 ω 2
m2 π 2
2
−
k
=
k
c2
L2
where kk =

(for m ∈ Z)

(4.19)

p 2
kx + ky2 is the total in-plane k-vector.

At this point, it is helpful to consider the degrees of freedom available in this system. Given the general solution (equation 4.11), there are (2 fields)×(3 components)×
(2 coefficients) = 12 degrees of freedom. However, the curl equations (equation 4.5
and equation 4.6) constrain the two fields so that knowing one field determines
the other. This reduces the degrees of freedom to (1 fields) × (3 components) ×
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(2 coefficients) = 6 degrees of freedom.
Next, the divergence equations (equation 4.3 and equation 4.4) can be expanded
as:
ikx Ex (z) + iky Ey (x) +

dEz
=0
dz

(4.20)

ikx Hx (z) + iky Hy (x) +

dHz
=0
dz

(4.21)

These constrain the fields further, because if a k-vector is known along with any two
components of a field, the third component can be calculated. Which means that for a
given k-vector, there are only (2 components)×(2 coefficients) = 4 degrees of freedom.
Finally, the boundary conditions have constrained half the coefficients for three of
the field components to be zero, which together with the above considerations reduce
the total degrees of freedom down to just two. That is, as soon as any 2 of the 3
coefficients in equation 4.15, equation 4.16 and equation 4.17 are known (along with
a k-vector) all other coefficients can be calculated.
These two degrees of freedom (for a given k-vector) can be thought of in a slightly
more helpful way by recontextualizing the field coefficients into attributes of the total
field. That is, for a given k-vector, one can pick a total field strength (i.e. field
intensity), and a field polarization which will then totally define the two fields inside
the cavity. But, since the total field strength can just be factored out as a pre-factor,
the only geometry impacting choice is the field polarization. Meaning that for a
given k-vector we have a single value which determines the geometry of the fields:
polarization.
This derivation has been conducted from an electromagnetic theory perspective,
where the natural choices of field polarization are: “transverse electric” (TE) and
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“transverse magnetic” (TM), however much of the work in polaritonics comes from
the perspective of optics where the alternative terminology of “s-polarized” and “ppolarized” is common. For consistency with the polaritonic literature, the later terminology will be adopted for the remainder of this text.

4.2.1.2 p-Polarized Modes
The p-polarized mode has the H-field constrained to be exclusively in the plane of
the conductors, which forces Hz (z) = 0 ⇒ Hzs = 0. The other H-field components
can now be calculated from the x and y components of the equation 4.6, for example
the x-component:
∂Hz ∂Hy
∂Ex
−
=
∂y
∂z
∂t
dHy
0−
= −iωEx
dz
iω s
Hys cos(kz z) − Hyc sin(kz z) =
E sin(kz z)
kz x
⇒ Hys = 0 and Hyc =

iω s
E
kz x

So,
Hy (z) =

iω s
E cos(kz z)
kz x

Similarly,
Hx (z) = −

iω s
E cos(kz z)
kz y
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Next, with the z-component of equation 4.6, Ez can be calculated:
∂Hy ∂Hx
∂Ez
−
=
∂x
∂y
∂t



ikx Hy − iky Hx = −iωEz

kx iω s ky iω s
E +
E cos(kz z) = Ezs sin(kz z) + Ezc cos(kz z)
ω kz x ω kz y
⇒ Ezs = 0 and Ezc =

ikx s iky s
E +
E
kz x
kz y

So,

Ez (z) =


ikx s iky s
E +
E cos(kz z)
kz x
kz y

Finally, it is useful to note that the z-component of equation 4.5 also gives:
∂Ey ∂Ex
∂Hz
−
=
∂x
∂y
∂t
ikx Ey − iky Ex = 0
⇒ kx Eys + ky Exs = 0

(4.22)

which constrains the two components of the E-field for a given k-vector as described
in the previous section.
Consider the case of ky = 0 (which can be done without loss of generality, since
the system is rotationally symmetric about the z-axis). Equation 4.22 forces Eys = 0,
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which in turn makes:
Ex (z) = Exs sin(kz z)

Hx (z) = 0

Ey (z) = 0

Hy (z) =

Ez (z) =
which, if one picks

ω s
E
kz x

iω s
E cos(kz z)
kz x

ikx s
E cos(kz z) Hz (z) = 0
kz x

= H0 , that is, use up the last degree of freedom to choose

the total field (in this case the H-field) strength, the final results is:

Ex (z) =

kz
H0 sin(kz z)
ω

Ey (z) = 0
Ez (z) = i

Hx (z) = 0
Hy (z) = iH0 cos(kz z)

(4.23)

kx
H0 cos(kz z) Hz (z) = 0
ω

4.2.1.3 s-Polarized Modes
The s-polarized mode has the E-field constrained to be exclusively in the plane of the
conductors, which forces Ez (z) = 0 ⇒ Ezs = 0. This totally defines the E-field. The
other H-field components can now be calculated from the x and y components of the
equation 4.5, for example the x-component:
∂Hx
∂Ez ∂Ey
−
= −µ
∂y
∂z
∂t
dEy
0−
= iµωHx
dz
−

kz s
E cos(kz z) = Hxs sin(kz z) + Hxc cos(kz z)
iµω y
⇒ Hxs = 0 and Hxc =

ikz s
E
µω y
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So,
Hx (z) =

ikz s
E cos(kz z)
µω y

Similarly,
Hy (z) = −

ikz s
E cos(kz z)
µω x

Next, with the z-component of equation 4.5, Hz is:
∂Ey ∂Ex
∂Hz
−
= −µ
∂x
∂y
∂t



ikx Ey − iky Ex = iµωHz

kx s
ky s
E −
E sin(kz z) = Hzs sin(kz z)
µω y µω x
ky s
kx s
Ey −
E
⇒ Hzs =
µω
µω x

So,

Hz (z) =


kx s
ky s
E −
E sin(kz z)
µω y µω x

Finally, it is useful to note that the z-component of equation 4.6 also gives:
∂Ez
∂Hy ∂Hx
−
= −µ
∂x
∂y
∂t
ikz
ikz s
−ikx Exs − iky
E =0
µω
µω y
⇒ kx Exs − ky Eys = 0

(4.24)

which constrains the two components of the E-field for a given k-vector as we described
in the previous section.
Consider the case of ky = 0 (with which can be down without loss of generality).
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equation 4.24 forces Exs = 0, which in turn makes:
Ex (z) = 0

Hx (z) =

ikz s
E cos(kz z)
µω y

Ey (z) = Eys sin(kz z) Hy (z) = 0
Ez (z) = 0

Hz (z) =

kx s
E sin(kz z)
µω y

which, if one picks Eys = E0 , that is, use up the last degree of freedom to choose
the total field (in this case the E-field) strength, the final results is:

Ex (z) = 0

Hx (z) = i

kz
E0 cos(kz z)
µω

Ey (z) = E0 sin(kz z) Hy (z) = 0
Ez (z) = 0

Hz (z) =

(4.25)

kx
E0 sin(kz z)
µω

4.2.2 Cavity Mode Dispersion
Until now, the discussion of cavities has been general, but now let us focus on microcavities for polaritonics, where typically only the fundamental mode of the electromagnetic field is used. So, under the restriction of m = 1, the dispersion equation
becomes:
 nω 2
c

=

 π 2
L

+ kk2

(4.26)

Which after some reorganization becomes:

2
Eph

=

E02


+

~ckk
n

2
(4.27)
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Or, dimensionlessly as:


Eph
E0

2


=1+

Lkk
π

2
(4.28)

where Eph ≡ ~ω is the cavity mode (photon) energy and E0 ≡ hc/2nL takes the
physical significance as the lower band edge energy (also the normal incidence energy,
discussed below) because waves with Eph < E0 cannot propagate inside the cavity.
That is, below the band edge, kk becomes imaginary, causing the fields to decay
exponentially in the in-plane direction. Figure 4.3 shows a plot of this dimensionless dispersion relationship, with a comparison to the dispersion of a free-space field
(dashed line, labeled “light cone”). Note that for small in-plane momenta, the field,
the dispersion is approximately parabolic, but as kk increases, the dispersion becomes
linear.

4.2.3 Experimental Observation of Cavity Modes
In the context of the toy model thus described, there is no mechanism to experimentally observe (that is, externally excite) these cavity modes, since the perfect
conductors will cancel out any external field as it attempted to enter the system.
Compare this with the real system (Fig. 4.1) of a finite-thickness imperfect conductors, where a sufficiently thin top layer allows some light to couple into the system,
and some light to out-couple as well. If the imperfect conductors are thick enough to
reflect most incident light, the toy model should be approximately correct. Toward
understanding how experimental measurements of real system function, this section
will transition to discussing the real system, where external light can in-couple to
the cavity, but continue to utilize the results derived from the toy model, with the
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Figure 4.3: The dispersion of the fundamental cavity mode for a semi-infinite parallel
plate capacitors cavity plotted against in-plane momentum. Shown also is the light
cone, representing the lower bound on an EM-wave’s energy for a given momentum
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understanding that these results are only approximate.
Consider now how an external field can excite these cavity modes. External light
incident upon the cavity has the possibility of propagating inside between the mirrors, however, as discussed in the previous section, the dispersion relationship (equation 4.27) places a constraint between the frequency (energy) of the field and and the
in-plane momentum. Should light with an incorrect pairing of frequency and in-plane
momentum impinge on the cavity, it will be unable to propagate within, and so the
field will be reflected back. Should light have a correct pairing, the wave will be able
to propagate through the cavity rather than reflect off. By measuring the reflectance
of a cavity with many different frequencies and in-plane momenta, those pairs which
do not reflect are those which can propagate in the cavity. In this way, the dispersion
of the cavity can be directly measured via reflectance. Consider now how an external
field can have a correct pairing of frequency and in-plane momentum. This resolves
to two matching conditions between the external wave and the internal cavity mode
which is attempting to be excited. First the mode energy and incident wave energy
must match, and second the in plane k-vector components of the mode and incident
wave must also match.
The first matching condition (wave energies) is often trivial as an experimental set
up will use white light (representing a span of wave frequencies), but matching the in
plane k-vector is much more challenging. This is typically accomplished by changing
the angle of incidence of the external field impinging on the cavity, which varies the
proportion of the external field’s momentum which is directed in-plane. Assuming
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that the external field is in free space, the in plane k-vector is given as:

kkF S = k F S sin(θ) =

ωF S
sin(θ)
c

(4.29)

where θ is the angle of incidence. This can be recast in the same dimensionless form
as equation 4.28:
FS
FS
Eph
n Lkk
=
E0
sin(θ) π

(4.30)

For a given angle of incidence, then, the cavity mode will be excited when:
FS
Eph = Eph

kk =

(4.31)

kkF S

This can be solved graphically for several angles of incidence as shown in Figure 4.4
for a gap material with index of refraction n = 1.5. Of particular note is that since
n > 1, there is a maximal in plane k-vector which can be coupled into by this method,
which is shown in Figure 4.4 as the 90◦ free space line.
Since not all in plane k-vectors are accessible, it is common to represent the
dispersion plotted against the experimental parameter (angle of incidence) rather
than the theoretical parameter (in-plane momentum). This is accomplished using
the matching conditions (equation 4.31) together with the geometrical observation
that kkF S =

ωF S
c

sin(θ) to find that kk =

ω
c

sin(θ) and inserting this into the dispersion
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Figure 4.4: The dispersion of the fundamental mode for a microcavity plotted against
in-plane momentum compared with the dispersion of incident free space (FS) external
fields at different angles of incidence. Shown in dots are the intersections, representing
the external field state which can couple into the mode. In this case, the index of
refraction is taken to be 1.5
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relationship (equation 4.27):

2
Eph

=

E02


+

~ckk
n

2

2
~cω sin(θ)
=
+
cn

2
sin(θ)
2
= E0 +
Eph
n
E02



So,

Eph = E0 1 −

sin(θ)
n

2 !− 12
(4.32)

And an example of this dispersion can be seen in Figure 4.5, again where the index
of the gap material is taken to be 1.5.
While this derivation predicts that both the s- and p-polarized modes will have
the same dispersion, experimental results reveal this to be untrue. This derivation
neglected plasmon resonances due to the metal-insulator-metal double interface which
have the effect of modifying the p-polarized (but not s-polarized) cavity mode dispersion. [92] Surprisingly, the result of the modification can be well approximated
by simply replacing the index of refraction (n) in Fig. 4.32 with an “effective index
of refraction” (nef f ) which takes a different value for s- and p-polarized light. For
example, in functionalized anthradithiophene polycrystalline cavities, npef f = 2.7 but
nsef f = 2.0 [42]. This new dispersion takes the form:

Eph = E0 1 −

sin(θ)
nef f

2 !− 12
(4.33)

The switch from actual index to effective index is also a reasonable one in the context
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Figure 4.5: The dispersion of the fundamental mode for a microcavity plotted against
angle of incidence. The gap material index of refraction is taken to be n = 1.5
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of polaritonics, since often the cavity mode energy is near to an exciton resonance,
which causes the true value of the index of refraction to vary greatly even over small
wavelength ranges, so the notion of “an index of refraction” which characterizes the
cavity is already fraught.

4.2.4 Quantization of Cavity Modes
The classical derivation conducted so far is helpful in building an understanding of how
the cavity mode operates, but is insufficient to capture the fully quantum mechanical
interaction which polaritonics depends upon. A full quantum mechanical treatment
of the electromagnetic fields is beyond the scope of this work, and interested readers
are directed to more detailed texts (for example, Fox’s introduction to Quantum
Optics [7], upon which this section will rely). Presented here will be a summary
of important results along with some intuitive ideas to bridge the gap between the
classical and quantum fields.

4.2.4.1 Classical Cavities as Classical Harmonic Oscillators
For simplicity, consider the m = 1 p-polarized normal incident (kx = ky = 0) modes;
in this special case, kz = π/L and also kz2 = n2 ω 2 /c2 = µω 2 (c.f. equation 4.10),
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which with the definition of the wave impedance of η 2 = µ/ yields (equations 4.23):

Ex (z) = ηH0 sin

 πz 
L

Hx (z) = 0

Ey (z) = 0

Hy (z) = iH0 cos

Ez (z) = 0

Hz (z) = 0

 πz 
L

Notice that the phase of the Ex and Hy fields are 90◦ out of phase with one another.
In the complex field formalism, this means that the physical electromagnetic fields
have a 90◦ phase shift in their time-dependence:

n→
o
 πz 
→
− (phys)
−

E
cos(ωt)x̂
(x, y, z, t) = < E (x, y, z, t) = ηH0 sin
L
n→
o
 πz 
− (phys)
−

→
H
(x, y, z, t) = < H(x, y, z, t) = −H0 cos
sin(ωt)ŷ
L
which leads to a field energy density of the form:
1
u(x, y, z, t) =
2



→
−
 E (phys)

2

→
−
+ µ H (phys)

2



 πz 
 πz 
= η 2 H02 sin2
cos2 (ωt) + µH02 cos2
sin2 (ωt)
L
L
 
o
n
 
2
2 πz
2
2
2 πz
cos (ωt) + cos
sin (ωt)
= µH0 sin
L
L
Notice in this last equation that there are two separate spatial modes which can
hold the field energy density: the first term which holds energy density in the center
of the cavity (arising from the electric field) and the second term which holds energy
density at the cavity interfaces (arising from the magnetic field). Notice that by
integrating along the z-axis, the energy (per substrate surface area) will be constant
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in x, y and (most importantly) t:
Z

L

u(x, y, z, t)dz =
0

µH02

Z

L
2

sin

 πz 

2

cos (ωt) + cos
L
0

L
L 2
2
2
= µH0
cos (ωt) + sin (ωt)
2
2
2
µH0 L
=
2

2

 πz 
L

sin2 (ωt)dz

Critically, this means that the total energy of the system is constant, it is just
transferred back and forth between two spatial modes. This energy transfer is harmonic, in exactly the same fashion as a pendulum, where the kinetic and potential
energies of the mass take the role of the two spatial modes here in the cavity, trading the total system energy back and forth over time. In a formal construction, the
abstracted “field quadratures” would be used as the analogy to “position” and “momentum” for a classical pendulum and readers are referred to [7] for further details.
For this discussion, the important result is to see that it is possible to construe the
electromagnetic field as a classical harmonic oscillator.
One final aspect to discuss is the frequency. In this analogy between pendula and
electromagnetic waves, it can be seen that the frequency of the harmonic oscillator
(the periodicity of the energy transfer between conjugate variables) is seen to be
coincident with the wave frequency.

4.2.4.2 Quantum Cavities as Quantum Harmonic Oscillators
It the previous section, it was argued that electromagnetic cavity modes (and in reality
any electromagnetic field) can be expressed as a harmonic oscillator, where the field
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intensity is analogous to the oscillator’s amplitude and the field’s wave frequency is
analogous to the oscillator’s oscillation frequency. In this section, that analogy will
be extended from a classical harmonic oscillator to a quantum harmonic oscillator.
First, a brief review of quantum harmonic oscillators.
In the (pure) quantum mechanical treatment, position and momentum operators
are proposed, which have the following commutation relationship:

[x̂, p̂] = i~

(4.34)

and form the following Hamiltonian:

ĤHO =

p̂
mω 2 x̂
+
2m
2

(4.35)

for a mass m and an oscillator frequency of ω.
These are operators are re-expressed as (dimensionless) creation and annihilation
operators:
r



mω
i
â =
x̂ −
p̂
2~
mω
r


mω
i
â =
x̂ +
p̂
2~
mω
†

(4.36)

which transform the Hamiltonian into:

ĤHO



1
†
= ~ω â â +
2

(4.37)

It can also be shown (the details are omitted here for brevity), that this Hamiltonian can be diagonalized by a set of well ordered states (call Fock states), of the
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form: |ni for n ≥ 0 with the important results being:
â† |ni =
â |ni =

√
√

n + 1 |n + 1i
n |n − 1i

â† â |ni = n |ni


1
|ni
ĤHO |ni = ~ω n +
2

(4.38)

with the interpretation being that the system is comprised of a ladder of equally

spaced energy states En = ~ω n + 21 with a lowest energy of E0 = ~ω/2 and the
energy between rungs of the ladder being ~ω. The creation and annihilation operators
allow the system to step between rungs of the ladder, by creating or destroying quanta
of energy.
These energy states can then be re-associated with the original position and momentum operators to infer properties of the system in each energy state. For instance,
the quantum mechanical analog of the classical oscillators amplitude can be calculated
as
r
x(classical)
n, max

=

2En
=
mω 2

r

~(2n + 1)
mω

(4.39)

with the careful understanding that the state |ni has non-zero probability of being
found beyond this classical amplitude limit.
By analogy, it is possible to construct creation and annihilation operators for the
electromagnetic cavity mode, along with a Hamiltonian:


1
Ĥc = ~ω â â +
2
†


(4.40)
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which yield Fock states |nc i with associated energies of En = ~ω nc +

1
2


. The

interpretation is that each cavity mode (for instance, the m = 0 mode) has a discrete
set of energy levels, energetically separated by ~ω. The number associated with
each level is called the “occupation” of that level, and typically the association is
made between the occupation and the number of “photons” (quasi-particles holding
a quantum of electromagnetic field energy) which are present in the system. In this
sense, the creation and annihilation operators create and destroy photons inside the
cavity, moving the system between energy levels.
In the same way that an “oscillator amplitude” can be calculated for an energy
state of the harmonic oscillator, an “electric field amplitude” can also be calculated
for the photon states in the cavity. Of particular importance is the nc = 0 state,
called the vacuum state, where no photons are present. This state has a non-zero
energy, which corresponds to a classical field intensity of: [7]
r
Evac =

~ω
2Vmode

(4.41)

where ~ω is the photon energy (associated with the field oscillation frequency) and
Vmode is the so called “mode volume”, quantities that arise from integrating the
classical field energy density (u) in the plane of the cavity to get a total field energy. It
can be thought of as representing the “size” of the photon. This vacuum field means
the even when there is no photon occupying the cavity, there is still field strength
present which is capable of interacting with the material inside the cavity.
The vacuum field, though discussed in this section in the context of an optical
cavity, is a general feature of quantum electromagnetic fields, being responsible for
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effects like spontaneous emission from (material) excited states. All optical transitions
(including those from higher to lower energy states) require an electric field to drive
that transition. In the case of spontaneous emission, the vacuum field is what drives
the transition from higher to lower energy states. What is unique about the vacuum
field in an optical cavity (over against free space), is that the mode volume is much
smaller. Whereas for free space, all three spatial dimensions are integrated over,
for the optical cavity, the z direction is constrained, forcing the overall volume down
(by extension, other methods of confining electromagnetic wave, like plasmonic arrays
accomplish the same task, but can achieve even smaller mode volumes by constraining
two dimensions instead of just one). This smaller mode volume means that the
strength of the vacuum field is higher than it would be in free space. As a side
observation, the increased vacuum field strength is behind the reduced excited state
lifetimes measured in the Purcell effect.
As a final note, the following section will continue the discussion of the cavity
photons and their interactions with material excited state, but with a slight change
in notation. To prevent confusion with ~Ω (the Rabi splitting), the photon energy
~ω will be substituted with Eph . This change also eases the association of indepen
dent variables with the value of photon energy, like Eph kk . Additionally, since the
vacuum state has a non-zero energy, this has the effect of shifting the total energy
of the system up by ~ω/2. However, constant shifts to system Hamiltonians do not
impact the eigen states of those systems, thus it is convenient to always subtract the
vacuum state energy out of the system. In this way, cavity photon Hamiltonians will
subsequently be expressed as:
Ĥc = â† â

(4.42)
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with the implicit understanding that there is an additional ~ω/2 of energy endemic
in all states.

4.3 Theoretical Models for Polaritons
4.3.1 Light Matter Interaction
Unlike previous chapters, where the light matter interaction is studied where the
electromagnetic wave is external to system (the material), polaritonics brings the
electromagnetic field into the system, and treats its states on equal footing with material states. This change of perspective might be dubious for materials interacting
with a free space electromagnetic field, but when the field is confined in the same
spatial region as the material it is interacting with, such a perspective is more warranted. The foundation for treating the electromagnetic field internally to the system
(i.e. quantum mechanically) was discussed in the previous section, with the conclusion being that the cavity field can be modeled as a harmonic oscillator, with a
Hamiltonian of the form Ĥc = â† â. Previous chapters discussed how to model organic
systems quantum mechanically, and so the only remaining piece is to discuss how to
include the light-matter interaction within the system, rather than as an external
perturbation.
In the (time-dependent) perturbative approach to light-matter interactions, an
interaction operator V̂ (t), which has the action on one material state of transforming
it into another, is proposed. That is, for a two-level chromophore (labeled |gi and |ei )
this operator represents an electromagnetic wave which can optically (de)excite the
chromophore, so that he| V̂ (t) |gi 6= 0. This interaction operator is then applied as a
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perturbation, causing excitation or de-excitation. However, with the electromagnetic
field now part of the system, whatever energy is lost in the material (through deexcitation) or gain in the material (through excitation) must be compensated in the
energy of the field. So, the interaction is re-imagined as exchanging material excitons
for cavity photons, or vice versa. In principle, the magnitude of this operator should
not be different from that in the perturbative approach, since the same mechanism
is causing the excitation and de-excitation events.
So, within the electric dipole approximation for optical transitions, using a semiclassical approach to the light-matter interaction, the interaction operator takes the
values:
−
− E
h1c , g| V̂ |0c , ei = h0c , e| V̂ |1c , gi = →
µ ·→
0

(4.43)

where |1c , gi is understood to be shorthand for the direct product of the photon and
− is the
ground states, µ is the transition dipole moment for the material transition, →
polarization vector for the electric field and E0 is the electric field amplitude.
It remains to be decided how to handle the field amplitude (a classical concept)
in the quantum mechanical system here. Without any external pumping, the cavity
should not be passively occupied with photons or an excited material state (since
Eph , EX ∼ 1 eV ), so the interaction between the field and the material should be the
vacuum field, discussed in the previous section. With the association of E0 = Evac ,
then using equation 4.41 the interaction energy is: [7]
−
−
h1c , g| V̂ |0c , ei = h0c , e| V̂ |1c , gi = →
µ ·→

r

~ω
2Vmode

(4.44)
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−
− , one can define the “Rabi Splitting” as:
By making the simplification of µ ≡ →
µ ·→
~Ω
=µ
2

r

~ω
2Vmode

(4.45)

then the interaction operator can be given the following form:

V̂ =


~Ω
â |eihg| + â† |gihe|
2

(4.46)

It should be noted that several approximations are used to derive this result
formally, mostly notably the rotating wave approximation, which neglects “counter
rotating” terms of the form |ai † |eihg|, but these terms are safely neglected when the
Rabi splitting is much smaller than the photon energy, and the energy difference
between the photon and excited state is small, both of these are usually true for
organic systems. [7] A notable exception to this is considered by Liu and coworkers,
which interested readers can examine. [93]

4.3.2 Jaynes Cummings Model
Given the forms of the light-matter interaction, it is now possible to construct and
examine a polaritonic model. The simplest polariton model begins with a single
chromophore contained within an optical cavity. It is assumed that the chromophore
has only two energy levels: the electronic ground state and an electronic excited state.
Similarly for the cavity, only the fundamental mode is considered. This is called the
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Jaynes Cummings (JC) model, and has a system Hamiltonian of: [94].

ĤJC = Eph â† â + EX |eihe| +


~Ω
â |eihg| + â† |gihe|
2

(4.47)

where Eph is the mode (photon) energy, discussed in the previous section, â† (â)
are the creation (annihilation) operators for mode energy quanta, EX is the exciton
energy, |ei (|gi ) is the undressed exciton (ground) state and ~Ω/2 is the (resonant)
interaction energy for the photon and exciton states. Note that in deriving this
Hamiltonian, the rotating wave approximation has been used, which assumes that
EX − Eph  EX + Eph .
Assuming that the photon energy and exciton energy are similar to one another
(i.e. small detuning), and that the interaction energy (~Ω) is smaller than either
the exciton or photon energies (which is reasonable for most organic systems, where
~Ω

∼

100 meV but EX

∼

1 eV ), the energy levels of the system are well separated

into groups of states which are approximately integer multiples of the photon energy,
called the Jaynes Cummings Ladder. This is more easily seen by partitioning the
basis set into n-particle levels.



0-particle ⇒ |0c , gi







1-particle ⇒ |1c , gi , |0c , ei




2-particle ⇒ |2c , gi , |1c , ei






3-particle ⇒ |3c , gi , |2c , ei







......
where |ic i indicates that the photon mode has i quanta of energy. These basis sets,
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while they do not diagonalize the system, are well separated in energy:

hn-particle| ĤJC |n-particlei ∼ n

Eph + EX
2

If the interaction strength (~Ω) is much less than the average particle energy, then
there will be negligible mixing between states with different particle numbers, so the
“rungs” on the Jaynes Cumming Ladder can be treated as approximately independent.
The total ground state is rather uninteresting, having only one state (vacuum
for the photon and ground for the exciton) where there is no photon or exciton to
interact, so it will be skipped in favor of the 1-particle states. Adopting the basis set:
|1c , gi =[1
˙ 0]†
(4.48)
|0c , ei =[0
˙ 1]†
The Hamiltonian becomes:



 Eph ~Ω/2
ĤJC =
˙ 

~Ω/2 EX

(4.49)

which is readily diagonalized to yield system state energies of:

E± =

Eph + EX
2

s


±

Eph − EX
2

2


+

~Ω
2

2
(4.50)

In the special case of no detuning (where Eph = EX ), this simplifies to E± = EX ±
~Ω/2, so that the splitting between the states is exactly ~Ω (called the Rabi splitting).
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The same analysis can be repeated for the higher n-particle states, for which the only
changes are EX → EX + (n − 1)Eph and Eph → nEph .
It has already been seen in the previous section how the energy of the photon
mode is dependent upon the in plane momentum of the wave (equivalently the angle
of incidence of the external field which couples in), where for very small value of kk ,
the dispersion is approximately parabolic: Eph ≈ E0 +E0 L2 kk2 /π 2 yielding an effective
mass of
(ph)

mef f =

h2
2nh
=
2
E0 L
cL

(4.51)

where n is the index of refraction. Notice that for n = 2 and L = 100 nm, this
(ph)

is only mef f ∼ 9 · 10−35 kg which is nearly 4 orders of magnitude lower than that
of an electron. Organic excitons frequently have effective masses much higher than
this (for example, 0.104me in organic perovskites [95]), so by comparison the exciton
band should be approximately flat across the range of in-plane momenta accessible
by external excitation (Lkk /π ∼ 1 when n > 1).
In this way, by varying the in plane momentum of the photon mode, the excitonphoton interaction can be probed by tuning the energy difference between EX and
Eph . An example of such a dispersion is shown in Figure 4.6 for nef f = 1.5 and
~Ω = 0.1EX .
The elements to note for Figure 4.6 are as follows. For low and high angles of
incidence (where the detuning is large), the state energies behave similarly to the
exciton or photon states. For example, near normal incidence, E+ is similar in energy
to EX , and shares its flat dispersion, whereas E− is similar in energy to Eph and
mimics its curved dispersion. The reverse is true at high angles of incidence. This is
suggestive that the system states in these highly detuned regions are well separable
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Figure 4.6: A dispersion plot of a cavity photon (blue, where nef f = 1.5), exciton
(orange) and the two system states (green and red) with a Rabi splitting of ~Ω =
Ex /10. This splitting is also labeled on the figure with a dotted black line.
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into the categories of “exciton” and “photon”. However, near 50◦ both system states
are divergent in energy from both the exciton and photon (which are identical), and
their dispersion curvature is neither flat enough to be excitonic, nor curved enough
to match the photonic dispersion. In this case of low detuning, the system states are
not separable into the categories of “exciton” or “photon” but rather appear to be a
combination of the two. In the special case of EX = Eph , the mixing of the exciton
and photon states is exact, and the system eigenstates are:




1
1 1
|p± i = √ (|1c , gi ± |0c , ei ) =
˙ √  
2
2 ±1

(4.52)

which are often called “diabatic polariton” states. [96] Now, in general, the system
eigenstates are not pure exciton, photon or diabatic polariton states, but some admixture. As a result, the system eigenstates are often referred to as the “polariton
branches” (where the higher energy state is called the Upper Polariton (UP) branch
and the lower energy state is called Lower Polariton (LP) branch), indicating that
system states are some admixture of exciton and photon states, and so polaritonic in
some sense, even if they are not purely diabatic polariton states.

4.3.3 Holstein-Travis-Cummings Model
While the JC model contains the main elements of polaritonic theory, namely the
system splitting into an upper and lower polariton branch (called anticrossing behavior), it is in general insufficient to fully describe the dynamics of real organic systems.
The first consideration is the presence of inter-molecular interactions between or-
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ganic molecules which affects the excitonic states within. The JC model assumes the
presence of only a single exciton (which corresponds to only a single chromophore
in context of organic materials), which is generalizable to describe an ensemble of
non-interacting chromophores, but necessarily excludes interactions between chromophores. The second consideration is that organic chromophores often have their
electronic (excitonic) states and vibrational modes strongly coupled. This has been
well modeled historically using the Franck-Condon principle (see Section 1.1.4), with
a schematic representation given in Figure 1.1.
To address these addition effects, the JC model above has recently been adapted
by Herrera and Spano [96] into the Holstein-Travis-Cummings (HTC) Model:
ĤHT C = Eph â† â
+ EV

N
X

+ JN N
+

~Ω
2

b̂†n b̂n

n
N
X

n
N
X

N h

i
X
EX + EV λ b̂n + b̂†n |en ihen |
+
n

(4.53)
(|en ihgn+1 | + |gn ihen+1 |)

â† |gn ihen | + â |en ihgn |

n

which assumes a single cavity mode (with annihilation operator â), and many chromophores indexed by n (for a total of N molecules, with the understanding that
n = (n mod N )). The creation (annihilation) operator b̂†n (b̂n ) signify the creation
(annihilation) of a quantum of vibrational energy (EV ) on the nth chromophore, and
the ket |en i signifies an undressed exciton (energy EX ) present on that same chromophore. The third term in equation 4.53 accounts for the total exciton energy, and
how the presence of an exciton distorts the vibrational states of the chromophore that
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it is present on. Just like the Franck-Condon model, it treats the vibrational modes
of the chromophore with a single effective mode; the two (now 1-dimensional) electronic potential wells are modeled as harmonic oscillators with the same curvature,
but merely shifted along the effective reaction coordinate by an amount λ (in units
of the harmonic oscillator’s characteristic length).
The model also allows for intermolecular interactions, here as an example, the
molecules are imagined as a 1 dimensional chain with nearest neighbor, resonant,
Coulombic interactions JN N , however this model can easily be modified to remove
this interaction (JN N → 0), substitute it for a higher dimensional configuration, or
even adopt a disordered molecular configuration. The final term models the excitonpolariton interaction in the same form as the JC model, except with all excitons
present.
A schematic representation of this model is presented in Figure 4.7. Pictured
there is the cavity photon mode, with its discrete energy levels characterized by the
occupation number of the mode’s harmonic oscillator (indexed as |ic i ). This cavity
mode is coupled to each of the chromophores in the chain through the light-matter
interaction ~Ω. Each of the chromophores are internally composed of two electronic
states (S0 and S1 ), which host vibrational states modeled as harmonic oscillators
(occupation numbers indexed as |ii and ĩi ). Each of the chromophores interacts
through a nearest neighbor interaction.
There is no closed form diagonalization for the HTC Hamiltonian, though Herrara
and Spano include a number of approximations in their work which can be applied
to experimental results. One important approximation that they present is the so
called Two-Particle Approximation (TPA). Here the system is assumed to only ever
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Figure 4.7: A schematic representation of the Holstein-Tavis-Cummings (HTC) model
for polaritons. The top box represents the cavity photon mode, with quantized energy states. This cavity is coupled (through the light-matter interaction ~Ω) to a
Hostein-like chain of chromophores which have strongly coupled exciton and vibrational states. The chromophores also interact with one another, approximated here
with nearest neighbor, resonant, Coulombic interactions JN N . (Based upon the model
from reference [96])
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have two quasi-particles present at one time: a photon and a phonon or a (dressed)
exciton and an additional independent phonon. (Note that the case of a photon
and an exciton is excluded, since it will have a much higher energy). Finally, the
occupations of the vibrational harmonic oscillators are truncated, which results in a
finite basis set, conducive to numeral solution methods.

4.3.4 Coupled Oscillators Model
4.3.4.1 Derivation
Despite the approximations offered by Herrera and Spano, much of this recent work
has yet to filter into the experimental community, where a more simplifed model is
preferred called the Coupled Oscillators (CO) Model, which is discussed now. This
model adopts the One Particle Approximation (OPA) which assumes that the cavity
either contains a photon or an exciton coincident with a phonon, but not a photon
and bare phonon, nor an exciton and photon. This is a stronger condition than
Herrara and Spano’s TPA which allows independent phonons to exist without excitons
present. The OPA is a first order approximation (compared with the second order
approximation of the TPA), which is based off the intuition that if thermal energy
is low, and excited states are generated primarily from optical excitation, there is no
direct pathway to create a photon and a phonon simultaneously. On the other hand,
strong-coupling of the exciton and phonon mode allow phonons (correlated with the
exciton) to be created during optical excitation of the exciton.
In the second case, this model will assume that intermolecular interactions can
either be neglected, or are such that only one of the N exciton states can efficiently

192
couple to ground. In the context of 1 dimensional crystals with nearest neighbor
coupling, this is the k = 0 exciton. Note that in this example, that also means that
the Hamiltonian is block-diagonal with respect to crystal momentum, and states with
different momenta are orthogonal. In this way, the intermolecular interactions will
merely cause an offset to the k = 0 exciton energy, which can be absorbed into the
exciton. So for the rest of this section, JN N will be set to zero for simplicity, but
can be recovered easily. Additionally, since the Hamiltonian is block-diagonal with
respect to crystal momentum, all exciton states with k 6= 0 can be ingnored since
they cannot be optically excited or mix with optically active states.
Given the OPA and the above assumptions, the following basis set can be adopted:



|1c , Gi =
˙







0c , e, 0̃i =
˙




0c , e, 1̃i =
˙






0c , e, 2̃i =
˙







...

[1 0 0 0 ...]†
[0 1 0 0 ...]†
[0 0 1 0 ...]†

(4.54)

[0 0 0 1 ...]†

where nc indicates the number of photon quanta in the cavity, G indicates total
ground for the exciton and phonons, e indicates the presence of the optically active
exciton (e.g. the k = 0 exciton), and m̃ indicates the number of vibrational quanta
in the excited state potential well.
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The Hamiltonian 4.53 now takes the form:
ĤCO = Ĥph + ĤX + ĤLM
Ĥph = Eph â† â


i
h
0
+ EV b̂† + λ b̂ + λ |eihe|
ĤX = EX
ĤLM =

(4.55)


~Ω †
â |gihe| + â |eihg|
2




where the vibrational terms have been condensed and factored so that b̂ + λ b̂ + λ |m̃i =
†

m̃ |m̃i and the reorganization energy is incorporated are into the exciton energy:
0
= EX − EV λ2
EX

Notice the above splitting of the Hamiltonian, where each piece controls a separate
part of the matrix representation. In particular, Ĥph controls the top left element,

194
ĤX controls the main diagonal and ĤLM controls the first row and first column:

Ĥph

ĤX

ĤLM


E
0
 ph

 0 0


=
˙ 
 0 0


 0 0

..
..
.
.

0 0


0
0 EX


=
˙ 
0 0


0 0

..
..
.
.


0 0 ...
0 0
0 0
0
..
.

0
..
.



... 


... 



... 

..
.

0

0

0

0

0
EX
+ EV

0

0
..
.

0
EX
+ 2EV
..
.

0


 h0̃ 0i

√ ~Ω 
 h1̃ 0i
=
˙ N
2 


 h2̃ 0i

..
.

In ĤLM note that the factor of



h0| 0̃i

h0| 1̃i

...





... 


... 



... 

..
.
h0| 2̃i

0

0

0

0

0

0

0
..
.

0
..
.

0
..
.

...





... 


... 



... 

...

√
N comes from the fact that internally |0c , e, m̃i

sums over the N chromophores (being the k = 0 exciton state), with a normalization
√
prefactor of 1/ N , whereas |1c , Gi has no prefactor. Additionally, the vibrational
overlap terms h0| m̃i can be combined into the interaction:

V0m ≡

√

~Ω
N h0| m̃i
=
2

r
N

e−λ2 /2 λ2m ~Ω
2m m! 2

(4.56)
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which admits the following matrix form:

ĤCO


E
V
V01
 ph 00

0
 V00 EX
0


0
=
˙ 
 V01 0 EX + EV


0
 V02 0

..
..
..
.
.
.

V02

...

0
0
0
EX
+ 2EV
..
.





... 


... 



... 

..
.

(4.57)

This is called the “Coupled Oscillators” model because this Hamiltonian is equivalent
in form to a set of classical coupled harmonic oscillators. It is this model which is
most commonly used to analyze organic polaritonic systems.

4.3.4.2 Discussion
Now, the presence of the

√
N in the V0m might suggest that the interaction is depen-

dent upon the size of the system, which cannot be true in the limit of N → ∞. Recall
that ~Ω is inversely proportional to the mode volume of the photon (equation 4.45,
√
~Ω ∝ 1/ Vmode ), which means that depending on the total system volume (Vsys ),
the interaction V0m can either scale as
1. Root chromophore number for small systems: V0m ∝
2. Root chromophore density for large systems: V0m ∝

√

N if Vsys  Vmode

p
N/Vmode if Vsys & Vmode

Typically, chromophores are distributed in macroscopic films and aggregates so
that the second scaling regime (density scaling) is relevant. In this sense, the extensive
property of chromophore number is less important than the intensive property of
chromophore density.
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Additionally, the overlap term h0| m̃i tends to zero as m̃ becomes large. Examip
nation of equation 4.56 reveals that V0m ∝ λ2m /m! which becomes small for even
m > 3 in many organic molecules. So the Hamiltonian 4.57 can be truncated to
include only the lowest several vibrational levels, as the higher modes are effectively
decoupled (V0m ≈ 0 for m > 3).
It is also useful to notice that in the special case of λ = 0, when the vibrational
√
modes are fully decoupled from the exciton, V0m = δ0m N ~Ω/2. This also decouples
all higher vibrational exciton states from the photon mode, and the Jaynes Cummings
model (Hamiltonian 4.49) is recovered in the top left 2 × 2 matrix block under the
√
transformation: ~Ω → N ~Ω.
As an example of the dispersion predicted by the CO model, consider some com0
∼ 2 eV , the vibrational energy quantum
mon values for an oligoacene film. For EX
0
. Assuming that the kk = 0 photon is slightly detuned so
would be EV ∼ 0.1EX

that it can disperse through the exciton energy range at higher in-plane momenta
√
0
0
(Eph (kk = 0) ∼ 0.9EX
) and an interaction energy of N ~Ω/2 ∼ 0.1EX
. For a fairly
rigid oligoacene molecule λ ∼ 0.7, and the effective index should be nef f ∼ 1.4. Given
these, Figure 4.8 shows an example dispersion of exactly this model. Notice that the
basis set has been truncated to only include the first 4 phonon states. This is in part
because the photon energy (even at 90◦ AOI) never exceeds the state energy for the
fourth exciton-phonon state, and in part because |V03 /V00 | ≈ 5 % suggesting that the
higher states are virtually uncoupled.
In this case, there are a total of 5 polariton branches, LP, M P1 , M P2 , M P3 and
U P (where M Pi stands for the ith Middle Polariton branch). Similar to the results
of the JC model discussed above, when the cavity photon is energetically far away
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Figure 4.8: An example of the Coupled Oscillators (CO) model for an
√ organic polari0
0
tonic system. In this example, EV = 0.1EX , Eph (kk = 0) = 0.9EX , N ~Ω/2~Ω/2 =
0
0.1EX
, λ = 0.7 and nef f = 1.4 all consistent with a moderately interactive and rigid
organic molecule with a visible (EX ∼ 2 eV ) range exciton. Labeled are the photon
0
dispersion (Eph , blue dashed line), the first four exciton-phonon energies (EX
+ mEV
for m = 0, .., 3, black dotted lines) and the polariton branches (LP, M P1 , M P2 , M P3
and U P , colored solid lines).
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for a particular exciton-phonon state, the corresponding polariton branch mimics the
behavior of the exciton-phonon state (for example the U P branch at low angles of
incidence). However, when the photon energy is closer to an exciton-phonon energy,
the branch deviates from the excitonic flat dispersion (example of M P2 near 50◦ ).
Finally, the deviation is most extreme for the exciton-phonon states that have the
highest interactions energies (like V00 , which has LP deviate from the m = 0 excitonphonon state even when the photon is far away, e.g. 90◦ AOI), and least extreme
for exciton-phonon states which have small interaction energies (like V03 , which has
U P only deviates from the m = 3 exciton-phonon when the photon is very close in
energy).
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Chapter 5: Polaritonics in diF ADT–TES
From “Isolated” to “Aggregated” Molecules
This chapter presents results from the recent publication [42]. The author would like
to thank the collaborators for their participation in this research and any experimental
data from that publication which was not collected by the author but is reproduced
here is given an acknowledgment to the researcher responsible for the result.

5.1 Introduction
Organic (opto)electronic and photonic materials are of interest due to their low cost
and tunable properties; a broad range of their applications, from photovoltaics to
three-dimensional displays, have been demonstrated. [1] Solution processable materials that can be cast into thin films using various solution deposition techniques are
especially advantageous. One of the areas utilizing organic functional materials that
has seen a dramatic progress over the past decade is the phenomena and applications
relying on strong exciton-photon coupling in organic microcavities. [45, 97, 98] These
include polariton lasing, nonlinear polariton-polariton interactions, polariton electroluminescence, and polariton Bose-Einstein condensates. [45,98] Moreover, it has been
demonstrated that the strong coupling may enable a boost in performance of organic
electronic devices. For example, an order of magnitude increase in charge carrier mobility was achieved in organic field-effect transistors (OFETs) of a perylene diimide
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derivative deposited on a plasmonic nanostructure, enabled by formation of delocalized hybrid states, [5] and enhanced responsivity was observed in organic polaritonic
photodiodes. [99]
While early work on organic microcavities was done mostly on J-aggregated dye
molecules dispersed in a polymer matrix, [100] more recently strong coupling in
other classes of functional organic materials, in particular organic electronic materials, attracted attention. These include photorefractive organic glasses, [93] organic
light-emitting diode (OLED) and photovoltaic (OPV) materials, [91, 99, 101] and
benchmark organic semiconductors such as acene derivatives. [102, 103] For example, ultra-strong coupling, with Rabi splitting of > 1 eV , was observed in poly(9,9dioctylfluorene) [91] and dicyanomethylenedihydrofuran [93] all-metal cavities. In
acenes, large Rabi splittings of > 0.2 eV have been experimentally demonstrated in
anthracene (Ac) single crystals [103] and tetracene (Tc) polycrystalline films [102]
in microcavities and enabled demonstration of a room-temperature Ac crystal-based
polariton laser. [2] In order to efficiently utilize strong exciton-photon coupling in
enhancing optoelectronic properties of organic semiconductors, it is necessary to understand the photophysics of exciton-polaritons in these materials depending on various molecular properties. For this systematic study of exciton-polariton properties,
a high-performance solution-processable organic semiconductor diF TES–ADT (fluorinated anthradithiophene (ADT) derivative functionalized with triethylsilylethynyl
(TES) side groups, inset of Fig. 5.1(b)) with poly(methyl methacrylate) (PMMA)
was selected. The choice of the functionalized ADT derivative diF TES–ADT was
motivated by the following considerations.
1. The fluorinated functionalized ADT derivatives have served as a model system

201
for studies of exciton and charge carrier dynamics depending on the molecular
packing in crystalline samples, [32, 52] on the molecular density in dilute diF
TES–ADT:PMMA films, [50] and on the intermolecular interactions in blends
of diF TES–ADT with other molecules. [104]
2. diF TES–ADT exhibits high charge carrier (hole) mobilities (up to 6−7 cm2 /(V s))
[41, 105] in single crystals and in crystalline thin films produced by methods
compatible with roll-to-roll technology.
3. Even in dilute diF TES–ADT:PMMA films, measurable (photo)currents have
been observed down to rather low diF TES–ADT concentrations. [50]
These studies have laid a foundation for understanding the photophysics and
(opto)electronic properties of these materials outside of the cavities which now can
be systematically explored in cavities. In this chapter, a study towards this goal is
presented. Strong exciton-photon coupling in diF TES–ADT:PMMA blends placed
in all-metal cavities is demonstrated and how exciton-polariton properties depend on
the concentration of diF TES–ADT is established.

5.2 Methods
5.2.1 Sample Preparation and Description
5.2.1.1 Film Deposition
Optical cavities were fabricated first by depositing 100 nm of silver onto a glass substrate by thermal evaporation. diF TES–ADT:PMMA films were deposited by spin-

202

Figure 5.1: (a) Absorption and (b) photoluminescence of “bare” (i.e. outside of the
cavity) diF TES–ADT:PMMA films Pagg (solid blue lines) and P1.5 (dotted black
lines). Spectra of dilute diF TES–ADT solution in toluene due to “isolated” diF
TES–ADT molecules are also included (dashed red lines). Inset of (a) shows the
molecular structure of diF TES-ADT. (Adapted from [42])
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casting from toluene solution. For these, a 35 mg/mL toluene solution of PMMA
(MW ∼15,000, Sigma-Aldrich) was combined with diF TES–ADT added at various
concentrations (8.6 · 10−4 M to 2.8 · 10−2 M ) to create films with average diF TES–
ADT molecular spacing (d) ranging from 1 to 6 nm as described in Appendix A.1
and in previous publications. [50] For the films with the highest diF TES–ADT concentration, the substrate was first treated with pentafluorobenzenethiol (PFBT) to
enhance diF TES–ADT:PMMA film adhesion and surface quality. [52] The cavities
were finished by depositing a 30 nm silver top mirror (Fig. 5.2). Selected cavities
had both the top and the bottom silver mirror with thicknesses of 45 nm. A control
cavity was also fabricated containing only PMMA.
Throughout the chapter, the films with d ≥ 1.5nm will be referred to as Pd . At
higher diF TES–ADT concentrations (d < 1.5nm), diF TES–ADT exhibits strong
aggregation and the average molecular spacing is not a representative parameter; [50]
these films are denoted Pagg . Some diF TES–ADT aggregation is apparent in optical
properties of Pd samples with d in the 1.5 to 2.5 nm range, as discussed in detail below.
While in dilute samples (d > 2.5nm) the diF TES–ADT molecules are expected to
be dispersed in PMMA homogeneously and the sample morphology is dominated by
that of amorphous PMMA, the samples with higher diF TES–ADT concentrations
exhibit some structure due to the formation of diF TES–ADT crystallites with (00l)
orientation (l = 1, 2, 3, 4), as seen from the X-ray diffraction discussed next
The sample fabrication process generates large surface area diF TES–ADT:PMMA
films (∼1 cm2 ), and so the deposition of the top mirror was limited to only certain
regions of the surface. In this way, “cavity” and “bare film” regions coexisted on the
same sample, allowing for direct in-situ comparison of the optical data, as sckmat-
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Figure 5.2: A schematic of the samples used, showing both “cavity” and “bare film”
regions of the sample. The silver mirrors had thicknesses of 30 nm (top):100 nm (bottom) (or 45 nm:45 nm in select samples to facilitate optical transmission measurements), while the diF TES–ADT:PMMA films ranged between 100 nm and 150 nm
depending upon desired cavity detuning. (Adapted from [42]) (Adapted from [42])
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ically represented in Figure 5.2. The thicknesses of the cavities were measured by
ellipsometry to range between 100 and 160 nm (see Table 5.2).

5.2.1.2 X-ray Diffraction
To assess the structure of films with relatively high concentrations of diF TES–ADT
(P1.5 and Pagg films), X-Ray Diffraction (XRD) was measured using a Bruker D8
Discover diffractometer. The results (Fig. 5.3) show that both P1.5 and Pagg films
contain crystallites with the (00l) (l = 1, 2, 3, 4) orientation, similar to those in previous studies of diF TES–ADT polycrystalline films. [46, 106] The film has a factor of
∼2

larger scattered intensity of dominant (00l) peaks, confirming a higher content of

preferentially aligned crystallites in the film.

5.2.1.3 SEM Imaging
The following section is reproduced from [42], with thanks to E. K. Tanyi for his
assistance with the measurement process.
Uniformity of the cavity structure and thicknesses of various layers in selected
cavities were also assessed using the cross-sectional SEM (Fig. 5.4). Small sections
of the original cavity samples (Ag/PMMA/Ag and Ag/diF TES–ADT:PMMA/Ag)
containing the three cavity subsections were cut from the main sample for thickness
measurements using a scanning electron microscope (SEM) equipped with a FocusedIon-Beam (FIB). The samples were initially prepared for surface imaging by depositing 10 nm each of gold and palladium. Subsequently, the samples were prepared
for cross-sectional analysis using the FIB of a FEI Quanta-Ray 3D dual beam SEM
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Figure 5.3: X-ray diffraction data for the “bare” films P1.5 and Pagg . Both show strong
peaks consistent with (00l) (l = 1, 2, 3, 4) oriented crystallites. (Adapted from [42])
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system. The samples were electrically grounded on the sample edges to the imaging
stub using silver paste. Then 10 nm of chromium was deposited on the sample using
a Varian Thermal evaporator. The chromium provides full electrical grounding of
the sample to the stub and a protective layer that prevents beam shifts during the
cross-sectional analysis. Prior to the milling of the cross-section, a layer of carbon
(0.5 to 1.0 µm) followed by a layer of platinum (0.5 to 1.0 µm) was deposited on the
samples. Finally, a cross-section of 5 µm was milled out and cleaned. Then, SEM
images of the cross-section were obtained and the thicknesses of the various layers
measured.
For example, for the nominal Ag (30 nm)/PMMA (140 nm)/ADT (100 nm)
cavity, the following average sample thicknesses were obtained: Ag 64.8 ± 5.2 nm
/ 137.4 ± 7.1 nm/ 121.2 ± 6.3 nm, Fig. 5.4. The Ag average thicknesses are about
15 to 20 nm larger than the “nominal” value (taking into account that the top Ag
layer thickness value (64.8 nm) includes the extra 20 nm from the Au and Pd layers).
The PMMA layer thickness agrees well with that measured by ellipsometry (130 to
145 nm depending on the sample).

5.2.2 Spectroscopic and Numerical Methods
5.2.2.1 Angle-Resolved Reflectance and Spectroscopic Ellipsometry
Angle-resolved reflectance (ARR) for all cavities, illuminated by s- or p-polarized
light at angles of incidence between 20◦ and 80◦ , was measured using a spectroscopic
ellipsometer (V-VASE J.A. Woollam). The reflectance data were also simulated by
transfer-matrix formalism, utilizing an index of refraction measured by the same
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Figure 5.4: Cross-sectional SEM image of an Ag/PMMA/Ag cavity on glass. The
average thicknesses of each layer are indicated as inset text. (Adapted from [42], with
thanks to the work of E. K. Tanyi)
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instrument, discussed below in Section 5.3.2.3.

5.2.2.2 Angle-Resolved Photoluminescence
Angle-resolved photoluminescence (ARPL) was measured with a custom-built confocal microscope assembly utilizing an inverted fluorescence microscope (Olympus
IX-71). Samples were excited above resonance with a 355 nm pulsed laser (frequencytripled Nd:YAG) at normal incidence through a 10x objective and PL was collected
in transmission between 0◦ and 80◦ degrees off the substrate normal. Collected PL
passed a linear polarizer to select either s- or p-polarized emission and was then
analyzed by a spectrometer (USB2000-FLG, Ocean Optics, Inc.).

5.2.2.3 Cavity Photon Mode Dispersion
For each cavity, the photon mode dispersion was modeled using the following equation
(c.f. equation 4.33): [101]


Ep (θ) = E0

1−

sin θ
nef f

2 !− 21
(5.1)

where θ is the angle of incidence of the excitation light, E0 is the normal incidence
photon mode energy and nef f is the effective index of refraction for the film (expected
to differ between s- and p-polarizations). [101]
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5.2.2.4 Cavity Quality Factors
To establish basic characteristics of the cavity photon, angle-resolved reflectance was
measured for a cavity containing only PMMA film (denoted P∞ , thickness 140 nm).
Figure 5.5top shows the reflectance upon P∞ cavity illumination with s-(p-)polarized
light, along with dotted lines indicating the center energy and FWHM extracted from
a simple Lorentzian fit:

1 − R(~ω) = B −


πΓp

A
2 

~ω−E
1 + Γp

(5.2)

where B is a background correction, A is the Lorentzian area, E is the center
energy and Γp is the HWHM. From these fits, the reflectance Q-factor of these PMMA
cavities can be extracted as:

Q=

E
≈ 27
2Γp

(5.3)

Next, the center energies were fit (Fig. 5.5bottom) using a simple cavity dispersion
model (equation 5.1 to extract the effective indices of refraction for each polarization
of light where the fit parameter values are given as insets of Fig. 5.5bottom and copied
into Table 5.2.
Since PMMA is not fluorescent in the visible spectral range, it was not possible to
measure PL-based Q-factors for the PMMA-only cavity P∞ . Instead, the PL Q-factor
was estimated using the LP emission from diF TES–ADT:PMMA cavities containing
a low diF TES–ADT concentration (film P5 , where d = 5 nm) at large cavity detuning
(∆ ≈ 180 meV ). The PL was fit with a simple Lorentzian (Fig. 5.6).
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Figure 5.5: (top) Angle resolved reflectance measurements of a control cavity containing only PMMA, P∞ , of thickness 150 nm for s-(p-)polarized illumination at various
angles of incidence (AOI). Dotted lines indicate the center energies and FWHM of
each cavity resonance. (bottom) Dispersion plots of the cavity resonance modes for
s-(p-)polarizations. Dots correspond to the center energies extracted from reflectance
data (top), and the lines are the fit, with the fit parameters included on the plot.
(Adapted from [42])
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Figure 5.6: Photoluminescence spectra of cavity P5 detected at substrate normal.
Symbols correspond to the measured counts (normalized), the line is a Lorentzian fit,
and the dotted lines shows the center energy and FWHM. (Adapted from [42])

P L(~ω) =


πΓp

A

2 
~ω−E
1 + Γp

(5.4)

where A is the Lorentzian area, E is the center energy and Γp is the HWHM From
these fits. The PL Q-factor is extracted as:

Q=

E
≈ 50
2Γp

(5.5)
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5.2.2.5 Spectral Deconvolution of Data for Concentrated Films
In order to separate the contributions of the diF TES–ADT aggregates and of the diF
TES–ADT isolated molecules to the reflectance spectra of the P1.5 films (as well as
extract the exciton transition energies), the spectra from a “bare” film (see schematic
in Fig. 5.2) was measured at 20◦ off normal incidence. This cavity utilized a 45 nm Ag
semi-transparent bottom mirror, and thus both the reflectance (R) and transmittance
(T ) were measured to calculate the absorption. The baseline reflectance (BL) was
subtracted out and the “reduced absorbance” (see Section 2.4.1.1 for details) was
calculated as:
A(~ω)
− log10 (R + T − BL)
=
~ω
~ω

(5.6)

The absorption from this film is expected to have contributions from both an
isolated molecules and aggregates, which were both modeled as a (relaxed) vibronic
progression. [1, 17] “Relaxed” in that while the peak areas are not constrained to
follow Franck-Condon factors, but the exciton energies were constrained to be evenly
(0m)

spaced by the vibrational energy quantum (EX

(00)

= EX + mEV ):

2


X
A(~ω)
(00)
Agg
Agg
= BG +
AAgg
·
W
~ω
−
E
−
mE
Γ
m
m
X, Agg
V
~ω
m=0

+

2
X



AIso
m · W ~ω −

(00)
EX, Iso

− mEVIso ΓIso
m

(5.7)



m=0

where BG is the background correction, Am is the 0-m replica peak area, W(E| Γ)
(00)

is a normalized Lorentzian with center at E and HWHM of |gamma, EX

is the 0-0

exciton energy, EV is the vibrational energy quantum and Γm is broadening of the 0-m
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Film
(00)

EX
EV
A0
A1
A2
A3
Γ0
Γ1
Γ2
Γ3

Pagg
2.25 eV
160 meV
0.014 A.U./eV
0.0082 A.U./eV
0.0052 A.U./eV
0.0033 A.U./eV
69 meV
79 meV
98 meV
260 meV

P1.5
Aggregates (“Agg”) Isolated (“Iso”)
2.24 eV
161 meV
0.0029 A.U./eV
0.0020 A.U./eV
0.0010 A.U./eV

2.34 eV
175 meV
0.0027 A.U./eV
0.0018 A.U./eV
0.0017 A.U./eV

∼

∼

54 meV
70 meV
80 meV

56 meV
74 meV
120 meV

∼

∼

Table 5.1: Summary of the “relaxed” vibronic progression fits of the reduced absorptions of films Pagg (equation 5.9) and P1.5 (equation 5.7).
replica peak. The resulting fit is shown in Fig. 5.7, and parameter values are given in
Table 5.1. The relative contributions of the aggregates and isolated molecules can be
estimated comparing the sums of the 0-m (m = 0, 1, 2) peak areas. Doing so shows
that there is a ∼50:50 contribution of aggregates:isolated molecules to the spectra.
In addition to the 20◦ reflection (R) and transmission (T ) spectra discussed above,
R and T were also measured at other angles of incidence. Fig. 5.8 shows a representative set of these measurements expressed at 1 − R − T to highlight the exciton
absorptions. In particular, the 2.24 eV aggregate 0-0 absorption peak grows relative
to the 2.34 eV isolated molecules 0-0 absorption peak as the angle of incidence increases. This effect is considerably pronounced with p-polarized illumination, and is
most likely due to the preferential orientation of diF TES–ADT aggregates evidenced
by XRD in Figure 5.3.
In order to deconvolve each aggregate excitonic contribution to the Pagg film absorption, the spectra from a “bare” film (see Fig. 5.2) were measured at 20◦ off normal
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Figure 5.7: The reduced absorption of film P1.5 with deconvolution. Blue dots are
experimental spectrum, grey lines are individual absorption resonances and the orange
line is the total fit. (Adapted from [42])
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Figure 5.8: 1 − R − T spectra for film P1.5 at s-(p-)polarized illumination showing
the exciton absorption peaks due to both isolated diF TES–ADT molecules and diF
TES–ADT aggregates, with their relative weights. (Adapted from [42])
incidence. This cavity utilized a 100 nm Ag bottom mirror, so no transmission was
observed and only the reflectance (R) was measured to calculate the absorption of the
cavity. The baseline reflectance (BL) was subtracted out and the reduced absorbance
was calculated as:
− log10 (R − BL)
A(~ω)
=
~ω
~ω

(5.8)

The absorption from this film was modeled as a “relaxed” vibronic progression:
3


X
A(~ω)
(00)
= BG +
Am · W ~ω − EX − mEV Γm
~ω
m=0

(5.9)

where BG is the background correction, Am is the 0-m replica peak area, W(E| Γ)
(00)

is a normalized Lorentzian with center at E and HWHM of Γ, EX

is the 0-0 exciton
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Figure 5.9: The reduced absorption of film Pagg with deconvolution. Blue dots are
experimental data, grey lines are individual absorption resonances and the orange
line is the total fit. (Adapted from [42])
energy, EV is the vibrational energy quantum and Γm is broadening of the 0-m replica
peak. Figure 5.9 shows the fit and Table 5.1 gives the parameter values.

5.2.2.6 Coupled Oscillators Model
The dispersive spectral features of cavity reflectance for films with lower average
molecular spacing d (d ≤ 1.5nm) were modeled using a coupled oscillators Hamiltonian, taking the matrix form:
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E
(θ)
+
iΓ
V
V
V
p
00
01
03
 p



(01)
(01)


V00
EX + iΓX
0
0


ĤCO =
˙ 

(02)
(02)


V
0
E
+
iΓ
0


01
X
X


(03)
(03)
V02
0
0
EX + iΓX
(0m)

where EX

(5.10)

and V0m are the exciton energies and couplings associated with the
(0m)

mth excitonic resonance, respectively, whereas ΓX

and Γp are the photon and exciton

dissipation constants (half widths at half maxima (HWHM) of the “bare” photon and
exciton resonances). The exciton energies and dissipation constant were fixed at the
values extracted from fits to the spectra of “bare” (i.e. outside of the cavity, Fig. 5.2
as described in Section 5.2.2.5. Note that the exciton energies are constrained to
be evenly spaced) film and the photon dissipation constant was estimated from the
HWHM of the LP cavity resonance with large detunings (Table 5.2). The couplings
V0m , normal incidence photon energy E0 and effective index nef f were all taken as fit
parameters.
The ARPL data from cavities with films with higher average molecular spacing
(d ≥ 2.5nm) revealed only the lower polaritonic (LP) branch; thus, a reduced Hamiltonian was used: [107]


E (θ) + iΓp
V

(red)  p
ĤCO =
˙ 

V
EX + iΓX

(5.11)

To mitigate overfitting, the value of EX was fixed to the exciton energy of isolated
molecules (2.35 eV , Fig. 5.1(a)), extracted from absorption spectra of dilute diF TES–
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Film Pol.
s

E0

nef f

Γp [meV ]

2.2†

2.0†

65∗

Pagg

ΓX [meV ] EX [eV ] V [meV ] ~Ω [meV ]
2.25∗
170†
340†
∗
∗
†
70
2.42
160
310†
2.60∗
160†
310†

p

2.2†

2.7†

50∗

70∗

2.25∗
2.42∗
2.60∗

s

†

†

∗

∗

60

2.34∗
2.52∗
2.69∗

75†
55†
35†

150†
110†
60†

80†
60†
30†

160†
120†
60†

2.2

1.6

80

P1.5

150†
130†
150†

300†
260†
300†

p

2.2†

2.4†

75∗

60∗

2.34∗
2.52∗
2.69∗

P2.5

s
p

2.2‡
2.2‡

1.55∗
2.21∗

30∗
30∗

40∗
40∗

2.34∗
2.34∗

20 ± 7‡
24 ± 7‡

40 ± 7‡
46 ± 7‡

P3

s
p

2.2‡
2.2‡

1.55∗
2.21∗

30∗
20∗

40∗
40∗

2.34∗
2.34∗

21 ± 10‡
15 ± 10‡

41 ± 10‡
28 ± 11‡

P3.5

s
p

2.2‡
2.2‡

1.55∗
2.21∗

32∗
32∗

40∗
40∗

2.34∗
2.34∗

20 ± 5‡
17 ± 5‡

39 ± 5‡
34 ± 5‡

P4

s
p

2.2‡
2.2‡

1.55∗
2.21∗

32∗
32∗

40∗
40∗

2.34∗
2.34∗

17 ± 4‡
18 ± 4‡

32 ± 4‡
35 ± 4‡

P5

s
p

2.2‡
2.2‡

1.55∗
2.21∗

21∗
21∗

40∗
40∗

2.34∗
2.34∗

18 ± 7‡
12 ± 7‡

30 ± 8‡
15 ± 11‡

Table 5.2: Summary of diF TES–ADT:PMMA mircrocavity coupling parameters.
“Film” refers to the diF TES–ADT:PMMA film used in the cavity, labeled P“label” in
correspondence with the Section 5.2.1.1. “Pol.” refers to the illumination (detection)
polarization used in angle-resolved reflectance in P1.5 and Pagg (angle-resolved PL in
Pd with d ≥ 2.5 nm). The parameters are taken from equation 5.1, equation 5.10,
equation 5.11 or equation 5.12 as described in Section 5.2.2.6. The symbol “*” indicates that a value is extracted from data for either a “bare” film or cavity, and is held
constant while fitting to equation 5.10 and equation 5.11. The “‡” symbol means a
value is averaged over 3-4 samples, while the symbol “†” indicates the value is from
a particular sample. (Adapted from [42])
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ADT solutions. [107] The effective index nef f was also fixed to the values extracted
p-pol
from angle-resolved reflectance in cavities (Fig. S3): i.e ns-pol
ef f = 1.55 and nef f = 2.21

for s- and p-polarized light, respectively.

5.3 Results
5.3.1 “Bare” Films Spectra
The absorption and photoluminescence (PL) spectra of “bare” (i.e. outside of the cavity, Fig. 5.2) diF TES–ADT:PMMA films P1.5 and Pagg are shown in Figure 5.1. As
detailed in previous publication, [50] the optical properties of diF TES–ADT:PMMA
guest-host films can be dominated by those of the “isolated” (non-interacting) diF
TES–ADT molecules (with spectra similar to those of diF TES–ADT in dilute solutions, Fig. 5.1) or by those of diF TES–ADT aggregates (with spectra similar to
those of pristine diF TES–ADT polycrystalline films), depending upon the concentration of diF TES–ADT guest. In particular, in films with optical properties dominated by those of isolated diF TES–ADT molecules, the absorption (PL) spectra
exhibit a vibronic progression with the 0-0 transition energy for the absorption (PL)


(00, Abs)
(00, PL)
of EX, Iso = 2.35 eV EX, Iso = 2.34 eV .
In contrast, films with higher diF TES–ADT concentrations exhibit spectra due to
the diF TES–ADT aggregates, which are red-shifted with respect to those of isolated


(00, Abs)
(00, PL)
molecules (Fig. 1) such that EX, Agg = 2.25 eV EX, Agg = 2.10 eV . The optical
properties of diF TES–ADT:PMMA films (Pd ) with an average molecular spacing
d ≥ 2.5nm were found to be dominated by those of isolated diF TES–ADT molecules
while the Pagg films (d < 1.5nm) were dominated by those of aggregates, in agreement
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with previous works. [50] The films with d in the 1.5 to 2.5 nm range had spectral
features both due to isolated diF TES–ADT molecules and their aggregates (e.g. P1.5
in Fig. 1), and their relative contributions could be quantified via spectral fitting as
discussed in Section 5.2.2.5. [50] For example, in the P1.5 film in the spectral region
of the S0 –S1 absorption (2.2 − 2.7 eV ), 50 % of the absorption is due to the isolated
diF TES–ADT molecules and 50 % is due to diF TES–ADT aggregates (Fig. 5.7).
The nature of aggregates in ADT solids has been previously studied; for example,
in pristine polycrystalline diF TES–ADT films the absorption and PL features could
be explained in a framework of disordered H-aggregates, [46] whereas in diF TES–
ADT crystals spectral features of differing mixtures of Frenkel and Charge Transfer
excitons which could be identified depending on the light polarization with respect
to crystal axes. [32, 61]

5.3.2 Optical Cavities Spectra
5.3.2.1 ARPL of Dilute Films
In the cavities containing Pd films with optical properties dominated by those of isolated diF TES–ADT molecules (i.e. d ≥ 2.5nm), the densities of diF TES–ADT
were too low to resolve polariton features in the reflectance spectra, due to the low
absorbance of the dilute diF TES–ADT:PMMA films. [50] However, the high PL
quantum yield of isolated diF TES–ADT molecules in PMMA (ΦP L = 0.9) [63] enabled probing polariton properties using angle-resolved photoluminescence (ARPL)
(e.g. data from a 135 nm P2.5 film in a cavity are shown in Fig. 5.10). In contrast
to the vibronic progression structure of the PL spectra of “bare” dilute diF TES–
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ADT:PMMA films (similar to those for solution PL in Fig. 5.1(b)), the ARPL from
cavities exhibited only a single emission peak with a characteristic polaritonic dispersion (top left inset of Fig. 5.10) which is attributed to that from the lower polariton
(LP) branch. The curvature of this dispersion was dependent upon polarization, with
s-polarized emission showing consistently higher curvature, in agreement with previous studies. [101] At high angles of detection, the dispersion flattens, which is consistent with the LP losing the purity of its photonic character near the exciton-photon
anti-crossing (e.g. 60◦ in Fig. 2). The data were modeled using equation 5.11 (top left
inset of Fig. 5.10), revealing the average coupling energies (V ) of ∼17 − 23 meV in Pd
films depending on the average molecular spacing d (bottom right inset of Fig. 5.10).
The Rabi splittings (corrected for broadening) were calculated using: [108]
q
~Ω = (2V )2 − (Γp − ΓX )2

(5.12)

The obtained Rabi splittings, averaged over 6 to 8 cavities with fixed d, ranged
between 28 and 45 meV depending on d.
In the Pd samples with d in the 2.5 to 5 nm range, the trend of the exciton-photon
interaction energy (V ) was consistent with a linear scaling with the square root of
diF TES–ADT density (N ∼ 1/d3 ) expected from equation 5.13 (bottom right inset
of Fig. 5.10, c.f. equation 4.45): [7]
r
V =µ

N ~ω
V0 20

(5.13)

where µ is the transition dipole moment of the chromophore, V0 is the mode
volume of the cavity, N is the number of chromophores interacting with the cavity
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Figure 5.10: Angle-resolved s-polarized PL from cavity P2.5 (thickness: 135 nm),
representative of ARPL from cavities Pd where d ≥ 2.5 nm. The top left inset shows
the polariton dispersion (peak PL energy as a function of the detection angle) (blue
dots). The black line shows the dispersion modeled with equation 5.11. Energies of
“bare” exciton EX and photon mode of equation 5.1 are also included as red dashed
lines. The bottom right inset shows the exciton-photon coupling energy (V ) obtained
from cavities Pd where d varied between 2.5 and 5 nm. Error bars indicate sample-tosample variation over 6 to 8 cavities. The solid line is a linear fit to the data (intercept
at 13 ± 3 meV ) and the dotted line is a fit to equation 5.13 (intercept fixed at 0)
showing scaling of the coupling energy (V ) with the square root of diF TES–ADT
density. (Adapted from [42])
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mode, and ~ω is the resonance energy. However, the best linear fit of V versus
√
N (weighed by errors due to the sample-to-sample variation with error bars in the
bottom inset of Fig. 5.10), yielded an intercept of 13 ± 3 meV , which is significantly
different from 0. [52] This intercept provides a measure for an additional error in these
measurements.

5.3.2.2 ARR of Concentrated Films
Fig. 5.11(a) shows the reflectance of the P1.5 film in the cavity. As discussed above
(Fig. 5.1), the P1.5 “bare” film exhibits features corresponding to both isolated diF
TES–ADT molecules and diF TES–ADT aggregates. Interestingly, the P1.5 cavity exhibits a strongly preferential photon coupling to the isolated diF TES–ADT
molecule’s exciton transitions (Fig. 5.11(a-b)). In particular, the lower polariton
branch, two middle branches, and the upper polariton branch (LP, MP1 , MP2 , and
UP, respectively) could be identified, and their dispersion fit with equation 5.10. This
revealed couplings of 75, 55, and 35 meV , respectively, for the s-polarization (80, 60
and 30 meV for p-polarization, Fig. 5.7 and Table 5.2). The corresponding Rabi
splittings, after correction for broadening using equation 5.12, yielded 150, 110 and
60 meV for s-polarization (160, 120 and 60 meV for p-polarization, Table 5.2).
Angle-resolved reflectance (s-polarized) from a Pagg cavity is shown in Figure 5.12(a)
(see Figure 5.13 for p-polarization), with dotted lines indicating the energy of exciton transitions in the “bare” Pagg film. A pair of closely spaced resonance peaks about


(00, Abs)
150 meV below the diF TES–ADT aggregate 0-0 transition energy EX, Agg = 2.25 eV
are assigned to the lower polariton (LP) states. These energy resonances along with
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Figure 5.11: (a) Angle-resolved s-polarized reflectance spectra from cavity P1.5 with
a 100 nm thickness. Dashed purple lines indicate exciton energies for the isolated
diF TES–ADT molecules (corresponding to the 0-0, 0-1, and 0-2 transitions in the
vibronic progression), while dotted brown lines indicate exciton energies for the diF
TES–ADT aggregates, in “bare” films. (b) Energies for the LP, MP1 , MP2 , and UP
branches extracted from (a) at various angles of incidence are shown as dots (colored to differentiate each polariton branch). The solid black lines show the polariton
dispersion fit using the coupled oscillators model (equation 5.10), demonstrating the
preferential coupling of the cavity photon to isolated diF TES-ADT molecules. Energies of excitons (dashed purple lines for isolated molecules and dotted brown lines
for aggregates) in “bare” film are also included along with the cavity photon energies
of equation 5.1. (Adapted from [42])
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the next two middle polariton (MP1 and MP2 ) branches near 2.3 eV and 2.5 eV have
a relatively flat dispersion, while the upper polariton (UP) branch has a much stronger
dispersion for s-polarized light. In the modeling of the resonance energies with equation 5.10, only the lower-energy LP branch was utilized since only the lower-energy
branch (dots in Fig. 5.12(b) and Fig. 5.15) exhibited the dispersion trend expected
for an LP branch, as discussed further below. The data modeled with equation 5.10
yielded couplings (V00 , V01 , V02 ) of 170, 160 and 160 meV (150, 130 and 150 meV ),
respectively, for s- (p-)polarized light (Fig. 5.12(b) and Table 5.2). The corresponding
Rabi splittings, after correction for broadening using equation 5.12, are 340, 310 and
310 meV (300, 260 and 300 meV ) for s- (p-)polarizations.

5.3.2.3 ARR Modeling via Transfer Matrix Formalism
In addition to experimental reflectance measurements, spectroscopic ellipsometry together with transfer matrix formalism was utilized to simulate the reflectance spectra
for both P1.5 and Pagg cavities (Fig. 5.14 and Fig. 5.15). The simulations for P1.5 and
Pagg exhibited close agreement with the experimental data (indicated with dots on
plots).
In Pagg , a deviation is observed in the LP energy region (2.0 to 2.2 eV ) at below
40◦ angles of incidence (AOI), particularly for s-polarized illumination. The experimental spectra show a splitting of the LP branch, which is discussed more fully
below. However, this splitting is not reflected in the simulations, rather the simulated LP branch is located approximately between the two LP states. The deviation
vanishes at higher AOI, which also corresponds to the coalescing of the two LP in the
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Figure 5.12: (a) Angle-resolved s-polarized reflectance from cavity Pagg with a thickness of 120 nm (see Figure 5.13 for p-polarization). Exciton energies of diF TES–ADT
aggregates in “bare” Pagg films are indicated by dotted brown lines. (b) Energies for
the LP, MP1 , MP2 , and UP extracted from (a) at various angles of incidence are
shown as dots (colored to differentiate each polariton branch). The higher energy
of the split LP pair is also indicated with purple crosses, though it was not utilized
during fitting. The solid black lines show the polariton dispersion fit using the coupled oscillators model (equation 5.10). Energies of excitons (dotted brown lines) in
“bare” film, as well as of the cavity photon energies of equation 5.1 are also included.
(Adapted from [42])
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Figure 5.13: Angle resolved reflectance spectra of cavity Pagg with p-polarized illumination. Black lines are the reflectance at various angles of incidence (AOI) between
20◦ and 75◦ . Dotted lines are the exciton energies of aggregates in “bare” Pagg films
(used in fits). (Adapted from [42])
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Figure 5.14: Dispersion plot of cavity P1.5 at s-(p-)polarization. The contour plot
background represents the simulated angle resolved reflectance of the cavity using
transfer matrix formalism together with the complex valued index of refraction, calculated by spectroscopic ellipsometry. Dots represent the center energies extracted
from the experimental angle resolved reflectance, using color to differentiate the LP,
MP1 , MP2 and UP branches. The dotted grey lines represent the bare exciton energies
and the cavity photon energy and the solid lines represent the polariton dispersions
modeled using equation 5.10. (Adapted from [42])
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Figure 5.15: Dispersion plot of cavity Pagg at s-(p-)polarization. The contour plot
background represents the simulated angle resolved reflectance of the cavity using
transfer matrix formalism together with the complex valued index of refraction, calculated by spectroscopic ellipsometry. Dots and crosses represent the center energies
extracted from the experimental angle resolved reflectance. Dots give the LP1 , MP1 ,
MP2 and UP branches while crosses give the LP2 energies (not used in fitting). The
dotted grey lines represent the bare exciton energies and the cavity photon energy
and the solid lines represent the polariton dispersions modeled using equation 5.10.
(Adapted from [42])
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experimental spectra.

5.3.3 Relative Couplings between Replica Peaks
5.3.3.1 “Isolated” Molecules
For the isolated diF TES–ADT molecules in a PMMA film, it is expected that the 0-m
replica peak areas should scale with the mth Frank-Condon (FC) factor: e−S S m /m!.
[32, 50, 61] In this case the ratio of the first two peak areas is expected to yield:
AIso
1
= S = 0.71
Iso
A0

(5.14)

Additionally, the oscillator strength of these replica peaks should also scale with
their FC factor. In keeping with equation 5.13, this suggests that the exciton-photon
interaction energy should scale with the square root of the FC factor. Figure 5.16
shows the interaction energies (averaged over polarization) obtained from P1.5 cavities
(Table 5.2) plotted versus square root of the FC factors obtained from fits of the
isolated molecules contribution of Figure 5.7, which confirms this expectation. To
assess the goodness-of-fit to a proportional model (equation 5.13, a linear fit was
also performed (solid green line in Figure 5.7). At the 95 % confidence intervals, the
slope and intercept were found to be 121 ± 14 meV and −12 ± 8 meV respectively.
The slope is significantly larger than zero and the intercept is small compared to the
measured couplings which together corroborate the validity of a proportional model
of equation 5.13.
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Figure 5.16: The scaling of the exciton-photon coupling energy V for cavity P1.5 . Dots
show the coupling energy (averaged over polarization) of Table 5.2 for the 0-m exciton
with the cavity photon plotted against the square root of their FC factor (where
FC ∝ µ2 ), assuming an HR factor of S = 0.71. Vertical error bars represent 10 %
uncertainty discussed in Table 5.2. The dashed orange line represents a proportional
fit to equation 5.13 (intercept fixed at 0), while the solid green line represents a linear
fit (intercept as a fitting parameter). (Adapted from [42])
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5.3.3.2 “Aggregate” Molecules
Because of intermolecular interactions inside of diF TES–ADT aggregates, the exciton absorption peaks are expected to have a more complicated relationship to their
FC factors than is seen for isolated molecules. In order to test the validity of equation 5.13 in describing the variation in couplings among the 0-m transitions for the
diF TES–ADT aggregates, the oscillator strength of each exciton is estimated with
√
the square of the absorption peak area calculated above: Am . Comparing with
the coupling energies (averaged over polarization) from Table 5.2 it is seen that the
coupling energies obtained in aggregates does not exhibit proportional relationship
with the square root of absorbances (dashed orange line in Figure 5.17), in contrast
to that for the isolated molecules seen in Figure 5.16. To quantify this assertion, a
linear fit (intercept as a fit parameter) was performed (solid green line in Figure 5.17)
to compare with the proportional fit (intercept fixed at 0). In the linear fit at the
95 % confidence intervals, the slope and intercept were found to be 15 ± 56 meV and
141 ± 44 meV respectively. The slope is not significantly different from zero, and the
measured coupling energies lie within the confidence interval of the intercept, both of
which indicate that the proportional dependence is not satisfied.

5.4 Discussion
In dilute diF TES–ADT:PMMA blends in which optical properties are dominated by
those of isolated diF TES–ADT molecules, the trend in the interaction energies V
was consistent with a linear scaling with the square root of the diF TES–ADT concentration (Fig. 5.10), as expected from equation 5.13. The obtained Rabi splittings
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Figure 5.17: The scaling of the coupling energy for cavity Pagg . Dots show the coupling
energy (averaged over polarization) for the 0-m excitonpwith the cavity photon plotted
against the square root of their absorption peak area ( Am /A0 ), normalized to the 00 exciton value. Vertical error bars represent 10 % uncertainty discussed in Table 5.2.
The dashed orange line represents a proportional fit to equation 5.13 (intercept fixed
at 0), while the solid green line represents a linear fit (intercept as a fitting parameter).
(Adapted from [42])
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of 28 to 45 meV are considerably lower than those of ∼200 to 300 meV observed in
all-metal cavities of J-aggregates dispersed in polymers, [100] but within the range of,
for example, ∼20 to 70 meV obtained in DBR-based cavities of pseudoisocyanine in
gelatin. [109] As the diF TES–ADT concentration increases, spectral features of diF
TES–ADT isolated molecules and of their aggregates co-exist in the spectra of “bare”
films (Fig. 5.1) and the nature of exciton-photon coupling changes. For example, in
the P1.5 film, spectral fitting to two vibronic progressions (corresponding to those due
to isolated molecules and due to aggregates) reveals a 50:50 contribution of isolated
molecules and of aggregates to the overall s-polarized spectra (Fig. 5.7). Yet, only the
“isolated” molecules in this film couple efficiently to the cavity (Fig. 5.11) exhibiting
the Rabi splitting of up to 160 meV , which is discussed next.
The relative absorbances of the 0-m transitions (m = 0, 1, 2, 3) in the vibronic
progression for isolated diF TES–ADT molecules in solution [32,61] are well described
with a Frank-Condon (FC) factor: e−S S m /m! with a Huang-Rhys (HR) factor of
S ≈ 0.7 so the oscillator strengths for these transitions scale with their FC factor.
This is also the case for isolated molecules in diF TES–ADT:PMMA films. [50] For
example, in the P1.5 “bare” film, the isolated molecules contribution to the absorption
spectrum features peaks at 2.34 eV (for the 0-0 transition, red-shifted by 0.01 eV
from the 0-0 transition in toluene solution, Fig. 5.1(a) and Fig. 5.7), 2.52 eV (0-1),
and 2.7 eV (0-2) with relative absorbances scaling as expected from the FC factors
discussed in Section 5.3.3.1. When the film is placed in the cavity, all three resonances
couple to the cavity photon and the coupling energies (V01 = 75 meV , V02 = 55 meV ,
V03 = 35 meV ) scale with the square root of their FC factors (and by extension their
oscillator strength, Fig. 5.16), in agreement with equation 5.13.
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The optical properties of the P1.5 “bare” film, however, have a sizable contribution
of aggregated diF TES–ADT molecules to the spectra (Fig. 5.1 and Fig. 5.7). If the
Agg
exciton-photon coupling energies for aggregates V0m
also scaled with the square root

of their oscillator strengths (as is seen for isolated molecules), the ratio of the 0-0
absorbances of the isolated molecules and of aggregates in the P1.5 film (0.95 for spolarization, Fig. 5.7) would predict the ratio V00Iso /V00Agg ∼ 1. With the observed
value of V00Iso ≈ 75 meV , the expected value for the aggregate coupling would be
about V00Agg ≈ 75 meV . However, this was not observed in these experiments which
suggests that the actual value is considerably smaller.
Differences in coupling energies for different exciton species to the cavity were previously observed in other heterogeneous systems. For example, in poly(9,9-dioctylfluorene)
all-metal cavities with co-existing glassy and crystalline phases, a factor of ∼3 smaller
ratio of the Rabi splittings for the “ordered” (crystalline phase) vs “disordered”
(glassy phase) was observed than the value expected from the ratio of the square
root of the corresponding oscillator strengths. [91] The findings were explained by
only a partial contribution of the oscillator strength for the “ordered” population
to the Rabi splitting, although the precise physical mechanism behind this observation was not identified. In Rhodamine 800 dye:PMMA films strongly coupled to the
surface plasmon polariton, [110] the lack of scaling of the Rabi splitting with the oscillator strength for the two exciton transitions was also observed. This was explained
by a factor of ∼3.5 differences in the linewidth (oscillator damping): the transitions
with a broader linewidth had a lower Rabi splitting, in spite of the higher oscillator
strength. In the P1.5 films considered here, however, the linewidth for the absorption
spectra of aggregates was comparable to that for the isolated molecules (e.g. 54 meV
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and 56 meV for the 0-0 transition for aggregates and isolated molecules, respectively,
Fig. 5.7), which rules out this argument.
There is an additional consideration about the distribution and orientation of diF
TES–ADT aggregates in the P1.5 film of potential relevance to the exciton-photon
coupling. The aggregates are not randomly oriented in film as seen both from the increasing contribution of aggregates to the optical spectra at p-polarizations at larger
angle of incidence (Fig. 5.8) and the preferential (00l) orientation of crystallites revealed by the XRD (Fig. 5.3). Additionally, it has been previously shown [111] for
a non-fluorinated TES-ADT derivative that the TES-ADT distribution in spin-cast
TES-ADT:PMMA films is non-uniform along the substrate normal, with the TESADT aggregates favoring the film-air interface. Given this, and the preference of
diF TES–ADT aggregates in these samples to align with respect to the film interfaces evidenced by XRD, it is likely that the diF TES–ADT aggregates are situated
predominantly at the mirror-film interfaces. These aggregates would not effectively
couple to the cavity, since the cavity electric field is not constant along the substrate
normal, rather it approaches zero at the regions adjacent to the mirrors. [112] Thus,
only the isolated diF TES–ADT molecules (isotopically distributed in the film) couple
efficiently to the cavity.
In films with higher diF TES–ADT concentrations, dominated by the diF TES–
ADT aggregates (Pagg ), relatively high exciton-photon coupling energies V of up to
170 meV were observed, even though only a subset of aggregates interacts efficiently
with the cavity electric field. These coupling energies are higher than those of up
to 108 meV obtained in anthracene single crystals in DBR cavities [103] and are
comparable with J-aggregate dye:polymer films at high dye concentrations in all-
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metal cavities. [100] The nature of these cavity-coupled aggregate states are more
complicated than their isolated molecule counterparts. For example, the coupling
energies (V00 , V01 , V02 ) of 170 meV , 160 meV and 160 meV obtained as a result
of coupling of the 0-0, 0-1, and 0-2 transitions in the aggregate absorption spectra
(Fig. 5.9) to the cavity do not scale with the oscillator strengths of these transitions in
the Pagg “bare” films (Fig. 5.17), in contrast to observations with isolated molecules
(Fig. 5.16). This suggests that the three excitonic resonances in the Pagg film cannot
be considered independent oscillators. The intermolecular interactions in diF TES–
ADT aggregates (characterized by an exciton bandwidth of ∼60 meV in, for example,
polycrystalline pristine diF TES–ADT films [46]) could give rise to a redistribution of
oscillator strength in the polariton states relative to their excitonic constituents. [91,
113] More work is needed to establish the nature of these aggregate-based polaritonic
states.
Finally, there is an additional feature observed in aggregate cavities Pagg as compared to any other cavities Pd . The LP branch (Fig. 5.12) appears to be split, which
is especially pronounced at lower angles of incidence and has a stronger angle dependence in the p-polarization as compared to s-polarization (Fig. 5.13). Splitting of
the LP has been previously observed in organic crystals placed in the microcavities.
For example, in polycrystalline tetracene films or anthracene single crystals, the LP
splitting was attributed to two polarized Davydov components which coupled differently to the cavity. This mechanism relies on the presence of the Davydov splitting
in the absorption spectra of “bare” organic crystalline solids with two molecules per
unit cell. [102, 103] diF TES-ADT favors a brick-work-type molecular packing, with
one molecule per unit cell. Although polymorphism has been previously reported in
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single crystals of this derivative, molecular packing motifs which would cause Davydov splitting in the diF TES–ADT spectra were not observed. [52] Nevertheless, it
is possible that co-existence of two polymorphs with only slightly different crystal
structures [52] could play a role in the observed splitting. In cyano-substituted thiophene/phenylene crystals in microcavities, birefringence in a triclinic crystal that
mixed two orthogonally polarized photon modes was invoked to explain the structure
of the LP polariton. [107] In Pagg cavities, no such mixing occurred, which rules out
this mechanism, and so the nature of the splitting is currently unknown and requires
further investigation.

5.5 Conclusion
Exciton-photon coupling in diF TES–ADT:PMMA films was analyzed at various
concentrations of the organic semiconductor molecule diF TES–ADT in all-metal
low-Q cavities. In dilute samples (low concentrations of diF TES–ADT), the excitonphoton interaction energy increased with the diF TES–ADT concentration yielding
Rabi splittings of up to ∼45 meV at the diF TES–ADT average spacing of 2.5 nm.
At intermediate diF TES–ADT concentrations, where the optical properties of diF
TES–ADT:PMMA films are determined by the interplay of the contributions of isolated diF TES–ADT molecules and of their aggregates, preferential strong coupling
of the isolated molecules to the cavity was observed, with the Rabi splitting reaching
∼160

meV . In these cavities, the cavity-coupling of the 0-0 transition and of the 0-1,

and 0-2 vibronic replica peaks for the isolated molecules scaled with the square root
of the oscillator strength, consistent with theoretical predictions. The coupling of
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the aggregates to the cavity in these films, however, was strongly affected by a nonuniform distribution of aggregates in the film, which diminished the exciton-photon
interaction. In highly concentrated films, with the diF TES–ADT aggregates dominating the optical properties, Rabi splitting of up to 340 meV was observed, in spite
of only a subset of aggregates coupling to the cavity. This work lays foundations
for establishing polariton properties in diF TES–ADT-containing films in microcavities. However, more studies are needed to develop quantitative understanding of
coupling of the aggregated diF TES–ADT molecules to the cavity in order to design
(opto)electronic polaritonic devices utilizing high-performance diF TES–ADT films.
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Chapter 6: Strong Coupling in Acenes
Toward Light-Modulated Photochemistry
This chapter presents some recent results related to strong light-matter interactions
currently awaiting publication.

6.1 Strong-Coupling in TIPS–Pn
6.1.1 Introduction
Over the past decade, strong coupling has been demonstrated in a variety of organic
materials, expanding the library of polaritonic materials well beyond traditional organic polaritonic systems involving J-aggregates dispersed in polymer films. This
includes materials that have been previously explored for (opto)electronic applications. Examples are photorefractive glasses such as a dicyanomethylenedihydrofuran
derivative (exhibiting ultra-strong coupling with Rabi splitting of > 1 eV ), OLED
materials such as TAPC, [114] and OFET materials such as acenes and anthradithiophenes (ADTs) (e.g. tetracene (Tc) [102], TIPS–Tc [44] and diF TES–ADT [42]). In
addition to their attractive electronic properties, acenes and ADTs have also served
as model systems for photophysical studies. [32] Of these, of special interest are Tc,
Pn, and ADT derivatives that exhibit singlet fission (SF), a process of generating two
triplet excitons upon excitation of a singlet state, which has generated a considerable
amount of attention due to its potential to double efficiency of organic solar cells.
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One representative benchmark OFET and SF material of this class is pentacene
functionalized with TIPS side groups (TIPS–Pn). In FETs TIPS–Pn exhibits hole
mobilities of up to 4.6 cm2 /(V s), depending on the crystal polymorph and/or film
crystallinity and morphology. [115] These are among the highest mobilities in OFETs,
which generated vast amount of research into mechanisms responsible for enhanced
electronic characteristics of TIPS–Pn. [115, 116] In terms of photophysics, TIPS–
Pn films exhibit ultrafast (< 100 f s) SF, depending on film morphology, [16] and
this process in TIPS–Pn has been extensively studied both from the fundamental
standpoint and applications in SF-based photovoltaics. [117] Although photophysical
and electronic properties of TIPS–Pn have been extensively studied, properties of
polaritons in TIPS–Pn have not yet been explored to the same extent.
This section reports on strong coupling of excitons in TIPS–Pn films to cavity
photons in all-metal microcavities. Rabi splittings of up to 253 meV were observed
depending on the film morphology and present evidence for preferential coupling of
molecules in the amorphous phase, which could be a general trend for this type of
materials. [42]

6.1.2 Methods
6.1.2.1 Sample Preparation
All the microcavities studied were fabricated using the following general steps: first
depositing 45 nm of silver onto a glass (BK7) substrate via thermal evaporation, then
spin casting a film to form the active layer of the device (typically ∼100 − 200 nm,
discussed below) and finally evaporating another 45 nm of silver on top of the film
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to finish the cavity. This top layer of silver was masked to only cover a portion of the
total substrate, allowing part of the active layer of the same sample to be measured
in both “coupled” (that is, contained in the cavity) and “uncoupled” (that is, with
no top mirror) states. Regions without the top silver are referred to as “bare film”
while regions with the top silver layer are referred to as “cavity”.
Various types of TIPS–Pn films were used as the active layer in the microcavities
studied here as schematically shown in Figure 6.1. In the first case, films of TIPS–Pn
embedded in a polymer matrix of poly(methyl methacrylate) (PMMA) were obtained
by spin casting from solution in toluene. Molecules of TIPS–Pn and PMMA were
dissolved in toluene in varying relative concentration to control the relative density
of TIPS–Pn molecules in the resulting film. Two solutions were prepared, with concentrations of 13 mM of TIPS–Pn with 40 mg/mL of PMMA to achieve and average
TIPS–Pn molecular spacing of d = 2 nm, and concentrations of 53 mM of TIPS–Pn
with 20 mg/mL of PMMA to achieve and average TIPS–Pn molecular spacing of
d = 1 nm. Films using these two solutions were deposited for spin casting speeds
(B)

between 800 RP M and 3000 RP M . These two films are referred to as F2

(B)

and F1

respectively where the superscript B indicates the film is blended and the subscript
denotes the average TIPS–Pn molecular spacing in nanometers. The absorbance of
these bare films can be seen in Figure 6.2
The second type of TIPS–Pn film studied here is a pristine film, containing no
PMMA. A solution of TIPS–Pn of concentration 50 mM in toluene was prepared
and films were deposited via spin casting between 800 RP M and 3000 RP M . To
improve the film quality, the silver surface was first treated with a 30 mM solution
of pentafluorobenzenethiol (PFBT) in ethanol (as described in previous publications
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Figure 6.1: Schematic representations of the four film types as embedded in an op(B)
tical cavity. (a) Film F2 , shows TIPS–Pn embedded in a PMMA matrix with av(B)
erage molecular spacing (d) set at 2 nm. (b) Film F1 , shows both single TIPS–Pn
molecules and small crystallites (ordered aggregates) embedded in a PMMA matrix.
The average molecular spacing (d) is 1 nm. (c) Film F (P ) , shows a polycrystalline
film, the dominant orientation is (00l) (for l = 1, 2, 3), which places the long c-axis of
the crystal in the substrate normal direction which is represented on the left of the
cavity, with the sub-dominant (011) orientation schematically represent on the right.
(d) Film A(P ) , shows an annealed pristine cavity where TIPS–Pn molecules form a
disordered aggregate.
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Figure 6.2: The reduced absorption (normalized to the 0-0 peak height) from four
(B)
(B)
TIPS–Pn films deposited onto a silver substrate: film F2 (dashed), film F1 (semi–
dashed), film F (P ) (diamonds), and film A(P ) (triangles). The reduced absorption
spectrum from TIPS–Pn in dilute (30 µM ) solution in toluene is also shown (solid)
(B)
for comparison. The F2 and A(P ) films show an “amorphous” molecular response,
with a 0–0 transition energy of ∼1.9 eV , which is incidentally very similar to that
(B)
of dilute solution. Both the F1 and F (P ) films show an “aggregate” molecular
response, with a 0–0 transition energy of ∼1.8 eV . The inset shows the molecular
structure of TIPS–Pn.
[42]). In general, these pristine TIPS–Pn films are polycrystalline as confirmed by
XRD (discussed below), and so are referred as F (P ) where the superscript P indicates
the film is pristine. The absorbance of these bare films can be seen in Figure 6.2.
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To force polycrystalline films into an amorphous state, thermal annealing was
employed which is discussed fully in the next section. After spin casting, films were
placed on a hot plate and held at 250◦ C for 20 seconds, allowing the film to fully
convert into an amorphous phase. These films are referred to as A(P ) where the
A indicates that the film has been annealed. A similar annealing process was also
(B)

applied to blended films, which are denoted Ad . The absorbance of these annealed
bare films can be seen in Figure 6.2.

6.1.2.2 Thermal Annealing
In contrast with some other works such as that of Munson and coworkers [16], who observe that pristine TIPS–Pn films deposited onto CaF2 substrates form an amorphous
phase, requiring solvent vapor annealing to induce crystallization, we find that pristine TIPS–Pn films deposited onto PFBT–treated silver substrates (described above)
form a polycrystalline phase upon deposition. This is evidenced both by the spectrum
(absorption) of such films, which show a clear crystalline signature (see Figure 6.2),
which exhibits the same broad ∼700 nm red–edge absorption peak as the “crystalline”
absorbance spectrum as seen in Figure 1.A of [16]), as well as the XRD spectra from
these films (discussed below).
To force these pristine films into an amorphous phase, thermal annealing was
employed by holding the sample at 250◦ C on a hot plate. During annealing, films are
exposed both to oxygen and light, which places these films at risk of both thermaland photo-degradation. To study the effect of thermal annealing on these films, the
reflectance was monitored in situ for F (P ) samples (on silver substrates) during a
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10 min annealing process. At the end of these 10 min, the films almost entirely
degraded. Figure 6.3 shows a summary of this reflectance data, which is discussed
now.
Figure 6.3 shows the 1 − R spectra (absolute in (a) and vertically shifted in
(c) for clarity) from a F (P ) film during the annealing process. During the first 2
seconds of the annealing process, the film is entirely polycrystalline. This is evidenced
(Crys.)

by the prominent crystalline (∼1.8 eV ) absorption peak (labeled as E00
(Amorph.)

lack of an amorphous (∼1.9 eV ) absorption peak (labeled as E00

) and a

). Over the

next few seconds, the film’s background reflectance drops (1 − R increases) as the
crystalline phase destabilizes causing the surface roughness to drastically increase.
The film persists in this “rough surface” state until t ≈ 10 sec, at which point the
film rapidly converts into an amorphous phase, evidenced by the rise of the amorphous
(∼1.9 eV ) absorption peak and the rise of the background reflectance (drop in 1 − R).
The amorphous phase molecules then begin to slowly degrade, leading to a gradual
decrease in the 1−R at the amorphous absorption peak maximum. During this period
t = 30 − 600 sec, there is a slight recovery of the polycrystalline absorption peak,
suggesting that the film partially re-crystallizes even as it degrades. Additionally, the
overall 1−R values increase again, due to internal scattering from degraded TIPS–Pn
molecules.
Figure 6.3(b) shows the 1 − R spectrum at the wavelengths of the crystalline
and amorphous absorption maxima as a function of annealing time. There are four
temporal regions of the annealing process. First, we have the crystalline phase (labeled “Crys.”), followed by a slight rise in the 1 − R values at both wavelengths
(corresponding to the increasing of surface roughness) as the film begins to transition
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Figure 6.3: (a) Absorption (1 − R) of a pristine TIPS–Pn “bare film” at various
times during thermal annealing, showing the transformation from a “crystalline”
(main absorption peak at ∼1.8 eV ) to an “amorphous” (main absorption peak at
∼1.9 eV ) phase. (b) The absorption (1 − R) at the amorphous 0-0 transition energy




(Crys.)
(Amorph.)
, as a function of annealing
and crystalline transition energy E00
E00
time. Vertical dotted lines show demarcations for the four epochs of the annealing
process: the crystalline phase (“Crys.”), the phase transition (“P.T.”), the amorphous phase (“Amorph.”) and degradation (“Degrade”). Labeled (t ≈ 20 sec) is the
maximum of the amorphous exciton absorption time during the amorphous phase,
representing the ideal annealing time to fully convert the film’s phase without degrading a significant proportion of the TIPS–Pn molecules. (c) The same absorption
spectra from (a) but vertically shifted for clarity.
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phases (labeled “P. T.”). Third, there is a sudden rise in the amorphous 1 − R, as the
crystalline 1−R drops rapidly, demonstrating that the film has entered an amorphous
phase (labeled “Amorph.”). The amorphous 1 − R peaks at t ≈ 20 sec, before slowly
dropping, corresponding to the amorphous molecules degrading. Finally, the overall
1 − R spectrum rises as the molecules continue to degrade (labeled “Degrade”).
As a result of this analysis, to force crystalline films into the amorphous phase,
we recommend annealing for 20 sec to maximize the number of molecules which form
an amorphous phase, while minimizing the number which have thermally degraded.

6.1.2.3 X-Ray Diffraction
To confirm the crystallinity of the film F (P ) and that thermal annealing successfully produces an amorphous phase, x-ray diffraction (XRD) was employed (Bruker
D8 Discover diffractometer). A pristine film of TIPS–Pn was deposited on a silver
substrate, and was subsequently measured revealing a primary orientation of (00l)
(l = 1, 2, 3), as well as a secondary (011) orientation. This agrees well with the
XRD collected for polycrystalline films of TIPS–Pn in other works. [16] The film was
then thermally annealed for 20 seconds before being measured again. The annealed
film showed no significant scattering peaks, consistent with an amorphous film phase.
Figure 6.4 shows the XRD scattering intensity plotted against the scattering angle
2θ for the film before and after annealing. Notice that both films have a significant
amorphous background scattering, consistent with that expected from the silver and
glass substrate.
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Figure 6.4: XRD intensity for a pristine film of TIPS–Pn on a silver substrate before
(F (P ) ) and after (A(P ) ) annealing. Both films show the amorphous background signal
characteristic of glass-silver-film samples [42], however the F (P ) sample also has a
clear peak structure, revealing that both the (00l) (l = 1, 2, 3) and (011) crystalline
orientations are present in this film. These results are consistent with others works
classifying “crystalline” and “amorphous” phases of TIPS–Pn, e.g. [16]

6.1.2.4 Density Functional Theory
In order to study the excited state properties of TIPS–Pn, density functional theory was employed. Rather than utilize the entire TIPS side group, calculations
for pentacene were conducted with the truncated side group SiH3 . Previous studies [32, 47, 48, 58] have found that the excited states of isolated molecules do not
depend heavily on the structure of the side group, and so it is expedient to utilize
these reduced side groups not only to decrease the total number of atoms, but also
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so that the symmetry of the molecular backbones can be utilized without reference
to a complicated side group. The molecular conformation of the SiH3 –Pn was optimized in the ground state using the B3LYP functional and the 6-311+G(2d,p) basis
set. Next, time dependent (TD) DFT was employed as the same level of theory to
calculate the first three excited state (vertical) transitions, along with their associated oscillator strengths. As an additional point of comparison, the same process was
applied to functionalized anthradithiophene (diF SiH3 –ADT, in both the syn-ADT
tautomer, having Cs symmetry and the trans-ADT tautomer, having C2h symmetry,
see Ref [32]). The results of these calcaluations are summarized in Table 6.1.

S0 –S1

Symmetry :
EX
f

diF SiH3 –ADT
C2h
Cs
2.183 eV 2.185 eV
0.1997
0.1905

SiH3 –Pn
C2h
1.654 eV
0.1341

S0 –S2

EX
f

3.110 eV
0.0

3.059 eV
0.03

2.662 eV
0.0

S0 –S3

EX
f

3.197 eV
0.0272

3.262 eV
0.0

3.105 eV
0.0309

Table 6.1: A summary of the first three excited state (vertical) transition energies
(EX ) and assoicated oscillator strengths (f ) as predicted by TD-DFT calculation for
diF SiH3 –ADT (both the C2h (trans-ADT) and Cs (syn-ADT) tautomer symmetries)
and SiH3 –Pn. All calculations were done using the B3LYP functional and the 6311+G(2d,p) basis set.

6.1.2.5 Spectral Analysis
The solution absorption spectrum was collected for a 30 µM solution of TIPS–Pn in
toluene via a 1 cm fused silica cuvette together with a tungsten lamp (Ocean Optics
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LS-1) and a USB spectrometer (Ocean Optics USB2000). The spectrum was fit using
a vibronic progression model: [32]
4
X
A(~ω)
e−S S m
= A0
Γσ00 (1+m∆σ) (~ω − EX − mEV )
~ω
m!
m=0

(6.1)

where A/~ω is the reduced absorption, A0 is a normalization constant, S is the
Huang-Rhys factor, Γσ is a normalized Lorentzian lineshape with half width at half
maximum (HWHM) of σ. σ00 is the HWHM of the 0-0 peak, while ∆σ is a progressive
broadening term. [10] Finally, EX is the 0-0 exciton energy and EV is the vibrational
energy quantum. The fit and associated parameter values are given in Figure 6.5.

Figure 6.5: The reduced absorption spectrum for a 30 µM solution of TIPS–Pn in
toluene. Experimental data is given as dots, and the fit according to a vibronic
progression (equation 6.1) is given as a solid line; dashed lines show the deconvolved
peaks. The inset gives the parameter values.
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The microcavities were characterized using angle resolved reflectance on a custom–
built optical assembly. White light from a fiber-coupled tungsten filament source
(Ocean Optics LS-1) was passed through a linear polarizer to select either s- or ppolarizations before being focused onto the sample at angles of incidence ranging from
15◦ to 80◦ in steps of 5◦ . Reflected light was then collected and analyzed with an
Ocean Optics USB2000 spectrometer.
The absorbances for each bare film was measured using the reflectance of that film
at low angle of incidence (15◦ ). In particular, the reduced absorption spectra were
modeled as:

Ared (~ω) = −



X
1
(0i)
log10 (Rc ) =
Ai Γσi ~ω − EX
~ω
i

(6.2)

where Ared is the reduced absorption, ~ω is the incident photon energy, Rc is the
reflectance corrected for the plasma frequency the silver substrate of the film, Ai is
the area of the ith reduced absorbance resonance, Γσi is a normalized lineshape with
(0i)

half-width of σi and EX is the resonance (exciton) energy.
(B)

In the case of the film F2 , in addition to the general absorptive model, it was
also fit with the more specific vibronic progression (eq 6.1), so as to extract the HR
factor. Figure 6.6 shows an example of the fit together with the fit parameters as an
inset.
The angle resolved reflectance of the cavities where modeled using the following
equation to extract the center energies of each reflective feature:

R(~ω, θ) = BS(~ω, θ) +

X
n

Cn (θ)ΓGn (θ) (~ω − En (θ))

(6.3)
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(B)

Figure 6.6: The reduced absorption spectrum for a film F2 . Experimental data is
given as dots, and the fit according to a vibronic progression (equation 6.1) is given as
a solid line; dashed lines show the deconvolved peaks. The inset gives the parameter
values.
where R is the reflectance at photon energy ~ω and angle of incidence θ, BS is a
baseline reflectance due to the silver substrate, and the resonances in the spectra are
modeled with either a Lorentzian or Gaussian lineshape (Γ) depending on the cavity’s
film morphology. Cn (θ) is the area, Gn (θ) is the half-width at the half minimum and
En (θ) is the center energy for the nth resonance at angle of incidence θ.
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6.1.2.6 Polaritonic Analysis
The center energies of the cavity reflection resonances were modeled using a coupled
oscillators model for polaritons, (c.f. equation 4.57):

E (θ) V00
V01
V02
 ph

(00)
 V00
EX
0
0


(01)
H = 
0
EX
0
 V01


(02)
0
0
EX
 V02

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

...





. . .


. . .



. . .

..
.

(6.4)

(0i)

where Eph (θ) is the cavity photon at angle of incidence θ, and EX is the energy
of the ith exciton (extracted from bare film fits discussed above) and V0i is the corresponding interaction energy. The number of excitons included in the matrix depends
upon the film, see Table 6.2 for details. The cavity photon Eph is modeled with (c.f.
equation 4.33):


Eph (θ) = E0

1−

sin(θ)
nef f

2 !− 12
(6.5)

The Hamiltonian is numerically diagonalized at each angle of incidence to get the
polariton branch energies at each angle of incidence which can then be compared
against the center energies En (θ) in a nonlinear least squares optimization to find the
interaction strengths V0m . All fit parameters are given in Table 6.2.
Next, the interaction strengths 2V0m for each film were modeled with a simple
linear fit: [42]
2V0m = A ·

p
f0m /f00 + B

(6.6)
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Film
(B)

F2

(B)

F2

0i
2V0i [meV ] (EX
[eV ])
RPM Pol. E0 [eV ] nef f
i=0
1
2
3
85
62
16
∼
s
1.812
1.530
2000
(1.91) (2.09) (2.23)
86
66
∼
∼
p
1.813
2.072
2000
(1.91) (2.08)

228
(1.91)
207
(1.91)

182
(2.07)
166
(2.07)

121
(2.24)

∼

∼

∼

210
(1.73)
172
(1.73)

215
(1.93)
217
(1.93)

190
(2.12)
229
(2.12)

225
(2.29)
232
(2.29)

253
(1.93)
248
2.306
(1.93)
229
1.837
(1.93)
214
2.632
(1.93)

276
(2.09)
236
(2.09)
234
(2.09)
204
(2.09)
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(2.25)

∼

∼

∼

(B)

2500

s

1.732

1.685

F1

(B)

2500

p

1.721

2.194

F (P )

1000

s

1.802

1.893

F (P )

1000

p

1.766

2.102

A(P )

3000

s

1.832

A(P )

3000

p

1.851

A(P )

3500

s

1.953

A(P )

3500

p

1.934

F1

1.752

168
(2.25)
166
(2.25)

∼

∼

Table 6.2: The polaritonic coupling values for representative cavities containing each
(B)
(B)
of the four films: F2 , F1 , F (P ) , A(P ) , indexed by the spin-casting RPM for the
associated film. The table lists the incident polarization of light (Pol.), the normalincident photon energy (E0 ) and the effective index of refraction for that polarization
(nef f ) used in equation 6.5. Cited also is the exciton energy for the 0 − i absorptive
transition (i = 0, 1, 2, 3, extracted and fixed at the value from reflectance of the bare
film) as well as the interaction strength (2V0i ) associated with
 that exciton according

(B)
(B)
to equation 6.4. Note, that in the case of amorphous films F2 , F1 , and A(P ) ,
only the first three excitons have sufficient oscillator strength to resolvably couple
to the cavity photon, so i = 4 is not included. Additionally for p-polarized incident
light with a red-detuned amorphous cavity, occasionally the photon at high angles of
incidence was not high enough in energies to mix efficiently with the third exciton
(i = 2), and so accurate estimation of the interaction strength in these cases was not
possible, and so these values are omitted.
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where f0m is the oscillator strength of the mth exciton, extracted from bare film
fits. For non-interacting chromophores, the interaction strength is expected to scale
with the transition dipole moment (equivalently the root of the oscillator strength, c.f.
equation 4.45). The previous chapter showed that this proportionality is not accurate
for aggregates, likely due to intermolecular effects. To address this, the linear model
(eq : pn : lm) is applied in two forms. For TIPS–Pn:PMMA films, B is fixed at zero
reducing the model to the expected proportionality. For pristine films, A is fixed at
zero reducing the model to a constant fit. Figure 6.8(a) shows these fits, and the
parameter values are given in Table 6.3
Finally, the 0-0 interaction energies 2V00 were also fit using a proportional model
with the square root of the root molecular density, estimated by the molecular volume
V. Appendix A provides a detailed description of how these volumes were calculated,
briefly, for TIPS–Pn:PMMA films, the average molecular spacing was used:

VF (B)
d

4
= π
3

 2
d
2

(6.7)

whereas for crystalline films the geometric mean of the lattice constants was used:

VF (P ) =

√
3

abc

(6.8)

with a = 0.75650 nm, b = 0.77500 nm, c = 1.6835 nm [118]. Finally for the
amorphous film, the volume was calculated from the thickness contraction experienced
by films during the annealing process which was estimated by the blue-shift induced
in cavities by annealing (VA(P ) = (0.75 ± 0.15)VF (P ) , see Fig. 6.7). So, the interaction
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energies 2V00 were fit according to:
r
2V00 = C ·

1
V

(6.9)

with fit parameters given in Table 6.4.
Molecule
TIPS–Pn

diF TES–ADT†

Film Intercept [meV ]
(B)
F2
0∗
(B)
F1
0∗
(P )
F
210 ± 7
A(P )
258 ± 8
P1.5
Pagg

0∗
320 ± 8

Slope [meV ] χ2 /df
110 ± 14
0.79
320 ± 14
0.18
∗
0
0.55
0∗
0.63
140 ± 10
0∗

0.0
0.0

Table 6.3: Fit parameters for Fig. 6.8(a) according to equation 6.6, “*” indicates that
the value was fix during fitting. The goodness-of-fit is also given as the chi squared
statistic per degree of freedom χ2 /df. “†” indicates that the values are taken from
Ref. [42]

Molecule
TIPS–Pn
diF TES–ADT†



slope meV /nm−3/2 χ2 /df
166 ± 8
0.03
239 ± 9
1.13

Table 6.4: Fit parameters for Fig. 6.8(b) according to equation 6.9. The goodness-offit is also given as the chi squared statistic per degree of freedom χ2 /df. “†” indicates
that the values are taken from Ref. [42]

6.1.3 Results
Figure 6.2 shows absorption spectra of various types of “bare” films, schematically
depicted in Fig. 6.1, used in our studies, as well as a corresponding absorption for
TIPS–Pn in dilute solution. The dilute solution shows (Fig. 6.5) the characteristic
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Figure 6.7: Reflectance spectra (vertically shifted for clarity) at several angles of
incidence for a pristine TIPS–Pn optical cavity before (a) and after (b) thermal annealing. Shown also is the reduced absorption spectra from each film (dotted) and
vertical dashed lines highlight the first three exciton energies. In both plots, the
main feature in the reflectance spectra are emphasized by encircling. Because of the
low reflectance of this feature and it’s blue-shifting dispersion, it is expected to have
to have high photonic character. Since the features are separated by nearly 1 eV
between (a) and (b), the annealing process much drastically increase the photonic
energy of a given cavity, likely due to a shrinking cavity thickness.
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Figure 6.8: (a) A comparison of the interaction strengths (2V0m, m = 0, 1, 2, 3) for
(B)
(B)
s-polarized polaritons in each cavity F2 , F1 , F (P ) , and A(P ) as plotted against
the square root of the oscillator strength (relative to the 0-0 exciton) for the associated
exciton. For “amorphous” films, the oscillator strength is taken as the Franck-Condon
(FC) coefficient (e−S S m /m! where the HR factor S). The dashed lines for each set
of data represent either a proportional fit or constant fit to highlight the deviation
from a proportional model. The “star” and “plus” markers show comparable data
for diF TES–ADT for “aggregated” and “isolated” molecules respectively [42]. (b)
A comparison of the 0-0 interaction strength (2V00 ) for s-polarized polaritons in each
cavity type plotted against the square root of the effective molecular density. The
dotted line represents a proportional fit, based on equation 6.9. Note that for F (P ) ,
the “molecular density” is estimated from the average crystal axis length, and for
A(P ) from the estimated film contraction induced by annealing (where horizontal
error express bounds of this estimate), see Appendix A.1 for details. Vertical error
bars were estimated at 20 meV based of the coupled oscillators fit. The “star”,
“plus” and “x” markers show comparable data for diF TES–ADT for “aggregated”
and “isolated” molecules [42].
vibronic progression expected for non-interacting molecules. The 0-0 energy was
1.926 eV with and HR factor of 0.74 indicating a fairly strong coupling to a C-C
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stretching mode at 0.164 eV . The HWHM of the 0-0 peak was narrow, only 25 meV
though the progressive broadening was large (0.67) indicating that the exciton is
actually coupled to a fairly wide distribution of C-C stretching modes centered on
0.164 eV . [10]
(B)

The blended dilute TIPS–Pn:PMMA film F2

exhibited spectra similar to that

of dilute solution, characteristic of non-interacting molecules, which was also modeled
(B)

with with a vibronic progression. Shown in Figure 6.6, the 0-0 energy in F2

is at

1.916 eV (10 meV below solution), and the vibronic progression shows coupling to
a C-C stretching mode at 0.162 eV (only 2 meV below solution). The Huang-Rhys
factor is also slightly smaller (S = 0.72 rather than 0.74), but the most substantial
difference is that the 0-0 FWHM is much larger (36 meV , 1.5 times larger than in
solution), but the progressive broadening is much smaller (0.31, less than half of
that in solution). Likely, the PMMA environment restricts the vibrtional freedom
of the molecules, decreasing the width of the distribution of C-C stretching that the
exciton can couple to (decreasing ∆σ) while also presenting a more inhomogeneous
environment for the molecules (increasing σ00 ).
(B)

In contrast, spectra of the more concentrated blended TIPS–Pn:PMMA film F1

featured a 0.18 eV (70 nm) red shift of the 0-0 energy (1.73 eV ) and significant peak
broadening, similar to those in pristine polycrystalline TIPS–Pn films F (P ) . These
spectral changes are due to intermolecular interactions and they are consistent with
previous studies of TIPS–Pn films and single crystals. [16, 71, 116] Similar spectral
features have also been observed in a variety of acene and anthradithiophene derivatives. [32,50] The pristine TIPS–Pn amorphous films A(P ) had absorption spectra with
(B)

features considerably more similar to those of dilute TIPS–Pn:PMMA films F2

than
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to those in the polycrystalline films F (P ) , in agreement with previous reports. [116]
In particular, the 0-m peak energies in the S0 –S1 manifold are close to those in dilute solutions. However, the relative contributions of various peaks to the spectra,
as well as the peak width, are different from those in solutions which suggests that
intermolecular interactions are not negligible in these films.
Figure 6.9, Figure 6.10 and Figure 6.11 illustrate optical properties of films discussed above placed in microcavities. All films reveal formation of light-matter hybrid
states (exciton polaritons), exhibiting dispersive characteristics observed in the angledependent reflectance spectra (e.g. Fig. 6.9(a) and Fig. 6.10(a)). The exciton-photon
coupling strengths were obtained using a coupled oscillator model as described in
Section 6.1.2.6 and our previous publication. [42] The coupling strengths for the 0-0
transition and the cavity photon obtained in all films are summarized in Table 6.2,
featuring Rabi splitting values (~Ω00 = 2V00 ) between 85 meV in the dilute TIPS–
(B)

Pn:PMMA films F2

and 253 meV in pristine amorphous TIPS–Pn films A(P ) . In

each film, coupling of at least three transitions (0-m for m = 0, 1, 2) to the cavity
photon was observed for s-polarized light (Fig. 6.9(b), Fig. 6.10(b) and Fig. 6.11),
whereas the p-polarized photons were occasionally only dispersive enough to resolve
coupling to two exciton transitions. Coupling strengths for each transition for all
cavities studied can be found in Table 6.2.
(B)

The dilute TIPS–Pn:PMMA film F2

exhibits coupling strengths for the 0-m

(m = 0, 1, 2) transitions of 85 meV , 62 meV , 16 meV (in the s-polarization, Table 6.2) which scale well with the square root of the oscillator strength predicted by
(B)

equation 4.45 (Fig. 6.8(a)). The more concentrated blend TIPS–Pn:PMMA F1

re-

veals interesting behavior. Although the absorption spectrum in “bare” films of this
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(B)

Figure 6.9: (a) The reflectance from a cavity containing the film F2 at angles
of incidence ranging from 20◦ to 80◦ . (b) A dispersion plot of the polariton state
energies extracted from the reflectance. Dots show the experimentally extracted state
energy, the semi-dashed line shows the photon energy, the dashed line shows the
exciton energies for “isolated” molecules and solid black lines show fits according
to the coupled oscillator model. Adjacent to (b) has the reduced absorption from
the corresponding film for comparison, which shows a clear “amorphous” molecule
response.
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(B)

Figure 6.10: (a) The reflectance from a cavity containing the F1 film at angles
of incidence ranging from 20◦ to 80◦ . (b) A dispersion plot of the polariton state
energies extracted from the reflectance. Dots show the experimentally extracted state
energy, the semi-dashed line shows the photon energy, the dashed line shows the
exciton energies for “amorphous” molecules and solid black lines show fits according
to the coupled oscillator model. Adjacent to (b) has the reduced absorption from the
corresponding film (solid line) which show as “aggregate” molecular response, and the
(B)
reduced absorption for a F2 film with an “amorphous” molecular response (dashed
line) for comparison. Notice that the photon is clearly coupled to “amorphous”
molecules in the cavity, despite the absorption spectrum showing a predominately
“aggregated” molecular content.
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Figure 6.11: A comparison of the s-polarized polariton dispersions in pristine cavities
before and after thermal annealing. (a) The dispersion for a pre-annealed pristine
cavity (F (P ) ) with the adjacent reduced absorption of the bare film for comparison.
(b) the dispersion for a (different) post-annealed pristine cavity (A(P ) ) of comparable
thickness to (a) with the adjacent reduced absorption for the bare film also shown. For
both plots, dots show the experimentally extracted state energies, the semi-dashed
line shows the photon energy, the dashed lines show the exciton energies (extracted
from the bare film), and the solid lines show the fits according to the coupled oscillator
model. Fit parameter values are given in Table 6.2 and Table 6.2.
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type is dominated by the spectral features of aggregates (Fig. 6.2), the coupling to
the cavity occurs between transitions corresponding to those of “isolated” molecules
rather than to those of aggregates. This can be appreciated from Fig. 6.10(b), which
(B)

shows absorption spectra of the F1

(dominated by aggregates) and of A(P ) (dom-

inated by “isolated” molecules), side by side with the dispersion characteristics of
(B)

various polariton branches in F1

microcavities. The obtained coupling strengths

(228 meV , 182 meV , 121 meV for 0-0, 0-1, and 0-2 transitions, respectively, in spolarization) scale well with the square root of oscillator strength (Fig. 6.8(a)), and
(B)

the value of 2V00 = 228 meV is about 2.7 times larger than 85 meV in F2

as

expected from the increased molecular density (Fig. 6.8(b)). However, the coupling
appears to preferentially occur to the amorphous phase of this blend, with spectra
similar to those of pristine amorphous films A(P ) . The presence of this “amorphous”
(B)

phase in the concentrated TIPS–Pn:PMMA blend F1

was not apparent from the

absorption spectra of the corresponding “bare” films, which are dominated by those
from the “crystalline” phase (Fig. 6.2).
(B)

In contrast to TIPS–Pn:PMMA blends F1 , the pristine polycrystalline films F (P )
(B)

(whose absorption spectra of “bare” films were similar to those of “bare” blends F1 )
exhibited coupling of 0-m (m = 0, 1, 2, 3) transitions of the aggregated molecules to
the cavity photon (Fig. 6.11(a)), and no signature of the “amorphous” phase coexisting with the “crystalline” phase was observed. Finally, in amorphous films A(P ) ,
in which no crystalline phase was detected by the XRD (Sec 6.1.2.3), cavity coupling
occurred from 0-m (m = 0, 1, 2) transitions characteristic of the “amorphous” phase
(Fig. 6.11(b)). The coupling strength 2V00 for the amorphous films A(P ) of 253 meV is
higher than that of 210 meV for polycrystalline films F (P ) , as expected from increased
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molecular density in amorphous films (Fig. 6.8(b)). One observation common for
amorphous A(P ) and polycrystalline F (P ) films is that the coupling of the oscillators
corresponding to 0-m transitions to the cavity does not scale with the square root of
the oscillator strength, which is in stark contrast to observations in TIPS–Pn:PMMA
(B)

blends F1

(B)

and F2

(Fig. 6.8(a)). This behavior has been previously observed in

highly concentrated diF TES-ADT:PMMA blends in similar microcavities, [42] data
for which are included for comparison in Figure 6.8(a).

6.1.4 Discussion
Our cavity data in Section 6.1.3 revealed two interesting observations:
1. The presence of an “amorphous” phase in concentrated TIPS–Pn:PMMA blends
(B)

F1 , which is not apparent from the optical absorption spectra of “bare” films
of this type, yet it is responsible for the strong exciton-photon coupling in these
films (Fig. 6.10).
2. The breakdown of scaling of the coupling strength V0m with the square root of
the oscillator strength in pristine films, both polycrystalline F (P ) and amorphous
A(P ) .
Next, we discuss the underlying mechanisms behind these observations.

6.1.4.1 The Effect of Film Morphology on Strong Coupling
The choice of film types (Fig. 6.1) provides a comprehensive picture of how film morphology contributes to the strong exciton-photon coupling in TIPS–Pn based films. In
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(B)

dilute TIPS–Pn:PMMA blends F2 , the intermolecular interactions are weak so that
the optical absorption is similar to that of dilute solutions, the film is amorphous,
and the coupling (2V0m ) scales well with the square root of the oscillator strength
(f0m ) (Fig. 6.8(a)), in agreement with theoretical predictions (see Section 4.3.1). The
(B)

more concentrated TIPS–Pn:PMMA blends F1

are dominated by a crystalline phase

(which manifests into red-shifted optical absorption spectra with broadened peaks, as
compared to those in solutions); however, the behavior of such films in microcavities
is consistent with a presence of amorphous phase. Thus, this film is characterized
by co-existence of amorphous and crystalline phases, although the cavity appears to
interact only with the amorphous phase. Moreover, the coupling scales well with
the root of the oscillator strength for the amorphous phase (Fig. 6.8(a)) and, importantly, the coupling scales with the molecular density (Fig. 6.8(b)) as would be
expected when all molecules, and not just their small subset in the amorphous regions, couple to the cavity. This suggests that there is oscillator strength borrowing
from the crystalline to the amorphous phase (which could occur via energy transfer
and exciton diffusion or efficient singlet fission-enabled (TT) formation in the crystalline state and subsequent trapping in the amorphous phase. This would enhance
the lifetime of the excited state and promote interaction with cavity photon.).
The excellent scaling of 2V0m for this film in Figure 6.8(a) suggests that such
borrowing does not depend on the exciton energy in the S0 –S1 manifold. Thus, in
spite of both phases being able to couple to the cavity, in the concentrated blend
the energy is channeled from the crystalline to the amorphous phase followed by
interaction of the molecules in the amorphous phase with the cavity.
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6.1.4.2 The Effect of Exciton Nature on Strong Coupling
(B)

(B)

Given that both of the TIPS–Pn:PMMA cavities (F1 and F2 ) follow the expected
√
scaling relationship described above (2V0m ∝ f ), it is interesting to note that the
pristine cavities (both amorphous and crystalline) do not share this scaling relationship. The photophysics of the excited states in the amorphous and crystalline phases
are divergent from one another, where the amorphous pristine films are spectrally far
(B)

more similar to the F2

films than the pristine crystalline films. It is curious, then,

that the amorphous pristine films have interaction energies which (like the crystalline
(B)

films) do not scale as the F2

films’ do. What the pristine films’ excited states do

share in common is a capacity for short-ranged intermolecular interactions mediated
by neighboring molecules with π–π overlap. For example, both the amorphous and
crystalline phases admit singlet fission [16], though the process is much more efficient
in the crystalline phase.
The breaking of the scaling relationship for pristine films is made even more interesting when TIPS–Pn is compared with other (thio)acene-containing cavity systems.
In the case of diF TES–ADT:PMMA films (discussed in the previous chapter, c.f.
the grey data in Figure 6.8), cavities with mixed crystalline and amorphous phases
√
(B)
(the P1.5 film, similar to the F1 film here), showed the expected 2V0m ∝ f scaling
(B)

relationship just like the F1

film (with a slope of 140 ± 10 meV , see Table 6.3).

Cavities containing fully crystalline films (the Pagg film, similar to the F (P ) film here)
did not scale as expected, but were nearly constant just like the F (P ) cavity (with
a constant value of 320 ± 8 meV , see Table 6.3). In the case of TIPS–Tetracene
√
(discussed in the next section), however, pristine cavities did follow the 2V0m ∝ f
scaling relationship, (with a slope of 264±8 meV , see Figure 6.15). So, the breakdown
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in scaling cannot be merely assigned to the absence of non-aggregated molecules in
the film (as the TIPS–Pn and diF TES–ADT data might suggest), since the pristine
TIPS–Tetracene cavities are certainly fully aggregated but scale as expected.
These observations are further complicated by the fact that while the pristine
TIPS–Pn and crystalline diF TES–ADT interaction energies do not scale as expected
√
for the higher vibrational excitons (2V0m ∝ f ), the 0-0 interaction energies do
follow a different scaling relationship. As discussed in Section 4.3.4.2 interaction
p
√
energies are expected to scale with the molecular density 2V ∝ n = 1/V. When
comparing the 0-0 interaction energies for films of varying molecular density, both
TIPS-Pn and diF TES–ADT follow this scaling relationship up to and including the
pristine/polycrystalline films (see Figure 6.8(b) and Table 6.4). This means that the
vibrationless exciton in the pristine TIPS–Pn and polycrystalline diF TES–ADT films
p
have interaction energies which do scale as expected (2V00 ∝ 1/V), while the higher
vibrational excitons have a higher than expected interaction energy (than what would
√
be predicted by 2V0m ∝ f ).
What remains to be understood, then, is why the higher vibrational excitons in
the pristine TIPS–Pn cavities have a higher than expected interaction strength. One
possible explanation begins by assuming that the full scaling relationship 2V0m ∝
p
f N/Vmode is actually correct, but that the value N/Vmode represents an effective
number of coupled excitons (per mode volume) which is larger for the higher vibrational excitons (compensating for a lower oscillator strength). As suggested by F.
Spano in Ref. [119] in the context of J-aggregates, not all molecules will be coupled
to the cavity, but only a subset. If the higher vibrational excitons are delocalized over
more molecules than the 0-0 exciton, then more will be within the photon’s mode vol-
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ume, increasing the effective number. This delocalization could either arise directly
from larger coherence lengths for the Frenkel exciton states, or indirectly by mixing
of the Frenkel excitons with intrinsically polymolecular Charge-Transfer states. [32]
In either case, such an increased delocalization would require the short-ranged intermolecular interactions of aggregates, and so the lower concentration TIPS–Pn films
(B)

(F1

2V0m

(B)

and F2 ) would not see this effect and so follow the reduced scaling relationship
√
∝ f (as observed). This theory, however, does not explain why the higher

vibrational excitons in aggregated TIPS–Tetracene films do not see this “boosted
interaction via delocalization”.
It is also possible that another polymolecular process, like singlet fission, is responsible for the higher than expected coupling for the higher vibrational states, for
the same reason that it would be active in pristine films, but not in lower concentration films. However, it is not necessarily clear why a process like singlet fission
(which should compete with the photon for singlet states) would boost the excitonphoton interaction energy, or why such a boost would approximately counter-balance
the decrease in oscillator strength of higher vibrational states to create a nearly constant interaction energy for each exciton. Further research is needed to understand
the cause of this higher than expected interaction energy for the higher vibrational
excitons, and how it is connected to the underlying photophysics of the TIPS–Pn
films.
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6.2 Strong-Coupling in TIPS–Tc
6.2.1 Introduction
Another acene derivative closely related to TIPS–Pn and diF TES–ADT is 5,12bis(triisopropylsilyl)ethynyl tetracene (TIPS–Tc). It is included in this brief survey
of because of its unique singlet fission and photochemical processes. In particular,
TIPS–Tc is able to undergo endothermic singlet fission, [120] meaning that the total
energy of the resulting triplet pair is at a higher energy than the initial singlet state
state. Typically, the endothermicity for a process like singlet fission would preclude
it from happening efficiently, making TIPS–Tc an interesting exception to this rule.
As a result, TIPS–Tc is able to harvest energy from its environment during singlet
fission, suggesting that this material could be an efficient candidate for electronic
devices requiring photo-charge generation.
TIPS–Tc has previously been reported as a polaritonic material, where strong
light-matter interactions were seen to enhance delayed PL via Triplet-Triplet Annihilation. [44] However, there is as yet no investigation of the polaritonic photochemistry of TIPS–Tc. This section presents the next steps toward characterizing
TIPS-Tc’s polaritonic properties–reporting the largest yet observed Rabi splitting
(~Ω = 303 meV )–on the road to understanding the connection between strong light
matter interactions, singlet fission, and photochemical degradation.
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6.2.2 Methods and Results
6.2.2.1 Sample Preparation
Optical cavities containing TIPS–Tc were formed in a three step process, similar to
that which has been previously described. A 45 nm thick silver mirror was deposited
onto a glass substrate using thermal evaportion. Films of TIPS–Tc were subsequently
deposited on this silver mirror by spin casting (between 1200 and 1700 RPM). The
solutions used for spin casting were 100 mM TIPS–Tc dissolved into toluene. The
optical cavities were finished by evaporating another 45 nm of silver on top of the
TIPS–Tc film. As described above, sections of the film were left “bare” (no top
mirror) to allow optical characterization of the uncoupled film.
It was found that the films of TIPS–Tc were highly unstable, and would photodegrade within minutes of exposure to direct sun light. For this reason, after the
TIPS–Tc films were deposited, samples were kept wrapped in reflective foil except
during transport and storage and optical measurement were conducted quickly and
at low incident light intensity to minimize molecular degradation.

6.2.2.2 Spectral Analysis
Optical cavities were studied using Angle-Resolved Reflectance using a custom-built
optical set up designed for this purpose. A tungsten lamp (Ocean Optics LS-1) provided the white light illumination, which was collimated before being passed through
a linear polarizer (to select either s- or p-polarized light). The polarized light was then
focused onto the sample with a 10 cm lens at angles of incidence ranging between 20◦
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and 80◦ in 5◦ steps. Reflected light was then collected by a fiber-coupled detection
arm before being analyzed by a USB spectrometer (Ocean Optics USB2000-FLG).
An example of such reflectance spectra can be seen in Figure 6.12(top).
Angle-Resolved Reflectance spectra were then fit according to the following model:

R(~ω, θ) = BS(~ω, θ) +

X

Cn (θ)ΓGn (θ) (~ω − En (θ))

(6.10)

n

where R is the reflectance at photon energy ~ω and angle of incidence θ, BS is a
baseline reflectance due to the silver substrate, and the resonances in the spectra
are modeled with a Lorentzian lineshape (Γ), were Cn (θ) is the area, Gn (θ) is the
half-width at the half minimum and En (θ) is the center energy for the nth resonance
at angle of incidence θ. An example of the center energies of these resonances can be
seen in Figure 6.12(bottom) as dots.
The “bare films” were also optically studied using reflectance, measured at normal
incidence on an inverted microscope (Olympus IX-71) assembly. The resulting spectra
were then fit using the following equation, so as to extract the reduced absorption
peak areas as well as the exciton energies for each peak:

R(~ω) = BS(~ω) + 10−A(~ω)

(6.11)

where
A(~ω) = ~ω

X



(0m)
A0m ΓG0m ~ω − EX

(6.12)

m

where Γ is a Lorentzian lineshape, A0m is the area of the reduced absorption, G0m is
(0m)

the half-width at half maximum and EX

is the exciton energy for the 0-m transition.
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Figure 6.12: The (top) s-polarized Angle-Resolved Reflectance and (bottom) polaritonic dispersion for a cavity containing TIPS–Tc, deposited by spin-casting at 1500
RPM. The Angle-Resolved Reflectance is shown in black lines, vertically shifted with
angle of incidence (between 20◦ and 80◦ ), vertical dashed lines show the exciton
energies for the first 3 absorptive peaks, extracted from fits of the bare film. The dispersion plot shows in dots the locations of the reflective peak minima plotted against
in-plane momentum, corresponding to the LP, MP1 , MP2 and UP branches. The
dashed lines show the exciton energies (with the plot on the right hand side showing
the corresponding bare film reduced absorption). The semi-dashed line shows the
cavity photon energy (modeled using equation 6.14) and the solid black lines show
and coupled oscillator model fit (Hamiltonian 6.13). All fit parameters are given in
Table 6.5.
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Figure 6.13: The (top) p-polarized Angle-Resolved Reflectance and (bottom) polaritonic dispersion for a cavity containing TIPS–Tc, deposited by spin-casting at
1500 RPM. The Angle-Resolved Reflectance is shown in black lines, vertically shifted
with angle of incidence (between 20◦ and 80◦ ), vertical dashed lines show the exciton
energies for the first 3 absorptive peaks, extracted from fits of the bare film. The dispersion plot shows in dots the locations of the reflective peak minima plotted against
in-plane momentum, corresponding to the LP, MP1 , MP2 and UP branches. The
dashed lines show the exciton energies (with the plot on the right hand side showing
the corresponding bare film reduced absorption). The semi-dashed line shows the
cavity photon energy (modeled using equation 6.14) and the solid black lines show
and coupled oscillator model fit (Hamiltonian 6.13). All fit parameters are given in
Table 6.5.
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An example of this fit can be seen in figure 6.14.

Figure 6.14: The normal incidence reflectance spectrum from a “bare film” of TIPS–
Tc on a silver substrate. Experimental data is shown in dots, and a fit according to
equation 6.11 is shown with a line.

6.2.2.3 Polaritonic Model
The center energies of the cavity reflection resonances were modeled using a coupled
oscillators model for polaritons, (c.f. equation 4.57):


V01
V02 
Eph (θ) V00


(00)
 V00

E
0
0
X


H = 

(01)
 V
0
EX
0 

 01


(02)
V02
0
0
EX

(6.13)
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where the cavity photon Eph is modeled with (c.f. equation 4.33):

Eph (θ) = E0 1 −

sin(θ)
nef f

2 !− 12
(6.14)

The Hamiltonian is numerically diagonalized at each angle of incidence to get the
polariton branch energies for LP, MP1 , MP2 and UP which can then be compared
against the center energies Em (θ) in a nonlinear least squares optimization to find
the interaction strengths V0m . All fit parameters are given in Table 6.5. An example
of these fits can be seen in Figure 6.12(bottom) and Figure 6.12(top)
Finally, the interaction strengths 2V0m for each film were modeled with a simple
proportional fit: [42]
2V0m = c ·

p

A0m /A00

(6.15)

where A0m is the reduced absorption peak area of the mth exciton, extracted from
bare film fits (c.f. equation 6.11). For non-interacting chromophores, the interaction
strength is expected to scale with the transition dipole moment (which is proportional
to the reduced absorption peak area, c.f. equation 4.45). Figure 6.15 shows this fit,
where the interaction strengths 2V0m are averaged over all samples and polarizations.

6.2.2.4 Density Functional Theory
The molecular configuration of TIPS–Tc was also found using density functional
theory. The ground state geometry of TIPS–Tc was optimized using the B3LYP
functional with the 6-311G+(2d,p) basis set, yielding also the frontier molecular orbital energies. Next, the first two allowed singlet excited state (vertical) transition
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0i
2V0i [meV ] (EX
[eV ])
RPM Pol. E0 [eV ] nef f
i=0
1
2
288
243
159
s
2.108
1.740
(2.288) (2.461) (2.635)
1200
303
255
196
p
2.122
2.401
(2.282) (2.456) (2.621)

s

2.236

1.795

266
(2.289)

227
(2.461)

140
(2.641)

p

2.231

2.609

264
(2.291)

231
(2.463)

155
(2.632)

s

2.318

1.824

258
(2.292)

220
(2.458)

138
(2.636)

p

2.303

2.750

250
(2.292)

220
(2.465)

141
(2.636)

1500

1700

Table 6.5: The polaritonic coupling values for cavities containing films of TIPS–Tc
deposited at various spin casting speeds (RPM). The table lists the incident polarization of light (Pol.), the normal-incident photon energy (E0 ) and the effective index of
refraction for that polarization (nef f ) used in equation 6.14. Cited also is the exciton
energy for the 0 − i absorptive transition (i = 0, 1, 2, extracted and fixed at the value
from reflectance of the bare film) as well as the interaction strength (2V0i ) associated
with that exciton according to equation 6.13
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Figure 6.15: The interaction strengths 2V0m for TIPS–Tc plotted against the square
root of the bare film’s reduced absorption peak area. The dots show the average of
the interaction strength over polarization and film spin-casting speed with error bars
representing the standard deviation. The dotted line shows a proportional fit (slope
264 ± 8 meV , c.f. equation 6.15), consistent with the expectation that the interaction
√
strength should scale with magnitude of the transition dipole moment: V ∝ µ ∝ A.
energy: ES0 –Sn along with the corresponding oscillator strength fS0 –Sn (for n = 1, 2)
was calculated using Time-Dependent DFT methods at the same level of theory. The
same calculations were repeated for the tetracene molecule with the TIPS side groups
interchanged for SiH3 groups. The results of these calculations are given in Table 6.6,
and a visualization of the HOMO and LUMO for SiH3 –Tc is given in Figure 6.16
In order to study the photodegradation pathways for TIPS–Tc, several candidate
molecules were studied. In the first case, when oxygen is present, many acenes are
known to form endoperoxides [80], and so the two possible endoperoxides were geo-
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Molecule
TIPS–Tc
SiH3 –Tc
Tc–EPOA
Tc–EPOB
(Tc + Tc)

EHOM O
−5.149 eV
−5.374 eV
−6.265 eV
−6.347 eV
−5.253 eV

ELU M O
−2.788 eV
−3.0270 eV
−2.516 eV
−1.675 eV
−2.756 eV

ES0 –S1 (fS0 –S1 )
2.095 eV (0.2314)
2.0870 eV (0.1663)
3.381 eV (0.1739)
3.798 eV (0.0049)
2.188 eV (0.1590)

ES0 –S2 (fS0 –S2 )
3.126 eV (0.0526)
3.117 eV (0.0486)
3.526 eV (0.2532)
4.085 eV (0.0228)
2.484 eV (0.0021)

Table 6.6: Results from ab initio calculations for each molecular system. Included
are results for TIPS–Tc, SiH3 –Tc, Tc–EPOA , Tc–EPOB and (Tc + Tc). The frontier orbital energies (EHOM O and ELU M O ) were calculated using DFT (B3LYP/6–
311+G(2d,p)), while the first and second allowed singlet transition energy (vertical)
and oscillator strength (ES0 –Sn and fS0 –Sn respectively where n = 1, 2) were calculated
using TD DFT methods at the same level of theory.
metrically optimized and then TD DFT was used to predict the first three excited
states using the same methodology as described above. (Additionally, the Natural
Transition Orbitals were calculated, as described in Section 2.3.2.2) Tc–EPOA , is
where the oxygen molecule bonds across the same ring as the side groups (see Figure 6.18), and Tc–EPOB is where it bonds on the center ring without the side groups.
All values are cited in Table 6.6.
Finally, in the case of an optical cavity, the silver mirrors are expected to partially
shield the TIPS–Tc film from oxygen, making endoperoxide formation more challenging. In this, we proposed a dimer-based alternative photodegradation pathway,
deonted (Tc + Tc). The proposed state can be seen in Figure 6.19 and Figure 6.20,
where the triplet bonded carbons of the side group of one TIPS–Tc molecule bond
across the ring structure of the other TIPS–Tc molecule just as an oxygen molecule
would for endoperoxide formation. The same geometry optimization and excited state
calculations were performed with values given in Table 6.6.
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Figure 6.16: The structure (a), highest occupied molecular orbital (b) and lowest
unoccupied molecular orbital (c) for SiH3 –Tc. The configuration of this molecule was
optimized using DFT methods (B3LYP/6–311+G(2d,p))).
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Figure 6.17: The Natural Transition Orbitals for the S0 –S1 transition for SiH3 –Tc.
(a) show the initial state for the transition (analogous to the “hole” wavefunction)
and (b) the final state for the transition (analogous to the “electron” wavefunction).
Note that “hole” and “electron” wavefunctions are nearly identical to the HOMO
and LUMO in Figure 6.16. The all calculations were done using TD DFT methods
(B3LYP/6–311+G(2d,p))).
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Figure 6.18: The structure (a) and Natural Transition Orbitals (b)-(c) for the S0 –
S1 transition for Tc–EPOA . (b) The initial state for the transition (analogous to
the “hole” wavefunction) and (c) the final state for the transition (analogous to the
“electron” wavefunction). Note that “hole” and “electron” wavefunctions are primarily concentrated on the backbone of molecule below the oxygen atoms. The all
calculations were done using TD DFT methods (B3LYP/6–311+G(2d,p))).
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Figure 6.19: The structure (a) and Natural Transition Orbitals (b)-(c) for the S0 –
S1 transition for (Tc + Tc). (b) The initial state for the transition (analogous to
the “hole” wavefunction) and (c) the final state for the transition (analogous to the
“electron” wavefunction). Note that the “hole” and “electron” wavefunctions are
primarily concentrated on the undistored Tc backbone, and that they are qualitatively
similar to the “hole” and “electron” states of SiH3 –Tc (see Figure 6.17), suggesting
that this dimer excited state has similar character to the S0 –S1 state for a monomer.
The all calculations were done using TD DFT methods (B3LYP/6–311+G(2d,p))).
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Figure 6.20: The structure (a) and Natural Transition Orbitals (b)-(c) for the S0 –
S2 transition for (Tc + Tc). (b) The initial state for the transition (analogous to
the “hole” wavefunction) and (c) the final state for the transition (analogous to the
“electron” wavefunction). Note that while the “hole” wavefunction is localized on the
undistored Tc backbone, the “electron” wavefunction is localized on the bottom half of
the distored Tc backbone, making this a charge transfer excited state. Additionally,
the “hole” wavefunction is qualitatively similar to the “hole” wavefunction for the
S0 –S1 transition of SiH3 –Tc (see Figure 6.17) while the “electron” wavefunction is
qualitatively similar to the “electron” wavefunction for the S0 –S1 transition of Tc–
EPOA (see Figure 6.18). In this way, the two Tc backbones appear to be only weakly
coupled through their side–group bond. The all calculations were done using TD
DFT methods (B3LYP/6–311+G(2d,p))).
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6.2.3 Further Steps
Having established the presence of strong light-matter interactions for TIPS–Tc film
placed in an optical cavity, the next steps are to begin studying how these strong lightmatter interactions affect the photodegradation pathways of the molecule. Several
molecular geometries have been proposed here, base on DFT calculations, which
would encompass photodegradation both with and without the presence of oxygen,
and an optical study validating these geometries and analyzing the effect of strong
coupling on their formation is currently in progress.

6.3 Polaritons in Crystals: a Novel Characterization Method
6.3.1 Introduction
As has been discussed in previous sections, developing high quality model systems
to study organic polaritons is invaluable for the further development of the field.
However, often the sample deposition methods used to produce high quality organic
layers (for example, physical vapor deposition of organic crystals) cannot be easily
scaled to an industrial setting and require specialized equipment. On the other hand,
one of the great advantages of organic materials over their inorganic counterparts is
their compatibility with solution-based deposition techniques (like spin casting) that
are scalable, though such techniques often sacrifice film quality. A middle ground
between the extremes of physical vapor deposition (challenging depositions, but high
quality results) and spin casting (easier depositions, but lower quality results) is that
of drop casting, a technique where drops of concentrated solution are allowed to
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slowly evaporate, leaving behind film of precipitate. Requiring very little specialized
equipment, drop casting has been shown in the previous chapters to be able to produce high quality, well oriented single crystals of macroscopic size for functionalized
anthradithiophene.
This section will briefly discuss applying drop casting deposition techniques to the
field of organic polaritonics to make single-crystal containing optical microcavities so
that single crystals of functionalized anthradithiophene can be used as a model system
for studying strong light-matter interactions. Additionally, this section will present a
novel experimental technique for optically studying these single crystal systems.

6.3.2 Drop Casting Technique
The process begins by depositing by thermal evaporation a thin film (45 nm) of silver
onto a glass substrate. Similar to methods described in previous chapters, single
crystals of diF TES–ADT are then deposited onto the substrate by drop casting. A
20 µL drop of concentrated (3 mM ) solution of diF TES–ADT in chlorobenzene is
placed onto the silver substrate. The sample is then covered (to slow evaporation)
and placed in a 0◦ C environment for several hours. The result is a collection of
crystals of diF TES–ADT crystals distributed across the substrate. Previous chapters
have shown characterization of these crystals as having a single domain, a consistent
orientation relative to the substrate normal ((00l), l = 1, 2, ...), and a high aspect ratio
in the plane of the substrate which allows for consistent in-plane orientations to be
established. Specifically, the crystals have a “long axis” (the fast growth direction),
and a “short axis”. By referencing all in-plane angles against the long axis of the
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crystal, a consistent in-plane orientation can be established. Finally, the samples are
finished by evaporating another thin film of silver (45 nm) on top of the crystal field.

6.3.3 Spectral Analysis Methods
Cavities are then optically characterized by polarized confocal transmission and reflection microscopy (PCTRM). White light from a fiber-coupled tungsten lamp (Ocean
Optics LS-1) is collimated before being passed through a linear polarizer. The polarized light is then focused through a 10x microscope objective onto the top of the
cavity sample (the spot diameter was measured as 20 µm). Transmitted light was
collected by a 10x objective on the other (bottom) side of the sample so that it could
be analyzed by a USB spectrometer (Ocean Optics USB2000-FLG). Reflected light
from the top sample was collected by the first 10x objective to be analyzed by another USB spectrometer (Ocean Optics USB2000). All polarizations were referenced
against the long axis of the crystal, as discussed above (and also in Section 2.5.1).
The cavities were also studied via polarized fluorescence microscopy (PFM). A
355 nm laser (44 kHz Q-switched frequency-tripled pulsed Nd:YAG laser, Nanolase,
Inc.) was used to excite the sample from the bottom through a 10x microscope
objective. Fluorescence was collected in reflectance through the same microscope
objective, before passing through a linear polarizer and being analyzed by a USB
spectrometer. The system was calibrated with the transmission microscopy system
so that the fluorescence and transmission spots where coincident on the sample. In
this way, the PCTRM and PFM measurements could be spatially localized to the
same sections of the crystal.
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6.3.4 Spectral Analysis Results
It was found that the reflectance and transmittance spectra of the various crystalcontaining-cavities varied drastically, exhibiting cavity resonances occurring across
the IR to UV, caused by the disparate thicknesses of the crystals (uncontrolled by
drop casting) which resulted in disparate cavity photon energies. The photon energy
of a cavity was modeled as (c.f. Sec. 4.2.2):

Eph = m

hc
2nL

(6.16)

where m is the mode number, h is Planck’s constant, n is the index of refraction and L
is the cavity thickness. For different spots within a single crystal, the cavity spectral
resonance energies were much more consistent, suggesting that while the thicknesses
of different crystals may vary substantially, the thickness variation within a single
crystal is relatively small.
Additionally, the reflectance and transmittance spectra where found to be highly
anisotropic, illustrated by Figure 6.21. The figure shows the polarization-dependent
transmission spectra from a particular spot on a cavity (with the right half multiplied
by a factor of 10 for clarity). A single resonance peak is seen near 1.8 eV , which is
highly polarized in along 90◦ with respect to the long axis of the crystal. A set of three
closely spaced resonance peaks (polariton states, discussed below) near 2.3 eV were
also present in the spectra and were also highly polarized, except these resonances
were polarized along 0◦ with respect to the long axis of the crystal. This was found
to be a common feature of the reflection and transmittance spectra among many
different crystal-containing-cavities: two sets of closely spaced resonances (usually
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0.3 eV separated) where the higher energy set was polarized at 0◦ (called “parallel”
referencing the long axis of the crystal) and the lower energy set was polarized at 90◦
(called “perpendicular” for the same reason).
Because of their opposite polarizations, we assign these orthogonal resonances to
birefringence in the diF TES–ADT crystal, were the index of refraction parallel to
long axis of the crystal is smaller than the perpendicular to the axis leading to a
slightly larger cavity photon energy (equation 6.16). A competing theory could be
that the pair of resonances are from adjacent cavity modes (m and m + 1). However
this theory is implausible, because additional resonances (m − 1 and m + 2) should
also be present in the spectrum when they are absent. For example, if Figure 6.21 was
depicting adjacent cavity modes m and m + 1, then a strong m + 2 mode resonance
would also be visible at 2.6 eV . Rather, the transmittance spectrum in that energy
region fairly flat, even when multiplied by a factor of 10.
The polarization dependent PL spectra also showed similar pairs of nearly orthogonally polarized resonances, though only when these resonances happened to coincide
with the emission band of diF TES–ADT (1.5 − 2.2 eV ). An example of this can
be seen in Figure 6.22, where the parallel and perpendicular resonances are shown in
the PL spectra and the transmittance spectra for the same cavity spot. The insets
of that figure also show the integrated transmittance and integrated PL (as a function of polarization angle) where the regions of integration were selected to isolate
the parallel and perpendicular resonances respectively. The transmittance spectrum
shows the two resonance sets to be nearly perfectly orthogonal to one another, where
the PL shows them to be only approximately orthogonal (where the “parallel” resonance appears to be polarized at 20◦ with respect to the long axis of the crystal).
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Figure 6.21: The polarization dependent transmittance of a microcavity containing
a diF TES–ADT single crystal, vertically shifted for clarity. The left side of the plot
shows a near IR cavity resonance, polarized perpendicularly to the long axis of the
crystal. The right side (multiplied by a factor of 10) shows a set of visible range
cavity resonances polarized parallel to the long axis of the crystal.
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Additionally, while the anisotropy of the transmittance is very high (the “parallel”
resonances are effectively zero at 90◦ ), the PL resonances are less anisotropic. This
can be seen most strikingly for the “parallel” resonance which has non-zero emission
polarized at 90◦ .

6.3.5 Polaritonic Analysis and Results
As has already been alluded to in the previous section, the reflectance and transmittance spectra for cavities where the photon energy is similar to that of the S0 –S1
exciton band of diF TES–ADT (2.25−2.8 eV ) appear as a set of closely spaced peaks.
We assign these peaks to polariton states arising from strong light-matter interactions
between the cavity photon and the crystal exciton: LP, MP and UP. Strong coupling
in diF TES–ADT polycrystalline films has been previously reported [42] with Rabi
splittings of up to 340 eV , lending support for the assignment as polariton states.
Additionally, close examination of Figure 6.21 reveals that the first two parallel resonances occur at 2.2 eV and 2.3 eV , whereas the 0-0 exciton energy for crystalline
diF TES–ADT is 2.25 eV , [32] exactly between the two: consistent with state energy
anticrossing associated with strong coupling.
Typically analysis of these polaritonic states would follow from modeling the polariton dispersion extracted from angle-resolved reflectance (discussed in previous
chapters). However, given the small spot sizes (20 µm) required for differentiating
the crystals in these samples, measuring the angle resolved reflectance of these crystals is challenging. We proposed an alternative method for extracting the polariton
dispersion utilizing spot-to-spot thickness variation, discussed next.
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Figure 6.22: (a) Polarized confocal transmission microscopy (PCTM) on an optical
cavity containing a diF TES–ADT single crystal. The plot shows the PCTM (normalized to a maximum value of 1) at two different polarizations measured with respect
to the long axis of the crystal (0◦ (i.e. parallel to the long axis) in green and 90◦
(i.e. perpendicular to the long axis) in red). Labeled are four features, the perpendicularly polarized lower polariton (LP⊥) and the parallel polarized polaritons (LPk ,
M Pk , U Pk ). The inset shows the transmittance as a function of polarization angle
integrated in the regions (filled in the main plot) of the two types of features: LP⊥
(coral) and LPk /M Pk /U Pk (sage). (b) Polarized fluorescence microscopy (PFM) at
the same spot as in (a) at the same polarizations. Labeled are the two features: LP⊥
and LPk . The inset shows the integrated fluorescence similar to (a).
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In angle-resolved reflectance measurements, the photon energy is modulated by
changing the angle of the incidence light. As previously noted, the spot-to-spot
(within a single crystal domain) variation in the thickness of the crystals is small
but non-trivial, allowing for the photon energy (inversely proportional to the thickness, equation 6.16) to be effectively modulated by measuring the (normal incidence)
reflectance at many different spots on a single crystal. Figure 6.23(a) shows an example of this: a collection of (unpolarized) reflectance measurements made of the
same crystal (in a cavity) at different spots, organized vertically to correspond with
increasing photon energy. The center energies of the reflectance resonances can then
be obtained from spectral decomposition.
Finally, if the photon energy is known, then the polariton interaction energies can
be extracted from a fit to a coupled oscillators model:


V01 
Eph (θ) V00


(00)
H = 
EX
0 
 V00



(01)
V01
0
EX

(6.17)

(0m)

where V0m is the interaction energy for the photon with the 0-m exciton (energy EX

,

fixed at 2.25 eV and 2.41 eV ). However, calculating the photon energy directly is
challenging using equation 6.16 because the optical path length nL is not easily discovered. Rather, we proposed using an alternative method. Since the perpendicular
photon energy is fully 0.2 eV below that of the parallel photon energy, the perpendicular photon is well in the IR region making it very red-detuned from the excitons. So,
the perpendicular “lower polariton” is almost entirely photonic in character, making
the energy of the LP⊥ state approximately equal to the perpendicular photon energy.
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Figure 6.23: (a) The (unpolarized) reflectance spectra from a single crystal (in an optical cavity) of diF TES–ADT measured at different spots with varying thickness. The
reflectance is vertically shifted to approximately correspond with decreasing thickness.
Dots show the center energies of the resonances extacted from spectral deconvolution
and are labeled LP⊥, LPk , M Pk , and U Pk with the subscript corresponding to the
primary polarization of the resonance. (b) The dispersion of the parallel polariton
states plotted against the perpendicular (Off-axis) polariton energy. Solid lines show
a fit utilizing a Coupled Oscillators model.

297
Furthermore, based on the functionalized forms of equation 6.16, even if the indices of
refraction along the parallel and perpendicular directions are not known, their ratio
should be constant with respect to the cavity thickness, so:
k

Eph ∝ E⊥ph ≈ E⊥LP

(6.18)

In our case, the strict proportionality is relaxed to a linear model:
k

Eph = A · E⊥LP + B

(6.19)

Using this, it is possible to fit the parallel polariton energies to a coupled oscillators
model using the perpendicular state energies to parameterize the parallel photon
energies. An example of this fit is shown in Figure 6.23(b) with fit parameters given
in Table 6.7.
Parameter
Value
A
1.40
−0.19 eV
B
120 meV
2V00
2V01
127 meV
Table 6.7: A summary of the fit parameters for the dispersion of the parallel polariton
states in a single-crystal diF TES–ADT microcavity, according to equation 6.17 where
the photon energy of the parallel mode was parameterized using equation 6.19.

6.3.6 Discussion
The interaction strengths found in this crystal are smaller than that seen in polycrystalline films of diF TES–ADT (340 eV [42]) by a factor of about a half. There
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are several possible causes for this lower coupling. In the first case, the polycrystalline films of diF TES–ADT were known to be coupled to the m = 1 cavity mode,
whereas with these crystals the exact thickness is unknown. As a result, it is possible
that a higher mode is being coupled to here for which there is no guarantee that
the interaction would be as strong. In fact, since the interaction strength is inversely
proportional to the square root of the mode volume, higher modes should couple more
weakly.
Another possibility has to do with the transition dipole moment orientations in
the crystal. Previous studies have found that the (001) crystal orientation (which
is the dominant orientation for crystal growth) places the transition dipole moment
almost normal to the substrate. [32] This means that the cavity photon field which
has a polarization vector in the plane of the substrate will not be able to efficiently
couple to this transition dipole moment. This would predict a low coupling strength
for cavities containing (001) oriented crystals as seen here, but this explanation is
inconsistent with the larger couplings found in polycrystalline films, which also have
(001) orientation.
Finally, it is curious to note that the the parallel photon is able to couple to the
diF TES–ADT crystal at all. Previous works have found that the transition dipole
moments for the first two exciton replica peaks (when projected into the substrate
plane) are oriented approximately perpendicular to the long axis of the crystal. [32]
This means the the parallel (to the long axis) photon mode should not couple well
to the excitons states. This could explain the smaller coupling than what is seen
in polycrystalline films, since they have no definite in-plane orientation. If this is
case, thicker crystal cavities which bring the perpendicular photon energy into res-
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onant interaction with the exciton band should see much larger interaction energies
(exceeding that of polycrystalline films).
Presented in this section has been a novel method for characterizing polaritonic
interactions in single-crystal optical microcavity: utilizing spot-to-spot variation in
the thickness to extract the polariton dispersion. More work is needed, however, to
validate this method with confirmation of the cavities thicknesses (to establish which
photon mode m is coupling to the crystal). Additionally, refinement of the drop
casting method presented here could also bring better control to the resulting crystal
thicknesses.
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Conclusion
This work has presented a cohesive investigation of the nature and properties of
excitons in organic crystals and pigments along with how those properties affect
strong light-matter interactions.
Toward the first part of this investigation, functionalized anthradithiophene (with
various side groups) was used as model system to study the role of crystal packing
structure on the nature of the excitons present in those crystals. Generally, it is
challenging to disentangle the effects of crystal packing changes with the (chemical)
molecular changes required to control crystal structure. Anthradithiophene, however, achieves this by having many chemical derivatives which have approximately
the same optical properties as isolated molecules but pack differently in the crystal
phase. Through analysis of the temperature- and wavelength- dependent photoluminescence spectra, it was found that three different excited states were present in
crystalline system. In the first case, there were Frenkel excitons of varying degrees of
delocalization. The highest delocalization was observed in diF TBDMS–ADT crystals, which exhibited a “twisted-columnar” molecular packing motif (due to the large
π–π overlap between adjacent molecules). Next was diF TES–ADT with the 2 dimensional “brickwork” packing structure (due to the large number of nearest neighbors).
and the most localized Frenkel excitons were observed in diF TSBS–ADT with the
“sandwich-herringbone” packing motif. The second type of excited state was a SelfTrapped Exciton (STE) state, similar in nature to the excimer states observed in
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solution. These STEs were most easily formed in diF TSBS–ADT, likely due to the
combination of a vanishing exciton hopping integral, but nonvanishing electron and
hole transfer integrals. For both diF TES–ADT and diF TBDMS–ADT, these STE
formed less readily, and the state was destabilized at high temperatures. The final
state was an entangled triplet pair, denoted 1 (TT) (a participant in the singlet fission
process). This state was only present in diF TES–ADT and diF TBDS–ADT, lacking
a presence in diF TSBS–ADT. The exact connection between the formation of this
1

(TT) state and the fundamental intermolecular interactions within each crystalline

system is still not fully understood, and further studies are needed to advance our
understanding.
In addition to the model system of anthradithiophene, this work also presents
spectral analysis for a new and expanding class of organic semiconductors: naturally
derived pigments from spalting fungi. The molecular structures and basic optical
properties of three of these pigments were studied: xylindein (X ), dimethylxylindein (XDM ) and Draconin Red (DR). It was found that except for XDM , traditional
spectral (using a vibronic progression model) was insufficient to describe the spectral
features of these pigments, due to the presence of multiple tautomer of the pigment
molecule. Density Functional Theory was employed to discover the confirmations of
these tautomers. It was found that for both X and DR the molecule’s hydroxyl group
was able to take one of two orientations, resulting in slightly different excited state
energies. These hydroxyl groups are seen to be critical in understanding the excited
state properties of these pigments, and further work in needed to establish how these
hydroxyl groups can affect solid-state properties.
Toward a better understanding of strong light-matter interactions in organic ma-
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terials, this work also presents a systematic study of the exciton-photon coupling in
diF TES–ADT:PMMA films. By forming all-metal, low-Q optical cavities containing
these films with various concentrations of diF TES–ADT, exciton-photon coupling was
analyzed across the entire range of film morphology types (dilute “isolated” molecules
to fully aggregated polycrystalline films). In dilute samples, the Rabi splitting was
found to scale with the square root of the molecular density, reaching ∼45 meV at
the diF TES–ADT average spacing of 2.5 nm. In the intermediate concentration
range, films were found to have a coexistence of “isolated” and “aggregated” diF
TES–ADT molecules; however, the photon was observed to preferentially couple to
the “isolated” molecules. Finally, for full aggregated films of diF TES–ADT, a Rabi
splitting of up to 340 meV was observed, laying the foundation for diF TES–ADT
to be used (opto)electronic devices leveraging polaritonic states. At the same time,
many questions still persist about the strong light-matter interaction in diF TES–
ADT films, including why isolated molecules preferentially couple to the cavity, and
also understanding why higher vibrational exciton couplings in diF TES–ADT aggregates appear to out-perform the lower vibrational excitons in coupling with photons.
This work also presented a brief survey of strong coupling in some related acene
systems, including TIPS–Pn and TIPS–Tc. Both materials were seen to exhibit
the same strong light-matter interactions with Rabi splittings with the 0-0 exciton
observed as high as 258 meV and 303 meV respectively. TIPS–Pn is of interest due
to its wide spread use in studying singlet fission. Having now characterized the strong
light-matter interaction in TIPS–Pn, the stage is set to investigate how polaritonic
states interact with singlet fission. TIPS–Tc is of interest also as a singlet fission
material, but more recently because of its photodegradation pathways, which are
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very efficient compared with similar materials (like TIPS–Pn). This makes TIPS–Tc
an excellent system for studying the effect of strong light-matter interactions on the
photochemistry of acene degradation.
While much work is still needed to advance our understanding of organic materials (and so enable creation of the next generation of high performance organic
(opto)electronic devices), this work marks an important step toward this goal. On
the one hand, it has presented a systematic investigation into the nature and properties of excitons in organic crystals and on the other it has studied how exciton nature
manifests in the context of strong light-matter coupling. Future studies will hopefully
continue this research, investigating (in particular) singlet fission. The role of singlet
fission in determining both exciton and polariton properties is not well understood,
but was seen to be a critical for a full understanding of these organic systems.
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Appendix A: Estimating Molecular Densities

A.1 Guest-Host Molecular Blend Films
When forming films that are a guest-host blend – where chromophores are embedded
in a polymer matrix – it is useful to parameterize the resulting film by the average
spacing between the resulting molecules. By assuming that the guest molecules are
isotropically distributed throughout the host polymer, each guest molecules has a
sphere of polymer surrounding it which contains no other guest molecules, the volumes
of which are:
4
VG = πr3
3

(A.1)

The radii (r) of these spheres are expected to have some distribution, where the
average radii is hri, which defines also the average volume:
4
hVG i ≡ πhri3
3

(A.2)

The average spacing between molecules can then be defined as:

d ≡ 2hri

(A.3)

These guest-host blended films, in this work, are deposited by spin-casting a solution
which contains both the guest and host molecules dissolved within. The f -number of
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the solution for deposition is defined as:

f≡

CH
CG

(A.4)

where CG (CH ) is the molar concentration of the guest (host) molecule in the solution.
If it is assumed that the relative concentrations of the guest and host molecules in the
solution is the same as the relative number densities of the guest and host molecules in
the films, then the f -number should also match the ratio of the two number densities:

f=

nH
= hVG inH
nG

(A.5)

where hVG i = 1/nG follows from the assumption of isotropic distribution. Finally, if
the number density of the host polymer is assumed to be approximately the same as
the number density of the bulk host polymer (i.e. without any guest molecules), then
the host number density can be expressed in terms of the bulk host mass density:
(bulk)

NA · ρH
nH ≈
MH
(bulk)

where NA is Avagadro’s number, ρH

(A.6)

is the bulk mass density of the polymer host

(i.e. without any guest molecules) and MH is the molar mass of the host. Combining
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equation A.2 and equation A.5, one can derive:
4
f = nH πhri3
3
 3
4
d
= nH π
3
2
(bulk)

NA · ρH
≈
MH

4
· π
3

 3
d
2

Which rearranging to solve for d yields:
s
d=

3

6MH
(bulk)

·f

(A.7)

πNA ρH

Which, in the case of PMMA as the host polymer, the well know bulk values are:
(bulk)

MPMMA = 100 g/mol and ρPMMA = 1.18 g/cm3 yield:
d(in PMMA) ≈ (0.644 nm)

p
3
f

(A.8)

And so, using this and equation A.4, the average molecular spacing of guest molecules
in a PMMA polymer matrix can be easily calculated simply from the solution concentration values.

A.2 (Poly-)Crystalline Films
When the number of guest molecules relative to the number of host molecules becomes
large (f > 1), the blended films described in the previous section are no longer
dominated by the host film formational dynamics, but rather become dominated by
the guest film formational dynamics, with the limiting case being a pristine film of
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only guest molecules (f → ∞). In these cases, the above derivation is no longer
valid, as guest molecules will have a strong propensity to aggregate rather than being
isotropically distribute through the polymer. The average molecular spacing can thus
be recovered by using the geometry of the aggregates.
For crystalline aggregates, x-ray crystallography (XRC) can find the intermolecular orientations and distance allowing for the construction an “average molecular
distance” which is comparable with that constructed in the previous section. The
approach is to imagine each molecule at the center of a region of space contain only
itself, and then construct d as twice the characteristic radius of this region. However,
most organic crystals form a triclinic crystalline structure, where the lengths between
adjacent molecules are highly anisotropic. So, rather than a sphere to model the
volume inhabited by a single molecule, an ellipsoid is preferred. So,
4
VG ≡ πABC
3

(A.9)

where A, B, C are the axes of the ellipsoid centered on the particular molecule. By
taking an average of these volumes (in the case that Z > 1), the average molecular
distance can then be constructed by equating the volume of the ellipsoid with a
theoretical sphere:
4
hVG i = π
3
r
⇒d=

3

 3
d
2

(A.10)

6
hVG i
π

(A.11)

In the special case where Z = 1 and the crystal is approximately orthorombic
(α, β, γ ∼ 90◦ ), then the values of A, B, C are approximately half the crystal axis
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lengths a, b, c, and so d takes the reduced form:

⇒ d(Z=1,

Ortho)

≈

√
3

abc

(A.12)

In this sense, the average molecular spacing is seen to be a kind of geometric average
of the distances each of the nearest neighbor molecules.
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Appendix B: Perturbed Vibronic Progression

B.1 Introduction
The absorption and PL spectra from isolated organic molecules has long been studied
using a Franck-Condon model, which admits a analytical form: [1]

A(~ω) = n~ωA0

X e−S S m
m

I(~ω) = n~ω 3 I0

m!

X e−S S m
m

m!

Γσ (~ω − EX − mEV )

(B.1)

Γσ (~ω − EX + mEV )

(B.2)

However, once organic molecules are allowed to interact as in a crystalline or aggregate solid phase, this simple form is no longer valid. The work of Spano and
coworkers [17, 19, 20, 31, 113] in particular has highlighted the complexity involved in
modeling solid phase organic systems. What follows in this section is a discussion
of some of the difficulties involved in interacting organic systems (adopting Spano
and coworkers’ notation), as well as a proposed analytical form for the absorption of
weakly-interacting organic systems. [61]

B.2 System Description
Here we will consider a molecular crystal with N cites that are indexed somehow by
−
n, with lattice coordinates →
n . We will impose periodic boundary conditions upon the
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crystal so that we have k-space given by k = 0, π/2a, ..., (N −1)π/2a. Suppose each of
these molecules have their S0 –S1 exciton coupled to a vibrational degree of freedom on
the molecule. We will model as a harmonic oscillator (HO), in keeping with traditional
Franck-Condon analysis. We will index vibrational quanta with ν or ω. When excited,
the harmonic oscillator for the vibration is shifted in its displacement coordinate by
λ, which models the conformation change in the molecule upon electronic excitation.
This shifted HO yields Fock states which are not orthogonal to the unexcited harmonic
oscillators. We will index these excited states with ν̃. In general,
Z

∞

hν| ν̃i =

ψν̃∗ (x − λ) ψν (x)dx 6= 0

−∞

where ψn (x) is the nth harmonic oscillator wavefunction. In the special case:
2

e−λ /2 λ2ν̃
e−S S ν̃
|h0| ν̃i| =
=
2ν̃ ν̃!
ν̃!
2

(B.3)

Where S = λ2 /2 is the HR factor of the molecule. We will also allow molecules to
have an intermolecular coupling (usually due to Coulombic interactions), described
next.

B.3 Hamiltonian
The resulting Hamiltonian for our system has two pieces, the “diagonal” part and the
“intermolecular coupling” part:

Ĥ = ĤD + ĤIM C

(B.4)
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For the Diagonal Piece, we can express it in two forms:
ĤD =




X n
EX + EV b†n00 + λ (bn00 + λ) |en00 ihen00 |
n00

(B.5)
o
+EV b†n00 bn00 (1 − |en00 ihen00 |)

Xn
ĤD =
EX |en00 ihen00 | + EV b†n00 bn00
n00

(B.6)
 


o
†
2
+EV λ bn00 + bn00 + λ |en00 ihen00 |

Here EX is the undressed exciton energy, EV is the vibrational energy quanta, |en i
specifies an excitation on the nth molecule, while b†n (bn ) are the creation (annihilation)
operators for unshifted vibrations. By extension, b†n + λ(bn + λ) are the creation
(annihilation) operators for shifted vibrations.
The reason for both representations is that equation B.5 is easier to calculate
matrix elements with, as it clearly delineates the |ν̃i energies from the |ωi energies,
however, usually equation B.6 is commonly found in the literature, because it has
a cleaner representation of what causes each energy contribution. The first term
provides the excitonic piece, the second term provides the vibronic piece, and the
third is the shift induced by the coupling between the two.
For the coupling term in the Hamiltonian:

ĤIM C =

X

Jn00 ,m |en00 ihem |

(B.7)

n00 ,m

Where Jn00 ,m is the energetic coupling between the n00th and mth molecules. In the
special case where coupling is isotropic in the crystal, we will express this Hamiltonian
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as:
ĤIM C =

X

Jq |en00 ihen00 +q |

(B.8)

n00 ,q

−
−
−
where →
q =→
m −→
n 00 .

B.4 Absorption, PL and Transition Dipole Operator
We are primarily interested in the optical properties of this system. We will take the
electric dipole approximation and also assume that only the excitons in our system
can couple to the field. In that case, the low temperature absorption (kB T  EV )
takes the form: [1]

A(~ω) = n~ω

X

|hG| µ̂ |Ψi|2 Γσ ~ω − E|Ψi

(B.9)

|Ψi


Here |Ψi ranges over all the definite energy with value E|Ψi states of our system,
|Gi is the total ground state of our system, Γ is some lineshape with a spread of σ,
and µ̂ is the transition dipole operator:

µ̂ = µ

X

(|gn00 ihen00 | + |en00 ihgn00 |)

(B.10)

n00

Notice that when used in the absorption equation B.9, the second term in the sum is
always zero, so we usually write:

µ̂ = µ

X
n00

|gn00 ihen00 |

(B.11)
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B.5 n-Particle States and the Two Particle Approximation
In this system, a complete orthonormal basis is complicated, infinite, and not particularly useful computationally. However, since we are ultimately interested in optically
active states, we can using Philpot’s n-particle basis and truncate after the second
level.
→−
→
1 X i−
1-particle State: |k, ν̃i = √
e k · n |en , ν̃n i
N n
→−
→
1 X i−
2-particle State: |k, ν̃, l, ωi = √
e k · n |en , ν̃n , ωn+l i
N n

(l 6= 0 and ω 6= 0)

...

where |en i specifies an excitation on molecule n, |ν̃n i specifies shifted vibrational
quanta on molecule n, |ωn i specifies unshifted vibrational quanta on molecule n. If
excitation or vibration for a molecule is not explicitly specified, it is assumed to be
unexcited and with zero unshifted vibrational quanta.
For states to optically contribute, they must couple to system ground (|Gi )
through the transition dipole operator. Notice that the 1-particle states can ac-
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complish this:
X −
→−
→
µ
hG| µ̂ |k, ν̃i = √ hG|
ei k · n |gn00 ihen00 | |en , ν̃n i
N
n00 ,n
X −
→−
→
µ
= √ hG|
ei k · n δn00 ,n |gn , ν̃n i
N
n00 ,n
X −
→−
→
µ
ei k · n |gn , ν̃n i
= √ hG|
N
n
X
−
→−
→
µ
ei k · n hG| gn , ν̃n i
=√
N n
→−
→
µ X i−
=√
e k · n h0n | ν̃n i
N n
X −
→−
→
µ
= √ h0| ν̃i
ei k · n
N
n
So,
√
→
N
hG| µ̂ |k, ν̃i = µ h0| ν̃i δ−
k ,0

(B.12)

→
−
where on the last line we used the form of k given by periodic boundary conditions to
equate the sum. Notice, this condition is effectively conservation of momentum–the
crystal can only absorb into momentumless states.
Now, the 2-particle and higher states cannot couple to ground via the transition
dipole operator. To illustrate why, we can see that for 2-particle states, the derivation
will follow exactly the same as for the 1-particle states, until at the fourth step we get
the overlap hG|gn , ν̃n , ωn+l i . Now, this will yield: h0n | ν̃n i h0n+l | ωn+l i . Now, the first
bracket is the same as before, but that second bracket will always be zero, because
the unshifted vibrational states are orthonormal. So the total matrix element is zero.
By extension, if we ever have an unshifted vibrational quantum in our state, it cannot
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be absorbed into via the transition dipole operator.
But if the 2-particle states are not absorptively active, why are they necessary? It
is because of the intermolecular coupling. As discussed below, 1- and 2-particle states
can couple through the Hamiltonian (specifically ĤIM C couples (n-1)-particle states to
n-particle states). So, when we diagonalize our Hamiltonian to get the definite energy
states |Ψi , we expect the 1- and 2-particle states to get mixed together. However, the
1- and 3-particle states should be minimally mixed, since we require a second order
effect to couple them via ĤIM C .
So, of the definite energy states |Ψi , only those whose superposition is dominated
by 1-particle states will have appreciable transition dipole operator matrix elements,
and if the dominant contribution to the superposition are 1-particle states, we expect
some 2-particle state contributions, but very little 3-particle or higher state contributions.
So, we take this Two-Particle Approximation (TPA), and truncate our bases as
2-particle states. For the remainder of this section, we will adopt the notation:
→−
→
1 X i−
e k · n |en , ν̃n , ωn+l i
TPA Basis States: |k, ν̃, l, ωi = √
N n

(B.13)

to refer to both 1- and 2-particle states by adding the additional requirement that:

l=0⇔ω=0

(B.14)
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B.6 First Order Perturbation
Diagonalizing the entire Hamiltonian B.4 is challenging even with the TPA, and is
tractable only using computational methods. However, with the following assumptions then approximate methods can yield an analytical form of the absorption:
1. The crystal is 1D with lattice spacing a
2. Only nearest neighbors in the crystal interact (JN N )
3. The intermolecular interactions are weak: EV  JN N
First notice that the diagonal part of the Hamiltonian B.6 is already diagonal in
the TPA basis, so we take ĤIM C as the perturbation. We say:
(0)

(1)

E|Ψi ≈ E|Ψi + E|Ψi
|Ψi ≈ Ψ(0) i + Ψ(1) i

where:

Ψ(0) i = |k, ν̃, l, ωi
(0)

E|Ψi = hΨ(0) ĤD Ψ(0) i
(1)

E|Ψi = hΨ(0) ĤIM C Ψ(0) i
(1)

Ψ i=

X hΨ0(0) ĤIM C Ψ(0) i
Ψ0 6=Ψ

(0)
E|Ψi

−

(0)
E|Ψ0 i

Ψ0(0) i

The following sections will address each of these in turn.
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(0)

B.7 Finding E|Ψi
It is straightforward to show that:
(0)

E|Ψi = EX + (ν̃ + ω) EV

(1)

B.8 Finding E|Ψi

(1)

E|Ψi = hΨ(0) ĤIM C Ψ(0) i
X
= hk, ν̃, l, ω|
JN N (|en00 ihen00 +1 | + |en00 ihen00 −1 |) |k, ν̃, l, ωi
n00

=

JN N
N

X

{hen0 |en00 i hen00 +1 |en i + hen0 |en00 i hen00 −1 | en i}

n,n0 ,n00
0

× eika(n−n ) hν̃n0 , ωn0 +l | ν̃n , ωn+l i
=

JN N X n ika(n0 +1−n0 )
e
hν̃n0 , ωn0 +l | ν̃n0 +1 , ωn0 +1+l i
N n0


= eika

o
0
0
+eika(n −1−n ) hν̃n0 , ωn0 +l | ν̃n0 −1 , ωn0 −1+l i
X JN N
hν̃0 , ωl | ν̃1 , ω1+l i + e−ika hν̃0 , ωl | ν̃−1 , ω−1+l i
N
n0


= eika hν̃|0i h0| ν̃i + e−ika hν̃| 0i h0| ν̃i JN N
= 2JN N cos(ka) |h0| ν̃i|2

(B.15)
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B.8.1 Finding Ψ(1) i

hΨ0(0) ĤIM C Ψ(0) i = hk 0 , ν̃ 0 , l0 , ω 0 |

X

JN N (|en00 ihen00 +1 | + |en00 ihen00 −1 |) |k, ν̃, l, ωi

n00

=

JN N X
{hen0 |en00 i hen00 +1 |en i + hen0 | en00 i hen00 −1 | en i}
N n,n0 ,n00
0 0

× eia(kn−k n ) hν̃n0 0 , ωn0 0 +l0 ν̃n , ωn+l i
=

JN N X n ia(k−k0 )n0 +iak 0
e
hν̃n0 , ωn0 0 +l0 ν̃n0 +1 , ωn0 +1+l i
N n0
0

0

+eia(k−k )n −iak hν̃n0 0 , ωn0 0 +l0 ν̃n0 −1 , ωn0 −1+l i
=

o

JN N iak 0 0
e hν̃0 , ωl0 | ν̃1 , ω1+l i
N
+e−iak hν̃00 , ωl00 | ν̃−1 , ω−1+l i

X

0

eia(k−k )n

0

n0


= JN N eiak hν̃00 , ωl00 | ν̃1 , ω1+l i + e−iak hν̃00 , ωl00 | ν̃−1 , ω−1+l i δk,k0

There are several cases to consider to reduce this last equation.

B.8.1.1 Both States are 1-Particle States
Assume that both hΨ0(0) and Ψ(0) i are 1-particle states; then,


hΨ0(0) ĤIM C Ψ(0) i = JN N eiak hν̃00 | ν̃1 i + e−iak hν̃00 | ν̃−1 i δk,k0

= JN N eiak hν̃ 0 | 0i h0| ν̃i + e−iak hν̃ 0 |0i h0| ν̃i δk,k0
= 2JN N cos(ka) hν̃ 0 | 0i h0| ν̃i δk,k0
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B.8.1.2 Only One State is a 2-Particle State
Assume that either hΨ0(0) or Ψ(0) i is a 2-particle state (but not both). Without loss
of generality, pick Ψ(0) i as the 2-particle state.


hΨ0(0) ĤIM C Ψ(0) i = JN N eiak hν̃00 | ν̃1 , ω1+l i + e−iak hν̃00 | ν̃−1 , ω−1+l i δk,k0

= JN N eiak hν̃ 0 |ωi h0| ν̃i δl,−1 + e−iak hν̃ 0 | ωi h0| ν̃i δl,1 δk,k0

= JN N hν̃ 0 |ωi h0| ν̃i eiak δl,−1 + e−iak δl,1 δk,k0

B.8.1.3 Both States are 2-Particle States
Although this result is not need, for completeness, assume that both states are 2particle states.


hΨ0(0) ĤIM C Ψ(0) i = JN N eiak hν̃00 , ωl00 | ν̃1 , ω1+l i + e−iak hν̃00 , ωl00 | ν̃−1 , ω−1+l i δk,k0
= JN N eiak hν̃ 0 | ωi hω 0 | ν̃i δl0 ,1 δl,−1

+e−iak hν̃ 0 | ωi hω 0 | ν̃i δl0 ,−1 δl,1 δk,k0

= JN N hν̃ 0 |ωi hω 0 | ν̃i eiak δl0 ,1 δl,−1 + e−iak δl0 ,−1 δl,1 δk,k0

Having handled all of the case, the first order correction to the wavefunction can then
be solved by summing over all these contributions:

(1)

Ψ i=

X hΨ0(0) ĤIM C Ψ(0) i
Ψ0 6=Ψ

(0)
E|Ψi

−

(0)
E|Ψ0 i

Ψ0(0) i

321

B.9 Absorption to First Order
To find the absorption inside this first order perturbation, we must find the transition
dipole operator matrix elements: hG| µ̂ |Ψi ≈ hG| µ̂ Ψ(0) i + hG| µ̂ Ψ(1) i . We have
already worked out the first term:
√
hG| µ̂ Ψ(0) i = µ h0| ν̃i δk,0 δl,0 δω,0 N

(B.16)

So it remains to find the second term:

(1)

hG| µ̂ Ψ i =

X hΨ0(0) ĤIM C Ψ(0) i
Ψ0 6=Ψ

=

hG| µ̂ Ψ0(0) i

X hk 0 , ν̃ 0 , l0 , ω 0 | ĤIM C Ψ(0) i
(0)

Ψ0 6=Ψ

=

(0)

(0)

E|Ψi − E|Ψ0 i
(0)

E|Ψi − E|Ψ0 i

X hk 0 = 0, ν̃ 0 | ĤIM C Ψ(0) i
Ψ0 6=Ψ

(0)
E|Ψi

−

(0)
E|Ψ0 i

√
µ h0| ν̃ 0 i δk0 ,0 δl0 ,0 δω0 ,0 N

µ h0| ν̃ 0 i

√
N

Once again, there are several cases for Ψ(0) i inside the summand, which will be
handled separately.
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B.9.1 1-Particle States
First, assume that Ψ(0) i is a 1-particle state, then

hG| µ̂ Ψ(1) i =

X hk 0 = 0, ν̃ 0 | ĤIM C |k, ν̃i
(0)

(0)

E|Ψi − E|Ψ0 i

Ψ0 6=Ψ

µ h0| ν̃ 0 i

√
N

=

X 2JN N cos(ka) hν̃ 0 |0i h0| ν̃i δk,0
√
0
µ
h0|
ν̃
i
N
0 )E
(ν̃
−
ν̃
V
0
Ψ 6=Ψ

=

X 2JN N hν̃ 0 | 0i h0| ν̃i δk,0
√
0
µ
h0|
ν̃
i
N
(ν̃ − ν̃ 0 )EV
Ψ0 6=Ψ
√

JN N X |h0| ν̃ 0 i|2
= 2µ N h0| ν̃i δk,0
EV ν̃ 0 6=ν̃ (ν̃ − ν̃ 0 )
0
JN N X e−S S ν̃
= 2µ N h0| ν̃i δk,0
EV ν̃ 0 6=ν̃ ν̃ 0 !(ν̃ − ν̃ 0 )

√

So, the total dipole matrix element is:

|hG| µ̂ |Ψi|2 ≈ |hG| µ̂ Ψ(0) i + hG| µ̂ Ψ(1) i|2
0
JN N X e−S S ν̃
= N µ δk,0 |h0| ν̃i| 1 + 2
EV ν̃ 0 6=ν̃ ν̃ 0 !(ν̃ − ν̃ 0 )

2

2

2

323

B.9.2 2-Particle State
Next, assume Ψ(0) i is a 2-particle state, then

hG| µ̂ Ψ(1) i =

X hk 0 = 0, ν̃ 0 | ĤIM C |k, ν̃, l, ωi
(0)

(0)

E|Ψi − E|Ψ0 i

Ψ0 6=Ψ

µ h0| ν̃ 0 i

√
N


X JN N hν̃ 0 |ωi h0| ν̃i eiak δl,−1 + e−iak δl,1 δk,0
√
0
=
µ
h0|
ν̃
i
N
(ν̃ + ω − ν̃ 0 )EV
Ψ0 6=Ψ
=

X JN N hν̃ 0 |ωi h0| ν̃i (δl,−1 + δl,1 ) δk,0
√
0
µ
h0|
ν̃
i
N
0 )E
(ν̃
+
ω
−
ν̃
V
0
Ψ 6=Ψ

√
JN N X h0| ν̃ 0 i hν̃ 0 |ωi
= µ N h0| ν̃i δk,0 (δl,−1 + δl,1 )
EV ν̃ 0 (ν̃ + ω − ν̃ 0 )
So, the total dipole matrix element becomes:

| hG| µ̂ |Ψi|2 ≈ |hG| µ̂ Ψ(0) i + hG| µ̂ Ψ(1) i|2
√

JN N X h0| ν̃ 0 i hν̃ 0 |ωi
= 0 + µ N h0| ν̃i δk,0 (δl,−1 + δl,1 )
EV ν̃ 0 (ν̃ + ω − ν̃ 0 )

2 X
JN N
h0| ν̃ 0 i hν̃ 0 |ωi
2
2
= N µ δk,0 |h0| ν̃i| (δl,−1 + δl,1 )
EV
(ν̃ + ω − ν̃ 0 )
ν̃ 0

2

2

The important feature to notice here is that |hG| µ̂ |Ψi|2 is second order in JN N /EV ,
and so is neglected in our first order expansion. Thus,

|hG| µ̂ |Ψi|2 = 0

(B.17)

This is exactly the result which was discussed above to justify the TPA, namely that
2-particle states cannot couple to the ground through the transition dipole operator,
even to first order.
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B.9.3 Combining the Results
When we combine all of our results, then:

A(~ω) = n~ω

X

|hG| µ̂ |Ψi|2 Γσ ~ω − E|Ψi



|Ψi

X

≈ n~ω
|hG| µ̂ Ψ(0) i + hG| µ̂ Ψ(1) i|2 Γσ ~ω − E|Ψi
|Ψi

X

≈ n~ω

|hG| µ̂ Ψ(0) i + hG| µ̂ Ψ(1) i|2 Γσ ~ω − E|Ψi



|Ψ(0) i =|k,ν̃i
= n~ωN µ

2

X
ν̃

0
JN N X e−S S ν̃
|h0| ν̃i| 1 + 2
EV ν̃ 0 6=ν̃ ν̃ 0 !(ν̃ − ν̃ 0 )

2

2

× Γσ ~ω − EX − ν̃EV − 2JN N |h0| ν̃i|2



Thus:
2

0
X
A(~ω)
JN N X e−S S ν̃
≈ nN µ2
|h0| ν̃i|2 1 + 2
~ω
EV ν̃ 0 6=ν̃ ν̃ 0 !(ν̃ − ν̃ 0 )
ν̃



JN N
2
× Γσ ~ω − EX − EV ν̃ − 2
|h0| ν̃i|
EV

(B.18)

which we can implement computationally as:
2

0
X e−S S ν̃
A(~ω)
JN N X e−S S ν̃
=C
1+2
~ω
ν̃!
EV ν̃ 0 6=ν̃ ν̃ 0 !(ν̃ − ν̃ 0 )
ν̃



JN N e−S S ν̃
× Γσ ~ω − EX − EV ν̃ − 2
EV
ν̃!

with 6 free parameters: C, EX , EV , S, σ, JN N .

(B.19)
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However, it is common to include a phenomenological parameterization of σ to
increase the broadening for higher vibrational states. [19] That is: σ = σ0 (1 + ν̃∆σ)
with ∆σ ∼ 0.5. So,

2

0

X e−S S ν̃
A(~ω)
JN N X e−S S ν̃
=C
1+2
~ω
ν̃!
EV ν̃ 0 6=ν̃ ν̃ 0 !(ν̃ − ν̃ 0 )
ν̃



JN N e−S S ν̃
× Γσ0 (1+ν̃∆σ) ~ω − EX − EV ν̃ − 2
EV
ν̃!

(B.20)

with 7 free parameters: C, EX , EV , S, σ0 , ∆σ, JN N .
Notice also that in the limit of no interactions JN N → 0, we recover the traditional
vibronic progression for isolated molecules, since
0
JN N X e−S S ν̃
1+2
EV ν̃ 0 6=ν̃ ν̃ 0 !(ν̃ − ν̃ 0 )

2

→1

(B.21)

and
JN N e−S S ν̃
→0
EV
ν̃!

(B.22)

X e−S S ν̃
A(~ω)
→C
Γσ0 (1+ν̃∆σ) (~ω − EX − ν̃EV )
~ω
ν̃!
ν̃

(B.23)

2
so
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Appendix C: Maximum Likelihood Estimation

C.1 Theoretical Models for Fluorescent Decays
Fluorescent decays can be modeled as a sum of exponentials convolved with the
instrument response function with a constant background noise term: [32]
(
P L (t) =

)

IRF (t − t0 ) ∗

X

βi ki exp (−ki t)

+ BG

i

subject to the constraint:

P

i

βi = 1

Here IRF (t − t0 ) is the instrument response function measured by scattering
excitation light through the detection system, t0 is the time of the excitation pulse
event, ∗ indicates convolution, βi is the weight of the decay component, ki is the decay
rate and BG is the constant background noise term.
By requiring that the instrument response function and background terms be
normalized, we can create the probability density:
(
ρdet (t) = α irf (t − t0 ) ∗

)
X

βi ki exp (−ki t)

+ (1 − α) bg

(C.1)

i

which is the probability per unit time that a photon is detected at time t, where α
is the relative weight factor between the signal and noise, irf (t) is the normalized
instrument response function and bg is the normalized background.
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C.2 Maximum Likelihood Estimation
The likelihood of a particular data set: X = {tj }j=1,...,N where tj is the observed
arrival time of the photon at the detector for given the set of model parameters
P = {α, t0 , βi , ki } (from Equation C.1) is given as:

L (P |X) =

N
Y

ρdet (tj |P )

j=1

The maximum likelihood estimates for the model parameters are denoted: P̂ =
o
n
α̂, t̂0 , β̂i , k̂i and are those parameter values which maximize the likelihood function:

L(P̂ |X) = argmax L (P |X)
P

However, it is often easier to work with the natural logarithm of likelihood function,
and since the nature of TCSPC returns pre-histogrammed data C = {cm |m = 1, 2, ..., M }
where cm is the number of photon counts detected between the time delays t =
(m − 1/2)∆t and t = (m + 1/2)∆t where ∆t is the histogram bin size. The loglikelihood is then:

l (P |X) = L (P |X) =

M
X

log ρdet (m∆t|P )

i=1

Next, it is convenient to normalize the log-likelihood based on the total number of
detected photons N , and also negate the result so that parameter estimation becomes
a minimization process rather than a maximization process. We define the negative
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average log-likelihood as:

h−li (P |X) = −

M
1 X
log ρdet (m∆t|P )
N i=1

Finally, if we consider the parameters P = {α, t0 , βi , ki }, the weighting factors can
easily vary by many orders of magnitude given different physical systems. The wide
variation in parameter value can make it challenging for iterative optimization methods to reliably converge. To remedy this, it is useful to define the parameters themselves on a log scale:

A = log(−α)
Bi = log(−β)

so that the detection probability density becomes:
(
ρdet (t) =

irf (t − t0 ) ∗

)
X

ki exp (−ki t − Bi − A)


+ 1 − e−A bg

(C.2)

i

with the constraint that:
X
i

exp (−Bi ) = 1

(C.3)
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[103] S. Kéna-Cohen, M. Davanço, S. Forrest “Strong Exciton-Photon Coupling in
an Organic Single Crystal Microcavity” Phys. Rev. Lett. (2008) 101, 116401
[104] W. Shepherd, A. Platt, M. Kendrick, M. Loth, J. Anthony, O. Ostroverkhova
“Energy transfer and exciplex formation and their impact on exciton and charge
carrier dynamics in organic films” J. Phys. Chem. Lett. (2011) 2, 362–366

340
[105] O. D. Jurchescu, S. Subramanian, R. Kline, S. Hudson, J. Anthony, T. Jackson,
D. Gundlach “Organic single-crystal field-effect transistors of a soluble anthradithiophene” Chem. Mater. (2008) 20, 6733–6737
[106] K. Paudel, B. Johnson, M. Thieme, M. Haley, M. Payne, J. Anthony, O. Ostroverkhova “Enhanced charge photogeneration promoted by crystallinity in
small-molecule donor-acceptor bulk heterojunctions” Appl. Phys. Lett. (2014)
105, 043301
[107] T. Ishimura, K. Amashita, H. Anagi, M. Akayama “Quantitative evaluation
of light–matter interaction parameters in organic single-crystal microcavities”
Opt. Lett. (2018) 43, 1047–1050
[108] V. Savona, L. Andreani, P. Schwendimann, A. Quattropani “Quantum well
excitons in semiconductor microcavities: unified treatment of weak and strong
coupling regimes” Solid State Commun. (1995) 93, 733–739
[109] M. Suzuki, T. Sakata, R. Takenobu, S. Uemura, H. Miyagawa, S. Nakanishi, N. Tsurumachi “Dye concentration dependence of spectral triplet in onedimensional photonic crystal with cyanine dye J-aggregate in strong coupling
regime” Appl. Phys. Lett. (2017) 111, 163302
[110] F. Valmorra, M. Broll, S. Schwaiger, N. Welzel, D. Heitmann, S. Mendach:
Strong coupling between surface plasmon polariton and laser dye rhodamine
800. Appl. Phys. Lett. 99, 051110 (2011)

341
[111] W. Lee, J. Lim, D. Kwak, J. Cho, H. Lee, H. Choi, K. Cho: SemiconductorDielectric Blends “A Facile All Solution Route to Flexible All-Organic Transistors” Adv. Mater. (2009) 21, 4243–4248
[112] T. W. Ebbesen “Hybrid Light-Matter States in a Molecular and Material Science Perspective” Acc. Chem. Res. (2016) 49, 2403
[113] F. Herrera and F. C. Spano “Absorption and photoluminescence in organic
cavity QED” Phys. Rev. A (2017) 95, 053867
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