UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS QUÍMICAS

TESIS DOCTORAL
Propiedades Ópticas y Morfología de Polímeros Conjugados
con Control Supramolecular
Optical and Morphology Properties of Supramolecularly
Controlled Conjugated Polymers
MEMORIA PARA OPTAR AL GRADO DE DOCTOR
PRESENTADA POR
Chen Sun
Directores
Araceli Rodríguez Rodríguez
José María Gómez Martín
Madrid
© Chen Sun, 2020

UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS QUÍMICAS

TESIS DOCTORAL
Propiedades Ópticas y Morfologí
a de Polímeros Conjugados con
Control Supramolecular
Optical and Morphology Properties of Supramolecularly Controlled
Conjugated Polymers

MEMORIA PARA OPTAR AL GRADO DE DOCTOR
PRESENTADA POR

Chen Sun

Director
Juan Cabanillas González
Madrid, 2020

UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS QUÍMICAS

TESIS DOCTORAL
Propiedades Ópticas y Morfologí
a de Polímeros Conjugados con Control
Supramolecular
Optical and Morphology Properties of Supramolecularly Controlled
Conjugated Polymers
MEMORIA PARA OPTAR AL GRADO DE DOCTOR
PRESENTADA POR

Chen Sun
Director
Juan Cabanillas González
Tutor
Nazario Martín León
Madrid, 2020
I

List of Publications
The works presented in this thesis was conducted over a four-and-half year period (2015.102020.02), at the Madrid Institute for Advanced Studies-IMDEA Nanoscience (IMDEA
Nanociencia), Madrid, Spain. The publications are listed as follows:
1. Amplified Spontaneous Emission in Insulated Polythiophenes
Sun, C.; Magdalena Mróz; M.; Castro Smirnov. J.R.; Lüer, L.; Hermida-Merino. D.; Zhao,
C.H.; Takeuchi. M.; Sugiyasu, K.; Cabanillas-González, J.*
J. Mater. Chem. C, 2018, 6, 6591-6596.
2. Divergent Adsorption-Dependent Luminescence of Amino-Functionalized Lanthanide MetalOrganic Frameworks for Highly Sensitive NO2 Sensors
Gamonal, A.1; Sun, C.1; Mariano, A. L.; Fernandez-Bartolomé, E.; Guerrero-SanVicente, E.;
Vlaisavljevich, B.; Castells-Gil, J.; Marti-Gastaldo, C.; Poloni, R.; Wannemacher*, R.;
Cabanillas-Gonzalez, J.*; Sanchez Costa, J.*, (as an equal co-first author).
J. Phys. Chem. Lett., 2020, DOI: 10.1021/acs.jpclett.0c00457.
3. Steric Poly(diarylfluorene-co-benzothiadiazole) for Efficient Amplified Spontaneous
Emission and Polymer Light-emitting Diodes: Benefit from Preventing Interchain
Aggregation and Polaron Formation
Bai, L.B.1; Sun, C.1; Han, Y.M.1; Wei, C.X.; An, X.; Sun, L.L.; Sun, N.; Yu, M.N.; Zhang,
K.N.; Lin, J.Y.*; Xu, M.; Xie, L.H.; Ling, H.F.; Cabanillas-Gonzalez, J.*; Song. L.; Hao,
X.T.; Huang. W.*, (as an equal co-first author).
Adv. Optical Mater. 2020, 1901616.
4. Matrix Encapsulation of Solution-Processed Thiophene-Based Fluorophores for Enhanced
Red and Green Amplified Spontaneous Emission
Han, Y.M.1; Sun, C.1; Bai, L.B.1; Zuo, Z.Y.; Xu, M.; Yu, M.N.; An, X.; Wei, C.X.; Lin,
J.Y.*; Wang, N.; Ou, C.J.; Xie, L.H.; Ding, X.H.; Cabanillas-Gonzalez, J.*; Huang, W.*, (as
an equal co-first author).
Phys. Status. Solidi RRL 2019, 1900493.
5. Ultrastable Supramolecular Self-Encapsulated Wide-Bandgap Conjugated Polymers for
Large-Area and Flexible Electroluminescent Devices
V

Lin, J.Y.; Liu, B.; Yu, M.N.; Wang, X.H.; Lin, Z.Q.; Zhang, X.W.; Sun, C.; CabanillasGonzalez, J.; Xie, L.H.*;Liu, F.; Ou, C.J.; Bai, L.B.; Han, Y.M.; Xu, M.; Zhu, W.S.; Smith,
T. A.; Stavrinou; P. N.; Bradley, D. D. C.*; Huang, W.*
Adv.Mater. 2019, 31, 1804811

6. Host Exciton Confinement for Enhanced Forster-Transfer-Blend Gain Media Yielding
Highly Efficient Yellow-Green Lasers
Zhang, Q.; Liu, J.; Wei, Q.; Guo, X.; Xu, Y.; Xia, R.*; Xie, L.; Qian, Y.*; Sun, C.; Luer, L.;
Cabanillas-Gonzalez, J.*; Bradley, D. D. C.*; Huang, W.*
Adv. Funct. Mater. 2018, 28, 1705824
7. Simultaneously Enhancing Photoluminescence Quantum Efficiency and Optical Gain of
Polyfluorene via Backbone Intercalation of 2,5-Dimethyl-1,4-Phenylene
Zhang, Q.; Wu, Y. N.; Lian, S. S.; Gao, J. X.; Zhang, S. H.; Hai, G.; Sun, C.; Li, X. C.; Xia,
R. D.*; Cabanillas-Gonzalez, J.*; Mo, Y. Q.*
Adv. Optical Mater. 2020, DOI: 10.1002/adom.202000187

8. Efficient Optical Gain from Near-Infrared Polymer Lasers Based on Poly[N9’[heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2 -thienyl-2’,1’,3’-benzothiadiazole)]
Xu, Y.; Hai, G.; Xu, H.W.; Zhang, H.R.; Zuo, Z.Y.; Zhang, Q.; Xia, R.D.*; Sun, C.; CastroSmirnov, J.; Sousaraei, A.; Casado, S.; Osorio, M. R.; Granados, D.; Rodriguez, I.;
Cabanillas-Gonzalez, J.*
Adv. Optical Mater. 2018, 6, 1800263;
9. The Influence of β-Phase Conformation on Transient Absorption and Light Amplifying
Properties of Polydiarylfluorene
Sun, C.; Liu, B.; Lin, J.Y.*; Rueda, J.J.H.; Shi, X.Y.; Perevedentsev, A.; Casado, S.; Sulleiro,
M.V.; Huang, W.; Cabanillas-Gonzalez, J.*
In preparation
10. Conjugation Length Shortening Effect of Poly(diarylfluorene-co-NPhenyl) on Lasing and
Förster Resonance Energy Transfer
Sun, C.; Bai, L.B.; Lin, J.Y.*; Zhang, Q.; Huang, W.; Cabanillas-Gonzalez, J.*
in preparation
11. Highly Efficient Organge-Red Emitting Thermally Activated Delayed Fluorescence
Monomer and Dimer Cu(X) complexes
VI

Sun, C.; Silva, L.L.; Lemus, L.; Aravena Ponce, D.*; Wannemacher, R.*; CabanillasGonzalez, J.*
in preparation

VII

VIII

Acknowledgement
Thanks a ton for reading my thesis! I would say it’s a wonderful journey for me to get doctoral
training at IMDEA Nanociencia and live in Madrid, Spain. To go abroad for studying is really a
hug step for all my life, since I have never lived outside of my hometown for more than one
month before. What I achieved in Spain is not only the photophysical knowledge, but also the
improved English and Spanish ability, especially Spanish. Even though it’s very poor, but
enough for ordering food in a cafeteria. And let’s go back to the thesis. I’m grateful to those who
have offered me encouragements and supports during the last four years.
Foremost, special acknowledgment is given to my respectable supervisor Dr. Juan Cabanillas
González (IMDEA Nanociencia) whose patient instruction about photophysical knowledge and
constructive suggestions to my papers and thesis are beneficial to me a lot. I really appreciate his
patient teaching and advice, particularly in the femto-lab, which was a brand new and advanced
technique for me at the very beginning. He also encouraged me to attend international
conferences (at South Korea and The Netherlands) in order to improve my presentation skills and
broaden my research view. He is such a nice person who picked me up from the airport at the
first day when I arrived in Spain even though it was already 12:00 o’clock at midnight. Thanks a
lot for all the things during last four years.
I also acknowledge the following people for the fruitful collaboration. I would like to thank Dr.
Chenjun Pan and Prof. Kazunori Sugiyasu at National Institute for Materials Science (Japan)
who provided the wonderful materials used in Chapter 3. Many thanks to Dr. Bin Liu, Dr.
Lubing Bai and Dr. Jinyi Lin from Nanjing Tech University (China) who continuously send me
the highly emissive conjugation polymers and hundreds of quartz substrates for free. I wish to
thank Dr. Reinhold Wannemacher (IMDEA Nanociencia) for his teaching and assisting about the
lab techniques, especially the low temperature measurements and tips for lifetime fittings. Warm
thanks to Dr. Antonio Pertegás Ojeda (University of Valencia), Dr. Aleksandr Perevedentsev and
Dr. Xingyuan Shi (Imperial College London), Miss Elisa Fresta and Dr. Rubén D. Costa
(IMDEA Materials) for performing the PLQE measurements. Plenty of thanks to Dr. Jaime J.
Hernández Rueda (IMDEA Nanociencia) for measuring and analyzing the GIWAXS patterns
with kindly patients.
IX

My sincerest thanks extend to my coworkers, Johannes Gierschner, Larry Lüer, Abasi
Abudulimu, Manuel Vázquez Sulleiro, Patricia Pedraz Carrasco, Manuel Rodríguez Osorio,
Warren Smith and Fabiola Mogollon Quiroga for their scientific and technical supports. Sweet
thanks to the group members, JoséRaúl Castro-Smirnov, Ahmad Sousaraei and Qi Zhang, for all
the kind assistances. Special thanks to Sergio Revuelta Martínez, Sergio Iglesias Vázquez and
Javier Álvarez Conde for the discussions and English ⇄ Spanish translations.
I also thank my Chinese friends, Yansheng Liu, Yue Niu, Longfei Wu, Junqing Shi, Li Wang,
Dasheng Lu and Qinghua Zhao, for the periodical special “hot pot discussions”.
Finally, I wish to express the most heartfelt gratitude to my parents for their understanding and
encouragements during this long-term study, especially for the self-giving supporting in the first
year. Their love is always the source of my strength during the period of thesis writing.
This thesis was supported and funded by the China Scholarship Council (CSC, 201608390023),
the Spanish Ministry of Science and Innovation through projects LAPSEN (MAT2014-57652C2-1/2-R), MOFSENS (PCIN-2015-169-C02-01/02), and AMAPOLA (RTI2018-097508−B-I00)
and the Regional Government of Madrid through NMAT2D-CM project (S2018/NMT-4511).

X

Abbreviations and Symbols
ASE

Amplified Spontaneous Emission

Abs

Absorption

BBO

Barium Borate

BT
CPs
CT
CW-PIA
DSC
F8

2,1,3-Benzothiadiazole
Conjugated Polymers
Charge Transfer
Continuous-Wave Photoinduced Absorption Spectroscopy
Differential Scanning Calorimeter
9,9-Dioctylfluorene

F8BT

Poly(9,9-dioctylfluorene-alt-benzothiadiazole)

FRET

Förster Resonance Energy Transfer

fs-TA

Femtosecond Transient Absorption Spectroscopy

FWHM
GIWAXS
HOMO
IC
IMWs

Full Width at Half Maximum
Grazing Incidence Wide Angle X-ray Scattering
Highest Occupied Molecular Orbital
Internal Conversion
Insulated Molecular Wires

IPT

Insulated Polythiophene

ISC

Inter-System Crossing

LUMO
Me-LPPP
Mn/Mw
NIR

Lowest Unoccupied Molecular Orbital
Ladder-Type Methyl Substituted Poly-para-Phenylene
Number/Weight-Average Molecular Weight
Near-Infrared

OFETs

Organic Field-Effect Transistors

OLEDs

Organic Light Emitting Diodes

OPVs

Organic Photovoltaics

P3HT

Poly(3-hexylthiophene-2,5-diyl)

PA

Photoinduced Absorption

PB

Photobleach
XI

PCDTBT

Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2thienyl-2’,1’,3’-benzothiadiazole)]

PDI
PF
PFO
PL
PLEDs
PLQE
PODPF

Polydispersity Index
Polyfluorene
Poly(9,9-di-n-octylfluorenyl-2,7-diyl)
Photoluminescence
Polymer Light Emitting Diodes
Photoluminescence Quantum Efficiency
poly[4-(octyloxy)-9,9’-diphenylfluoren-2,7-diyl]-co-[5(octyloxy)-9,9’-diphenyl-fluoren-2,7-diyl]

PT
RISC
SE
TCSPC
ΔT/T

XII

Polythiophene
Reverse Inter-System Crossing
Stimulated Emission
Time-Correlated Single Photon Counting
Differential Transmission

ƒosc
kr

oscillator strength
radiative decay rate

knr

non-radiative decay rate

kET

energy transfer rate



lifetime

n

refractive index

σSE

stimulated emission cross-section

S0

ground state

S1

first excited singlet state

Sn

upper excited singlet state

T1

lowest excited triplet state

Tn

upper excited triplet state

Tg

glass transition temperature

Tcc

cold crystallization temperature

Tm

melting temperature

Tmc

melt crystallization temperature

XIII

XIV

Table of Contents
List of Publications ...................................................................................................................... V
Acknowledgement ....................................................................................................................... IX
Summary........................................................................................................................................ 1
Resumen ......................................................................................................................................... 3
Chapter 1. Introduction.............................................................................................................. 5
1.1.

Background ...................................................................................................................... 5

1.1.1.

Organic materials ...................................................................................................... 5

1.1.2.

Conjugated polymers ................................................................................................ 6

1.1.3.

Types of excitons ...................................................................................................... 9

1.1.4.

Light absorption and light emission in molecular systems ..................................... 10

1.1.5.

Supramolecular control of the optical properties and film morphology. ................ 14

1.2.

Relevant light emitting conjugated polymers................................................................. 15

1.2.1.

Polyfluorene (PF) .................................................................................................... 15

1.2.2.

Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) ......................................... 19

1.2.3.

Polythiophene (PT) ................................................................................................. 21

1.3.

Scope of the thesis .......................................................................................................... 24

Chapter 2. Experimental Methods .......................................................................................... 27
2.1.

Materials ......................................................................................................................... 27

2.1.1.

Poly(3-hexylthiophene) (P3HT), ½IPT and IPT..................................................... 27

2.1.2.

Polydiarylfluorene (PODPF, 1Ph, 2Ph and 3Ph) .................................................... 28

2.1.3.

Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) ......................................... 28

2.2.

Sample preparation ......................................................................................................... 29

2.2.1.

Polymers in diluted solutions .................................................................................. 29

2.2.2.

Spin-coated neat and blend films ............................................................................ 29

2.3.

Relevant characterization techniques ............................................................................. 29

2.3.1.

Steady state absorption (Abs) and photoluminescence spectroscopy (PL) ............ 29

2.3.2.

Photoluminescence quantum efficiency (PLQE) measurements ............................ 30

2.3.3.

Time-resolved PL measurements ............................................................................ 30

2.3.4.

Differential scanning calorimetry (DSC) ................................................................ 31

2.3.5.

Raman spectroscopy ............................................................................................... 31
XV

2.3.6.

Femtosecond transient absorption spectroscopy (fs-TA/pump-probe) ................... 32

2.3.7.

Continuous-wave photoinduced absorption spectroscopy (CW-PIA) .................... 35

2.3.8.

Amplified spontaneous emission (ASE) ................................................................. 36

Chapter 3. Photophysics and Amplified Spontaneous Emission in Supramolecularly
Controlled Self-Sheathed Polythiophenes................................................................................. 37
3.1.

Introduction .................................................................................................................... 37

3.2.

Effect of self-sheathing side-chains on absorption and photoluminescence in solution 38

3.2.1.

Absorption and PL spectra in solution .................................................................... 38

3.2.2.

PLQE and PL decay in solution .............................................................................. 42

3.3.

Effect of self-sheathing side-chains on absorption and photoluminescence in films .... 44

3.3.1.

Absorption and PL spectra in film .......................................................................... 44

3.3.2.

PLQE and PL decay in film .................................................................................... 46

3.3.3.

Morphology and structural properties of films ....................................................... 47

3.4.

Exciton dynamics in self-sheathed polythiophenes monitored with fs-TA ................... 49

3.4.1.

P3HT, ½ IPT and IPT in solution ........................................................................... 49

3.4.2.

P3HT, ½ IPT and IPT in film ................................................................................. 53

3.5.

ASE measurements ........................................................................................................ 55

3.5.1.

ASE spectra of ½ IPT and IPT................................................................................ 55

3.5.2.

Temperature dependence of ASE in IPT ................................................................ 57

3.6.

Conclusion...................................................................................................................... 60

Chapter 4. The Influence of β-Phase Content on the Photophysics and Light Amplifying
Properties of Polydiarylfluorene ............................................................................................... 63
4.1.

Introduction .................................................................................................................... 63

4.2.

Absorption and emission properties ............................................................................... 64

4.2.1.

PODPF in diluted chloroform ................................................................................. 64

4.2.2.

Absorption of PODPF films annealed at different temperatures ............................ 65

4.2.3.

Beta phase fraction of PODPF films annealed at different temperatures ............... 66

4.2.4.

Photoluminescence spectra of PODPF films annealed at different temperatures... 69

4.3.

PLQE and PL decay ....................................................................................................... 71

4.4.

GIWAXS patterns .......................................................................................................... 74

4.5.

Raman spectroscopy....................................................................................................... 78

4.6.

-phase signatures in the triplet absorption spectra of annealed PODPF films ............. 82

4.7.

Fs-TA spectroscopy in PODPF films ............................................................................. 85

XVI

4.7.1.

T/T spectra of PODPF films annealed at different temperatures ......................... 85

4.7.2.

T/T dynamics of PODPF films annealed at different temperatures ..................... 87

4.7.3.

A summary of main findings on T/T kinetics of PODPF films ........................... 91

4.8.

ASE measurements at different temperatures ................................................................ 92

4.9.

Conclusion...................................................................................................................... 94

Chapter 5.

The Effect of Phenyl Intercalation on the Light Amplifying Properties of

Poly(Diarylfluorene-co-NPhenyl):F8BT Blends ...................................................................... 95
5.1.

Introduction .................................................................................................................... 95

5.2.

Photophysical properties of NPhs solutions ................................................................... 96

5.2.1.

Absorption and PL spectra in solution .................................................................... 96

5.2.2.

PLQE and PL decay ................................................................................................ 98

5.3.

Photophysical properties of NPhs films ......................................................................... 99

5.3.1.

Absorption and PL spectra in neat films. ................................................................ 99

5.3.2.

Raman spectra of NPhs films. ............................................................................... 100

5.3.3.

PLQE and PL decay in neat films. ........................................................................ 103

5.3.4.

Absorption and PL spectra in blend films............................................................. 105

5.3.5.

PLQE and PL decay of NPhs:F8BT blends. ......................................................... 107

5.4.

Fs-TA spectroscopy...................................................................................................... 109

5.4.1.

NPhs in solution .................................................................................................... 109

5.4.2.

NPhs films ............................................................................................................. 111

5.4.3.

NPhs:F8BT blends ................................................................................................ 114

5.4.4.

Proposed photophysical scenario .......................................................................... 116

5.5.

ASE measurements ...................................................................................................... 118

5.6.

Conclusion.................................................................................................................... 121

Chapter 6 Conclusions and Future Work ............................................................................ 123
References .................................................................................................................................. 129
Appendix .................................................................................................................................... 153

XVII

XVIII

Summary
Conjugated polymers (CPs), a central part of the organic semiconductor family, have been
subject of intensive research on account of their efficient light emission properties, high optical
gain and notable charge carrier mobilities which make them suitable for the development of
organic light-emitting diodes (OLEDs), organic lasers (OLs) and sensors. However, the complex
arrangement of CPs in solid state leads to a diversity of film morphologies and rich photophysics
difficult to pin-point, being the subject of current material research. In general, the largely
disorder nature of CPs leads to inhomogeneous nanostructures with a wide variety of chain
arrangements in the condensed phase and presence of  stacking assisted by hetero-atom
effects. Thus, their light emission properties can experience a tradeoff due to the presence of
weakly emissive inter-chain states, (aggregates, excimers, charge transfer states). Therefore,
more understanding is required to learn how to control chain conformations and structure in CP
films in order to promote their photoluminescence quantum efficiencies (PLQEs), optical and
photonic properties. Tuning of the polymer chain conformation in CP films enables
programming the delocalization of the electronic wave functions on the chain or across the
chains, which makes big differences in their optical properties. Well defined CP self-assemblies
with strong supramolecular interactions such as π-π interactions, hydrogen bonding or metal
coordination, provide substantial intermolecular electronic coupling which favors efficient
energy transfer/transport. In this thesis, we shed light on the relation between morphology and
optical properties on novel supramolecularly controlled CPs. For this purpose, a series of blue,
yellow-green and red emitting CPs, all derivatives of the polyfluorene and polythiophene
families, are utilized as building blocks to better understand the intra- or/and interchain
conformation influence on their photophysical properties. The major research findings are the
following:
(1) Insulated polythiophenes (IPTs) bearing conjugated backbones with self-sheathing sidechains were investigated to figure out the relation between structure and photophysical
properties in the solid state. Efficient solid state photoluminescence was found in the
IPTs which manifested with highly vibronic spectra resembling a mirror-image of the
absorption spectra. This effect was attributed to their stiff structure hindering geometric
1

rearrangement in the excited-state. Concomitantly, efficient amplified stimulated
emission (ASE) in films was achieved.
(2) The relation between photophysical properties and solid state morphology was
investigated in a polyfluorene prototype, namely Poly[4-(octyloxy)-9,9-diphenylfluoren2,7-diyl]-co-[5-(octyloxy)-9,9-diphenyl-fluoren-2,7-diyl] (PODPF). A gradual increase in
energy transfer efficiency from the α- to the β-phase was obtained upon enhancing the βphase fraction in films. Films with moderate β-phase contents exhibited interesting
properties, such as the presence of dual ASE peaks ascribed to α- and β-phases.
(3) Conjugation shortening effects by inserting different numbers of phenyl groups into
PODPF backbone, NPhs (NPhs, N=1, 2, 3), were investigated. The consequences of
conjugation length shortening on the photophysics of pristine films as well as NPhs:F8BT
blends coupled by energy transfer were assessed. We demonstrate how phenyl
intercalation introduced less backbone planarization and shorter effective conjugation
length. Moreover, phenyl intercalation was found to be beneficial to promote the
stimulated emission properties of conjugated polymer blends.
Keywords: Conjugated polymer; Morphology; Optical property; Supramolecular; Optical gain;
Insulated polythiophenes; Polyflourene; Conformational planarization; Energy transfer.
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Resumen
Los polímeros conjugados (PCs), una parte central de la familia de semiconductores orgánicos,
han sido objeto de una intensa investigación debido a sus propiedades eficientes de emisión de
luz, alta ganancia óptica y movilidad de portadores de carga que los hace adecuados para el
desarrollo de diodos orgánicos emisores de luz, (OLEDs), láseres orgánicos (OLs) y sensores.
Sin embargo, la compleja disposición de las PCs en estado sólido conduce a una diversidad de
morfologías de película y fotofísica rica, difícil de precisar, siendo un tema actual en la
investigación de materiales. En general, la naturaleza en gran medida de desorden de las PC
conduce a nanoestructuras no homogéneas con una amplia variedad de arreglos de cadenas en la
fase condensada y presencia de apilamiento π-π asistido por efectos heteroátomos. Por lo tanto,
sus propiedades de emisión de luz pueden experimentar una compensación debido a la presencia
de estados entre cadenas débilmente emisivos (agregados, excímeros, estados de transferencia de
carga). Por lo tanto, se requiere una mayor comprensión para aprender a controlar las
conformaciones de cadena y la estructura en las películas de PCs para promover sus eficiencias
cuánticas de fotoluminiscencia (PLQE), y sus propiedades ópticas y fotónicas. El control de la
conformación de la cadena de polímero en las películas de PCs permite programar la
deslocalización de las funciones de onda electrónica en la cadena o a través de las cadenas, lo
que hace grandes diferencias en sus propiedades ópticas. Los autoensamblajes de PCs bien
definidos con fuertes interacciones supramoleculares, tales como interacciones π-π, enlaces de
hidrógeno o coordinación de metales, proporcionan un acoplamiento electrónico intermolecular
sustancial que favorece la transferencia / transporte eficiente de energía. En esta tesis, arrojamos
luz sobre la relación entre la morfología y las propiedades ópticas en nuevos PCs controlados
supramolecularmente. Para este propósito, una serie de PCs con emisión azul, amarillo-verde y
rojo, todos derivados de las familias de polifluoreno y politiofeno, se utilizan como bloques de
construcción para comprender mejor la influencia de la conformación intra- o inter-cadena en sus
propiedades fotofísicas. Los principales hallazgos de la investigación son los siguientes:
(1) Se investigaron politiofenos aislados (IPT) dotados de estructuras vertebrales conjugadas con
cadenas laterales auto-envolventes para determinar la relación entre la estructura y las
propiedades fotofísicas en estado sólido. Se observó una fotoluminiscencia eficiente en estado
3

sólido en los IPT con espectros de fotoluminiscencia altamente vibrónicos y siguiendo una
imagen especular de los espectros de absorción. Este efecto se atribuyóa su estructura rígida que
obstaculiza la reordenación geométrica en el estado excitado. Concomitantemente, se logró una
emisión estimulada amplificada eficiente (ASE) en pelí
culas.
(2) La relación entre las propiedades fotofísicas y la morfología del estado sólido se investigóen
un prototipo de polifluoreno, Poly [4- (octiloxi) -9,9-difenilfluoren-2,7-diil] -co- [5- (octiloxi) 9,9-difenil-fluoren-2,7-diil] (PODPF). Se obtuvo un aumento gradual en la eficiencia de
transferencia de energía desde la fase α a la fase β al incrementar la fracción de fase β en las
películas. Las películas con contenidos moderados de fase β exhibieron propiedades interesantes
tales como la presencia de picos ASE duales atribuidos a ambas fases.
(3) Se investigaron los efectos de acortamiento de la conjugación insertando grupos fenilos en
diferentes numeros en el esqueleto de PODPF, NPhs (NPhs, N = 1, 2, 3). Se evaluaron las
consecuencias del acortamiento de la longitud de conjugación en la fotofísica de películas
prístinas, asícomo en mezclas conjugadas NPhs: F8BT acopladas por transferencia de energía.
Demostramos cómo la intercalación de fenilo introdujo menos planarización del esqueleto y una
longitud de conjugación efectiva más corta. Además, se descubrióque la intercalación de grupos
fenilos es beneficiosa para promover las propiedades de emisión estimuladas de las mezclas de
polímeros conjugados.
Palabras clave: polímero conjugado; Morfologí
a; Propiedad óptica; Supramolecular; Ganancia
óptica; Politiofenos aislados; Polifluoreno; Planarización conformacional; Transferencia de
energí
a.
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Chapter 1. Introduction
1.1. Background
1.1.1. Organic materials
What are organic materials? It took a very long time to form the new definition about this kind of
materials. Before the year of 1828, people believe in the concept of vitalism (vital force theory),
that there exist some matters which can only be extracted from the livings, like urea, instead of
synthesizing them from inorganic materials in the laboratory. In 1806, the first distinction
between organic compounds (those including carbon) and inorganic compounds was made by a
famous Swedish chemist, named Jöns Jacob Berzelius. One milestone development in chemistry
came in 1828, Friedrich Wöhler successfully produced chemical urea (carbamide) directly from
two inorganic molecules (potassium cyanate and ammonium sulfate) for the first time, without
starting with biological organs, thus weakening the vitalism doctrine hypothesis.[1, 2] A new era
for organic materials came with the concept of chemical structure which was independently
proposed both by Friedrich August Kekulé and Archibald Scott Couper in 1858. They both
suggested that the tetravalent carbon atoms could link to each other by valence bonds as straight
lines to form a carbon lattice, which is still a modern structural pattern until now. Since then, the
concept of modern organic chemistry has been established and the definition of organic
compound has become clearer. Organic materials are a kind of carbon-based compounds which
mainly consist of carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) elements connected
with covalent bonds. In some cases, they also contain halogens (F, Cl, Br and I), sulfur (S),
phosphorous (P) and some other elements. Organic thin films comprise of organic molecules
interacting through Van der Waals forces, dipole-dipole interactions or other weak
intermolecular forces, including formation of secondary bonds and hydrogen bonds.
According to the increased complexity of the molecular structure, organic materials can be
classified as small molecules, polymers and biological molecules (Fig. 1.1). Typically, a small
molecule is a compound with a molecular weight less than 1000 g/mol. Generally, small
molecules are pure substances with a fixed number of atoms (clear molecular weights) and welldefined chemical structure. On the contrary, polymers are substances composed by a repetition
of 103~105 chemical units (monomers) to form long chain structures with either large or small
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distributions of molecular weights. Biological molecules are characterized by their synthetic
origin within living organisms with the most complex molecular structures. Among them,
polymers display higher elasticity, viscosity and boiling point, as well as larger resistance against
heat, corrosion and solvents, and improved mechanical strength over small molecules. In this
thesis we mainly focus on conjugated polymers.

NPB

F8BT

Protein

small molecule

polymer

Biological molecule

Complexity of Molecular Structure

Figure 1.1. Examples of organic materials displayed according to an increase in complexity.
1.1.2. Conjugated polymers
Few decades ago, people believed that polymers could only behave as insulators, like rubber,
nylon, resin and so on. A new polymer science era started in the year of 1977, when Alan Jay
Heeger, Alan Graham MacDiarmid and Hideki Shirakawa discovered a highly electrical
conductive halogen doped polyacetylene (PA) (Fig. 1.2(a)), namely I2 doped cis-polyacetylene
(38 Ω-1cm-1), whose electric conductivity could be continuously varied over a range of eleven
orders of magnitude.[3-5] This groundbreaking development was awarded with the Nobel Prize
for Chemistry in 2000 and widely encouraged thousands of researchers to put a lot of efforts to
study a new class of semiconducting polymers rather than conventional polymer insulators. The
first electroluminescence diode based on a conjugated polymer active layer (Poly(p-phenylene
vinylene) aka PPV) (Fig. 1.2(b)) was developed by Donal D.C. Bradley and co-workers in
1990.[6-10] This milestone triggered the birth of plastic optoelectronics which would lead to the
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first organic-based full-spectrum color displays and organic based solid-state lighting devices
(SSL).

(a)

(c)

PLED

Laser

PA

(b)

OFET

Conjugated
Polymer

Memory

OPV

PPV
Figure 1.2. Chemical structure of (a) polyacetylene (PA) and (b) Poly(p-phenylene vinylene)
(PPV). (c) The applications of conjugated polymers.
Conjugated polymers had been applied to a wide range of applications including polymer light
emitting diodes (PLEDs)[11,

12]

, organic field-effect transistors (OFETs)[13,

14]

, organic

photovoltaics (OPVs)[15, 16] and memory and organic lasers[17, 18] on account of their peculiar
optical properties, high conductivities and facile processing into thin films (Fig. 1.2(c)).
Conjugated polymers can be processed into films from solutions by spin-coating, dip-coating or
ink-jet printing at ambient conditions, without the need of high temperatures. Some of these
methods can easily be scaled-up by for instance roll-to-roll process.
But, what is a conjugated polymer? Conjugated polymers are a series of polymers whose
backbone chains consist of alternating single and double carbon-carbon bonds, formed by a
sequence of monomer units which are repeated 103-105 times. The special π-electron
delocalization along the polymer backbone chain can promote the outstanding optical and
electrical semiconducting properties instead of acting as an insulator. Such interesting π-electron
delocalization along the chain backbone chain is attributed to a specific orbital hybridization.
According to the Hund rules for orbital occupation, Carbon is the sixth chemical element in the
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periodic table with six electrons in total, two electrons occupying the 1s orbital, two electrons on
the 2s orbital and the remaining extra two electrons staying in the 2px- and 2py-shell leaving one
empty 2pz-shell. The configuration can be written as 1s22s22p2 (Fig. 1.3 (a)). After sp2 orbital
hybridization, one of the electrons in 2s orbital is promoted into a 2pz orbital, enabling each p
orbital to be occupied with a single electron, giving rise to a 1s22s12p3 configuration (Fig. 1.3
(b)). The one 2s orbital and two 2px and 2py orbitals mix together, forming a trigonal sp2
geometry structure with 120˚ degree in one plane (Fig. 1.3 (c)). In a polymer chain, one of these
three equivalent sp2 hybridized orbitals of a given carbon atom overlaps head-to-head with the
equivalent from the adjacent carbon, leading to strong σ-bonds along the chain (Fig. 1.3 (d)). The
remaining pure 2pz orbital stands perpendicular to the trigonal sp2 geometry plane and it overlaps
shoulder-to-shoulder sideways with the corresponding 2pz orbital from an adjacent carbon atom,
leading to a delocalized orbital named π-bond (Fig. 1.3 (e)). In one atom, electrons occupy
atomic orbitals, whereas in molecules they occupy surrounding molecular orbitals.

(b)
2px 2py 2pz

1s 2s

(c)
2px 2py 2pz

1s 2s

(d)

2pz

1s

Energy

(a)

three sp2

(e)

σ-bond

π-bond

Figure 1.3. (a-c) Sp2 orbital hybridization. The structure of σ- (d) and π- (e) bond.
In π-conjugated systems, the molecular orbitals are divided into two types, the π-bonding and π*antibonding orbitals. The π-bonding molecular orbitals have lower energy than the π*antibonding orbitals. The highest energy of π-bonding molecular orbitals and the lowest energy
of π*-antibonding molecular orbitals are defined as the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energies. The LUMO is the lowest
energy level from which is possible to promote or excite an electron. In Fig. 1.4 the molecular
orbital splitting of a simple benzene ring is visualized as an example. The alternating single and
double carbon bonds lying along the conjugated polymer backbones give raise to overlap of the
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-orbitals containing delocalized π-electrons with notable charge mobility and light harvesting
and emitting properties for potential applications in OLEDs, OFETs, photodetection, OPVs and
organic lasers.

π6 *
π4 *
antibonding
bonding

π3

π2

Energy

π5 *

π1

Figure 1.4. Molecular orbitals of the benzene molecule.

1.1.3. Types of excitons
An exciton is a bound state made of an electron in the conduction band and a hole, (an
abstraction to refer to the empty vacancy left in the valence band). This pair is bound strongly by
electrostatic interactions and behaves as an electrically neutral quasiparticle. Excitons are
delocalized along the conjugated polymer backbone through the adjacent -orbitals, the occupied
space being referred often as a chromophore. Excitons are present typically in semiconductors as
well as in insulators. According to their binding energy and electron-hole separation, excitons
can be classified in three types: Frenkel, Charge Transfer (CT) and Wannier-Mott excitons. Fig.
1.5 illustrates the relative spatial position of the three types of excitons. Frenkel excitons are
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typically present in materials with low dielectric constant, such is the case of molecular materials.
They are typically confined on single molecular entities having relatively small radii which can
be down to 10Å and large binding energies on the order of 0.3 to 1 eV. Excitons in conjugated
polymers are Frenkel-type.[19] Contrarily, Wannier-Mott excitons are often ascribed to materials
with high dielectric constants. They are spatially delocalized having radii ranging from 40 to
100Å and binding energies below 0.1 eV.[19] In organic materials, such kind of long distance
bonded excitons do not exist due to their small dielectric constant and weak intermolecular
interactions. The binding energies and radii of CT excitons reside in between the other two types
of excitons; their electron and hole occupy adjacent molecules and display a static electric dipole
moment. CT excitons are typical for instance of molecular crystals. Due to the relative weak
binding energy, they have the tendency either to dissociate into a separated electrons and holes,
or to recombine into strongly bound Frenkel excitons which favor radiative emission.[20, 21]

Figure 1.5. A schematic representation of the three types of excitons: (a) Frenkel, (b) Charge
Transfer and (c) Wannier-Mott. Copyright from M. Pope and C. E. Swenberg, Electronic
Processes in Organic Crystals, Clarendon Press, Oxford University Press, 1999.
1.1.4. Light absorption and light emission in molecular systems
Excitons can be classified as singlet or triplet excitons according to their total spin quantum
numbers (S) (0 or 1 respectively). The singlet and triplet excitons have associated two spinpaired electrons with one-fold energy level multiplicity and two spin-unpaired electrons with
three-fold multiplicity respectively. According to the Hund’s rules, the term with maximum
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multiplicity has the lowest energy. In another words, two electrons must have antiparallel spins
to form the lowest energy for stabilizing the system. Therefore, the energy level ascribed to the
singlet exciton (ES1) lies above the one corresponding to the triplet exciton (ET1). The
relationship between ground state, the lowest excited singlet state, the lowest triplet state,
HOMO and LUMO is represented in Fig. 1.6.

LUMO

HOMO
ground state

singlet state

triplet state

Figure 1.6. The relationship of the energy gap of ground state, singlet state and triplet state.
The spectral position, lineshapes, and intensities of the absorption and fluorescence spectra as
well as the absorption-fluorescence spectral displacement can be illustrated by the FranckCondon principle. As it is shown in Fig. 1.7(a), the S1 excited-state has a deeper potential energy
surface than the ground state S0, accompanied by a displacement of the nuclei. There also exist
different vibrational levels around each electronic transition states, which donate the vibration
levels (m=0, 1, 2…). The chromophores absorb the photons and the electrons are promoted to the
vibronic manifold of an upper electronic level.
In the Franck-Condon picture, this transition is vertical, i.e. without nuclei displacement. The
different wavefunctions overlap between the initial and final states determines the intensity of
each absorption peak. Then, vibrational or rotational reorientations of the nuclei take place
concomitant with exciton relaxation to the lowest excited states. Similar to the absorption
spectrum, the relative intensity of the fluorescence bands associated to the different transitions
are ascribed to the wavefunction overlap between the 0 vibrational level of S1 and the different
vibrational levels of S0. As shown in Fig. 1.7(b), the absorption and fluorescence spectra exhibit
symmetric mirror shapes with a slight displacement known as the Stokes shift resulting from the
vibrational or rotational geometric rearrangement of the chromophore in the excited state. In
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practice, mirror-image absorption-fluorescence is not observed in non-rigid molecular systems.
Many conjugated polymers are amorphous, they have flexible backbones that can be distorted by
interactions with the surrounding medium. This fact leads to a wide dispersion of conjugation
lengths in equilibrium. Since absorption probes the polymers in equilibrium conditions (before
nuclear relaxation takes place) the absorption is inhomogeneously broadened due to the wide
energetic dispersion associated to polymer chain disorder. However, the fluorescence spectra of
conjugated polymers tend to be more vibronically resolved because radiative decay takes place
after geometric re-organization from the lowest excited state, thus narrowing down the energetic
dispersion.

(a)

(b)

Figure 1.7. The Franck-Condon principle energy diagram. (Adapted from Wikimedia Creative
Commons).
The photon absorption and light emission processes can be illustrated by the Perrin-Jablonski
diagram. In Fig. 1.8 there appear the lowest energy levels associated: the ground state (S0), first
excited state (S1), a generic upper excited state (Sn), lowest triplet state (T1) and a generic upper
triplet excited state (Tn) (dark black lines). Each of these energy levels possesses a distribution of
vibrational and rotational sub-levels, its population being subject to rotational or vibrational
relaxation processes in the fluorophore (light gray lines). In equilibrium conditions,
chromophores are in the ground (S0) state. Upon absorption of a photon by a chromophore, spin12

allowed S0 to Sn transitions take place. As soon as Sn levels are populated, rotational and
vibrational motion within the chromophore takes place leading to phonon-assisted energy
relaxation to the lowest S1 excited state according to Kasha’s rule.

Figure

1.8.

The

Perrin-Jablonski

diagram.

(Adapted

from

https://www.olympus-

lifescience.com/en/microscope-resource/primer/java/jablonski/jabintro/)
This thermalization process is called internal conversion (IC) and typically occurs in very short
timescales (10-14 - 10-11 s)[22-24], much shorter than the timescales for radiative relaxation (10-10 10-9 s).[22, 25-27] Subsequently, the non-thermalized S1 population undergoes vibrational relaxation
towards the lowest vibrational level of S1. Once the exciton thermalizes, S1 to S0 relaxation may
take place via radiative decay involving the emission of a photon (also known as fluorescence)
with a rate (kr) or via non-radiative channels of different nature. Alternatively, spin flip of the
excited electron enables a radiation-less transition from the singlet S1 to the slightly lower triplet
T1 energy level when the vibrational levels of the two excited states overlap (spin-orbit coupling),
a process called inter-system crossing (ISC). Subsequent T1 → S0 relaxation may take place
through a radiative process, (again involving spin flip and decay to S0 by emission of one
photon), named phosphorescence. Alternatively T1 excitons may also undergo non-radiative
decay into S0. Given that phosphorescence requires spin inversion, the associated
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phosphorescence decay times are much longer than those of fluorescence, being typically in the
μs to ms domain (10-6 - 10-3 s).[22, 28-31] As a final remark we would like to mention that there are
molecular systems where the energy offset between T1 and S1 is very small, of the order of the
thermal energy (kT), enabling a reverse inter-system crossing (RISC) back to S1 activated by
temperature which gives rise to delayed fluorescence. This process is also known as thermally
activated delayed fluorescence. The photoluminescence quantum efficiency (φ) of a given
molecule is defined as the ratio between the number of photons emitted and the number of
photons absorbed, φ =

#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

. In theory, the maximum value of φ is 1. However, in

practice, φ is usually less than 1, on account of the large amount of the non-radiative decay
process consumed by many factors, like temperature, solvent, phase and pH. Therefore, the
quantum efficiency could be defined in terms of the rate constants of the radiative (kr) and nonradiative (knr) decay channel, φ =

𝑘𝑟
𝑘𝑟 +𝑘𝑛𝑟

.[22, 32, 33]

1.1.5. Supramolecular control of the optical properties and film morphology.
The optical and electrical properties of conjugated molecules and polymers undergo strong
changes from solution to solid state. In a single molecule, the chemical structure of the material
can influence the molecular orbitals, absorption and emission properties. However, when single
π-conjugated molecules meet together and get very close to each other, their optical and
electrical properties change significantly respect to the single molecule behavior, being
controlled by supramolecular interactions within that unique arrangement and packing behavior.
Supramolecular interactions are interactions between non-covalent bounded molecules[34],
including hydrogen bonds[35-37], dative coordinate bonds[37-39], π-π stacking[40-43], secondary
bonds[44] and other types of less well-defined interactions (electrostatic forces[45], etc.). In πconjugated polymers, the multiple conformations that chain can adopt in the solid state and the
molecular packing and 3D arrangement are strongly influenced by supramolecular interactions.
H/J aggregation behavior, or excimer / exciplex formation in polymers can lead to a variety of
optical properties and profound impact on their absorption, fluorescence, phosphorescence,
photoluminescence quantum efficiency and so on. Also, exciton and charge carrier transport
properties can be dramatically improved through polymer organization into highly ordered
supramolecular structures
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[46, 47]

. Harnessing of the weak intermolecular forces that rule

supramolecular interactions can be applied to drive polymer backbones into specific chain
conformations, to form molecular structures by self-assembly and in general, to tune film
morphology and the optical and electrical properties in a very rational way.
1.2. Relevant light emitting conjugated polymers
1.2.1. Polyfluorene (PF)
PFs stands for a family of conjugated polymers that have been widely used in the field of organic
light-emitting diodes (OLEDs),[48, 49] photodetection,[50] field-effect transistors, solar cells, laser
and photonics.[48, 51-54] The backbone of PF is formed by fluorene monomers where the 9-, 2-, 7and 4-position in the fluorene unit can be easily functionalized with variety of substituents to
modify the absorption and photoluminescence spectra, the polymer film morphology, the
photoluminescence quantum efficiency and the charge transport properties. One of the most
popular polyfluorenes is poly(9,9-dioctyfluorene) (PFO), which has a chain backbone
constructed with fluorenes bearing two alkyl side-chains attached to the 9-position carbon bridge
to improve the polymer solubility. PFO exhibits quite interesting optical and electrical properties
on account of their unique chemical structure, and intra/inter-chain conformations. On the one
hand, two para-linked phenylene rings bridged with one sp3 carbon at 9-position endows the
fluorene unit with stiffness, which favors light emission and solubility. On the other hand, the
adjacent fluorene units are linked with a C-C single bond which confers the backbone chain a
certain rotational freedom. As a consequence of the different PF functionalization mentioned
above, weak π-π interactions and van der Waals forces can be tuned to produce a wide range of
film morphologies, from highly amorphous arrangement (known as -phase) to more ordered
(crystalline or -phase) configurations. The three better understood morphological phases of
PFO are depicted in Fig. 1.9, wherein a specific chain conformation is adopted in each phase.
Also, each phase has characteristic Abs and PL spectra associated.
Films containing the α-phase conformation of PFO can be obtained by spin-coating of PFO
solutions with good solvents, whose Hildebrand solubility parameter (σ) ranges from 9.1 to 9.3
cal1/2cm-3/2 with low boiling temperature.[55, 56] For instance, the amorphous conformation of PFO
forms directly after spin-coating from tetrahydrofuran (THF, σ=9.1 cal1/2cm-3/2) and chloroform
(σ=9.3 cal1/2cm-3/2) solution.[57] Similarly, the amorphous phase can also be obtained both
through the pre-heated toluene (σ=8.9 cal1/2cm-3/2) solution and substrates.[58] According to the
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reports, the PFO chains in the obtained amorphous phase are characterized by a distribution of
inter-monomer torsional angles centered at 135˚ accounted by the worm-like chain (WLC) model
in polymer physics.[59] The absorption spectra is typically characterized by a broad and
unresolved band located at 383 nm, meanwhile, the PL spectra peaks at 422, 447 and 467 nm for
0-0, 0-1 and 0-2 vibronic transitions.[60-62] A strong triplet T1-Tn transition located at 823 nm with
a 120 meV bandwidth is observed in the low temperature photoinduced absorption (PIA)
spectrum (PIA).[63]

Figure 1.9. Three types of chain conformation in PFO: (a) Abs (b) PL and (c) twisting angle of
the backbone chain. (After the PhD thesis of Aleksandr Perevedentsev, Chain Conformation and
the Photophysics of Polyfluorenes.)[64]
By melting and slowly cooling PFO films, the crystalline-phase is formed, being comprised of
polymer chains adopting a slightly more planar conformation (torsional angle around 150˚).[59, 60,
64]

The crystallization point of PFO ranges from 90 to 140˚C depending on its molecular weight.

Other experimental parameters such as the cooling rate influence the crystallinity degree of the
final treated PFO film.[64,
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66, 67]

As it is shown in Fig. 1.9, crystallization manifests in the

absorption spectra as a shoulder at 425 nm. Following a more extend conjugation length, the
peaks in the PL spectrum red-shift to 432, 455 and 488 nm. There are some variations in the PL
quantum efficiency of crystallized films which correlate with the presence of crystals with
different sizes and are explained in terms of diffusion-assisted exciton trapping.[68] A higher
fraction of defects exists on the grain boundaries in polycrystalline films, which act as traps for
excitons leading to photoluminescence quenching.
The β-phase morphology is also characterized by ordered domains, but differing from the
crystalline phase, PFO backbones adopt a more rigid and planarized conformation with intermonomer dihedral angles near 180˚.[55,

56, 59-61, 69]

As it is displayed in Fig. 1.9, a broad

unstructured band at 385 nm is accompanied by a new absorption peak around 435 nm (S0-S1
transition) a characteristic fingerprint for this specific conformation. As a result of the planarized
polymer backbone, the PL spectrum resembles with three vibronically resolved peaks at 430, 466
and 489 nm (0-0, 0-1 and 0-2 transitions respectively) which coincide with the spectral shape of
the ladder-type conjugated poly(phenylene) (Me-LPPP), a covalently-forced planar version of
PFO.[58, 60, 66, 70] These shifts have a correspondence in the triplet T1-Tn absorption transitions, the
β-phase exhibiting a 46 nm red-shift respect to the -phase and a much narrower bandwidth (45
meV instead of 120 meV in the glassy phase).[63] In addition to triplets, the presence of longlived charged states (also known as polaron-pairs) are inferred from a mild absorption band at
644 nm in the continuous-wave photoinduced absorption spectrum (CW-PIA) of PFO films with
β-phases.[61] The β-phase domains in PFO films can be introduced through plenty of approaches
and processing conditions, such as spin-coating from high concentration of PFO in toluene
solution (~0.1%), immersing PFO films into a poor solvent for several seconds (~1%), exposing
films to solvent vapors overnight (~10%), or using mixtures of rich and poor solvents in the
precursor polymer solution prior to spin-coating (>20%).[71] All these films contain predominant
glassy domains and minor fractions of β-phase domains, being sorts of self-doped films with
different self-dopant (-phase) contents.
A particular feature noteworthy to mention is that some of these protocols can lead to an
unexpected “green” emission band (500-600 nm) concomitant with the characteristic PF blue
fluorescence. The appearance of this green band impacts negatively in the photoluminescence
quantum efficiency (PLQE) of PF films and in PF-based LEDs reduces their color purity and
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their device stability (Fig. 1.10(a)). The origin of this unexpected emission band has been an
intensive subject of research and three possible explanations have been proposed, namely the
formation of keto defects (also known as “fluorenone”), formation of excimeric species and
presence of bending conformations (Fig. 1.10(b)).

(a)

Green band emission (500~600 nm)

PL intensity

Reasons:
light, H2O, O2, electric
field…

Results:
reduce PLQE
unstable spectra
400

(b)

450

500
550
600
Wavelength (nm)

650

3

2

1

keto defects

excimer formation

bending conformation

Figure 1.10. (a) The evaluation of “green” band emission in PFO film. (b) Three typical
explanations about the origin of the “green” band.
Starting with keto defects, photo-oxidation creates defects along the backbone chain which
develop rapidly owing to the combined effect of external agents (light irradiation, heating
conditions or presence of electric fields).[72-74] Based on this first scenario, the green band would
arise from these defects localized on single chains. Alternatively, an inter-chain excimeric nature
of the green band has been proposed, supported by spectral resemblance.[75,76] The relatively stiff
and planar PF chain geometry[77] favors excimer formation which stem from polar endgroup/side-chain enhanced aggregation.[78] Finally, a third scenario was proposed which involves
the formation of highly bent conformations. A similar green emission band was reported in a
hoop-shape fluorene-based [4]Cyclo-9,9-dipropyl-2,7-fluorene ([4]CF) with high strain energy
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(79.8 kcal/mol). Dramatically different from linear-shape ([4]LF), [4]CF exhibits a green
emission band at 512 nm with high PLQE (≥ 45%) and CIE coordinates of (0.25, 0.52) in its
OLED application.[79] This conformational-induced green emission is also in line with the redshifted emission from stiff rigid rod-type PFO on a highly oriented pyrolytic graphite interface
confirmed by high-resolution STM image.[80] Regardless the origin of the green emission, singlet
excitons rapidly transfer to these lower energy sites in photo-oxidized films jeopardizing light
emission applications.[53, 81-84]
1.2.2. Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT)
F8BT is a fluorene-based copolymer whose backbone is alternated by 9,9-dioctylfluorene (F8, an
electron poor monomer) and benzothiadiazole (BT, an electron rich monomer) (Fig. 1.11(a)). A
reduced band gap is formed upon the alternation of the F8 and BT -orbitals along the backbone,
leading to a LUMO located on the BT units.[85, 86]

(a)

(c)

F8BT
(b)

(d)

Figure 1.11. (a) The chemical structure of F8BT. (b) The normalized Abs and PL spectra of
pristine F8BT film. (c-d) The packing structures of pristine and annealed F8BT films
respectively. (Figure 1.11(c-d) after Kim et al.[86])
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F8BT has been extensively exploited as an active layer in polymer light-emitting diodes thanks
also to its high PLQE[87-89] and notable electron transport mobilities[86, 90, 91]. The optical and
electrical properties of F8BT are strongly influenced by the polymer backbone conformation and
packing structure in film. According to Donley et al., F8BT has a broad absorption band with
maximum at 460 nm which broadens and shifts towards longer wavelengths upon annealing.
Meanwhile, two main emission bands at 550 and 580 nm coexist in the PL spectrum, which are
ascribed to separate emissive states: an inter-chain exciton (550 nm) and a charge-transfer intrachain exciton (580 nm).[86,

92]

The statistical weight of these two emission contributions is

strongly correlated to the film morphology. Upon thermal annealing of F8BT films, the PL
spectra experience a blue shift, (in contrast with the redshift observed in the Abs spectra), [86]
whilst the long wavelength PL band becomes less pronounced. This is explained due to an
alternated structure adopted by F8BT chains in the annealed morphology, (Figure 1.11).[85]
Quantum chemical calculations by Cornil et al. have demonstrated that the strong electron
localization at the BT unit in the LUMO leads to a favored energy transfer between alternated
F8BT chains.[85] As a result of the restricted inter-chain energy transfer and concomitant
reduction in F8BT inter-chain emission, the PLQE values are significantly improved by
approximately 10-20% upon annealing. The two main peaks at 1545 and 1608 cm-1 dominate the
Raman spectra of F8BT with several peaks at low wavenumbers assigned to ring stretch modes
for BT and F8 units, respectively.[93-95] The intensity of the Raman peak at 1356 cm-1, assigned to
the stretch mode of the two carbon atoms that bridge the benzene to the thiadiazole group in the
BT unit, decreases upon annealing indicating lesser torsion angle between the F8 and BT units
lying along the backbone. Owing to strong electron localization on the BT units, F8BT pristine
film exhibits large electron mobility (ranging from 6×10-4 to 4.8×10-3 cm2/V·s), being slightly
reduced upon annealing (~2.5×10-3 cm2/V·s). Based on the optical and electrical properties of
F8BT mentioned above, Donley et al. proposed an F8BT packing structure in films as the one
shown in Fig. 1.11(b), with the F8 and BT units arranged with a twisted angle of F8 and BT units
and closed packing distance between the BT units. Annealed films (Fig. 1.11(c)) show instead a
more planarized conformation with low F8-BT twisting angles and adjacent chains arranged in a
sort of “alternating structure”.[86]
Owing to the high PLQE values, notable stimulated emission (SE) properties, large solubility
and amorphous film morphologies without scattering centers of F8BT films, efficient optical gain
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was achieved and applied to the design of solid-state optically pumped lasers and waveguides
with very narrow linewidth in the 540-590 nm range.[96, 97] F8BT has a SE cross section value
(σSE) of ~10-16 cm2 at wavelengths corresponding to the 0-1 PL peak, and a net optical gain
coefficient of 22 cm-1.[96, 98] Recently a dramatic enhancement of F8BT optical gain was achieved
by blending F8BT in a conjugated matrix based on a fluorene-based blue emitting H-shape
molecule. The benefits of host dispersion on the F8BT emission properties were two-fold. First,
F8BT chain insulation in the matrix prevented quenching processes associated to the proximity
of F8BT chains (e.g. aggregation, formation of low-emissive inter-chain species, collisional
quenching, etc…) which led to a concomitant increase in PLQE from 25% to 66%.[99] Second,
the H-shape molecules were carefully selected as hosts owing to their PL spectrum overlapping
with the absorption of F8BT, enabling a very efficient Förster resonance energy transfer (FRET)
to F8BT to be established in blends. Consequently, the combination of dilution and resonant
antenna effects enabled to promote the emissive properties of F8BT in the blend without paying
the prize of losing film optical density. The optical pumping thresholds and optical losses were
indeed reduced by a 5-fold respect to pristine F8BT.[99,

100]

Similarly, F8BT has also been

employed as a host matrix for weakly-emissive low bandgap polymers, like poly[N-9’heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) or
regioregular Poly(3-hexylthiophene) (rr-P3HT), to enhance their light emission efficiencies
through chain insulation and FRET-coupling from F8BT, for the development of films with large
PLQEs and red emitting lasers.[101-104]
1.2.3. Polythiophene (PT)
PTs are a family of red-emitting polymers with thiophene rings as repeating units which have
been widely used as electron-donating semiconducting polymers in bulk heterojunction (BHJ)
solar cells and as charge transport layer in organic field effect transistors (OFETs).[105-107] One of
the most popular and extensively studied PT is poly(3-hexylthiophene) (P3HT). According to the
arrangements of the 3-hexyl substituted chains in adjacent thiophene units, three types of
coupling (dyads) can be formed; namely head-to-head (HH), head-to-tail (HT) and tail-to-tail
(TT) (Fig. 1.12(b)). Attending to their regiochemistry, poly(3-hexylthiophene) can be classified
in regioregular (rr-), with a >90% HT dimer content, and regiorandom (ra-), with <90%.[108, 109]
The degree of regioregularity of poly(3-hexylthiophene) has direct implications in its optical and
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electrical properties.[108] Chapter 3 in this thesis deals with regioregular poly(3-hexylthiophene)
(hereafter referred as P3HT for simplicity) among other PT related polymers.

(a)

(b)

HH

HT

TT

Figure 1.12. (a) 3-subtituted polythiophene, where the 2- and 5- positions are designated as the
head and tail. (b) Three possible couplings formed between two 3-substituted monomer
thiophene unit.
The molecular weights and processing approaches can both have a significant impact on their
film morphologies, energy levels, optical and electrical properties.[110] According to previous
studies, the film morphology of P3HT is characterized by the presence of 2D crystalline lamellae
nanostructures formed by in-plane stacking of the polymer side chains (~16.4 Å, the interchain
separation distance) and close π-stacking out of the plane (~3.8 Å, the interchain π-π stacking
distance) inferred from X-ray studies.[111-113]

(a)

(b)

face-on

edge-on

Figure 1.13. Two types of predominant orientation of semicrystalline P3HT domains with
respect to a substrate, the face-on (a) and edge-on (b) orientations. (After Kurta et al.)[114]
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The edge-on (lamella stack parallel to the substrate) and face-on (lamella stack perpendicular to
the substrate) orientations can be formed by processing the thin films following different
procedures (Fig. 1.13).[115] The edge-on orientation favors the electrons hopping between
polymer chains and further benefits the efficiency of BHJ solar cells.[113] Such kind of semicrystalline structures can be revealed by Raman spectroscopy owing to the Raman modes being
highly sensitive to the degree of π-electron delocalization or effective conjugation length along
polymer backbone.[116] The Raman spectrum of P3HT is dominated by two main peaks at 1545
and 1381 cm-1, which can be assigned to the C=C symmetric stretch and C-C intra-ring stretch
modes along the backbone.[117-120] The degree of crystallinity can be deduced from the full width
at half maximum (FWHM) of the Raman peak and the relative ratio between the two modes (ICC/IC=C)

mentioned above.[121, 122]

Figure 1.14. The normalized Abs and PL spectra of a P3HT film.
P3HT polycrystallinity manifests in the Abs spectrum through the emergence of an absorption
tail at longer wavelength region which is attributed to weakly interacting H-aggregates.[115, 123]
P3HT films exhibit broad and structureless PL spectra in the red emission region with only 2~5 %
PLQE owing to the weakly emissive nature of π-π stacked strands and ultrafast exciton
branching into singlet excitons and non-emissive inter-chain polaron-pairs.[124] Some previous
studies explored many methods to effectively increase the packing distance between polymer
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chains and further keep the emission properties closer to what is observed in solution. Examples
on how the amorphous polymer nature can be preserved in solid state are the development of
regiorandom P3HT substituents (ra-P3HT),[125, 126] attachment of bulky side chains to block the
interchain interaction,[127, 128] molecular functionalization with non-planar groups,[128-130] or the
effective encapsulation of the polymer backbones.[131-141] However, even though the PLQE is
moderately enhanced up to 10-15% with some of these methods,[142] it is still not high enough to
be applied in an actual light-emitting device. Hence, it is of great interest to develop new
supramolecular strategies to harness aggregation-caused emission quenching (AQE) in order to
promote the emission properties of P3HT in solid state. A worth mentioning example here are
insulated molecular wires (IMWs), i.e. CPs with their backbones encapsulated by protective
macrocycles. This strategy truly enables to isolate CPs and exploit their unique single chain
properties in the solid state.[139]
1.3. Scope of the thesis
The applications of CPs to Optoelectronics have received wide attention due to their excellent
assets for tunable properties from simple chemical modifications. However, complexed chain
arrangement with multiple secondary non-covalent interactions in the condensed states induce
lower energy traps, such as polaron-pairs or excimers, which are pitfalls for light emission
efficiency, energy consumption or color purity in displays. In this regard, we focus on
understanding and exploring the real nature of morphology and optical property relationships on
these supramolecularly controlled CPs to obtain robust and stable emission for high performance
light-emitting optoelectronic devices.
This thesis is organized as follows,
In Chapter 2, the chemical structures and basic properties of the polymers and the sample
preparation methods used in this study are introduced, as well as the characterization techniques
employed such as steady state absorption (Abs) and photoluminescence (PL) spectroscopy,
continuous-wave photoinduced absorption spectroscopy (CW-PIA), femtosecond transient
absorption spectroscopy (fs-TA), amplified spontaneous emission (ASE), etc.
In Chapter 3, covalently insulated polythiophenes (IPTs) whose conjugated backbones are
sheathed by their own cyclic side chains are investigated. Reduced torsional chain relaxation and
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geometric rearrangement between ground and excited states along IPTs backbones and increased
planarization of chain conformations have been revealed by their Abs, PL, fs-TA and Raman
results. The effect of torsional rigidity is independently evaluated through monitoring the
photophysics of P3HT in viscous solvents. Restricted torsional relaxation enables much higher
PLQEs and larger radiative decay rates. High stimulated emission (SE) cross-sections values and
absence of spectral overlap with excited-state absorption is reflected in efficient ASE in IPTs.
In Chapter 4, a specific modified polyfluorene, polydiarylfluorene (PODPF), bearing diphenyl
moieties at the 9-position of fluorene and alkyl side chains substituted at the 4-position, is
investigated. Thermal annealing of films based on this polymer induces the appearance of
ordered β-phase domains with distinctive optical / luminescence properties and excellent color
stability. The gradual formation of these ordered areas is monitored with temperature dependent
Abs, PL, Raman, CW-PIA, PLQE, PL lifetime, grazing incident wide angle X-ray scattering
(GIWAXS) and fs-TA experiments. All the PODPF films with different β-phase fractions exhibit
excellent optical gain behaviors, especially the 220ºC thermally annealed films which display
outstanding dual ASE peaks ascribed to the α- and β-phases.
In Chapter 5, different numbers of phenyl groups (NPhs, N=1, 2, 3) are inserted into the PODPF
backbone to investigate the conjugation shortening effect on the photophysical properties of
NPhs as well as NPhs:F8BT blends. The Abs, PL and Raman spectra reveal a reduced interchain interaction in NPhs films respect to unsubstituted PODPF concomitant with an increase in
PLQE. Fs-TA experiments in 2Ph films confirm the presence of strong stimulated emission in
the blue spectral region without significant detrimental polaron-pair photoinduced absorption.
Blends of NPhs (hosts) with F8BT (guest) are deployed, and efficient host-to-guest FRET is
investigated as a mean to achieve low-threshold amplified spontaneous emission.
Finally, in Chapter 6, conclusions and a future outlook are presented.
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Chapter 2. Experimental Methods
This Chapter describes the basic characteristics of the polymers investigated in this thesis, the
sample preparation methods and the relevant characterization techniques. All the experiments
and analysis were done by the author at IMDEA Nanociencia, except the ones specifically
mentioned in section 2.3.2 and 2.3.4. All the materials were used as received.
2.1. Materials
2.1.1. Poly(3-hexylthiophene) (P3HT), ½IPT and IPT.
Regioregular poly(3-hexylthiphene) (P3HT) was purchased from a commercial supplier (BASF,
RMIP200 product code) and used without further purification (see chemical structure in Fig.
2.1(a)). The regioregularity (ratio of head-to-tail to head-to-head conformers) of P3HT is above
95%. The mass average molecular mass (Mn) is in the 20 to 30 kg/mol according to supplier
specifications. The red emitting supramolecularly self-sheathed ½ IPT and IPT (Fig. 2.1(b) and
(c)) consist of a polythiothene backbone with two types of self-threading cyclic side chains,
being synthesized by the group of Prof. Kazunori Sugiyasu at National Institute for Materials
Science (NIMS), Japan.[137, 143]

(a)

(b)

P3HT

(c)

½ IPT

IPT

Figure 2.1. The chemical structures of (a) P3HT, (b) ½ IPT and (c) IPT.
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2.1.2. Polydiarylfluorene (PODPF, 1Ph, 2Ph and 3Ph)
Polydiarylfluorenes were supplied by the group of Dr. Jinyi Lin at Nanjing Tech University in
China. The chemical structures of the polydiarylfluorene derivatives are displayed in Fig. 2.2.
PODPF belongs to a new generation of polyfluorenes which contain bulky diphenyl moieties at
the 9-position of fluorene and alkyl side chains substituted at 4-position of fluorene. These
substitutions help to enhance the stability whilst preserving the required polymer solubility (Fig.
2.2(a)).[127,

144-146]

NPhs (N= 1, 2 and 3) polymers are composed of PODPF monomers

conjugated with one phenyl, biphenyl and 1,4-diphenylbenzene groups, respectively (Fig. 2.2(bd)). The Mn values associated to PODPF, 1Ph, 2Ph and 3Ph are 40, 21, 20 and 18 kg/mol. We
anticipate here that PODPF is referred as 0Ph in Chapter 5 for clarity purposes.
(a)

(b)

PODPF/0Ph

(c)

1Ph

(d)

2Ph

3Ph

Figure 2.2. The chemical structures of (a) PODPF, (b) 1Ph, (c) 2Ph and (d) 3Ph.
2.1.3. Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT)
F8BT, (chemical structure in Fig. 2.3.), was supplied by Xi’an Polymer Light Technology
Corporation (PLT105011Y product code) and used as received. The Mn was in the 40~60
kg/mol range measured by gel permeation chromatography (GPC) according to supplier
specifications.

Figure 2.3. The chemical structure of F8BT.
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2.2. Sample preparation
2.2.1. Polymers in diluted solutions
P3HT (0.1 mg/mL), ½IPT (0.1 mg/mL) and IPT (0.25 mg/mL) chloroform solutions were
prepared and kept under moderate stirring for hours. The concentration of each polymer in
solution was adjusted in order to keep same absorbance values at 387.5 nm. Dilution of 0.1
mg/mL P3HT solutions in cis- and trans-decalin was achieved by stirring and keeping the
solutions at 85˚C for hours. PODPF (0.1 mg/mL) was dissolved in chloroform and kept under
moderate stirring for hours. Similarly, 0.1 mg/mL for NPhs (N=0, 1, 2 and 3) solutions were
prepared following same protocol conditions as PODPF. All the spectroscopy characterization in
solution involved the use of 1 mm optical path quartz cuvettes.
2.2.2. Spin-coated neat and blend films
Highly concentrated solutions of polymers were prepared for thin film deposition. P3HT, ½IPT
and IPT (10 mg/mL) in chloroform solution, PODPF (15 mg/mL) in chloroform solution and
NPhs and F8BT (20 mg/mL) in chlorobenzene solution were stirred overnight to reach dilution
conditions. All the films were spin-coated at 1500 rpm for 30 s with a 800 rpm/s acceleration
(Laurell WS-400A-6TFM/LITE Spincoater) onto pre-cleaned quartz substrates under ambient
atmosphere to form pristine condensed films. Blend films of 20 wt% F8BT in NPhs involved
preparing solution mixtures in the mentioned polymer ratio and 20 mg/mL total polymer
concentration, and subsequent spin-coating with the aforementioned conditions. PODPF films
containing β-phase were obtained by thermal annealing at 210, 220, 230, 240 and 250ºC for 5
min in air on a hot plate, respectively, leading to different concentration of β-phase domains.
2.3. Relevant characterization techniques
2.3.1. Steady state absorption (Abs) and photoluminescence spectroscopy (PL)
Abs spectra were recorded using a Varian Cary 50 UV-Vis spectrophotometer (Agilent), which
incorporated a Xenon flash lamp, a double beam spectrophotometer and dual silicon photodiodes.
The monochromator grating covered a spectral range from 190 to 1100 nm. The baseline
corrections were recorded by using identical quartz cuvettes filled with same solvents or blank
cleaned quartz substrates before performing the measurements in solutions or thin films
respectively. The PL spectra were recorded using a FluoroMax-4 spectrofluorometer from
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HORIBA Scientific. The spectrofluorometer was equipped with a continuous wavelength (CW)
ozone-free xenon arc lamp, two Czerny-Turner monochromators for excitation and emission
spectra, a photomultiplier tube (PMT) with sensitivity ranging from 185 to 850 nm and a
reference silicon photodiode for monitoring the lamp output. In all the measurements, the
fluorescence intensity was optimized in the 105-106 counts/s range by adjusting the slit widths of
both the excitation and emission paths and/or the excitation incident angle respect to the sample.
These protocols enabled to adjust the detected emission to a level of acceptable signal-to-noise
ratio below the PMT saturation limit. In particular, control of the excitation incident angle is
important to avoid re-absorption effects.
2.3.2. Photoluminescence quantum efficiency (PLQE) measurements
The photoluminescence quantum efficiency (PLQE) of the polymers in Chapter 4 was measured
in the Centre for Plastic Electronics of Imperial College London in collaboration with Dr.
Aleksandr Perevedentsev and Dr. Xingyuan Shi, using a Jobin Yvon Horiba Fluoromax-3
spectrofluorometer equipped with a diffusely reflecting integrating sphere exciting at 390 nm.
The relative reflectivity of the integrating sphere was measured using a calibrated halogen light
source (HL-2000-CAL, Ocean Optics). In Chapter 5, the PLQEs of NPhs were measured with an
integrating sphere equipped with a 350 nm picosecond laser diode and an Edinburgh FLSP920
fluorescence spectrophotometer (PMT detector) that span the wavelength range 185-870 nm.
This equipment was located at the labs of Dr. Rubén D. Costa at IMDEA Materials.
2.3.3. Time-resolved PL measurements
Time-resolved PL measurements were performed with the time-correlated single photon
counting (TCSPC) technique (HydraHarp Picoquant multichannel time correlator). The
excitation was provided by a 405/337 nm Sepia picosecond pulsed diode laser (LDH-D-C405/PLS-8-2-651) driven by a PDL828 driver (PicoQuant) delivering approximately 20/600 ps
pulse (FWHM) at 10 MHz repetition rate. Single wavelength detection was conducted with a
thermoelectrically cooled Hamamatsu photomultiplier coupled to a 0.5 m spectrometer (SP2500
Princeton Instruments, Acton Research) equipped with a 600 lines/mm grating. Time-resolved
PL curves were monitored with a HydraHarp-400 TCSPC event timer and multichannel scaling
board with 2 ps time resolution. The samples were measured in air. The fitted lifetime of the
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samples were analyzed by deconvolution of the instrumental response function (IRF) using a
commercial Fluofit software (PicoQuant). All the set-up pieces and software are from PicoQuant.

CCD+Spectrometer

PMT

Sepia 405/337 nm
pulsed laser
TCSPC

neutral density
attenuator
Sample

Figure 2.4. The experimental setup of Time-resolved PL measurement.
2.3.4. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements were carried out at Nanjing Tech
University in collaboration with Dr. Jinyi Lin. The measurements were performed by using
differential scanning calorimeter (DSC-60A, Shimadzu Corporation) in the temperature range
from 25 to 300˚C at a rate of 10˚C/min under nitrogen atmosphere.
2.3.5. Raman spectroscopy
Background corrected Raman spectra were recorded with a Senterra II (Bruker) Raman
microscope equipped with 532, 633 and 785 nm laser lines and a confocal microscope module
(Olympus BX51). Raman spectra across the 280 to 1740 cm-1 wavenumber range were acquired
under excitation at 633 nm with 5 mW power. The Raman signal was integrated for 1 s with a 13 cm-1 spectral resolution. The samples were positioned on a high-resolution stepper motor
controller (TANGO PCI-E) and excitation beam was focused with a 50X objective. The size of
the Raman mapping images were 10 μm × 10 μm and the lateral spatial resolution was 515 nm.
Each Raman spectrum was the average of four consecutive measurements on different positions
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on the sample. The background was removed with a mathematical tool available on the
acquisition software (OPUS).
2.3.6. Femtosecond transient absorption spectroscopy (fs-TA/pump-probe)
A scheme of the fs-TA set-up is shown in Fig. 2.5. The primary laser source was a Clark-MXR
CPA-1 regenerative amplifier delivering pulses centered at 775 nm at 1KHz repetition rate. The
temporal duration and energy per pulse at the output aperture was 120 fs and 1 mJ. The laser
output was subsequently split into two beams by using a 20:80 R:T beam splitter to form two
pump and probe beams. The pump beam was first sent into a 0.5 mm thick β-Barium Borate
(BBO) crystal for second harmonic generation (387.5 nm) and subsequently steered towards a
computer-controlled delay stage to control the time delay between pump and probe pulses, with a
maximum delay time of 400 ps. Finally the pump beam was mechanically chopped at 500 Hz
(leading to one pulse blocked every two incident pulses) and focused on the sample. The probe
beam instead was focused on a sapphire plate (CaF crystal) to generate a white light continuum
beam from 460-1500 nm (300-750 nm) by self-phase modulation. The residual non-converted
775 nm was filtered with an appropriate notch filter. The broadband supercontinuum pulse was
collimated and focused on the sample with concave spherical mirrors and spatially overlapped
inside the pump spot. Before arrival to the sample, a reference beam was generated by splitting a
fraction of the probe beam. Probe and reference beams were sent into a prism spectrometer
(Entwicklungsburo Stresing GmbH) equipped with a dual channel CCD array (2×256 pixel, SiInGaAs, Hamamatsu Photonics Inc) which recorded differential transmission (ΔT/T) spectra
with single shot acquisition. The use of a reference beam allowed us to reconstruct the absorption
spectrum at single-shot basis rather than relying on two consecutive pulses, which causes noise
due to pulse to pulse fluctuation. The intensities of both pump beams were tuned by neutral
density filters. All the measurements were performed with pump and probe polarization set at the
magic angle (54.7°) by adjusting the polarization angles with half-wave plates. Samples in
solution were measured in a 1 mm optical path quartz cuvette. Thin films were instead placed in
a vacuum chamber (10-4 Pa) equipped with quartz windows to measure in transmission.
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Clark MXR CPA
120 fs
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Figure 2.5. The fs-TA set-up.
The pump pulse is absorbed by the sample to promote chromophores to the excited stated from
the ground state. Then, the delayed probe pulse arrives to the sample and tracks the pump
induced changes. The probe has no perturbative effect over the sample given that it is several
orders of magnitude weaker in energy than the pump beam. The measured difference in
transmission of the probe pulses (ΔT) normalized by the transmission of the reference probe
pulse (T) is comprised by all the electronic transitions taking place between the initial i and final
j states (we consider all the possible transitions occurred in these two levels), and is given by the
equation as below,
ΔT
𝑇

= − ∑𝑖,𝑗 𝜎𝑖,𝑗 (𝜔)𝛥𝑁𝑗 𝑑

(2.1)

where 𝜎𝑖,𝑗 (𝜔) is the cross-section (cm2) of the i → j transitions at the 𝜔 photon energy,
containing the dipole moment of the transition and the line shape, 𝛥𝑁𝑗 stands for the population
changes of the j level, and d is the thickness of the sample. The equation is originated from the
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Lambert-Beer law within the small signal approximation. Depending on the probe energy, three
possible pump-induced absorption and emission processes appear.

Figure 2.6. The diagram of the optical transitions probed with pump-probe spectroscopy. The
symbols “+” and “-” stand for the positive and negative differential transmission (ΔT/T) signal in
pump-probe spectroscopy.
(1) When the probe pulse is resonant with the excited stated absorption (Si→Sj transition, i≠0 &
i<j), the probe photons will be absorbed by these transitions to upper-lying levels. The result
is a reduced transmission of the probe pulse and a negative ΔT/T signal also known as
photoinduced absorption (PA) (red up-arrow in Fig. 2.5).
(2) If the energy of the incoming probe photons is resonant with S1→S0, they may stimulate the
emission of additional photons, leading to more outcoming than incoming photons. Thus, a
positive ΔT/T signal will appear in the TA spectrum, which is known as stimulated emission
(SE) (green down-arrow in Fig. 2.5).
(3) Finally, if the probe energy is resonant with the ground state absorption (S0→Sj transition),
the partial depletion of chromophores in the ground state will temporarily enhance the
sample transparency and lead to a positive ΔT/T signal. This phenomenon is called
photobleach (PB) (blue up-arrow in Fig. 2.5).
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2.3.7. Continuous-wave photoinduced absorption spectroscopy (CW-PIA)
CW-PIA experiments were performed exciting the samples by a CW solid state laser diode (λ=
405) with 15 mW/cm2 power density. The excitation lines were mechanically chopped at 80 Hz
and subsequently focused on the sample. The probe beam was generated by a Tungsten Halogen
lamp (Spectral Products) which was filtered by a 1/8 m monochromator (CM110 Spectral
Products) equipped with a grating of 600 lines/mm and 500 nm efficiency peak and 600 μm slits.
After passing through the monochromator, the probe beam was focused on the sample and
spatially overlapped with the 405 nm excitation spot. A dual lock-in amplifier (SR830 DSP
Stanford Research) referred to the chopping frequency in combination with a liquid N2-cooled
InSb photodetector (Teledyne-Judson Technologies) was used as the phase sensitive detection of
the transmitted probe light. A portion of scattered laser beam was sent to the photodetector and
used as a reference to set the zero-phase angle by making use of a mirror placed on a flip mount.
The acquisitions was automatized with a software written in LABVIEW which scanned the
monochromator in 2 nm steps and recorded the in-phase and out-of-phase lock-in amplifier
readings at each wavelength. The samples were enclosed on a continuous flow cryostat (Optistat
CFV, Oxford Instruments) and all the experiments were performed at 77 K.

Lock-in Amplifier

Sample

Figure 2.7. The experimental setup of the CW-PIA measurement.
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2.3.8. Amplified spontaneous emission (ASE)
The samples (typically spincoated films) were optically pumped with the 355 nm output of a
tripled-frequency Nd:YAG laser (TEEM Photonics) delivering pulses of 300 ps duration at a
variable 10Hz-1KHz repetition rate (frequencies below 50 Hz were chosen to minimize photo
damaging). The pump light was imaged on the sample into a narrow stripe of 110 μm × 3 mm by
means of a cylindrical lens combined with a slit. In order to optimize the measurements, the laser
stripe was positioned on the sample parallel to the substrate edges The photoluminescence
waveguided along the film was collected in free-space from the edge of the substrate and
spectrally dispersed with a spectrometer (SP2500, Acton Research) equipped with a liquid
nitrogen cooled back-illuminated deep depleted CCD (Spec-10:400BR, Princeton Instruments).
The pumping intensity was regulated with neutral density filters. The threshold values were
obtained from the dependence of the integrated intensity / full width half maximum of the
emission on the input fluence.
CCD+Spectrometer

Nd:YAG/
Clark MXR CPA

neutral density
attenuator

Slit
Sample
Cylindrical lens

Figure 2.8. The experimental setup of ASE measurement.
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Supramolecularly Controlled Self-Sheathed Polythiophenes
3.1. Introduction
Polythiophenes are an important family of conjugated polymers with interesting properties for
Optoelectronics. Among them, regioregular poly(3-hexylthiophene) (P3HT) is a well-known
member, which has been extensively employed as an electron donor in bulk heterojunction (BHJ)
solar cells.[105-107] The use of P3HT for lighting applications is in turn jeopardized by its large
poly-crystallinity when processed into thin films, resulting in weakly emissive π-π stacked
strands[147] and ultrafast branching into singlet excitons and non-emissive inter-chain polaronpairs.[124] Consequently, the PLQE values of P3HT films are very low, in the 2~5 % range.
Previous efforts to effectively separate polythiophene chains in solid state and recover the
notable single chain emission properties involved the use of regiorandom side-chains (rraP3HT)[125, 126] or other types of bulky side chains[127, 128] to promote steric hindrance and block
interchain interactions. However, even though the PLQE was enhanced up to 10-15% in the case
of rra-P3HT films,[142] the effect was too moderate to be applied to actual light-emitting devices.
In this chapter, we report a strategy which deals with the design of self-encapsulated
polythiophenes whose conjugated backbones are sheathed within their own cyclic side chains:
IPT (bearing one thread every two thiophene rings) and ½ IPT (one thread every four thiophene
rings).[137] The chemical structures of P3HT, ½ IPT and IPT are shown in scheme 3.1.

(a)

(b)

P3HT

(c)

½ IPT
(half insulated)

IPT
(fully insulated)

Scheme 3.1. Chemical structure of (a) P3HT, (b) ½ IPT and (c) IPT.
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We find that backbone self-sheathing has an enormous impact on the photophysics in solution,
interfering with excited-state torsional relaxation. This effect is elucidated by performing control
measurements in highly viscous solvents, where torsional relaxation is almost suppressed. The
photophysics of self-sheathed polymers in spincoated films are also contrastingly different
respect to P3HT. Fs-TA experiments indicate highly favorable scenarios for optical gain in IPT
and ½ IPT. We observe strong SE and the absence of long-lived polaron PA together with
unimportant exciton-exciton annihilation in contrast with the unsheathed P3HT analogue. We
exploit these properties to demonstrate light amplification in films.
3.2. Effect of self-sheathing side-chains on absorption and photoluminescence in solution
3.2.1. Absorption and PL spectra in solution
The Abs and PL spectra of P3HT, ½IPT and IPT in chloroform are shown in Fig. 3.1 whereas the
respective peak wavelengths are summarized in Table 3.1. Low concentrated polymer solutions
(0.1 mg/mL for P3HT and ½IPT and 0.25 mg/mL for IPT) were prepared in order to monitor the
photophysics of single strands and to rule out inter-chain interactions. Starting with P3HT in
chloroform (Fig. 3.1(a)), the Abs spectrum is characterized by a broad band centered at 449 nm
(0-0) whereas the PL spectrum possesses visible peaks at 580 and 622 nm corresponding to the
0-0 and 0-1 peaks, respectively. The Abs and PL spectra of IPTs are strikingly different from
P3HT. Unlike P3HT, the absorption spectrum of ½IPT features a mild shoulder at 450 nm (0-1)
and a maximum at 474 nm (0-0), (25 nm redshifted respect to P3HT). The PL spectrum exhibits
the 0-0 and 0-1 peaks at 568 and 606 nm respectively.
Table 3.1 The Abs maxima and PL peak wavelengths of P3HT, ½ IPT and IPT in solution.
λabs (nm)

λem (nm)

P3HT

449

580/622

½IPT

450/474

568/606

IPT

497/538/569

600/648/706
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Figure 3.1. Abs (solid line) and PL spectrum (dotted line) of (a) P3HT, (b) ½IPT and (c) IPT in
chloroform. The polymer concentrations were 0.1 mg/mL for P3HT and ½IPT and 0.25 mg/mL
for IPT.
The IPT Abs and PL spectra are vibronically pronounced, displaying in addition a small Stokes
shift (31 nm) and almost perfect Abs-PL mirror symmetry. The Abs spectrum exhibits three
peaks at 497 (0-2), 538 (0-1) and 569 nm (0-0), this latter being redshifted by 120 nm respect to
un-sheathed P3HT. The PL spectrum displays vibronic peaks at 600 (0-0), 648 (0-1) and 706 nm
(0-2). Similar negligible Stokes shift, highly vibronic spectra and Abs/PL mirror symmetry had
been previously observed in conjugated polymers with a rather stiff and planar conformation,
such as ladder-type poly(para-phenylene) (LPPP), in clear contrast with much more pliable
poly(para-phenylene).[148-150] Likewise, the self-sheathing side-chains in IPT may force the
backbone into an extended conformation and rigid structure, harnessing conformational changes
in the conjugated backbone, this effect being less important in 1/2IPT. As shown by Sugiyasu et
al., the consecutive bithiophene units connected by the cyclic side-chain are arranged in a nearly
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planar conformation with a torsional angle of 179.04ºrespect to each other as inferred from Xray crystallographic analysis.[137] This arrangement would explain the redshift and enhanced
vibronic structure of both the Abs and PL spectra of IPT respect to P3HT (Fig. 3.1(c)). This
phenomenon is more pronounced in IPT than in ½IPT probably because the intercalation of two
unlocked thiophene rings between each sheathed unit is expected to increase the distribution of
dihedral angles and thus the conformational disorder.
Previous photophysical studies of molecules in viscous environments demonstrated that the
medium can reduce collisional quenching and block certain deactivation processes, leading to a
further enhancement in fluorescence quantum yield.[151-153] In order to study the solvent viscosity
effect on the photophysics of P3HT, chloroform, cis- and trans-decalin with very different
viscosity values (0.54, 1.17 and 0.86 mPa s, respectively, listed in Table 3.2) were introduced as
good/poor solvents to give a detailed relation between viscosity and exciton dynamics.[154, 155]
The three solvents exhibit similar refractive indexes (1.45 for chloroform, 1.48 for cis-decalin
and 1.47 for trans-decalin, respectively), so that their respective dielectric contribution to the
optical spectra are expected to be very similar.[156]
Table 3.2. Refractive index and viscosity of chloroform, cis- and trans-decalin at different
temperatures.
Refractive Index

Viscosity (mPa·s)

chloroform

1.4459

0.54 (a)

cis-decalin

1.4809

1.17 (b)

trans-decalin

1.4693

0.86 (b)

(a)

293 K. (b) 353 K.[157]

The Abs and PL spectra of P3HT in cis- and trans-decalin solutions reveal subtle spectral blue
shifts (4 and 11 nm respectively) compared to chloroform (Fig. 3.2). Meanwhile, the PL spectra
in both decalin solvents appear blue-shifted by 11 nm (0-0 and 0-1 peaks at 569 and 609 nm)
respect to chloroform. We should remark that these spectral blue-shifts cannot be ascribed to the
small refractive index values among the solvents. Moreover, an increase in refractive index of
the solvent would lead to spectral red-shift according to the Onsager model, in opposition to
what is described here.[156]
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Table 3.3. The Abs maxima and PL peak wavelengths of P3HT in different solutions.

P3HT

λabs (nm)

λem (nm)

chloroform

449

580/622

cis-decalin

445

569/609

trans-decalin

438

569/609

Figure 3.2. Abs (solid line) and PL spectra (dotted line) of P3HT in diluted (a) chloroform, (b)
cis-decalin and (c) trans-decalin solution. The concentrations were 0.1 mg/mL. The gray dash
lines highlight the peak shift.
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3.2.2. PLQE and PL decay in solution
Focusing now on the effect of self-sheathed side-chains on luminescence efficiency, the PLQE
values of IPT and ½IPT in chloroform were 58% and 53% respectively, again well above the
value 34% found in solution (Table 3.4).
Table 3.4. PLQE values, PL lifetimes and PL decay rates of P3HT, ½ IPT and IPT in solution.
PLQE (%)

τtotal (ps)a

kr (×109 s-1)b

knr (×109 s-1)c

P3HT

34

557

0.61

1.19

½IPT

53

420

1.27

1.11

IPT

58

400

1.46

1.04

a

PL decay measured at 0-0 peaks of each material (Intensity weighted lifetime).

b

Radiative decay rate.

c

Non-

radiative decay rate.

Figure 3.3. (a) Normalized log-linear PL decay of P3HT (blue circle), ½IPT (green circle) and
IPT (red circle) in solutions together with their fittings (solid lines). The PL decays were detected
at the 0-0 peak for each polymer. (b) Decay rates of P3HT, ½IPT and IPT in solutions.
Note that these values approach the PLQE values of P3HT measured in trans-decalin (48%) and
cis-decalin (52%), where P3HT torsional relaxation is slow-down. As it will be further evidenced
by fs-TA data discussed in the next section, the larger IPT and ½IPT PLQE values are likely
associated to an induced rigidity with hindrance of torsional relaxation caused by the bithiophene locking. In solution, they exhibit similar non-radiative decay rate (knr) values, around
42

1.11×109 s-1. Instead, almost two times larger radiative decay rate (kr) are observed for ½IPT
(1.27×109 s-1) and IPT (1.46×109 s-1) in chloroform respect to P3HT (0.61×109 s-1).
Notwithstanding the moderate spectral changes seen in absorption and PL of P3HT upon
changing chloroform by decalin, the PLQE values experience a major change. The PLQE in cisdecalin, (the solvent with the largest viscosity) amounts to 52%, well above 34% measured in
chloroform, whereas a 48% value is measured in trans-decalin, (Table 3.5). These results seem to
point to a beneficial viscosity effect on the luminescent properties of P3HT. Insights into the kr
and knr in different solvents were obtained with time-resolved PL measurements in the three
solvents, Fig. 3.4(a-b). The PL decay curves were found to follow single exponential laws (Fig.
3.4(a)). As shown in Fig. 3.4(b) and Table 3.5, similar knr values are found in the three solvents
(around 1.09×109 s-1), but a strong kr reduction in chloroform (0.61×109 s-1) respect to cis- and
tran-decalin (1.07×109 and 1.02×109 s-1) occurs. In short, PL decay combined with PLQE
measurements seem to indicate an increase in the P3HT radiative transition probabilities in the
more rigid decalin environments, which could be related to hindrance of P3HT excited-state
torsional relaxation. Furthermore, the non-radiative decay rates do not show an apparent solvent
dependence, confirming that torsional relaxation does not play a dominant role on the P3HT
exciton de-activation channels. This is in line with the work by Fazzi et. al. whom confirmed that
the non-radiative relaxation processes in oligothiophenes are mainly driven via the ultrafast C-S
bond stretch motion based on time-dependent density functional theory (TDDFT) calculations
and Tamm-Dancoff approximation (TDA).[158]
Table 3.5. PLQE values, PL lifetimes and PL decay rates of P3HT in chloroform, cis-decalin
and trans-decalin solutions.

P3HT

a

PLQE (%)

τtotal (ps)a

kr (×109 s-1)b

knr (×109 s-1)c

Viscosity (mPa·s)

chloroform

34

557

0.61

1.19

0.54

cis-decalin

52

488

1.07

0.98

1.17

trans-decalin

48

474

1.02

1.09

0.86

PL decay measured at 0-0 peaks of each material.

b

Radiative decay rate. c Non-radiative decay rate.
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Figure 3.4. (a) Normalized log-linear PL decay of P3HT in chloroform (blue circle), cis-decalin
(green circle) and trans-decalin (red circle) solution together with their fittings (solid lines). The
PL decays were detected at the 0-0 peak for P3HT in each solution. (b) Decay rates of P3HT in
different solutions.
3.3. Effect of self-sheathing side-chains on absorption and photoluminescence in films
3.3.1. Absorption and PL spectra in film
The Abs spectrum of P3HT in film (Fig. 3.5) scarcely resembles the one in solution ascribed to
single P3HT chains. In turn, P3HT crystallization in film leads to a structured Abs spectrum
ascribed to aggregates with associated optical transitions at longer wavelengths (523, 550 and
600 nm) and weak unstructured PL with a maximum at 685 nm ascribed to aggregate
emission.[124, 159] Differing from P3HT, ½IPT displays similar Abs in film (maximum at 469 nm
(0-0) and a higher energy shoulder at 446 nm (0-1)) and in solution (same features bearing a 5
nm redshift respect to film), (Fig. 3.5(b)).
Table 3.6. The Abs maxima and PL peak wavelengths of P3HT, ½ IPT and IPT in films.
λabs (nm)

λem (nm)

P3HT

523/550/600

685

½IPT

446/469

580

IPT

471/509/545/589

606/656/720
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Figure 3.5. Abs (solid line) and PL spectrum (dotted line) of (a) P3HT, (b) ½IPT and (c) IPT in
film.
Meanwhile, the ½IPT PL in film denotes a structure-less PL with maximum at 580 nm, redshifted by 12 nm respects to solution. Similarly, IPT spectral features in film resemble those in
solution but red-shifted by approximately 20 and 6 nm for Abs and PL spectra respectively. The
origin of these moderate solid-state spectral shifts is likely related to changes in the polarizability
of the medium.[156] Based on these spectroscopic evidences we conclude that the self-sheathing
in IPT and 1/2IPT seem to prevent chain packing and crystallization to large extent, similar to
what has been previously reported in other conjugated polymers bearing bulky side-chains or
cyclodextrins (CD) rings surrounding the polymer backbones[132, 133, 137, 140, 160-164] As it will be
discussed in the next section, this has an important impact on the light emitting efficiency and
optical properties of these polymers.
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3.3.2. PLQE and PL decay in film
In film, IPT and ½IPT show PLQE values which amount to 18% and 11% respectively, in stark
contrast with 2% for P3HT, which manifests the beneficial role of backbone self-sheathing to
reduce aggregation-induced quenching (Table 3.7). Nevertheless, the PLQE values of IPT (½IPT)
in solid state are reduced by a 3- (5-) fold factor respect to solution. These discrepancies were
previously explained as due to increase in dynamic quenching in film motivated by the larger
capability of excitons to diffuse and interact with quenchers of different nature.[165] Indeed, the
knr values found in films are much larger than those in obtained from solutions (Table 3.7). The
total lifetimes of P3HT, ½IPT and IPT decrease dramatically down to 164, 124 and 40 ps,
respectively, the latter being close to the 20 ps instrument response function (Fig. 3.6). Despite
of the presence of additional quenching effects in films, the self-sheathing side-chains boost the
kr values from 0.13×109 s-1 in P3HT to 0.86×109 s-1 in ½IPT and 4.6×109 s-1 in IPT. These results
indicate that self-sheathed substitution prevents formation of weakly emissive H-aggregates,
preserving or even increasing intra-chain dipole-coupling to the ground state in ½IPT and IPT
films respectively.

Figure 3.6. (a) Normalized log-lin PL decay of P3HT (blue circle), ½IPT (green circle) and IPT
(red circle) in film together with their fittings (solid lines). The PL decays were detected at the 00 peak for each polymer. (b) Decay rates of P3HT, ½IPT and IPT in film.
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Table 3.7. PLQE values, PL lifetimes and PL decay rates of P3HT, ½ IPT and IPT in film.

a

PLQE (%)

τtotal (ps)a

kr (×109 s-1)b

knr (×109 s-1)c

P3HT

2

164

0.13

5.97

½IPT

11

124

0.86

7.20

IPT

18

40

4.6

20.4

PL decay measured at 0-0 peaks of each material (Intensity weighted lifetime).

b

Radiative decay rate.

c

Non-

radiative decay rate.

3.3.3. Morphology and structural properties of films
The effect of self-sheathing side-chains on molecular packing in thin films were probe with
Raman Spectroscopy and Grazing Incident X-ray Scattering (GIWAXS) experiments.

The

Raman spectra of IPT and P3HT films are shown in Fig. 3.7. As described in previous studies,
the relative intensity and peak positions of the Raman modes are highly sensitive probes for the
degree of π-electron delocalization or effective conjugation length along the polymer backbone.
Among the different Raman modes observed in Fig. 3.7, we focus our attention in two specific
ones: the C-C intra-ring stretch and the C=C symmetric stretch modes along P3HT backbone,
located at 1381 and 1445 cm-1 respectively. As shown previously, the relative ratio between
these two modes (IC-C/IC=C) is sensitive to polymer backbone relaxation and molecular order in
P3HT films.[118-120]Accordingly, we attempted to gain further insights into the differences
between P3HT and IPT chain conformations by performing Raman spectroscopy in films. The
Raman spectrum of P3HT in the 600-1650 cm-1 range exhibits a dominant C=C symmetric
stretch mode around 1448 cm-1 and a weaker C-C intraring stretch mode at 1380 cm-1 in
agreement with previous reports.[117,

121, 122, 166]

The Raman of IPT in contrast shows a

remarkably intense C-C intraring stretch mode of almost same intensity as the C=C symmetric
stretch mode. The C-C to C=C peak ratio (IC-C/IC=C) amounts to 0.89 in IPT, which is almost a
four-fold of the same parameter found in unsheathed P3HT (0.23). (Fig. 3.7 and Table 3.8)
Increase in IC-C/IC=C are found when comparing oligothiophenes with increasing chain lengths[167]
or when probing crystalline instead of amorphous P3HT domains in films[101, 119]. In both cases
the larger C-C to C=C intensity ratio is ascribed to an increase in π-electron delocalization.
Accordingly, the increase in -delocalization in IPT respect to P3HT would be in agreement with
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the large planarity of IPT, already proposed based on the Abs and PL spectra. This indicates that
the self-encapsulating side-chain induces a larger planarity of the polymer backbone leading to a
longer effective conjugation length. Concomitant with this effect, we did not observe evidences
for induced crystallinity on IPT or ½IPT.

Figure 3.7. Raman spectra of P3HT (blue) and IPT (red) films. Photoexcitation was carried out
at 532 nm.
Table 3.8. Spectral locations and relative intensity ratios of the discussed Raman stretching
modes in P3HT and IPT films.
C=C

C-C

symmetric stretch motion (cm-1)

intraring stretch motion (cm-1)

P3HT

1448

1380

0.23

IPT

1445

1377

0.89

IC-C/IC=C

Fig. 3.8 shows 2D-GIWAXS patterns of P3HT, IPT and ½IPT. GIWAXs experiments were
conducted at the Dutch-Belgian Beamline (DUBBLE) station BM26B of the European
Synchrotron Radiation Facility (ESRF) in Grenoble (France).[168] P3HT films exhibit scattering
peaks from (100), (200) and (300) planes, which are harmonics arising from the same scattering
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center. The (100) is located at q=3.81 nm-1, ascribed to lamellar stacking in the vertical direction
with inter-chain spacing d~1.65 nm.[169] Likewise, the (010) feature at q=15.98nm-1 (d = 0.39 nm)
is related to aromatic π-π stacking parallel to the substrate.[86] In contrast to P3HT, the GIWAXS
patterns of IPT and ½IPT (Fig. 3.8 (b) and (c)) did not show any scattering peaks, which
confirmed that these polymers are more amorphous than P3HT, likely due to steric hindrance
caused by the self-sheathed chains. It is interesting that crystallization is absent in IPT despite the
planar conformation adopted by IPT chains which would, in principle, favor - stacking. This
confirms the effective insulation of the polymer backbone in the solid state.
(a)

(b)

(c)

Figure 3.8. GIWAXS patterns of (a) P3HT, (b) ½IPT and (c) IPT.
3.4. Exciton dynamics in self-sheathed polythiophenes monitored with fs-TA
Next, we investigated the presence of stimulated emission in solutions and films from ½IPT and
IPT, which would anticipate their suitability for optical gain applications.
3.4.1. P3HT, ½ IPT and IPT in solution
In order to better understand the effect of the self-sheathed side-chains on the backbone
relaxation in single chains we performed fs-TA spectroscopy in P3HT, ½IPT and IPT
chloroform solutions at a sufficiently low concentration (0.1 mg/mL for P3HT and ½IPT and
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0.25 mg/mL for IPT) to rule out inter-chain interactions. The ΔT/T spectra of P3HT in
chloroform (Fig. 3.9(a,d), upper panel) exhibit a photobleach (PB) for probe energies above 523
nm, a stimulated emission (SE) band centered around 585 nm, and a photoinduced absorption
(PA) band below 690 nm which peaks at 1011 nm. The ΔT/T spectrum at 20 ps delay time
reflects spectral relaxation leading to an energy shift of the SE band and the ΔT/T zero-crossing
point from 690 to 726 nm (red shift around 36 nm, 90 meV) in approximately 20 ps. Such large
spectral relaxation of P3HT in chloroform indicates that intra-chain excitons may quickly
undergo large torsional relaxation and geometrical reorganization due to the steep excited-state
potential energy surface introduced by the quinoidal rearrangement between the ground and
excited state (see the process 1→2 in Fig. 3.10).[170]

Figure 3.9. Left panel, contour plots of the fs-TA spectra of (a) P3HT, (b) ½ IPT and (c) IPT in
chloroform. Right panel, ΔT/T spectra of (d) P3HT, (e) ½ IPT and (f) IPT in chloroform at 2 ps,
20 ps and 40 ps delays (from dark to light color). Pumping fluence was 6.8×102 mJ/cm2 at 387
nm.
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Figure 3.10. Excited-state self-trapping (1→2) and ground-state torsional relaxation (3→4) are
depicted for a tetramer segment of P3HT. The ground state structure (4) is excited, thereby
causing double bond rearrangement to form the excited electronic state (1). The excited state
undergoes excited state self-trapping by planarization (2). The excited electronic state is depleted
via stimulated emission to yield a planar non-equilibrium ground state (NGS) (3), which can then
stochastically relax back to the equilibrium ground state (4). Torsional motion is highlighted with
orange curved arrows. (After Erik et al.)[170]
The ΔT/T spectra of ½IPT (Fig. 3.9(b,e)) are similar to P3HT (Fig. 3.9(a,d)), featuring PB above
530 nm, a SE band (from 530 to 642 nm) and a PA band below 642 nm. Spectral relaxation in
½IPT is much more moderate than in P3HT, manifested as a 19 nm redshift (60 meV) of the
ΔT/T zero-crossing point (from 644 nm at 2 ps to 663 nm at 20 ps). This also indicates that the
locking of two every four thiophene rings in half insulated ½IPT helps to reduce torsional
relaxation and diminish geometrical reorganization along the polymer chain between excited and
ground states. In turn, the ΔT/T spectra of fully insulated IPT (Fig. 3.9(c,f)) shows a remarkable
vibronic spectral shape; clear and well-structured PB peaks (535 and 580 nm) appear
concomitant with 0-1 and 0-0 absorption peaks, followed by a vibronically resolved SE band
with peaks at 644 and 704 nm (0-1 and 0-2 peaks in PL) and a PA band centered at 1173 nm.
Furthermore, in contrast with P3HT and ½IPT, negligible spectral relaxation is observed in IPT.
The T/T zero-crossing from PA to SE remains located at 720 nm. This interesting phenomenon
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confirms that the self-sheathing side chains enable a control of the backbone geometrical
reorganization in the excited state in solution through harnessing of torsional relaxation. In the
extreme case (all thiophene rings locked in IPT) it effectively leads to an already planarized
chain in the ground state, an effect which can be seen for instance in densely packed solid-state
samples.[137] As we have shown above, hindrance of torsional relaxation has a deep impact in the
luminescence properties of the polymer, promoting its PLQE and SE properties.

Figure 3.11. Left panels: fs-TA contour plots of P3HT in (a) chloroform, (b) cis-decalin and (c)
trans-decalin solutions. The dashed lines highlight the different time-dependent spectral shifts
experienced by P3HT in the three solvents. Right panels: ΔT/T spectra of P3HT in (d)
chloroform, (e) cis-decalin and (f) trans-decalin solutions at 2 ps, 20 ps and 40 ps delays (from
dark to light color). Pumping wavelength and fluence were 387 nm and 6.8×102 mJ/cm2
respectively.
Next, we performed fs-TA spectroscopy in P3HT solutions with chloroform, trans-decalin and
cis-decalin as solvents to get further insight on the effect of viscosity on the exciton and polymer
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chain conformation dynamics. The ΔT/T spectra at 2, 20 and 40 ps delay times of P3HT
solutions in chloroform, cis-decalin and trans-decalin are displayed in Fig. 3.11. As discussed,
the ΔT/T spectrum of P3HT in chloroform undergoes a larger spectral relaxation which has been
emphasized by the black dash line in the contour graph (Fig. 3.11(a)). Increasing the solvent
viscosity upon replacing chloroform by trans-decalin leads to a ΔT/T spectra at 2 ps probe delay
which features a PB band below 507 nm, a broad SE band with maximum at 560 nm and a PA
band which peaks at 1022 nm. In 20 ps the entire spectrum experiences a red shift by 30 nm, i.e.
6 nm less than the one observed in chloroform. Similar spectral features are observed in cisdecalin although a further energy shift reduction (27 nm after 20 ps) is noticeable and confirms
an inversely proportional relation between viscosity and spectral relaxation.
3.4.2. P3HT, ½ IPT and IPT in film
Following fs-TA spectroscopy in diluted solution, we performed the same experiments on P3HT,
½IPT and IPT neat films to trace the exciton dynamics and to understand the effect of selfsheathing side-chains in the photophysics in the solid state. As shown in Fig. 3.12(a,d), the ΔT/T
spectra of P3HT at 2 ps delay exhibits a PB band with three peaks centered at 523, 561 and 612
nm, respectively, and two PA bands with peaks at 660 and 1246 nm, in line with previous
reports.[171] We note that there is lack of SE in the T/T spectra; the region around 685 nm
(corresponding to the PL peak of P3HT in film), is dominated by a PA band which is assigned as
electro-absorption of the charge-induced sub-gap transition generated by a large density of
oriented delocalized polaron-pairs in crystalline domains of P3HT.[172-176] The zero-crossing
point from PA to PB band is around 637 nm and does not evolve in time suggesting negligible
spectral relaxation. The 20 and 40 ps delay spectra reflect the appearance of a longer-lived
shoulder at 1123 nm which can be assigned to the charges (also known as polaron-pairs)
generated from exciton dissociation.[177, 178] Unlike P3HT, both ½IPT and IPT exhibit SE in film.
Starting with ½IPT (Fig. 3.12(b,e)), the ΔT/T spectra shows a PB band with peaks at 505 and
550 nm, one SE band with maximum at 605 nm and two PA bands at 698 and 1098 nm. ½IPT
does not experience significant spectral relaxation (the T/T zero-crossing remains fixed at 666
nm). Similar to ½IPT, the ΔT/T of IPT in film (Fig. 3.12(c,f)) resembles solution to a large
extent; the 2 ps delay spectrum bears a PB band with peaks at 550 (0-1) and 598 nm (0-0), SE
band peaks at 598 (0-0) and 658 nm (0-1) and a PA band centered at 1260 nm. The 20 and 40 ps
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delay spectra reflect the additional presence of a long-lived shoulder at about 1011 nm, which
alike in P3HT, it is absent in solution.[171]

Figure 3.12. Left panel, contour plots of the fs-TA spectra of (a) P3HT, (b) ½ IPT and (c) IPT
films. Right panel, ΔT/T spectra of (d) P3HT, (e) ½ IPT and (f) IPT films at 2 ps, 20 ps and 40 ps
delays (from dark to light color). The pumping fluence was 6.8×102 mJ/cm2 at 387 nm.
The interplay of other excited states in addition to singlet excitons (e.g. triplet excitons or
polaron-pairs) can be inferred by comparing the T/T dynamics at different spectral positions.
Fig. 3.13 depicts a comparison of the SE dynamics of ½IPT and IPT films monitored at their
corresponding maxima (605 and 658 nm respectively) with the PA dynamics monitored at 1011
and 1260 nm. Starting with ½IPT (Fig. 3.13(a)), the almost perfect mirror symmetry found
between SE and PA reflect the solely contribution of singlet excitons to these bands and suggest
no overlap of SE with absorbing excited states (polarons or triplets) at timescales which are
relevant for optical gain. Likewise, IPT SE (Fig. 3.13(b)) follows the same dynamics as PA at
1011 nm whereas PA at 1260 nm clearly exhibits a longer-lived component which we tentatively
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assign to polaron-pairs. Previous doping-induced absorption studies in IPT have revealed the
presence of a polaron band centered around 994 nm.[137] A similar distinctive feature at 1123 nm
in the 20 and 40 ps ΔT/T spectra of P3HT films (Fig. 3.12(d)) is commonly ascribed to P3HT
polarons.[171] Importantly, the identical kinetics followed by SE and the polaron-free PA at 1260
nm confirm that SE and polaron PA are spectrally separated and overlap-free, a positive feature
for optical gain. Based on the ΔT/T values obtained in the SE region, we calculated the
stimulated emission cross-sections (σSE) values at the 0-1 SE peak, (the relevant level in a 4-level
laser system) as σSE=(ΔT/T)×(Ne×d)-1 (with Ne the initial photoexcitation density and d the film
thickness). The σSE values for ½IPT and IPT (c.f. Table 3.9) are 5.17×10-16 and 6.72×10-16 cm2,
respectively, comparable to some of the highest reported values found in PPV and PFO
derivatives.[179, 180]

Figure 3.13. ΔT/T kinetics of (a) ½IPT and (b) IPT in film upon pumping with 6.8×10-2 mJ/cm2.
Filled triangle for SE band (probe wavelength at 605 nm for ½IPT and 658 nm for IPT), open
triangle for PA bands (probe wavelength at 1011 nm) and open circle for PA band (probe
wavelength at 1260 nm).
3.5. ASE measurements
3.5.1. ASE spectra of ½ IPT and IPT
Herein, based on the clear overlap-free SE displayed by IPT and ½IPT in film, we further
explored their optical gain properties by means of ASE measurements. In Fig. 3.14, we show the
development of ASE upon increasing the pump fluence as well as the corresponding input-output
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and full width at half maximum (FWHM) dependencies on pumping fluences. The detailed
parameters including ASE peak (λASE), FWHM and ASE threshold (EASE
th ) values are listed in
Table 3.9.

Figure 3.14. ASE spectra of (a) ½IPT and (b) IPT upon photoexcitation with (from light to dark
colour) 0.25, 0.39, 0.49, 0.62, 0.78, 0.98, 1.23, 1.55, 1.95 and 2.46 mJ/cm2 and 0.01, 0.03, 0.06,
0.07, 0.08 and 0.12 mJ/cm2 respectively. Input-output characteristics of (c) ½IPT and (d) IPT:
FWHM (solid line) and peak intensity (dotted line) versus pump fluence.

Table 3.9. The ASE peak positions, linewidths, pump threshold values and stimulated emission
cross-sections at the ASE peak of ½ IPT and IPT.
λASE (nm)

FWHM (nm)

EASE
(mJ/cm2)
th

σSE (cm2)

½IPT

595

13

1.09

5.17 × 10-16

IPT

661

7

0.09

6.72 × 10-16
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The ASE peak and FWHM values of ½IPT are 595 nm and 13 nm respectively. Compared to
½IPT, the fully encapsulated IPT exhibits superior ASE properties in film manifested as a lower
ASE threshold value of only 0.09 mJ/cm2 which is two orders of magnitude lower than the
corresponding value for half-encapsulated ½IPT, (1.09 mJ/cm2). The ASE peak of IPT is located
at a 661 nm. In this polymer, a much stronger line narrowing effect is perceived (FWHM
amounts to 7 nm), combined with a more abrupt slope change above the threshold in the inputoutput curve, all being indicators of significantly superior optical gain properties in IPT.
3.5.2. Temperature dependence of ASE in IPT
The application of a conjugated polymer as optical gain medium in an optically-pumped laser
implies its exposure to light pulses of certain fluence. Stability against light irradiation and
dissipated heat become requirements for the successful application of the polymer as gain
medium. We have investigated the temperature stability of IPT ASE upon measuring in situ the
ASE thresholds as a function of temperature by scanning in the temperature range from 25 to 250
˚C (Fig. 3.15 and 3.16). The complete set of ASE measurements at different temperatures is
summarized in Fig. 3.17 and Table 3.10. Interestingly, we observe that the threshold remains
stable up to 200 ˚C. At 225 ˚C a sudden increase in the threshold by a 2.6 factor occurs, which
can be assigned to polymer reorganization associated with a phase transition. Upon cooling, the
ASE threshold remains at the same high value, which confirms that the changes in the optical
gain properties induced by temperature are irreversible. Despite these abrupt changes, the
persistence of ASE upon annealing at 225 ˚C and subsequent cooling is a remarkable result,
which implies moderate film reorganization and poor impact of temperature on the waveguiding
properties of the IPT films.
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Figure 3.15. ASE spectra of IPT at different pump fluences (left) and input .vs. output and
FWHM at different pump fluences (right) at 25ºC, 100 ºC, 125 ºC and 150 ºC.
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Figure 3.16. ASE spectra of IPT at different pump fluences (left) and input .vs. output and
FWHM at different pump fluences (right) at 175ºC, 200 ºC, 225 ºC and RT after annealing.
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Figure 3.17. ASE threshold values of IPT as a function of temperature. The dashed line is a
guide to the eye.
Table 3.10. Summary of ASE properties of IPT thin films annealing at different temperature.
25 ˚C

100 ˚C

125 ˚C

150 ˚C

175 ˚C

200 ˚C

225 ˚C

After Anneal 25 ˚C

λASE (nm)

661

661

660

660

660

660

660

660

FWHM (nm)

8

9

10

11

12

13

21

15

EASE
(mJ/cm2)
th

0.137

0.098

0.146

0.127

0.142

0.143

0.371

0.378

3.6. Conclusion
In summary, we investigated the effects of viscosity and thiophene locking with self-sheated side
groups on torsional backbone relaxation in P3HT and its concomitant effect on the the
photophysics and optical gain properties. By increasing the solvent viscosity, we significantly
enhance the PLQE of P3HT (up to 52%), increasing the radiative decay rates. Concerning
backbone self-insulation of P3HT with self-sheathing side-chains, as we increase the ratio of
locked thiophenes we observe a clear spectral red-shift of absorption and PL and more
pronounced vibronic replica, pointing towards an enhanced backbone planarization. TA
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experiments indicate the absence of time-dependent spectral shifts in solution likely caused by
restriction of torsional relaxation in the sheathed backbones, (partial in ½IPT and complete in
IPT) in contrast to P3HT. The strong reduction of solid state inter-chain interactions achieved by
backbone insulation in ½IPT and IPT is manifested in an enhancement in the PLQE values by 5and 9-fold factors respect to P3HT. Likewise, clear SE bands emerge free of any spectral overlap
with long-lived polaron photoinduced absorption (otherwise accentuated in P3HT), enabling
efficient ASE in the self-sheated polymers. Additionally, IPT exhibited significant
thermodynamic stability, as inferred from its temperature-independent ASE thresholds for
temperatures up to 225˚C. Our results highlight the huge impact of inter-chain interactions on SE
and illustrate how insulated molecular wires position as excellent organic light emitting materials
with highly attractive prospects for organic lasers.
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Chapter 4. The Influence of β-Phase Content on the Photophysics and Light
Amplifying Properties of Polydiarylfluorene
4.1. Introduction
Poly(9,9-dioctyl-fluorene) (PFO) is a very attractive conjugated polymer for optoelectronics
which combines photoluminescence quantum efficiencies ranging from 40-50% in film,[71] blue
luminescence,[48, 49] facile processing in thin films of high optical quality,[48, 51-54] and hole charge
transport properties with hole mobilities of 3×10-4 cm2Vs-1.[181] The morphology of spin-cast
PFO films is generally glassy, although it is possible to trigger ordered domains in films upon
certain thermal or vapor annealing treatments. An example of this is the so-called -phase
domains, characterized by chains arranged in a highly planar conformation leading to distinctive
spectroscopy features and emission properties respect to the amorphous (-) phase.[48, 59, 60, 62, 182]
The content of -phase domains in films can be varied by adjusting the parameters employed for
annealing although some problems arise. The treatments required to induce -phase involve long
time exposures to solvent vapor and/or thermal annealing giving rise to additional effects.[48, 52, 60,
183-185]

One of them is for instance photo-oxidation of the film leading to fluorenone units by

formation of a keto defect at the alkyl-substituted carbon. This effect has as a consequence the
appearance of a broad green band in the PL spectrum (aka g-band) which in addition prevents to
single out -phase contributions from the overall photophysics.[73, 186, 187]
In this chapter, we use poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-[5-(octyloxy)-9,9diphenyl-fluoren-2,7-diyl] (PODPF) as a more robust building block to investigate the relation
between photophysical properties and solid state morphology. The di-aryl substitution at the 9carbon bridge confers to PODPF larger chemical stability against photo-oxidation respect to
alkyl-substituted PFO.[127, 144, 145] Accordingly, simple thermal annealing protocols enable the
formation of -phase in PODPF films in different contents without additional chemical or
morphological interferes. Abs and PL measurements are performed to estimate the β-phase
contents of films annealed at different temperatures. 2D-GIWAXS and Raman spectroscopy are
employed as a function of annealing temperature to monitor the gradual formation and
distribution of β-phase domains in PODPF films. Continuous-wave photoinduced absorption
(CW-PIA) and Raman imaging shows that β-phase domains in films annealed at low
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temperatures are isolated and separated by long distances. The photophysics of these annealed
PODPF films are explained in terms of self-doped mixtures of - and - phases where singlet
excitons and charged polaron-pairs coexist as confirmed by fs-TA experiments. PODPF films
thermally annealed at 220 ºC display outstanding dual ASE peaks ascribed to the α- and β-phase.

Scheme 4.1. Chemical structure of PODPF.
4.2. Absorption and emission properties
4.2.1. PODPF in diluted chloroform
The Abs and PL spectra of PODPF in diluted chloroform solutions are obtained to individualize
first the spectral features of single polymer chains. As shown in Fig 4.1, PODPF in solution
(black lines) exhibits a broad absorption band with maximum (λmax) at 397 nm as well as a PL
spectrum with maximum at 433 and vibronic replica at 455 and 489 nm (hereafter referred as 0-0,
0-1 and 0-2 PL peaks respectively). The Abs spectrum of spin-coated films is clearly broader
with λmax at 386 nm (11 nm blue shift) respect to solution, which is consistent with an overall
decrease in the conjugation length caused by bending and kinking of the polymer backbone in
the bulk[188-190] and in line with what has been previously reported in glassy spincoated films of
alkyl-substituted poly(9,9-dioctyl fluorene), aka -phase PFO[57]. The PL spectrum in film
resembles similar spectral shape as in solution with peaks at 435, 459 and 492 nm (0-0, 0-1 and
0-2 respectively) slightly red shifted respect to solution. These characteristic Abs and PL features
of spin-coated PODPF films will be eventually referred in this chapter as the -phase spectral
features.
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Figure 4.1. Abs (solid line) and PL spectra (dotted line) of PODPF in chloroform (0.1 mg/mL)
(black lines) and PODPF spin-coated films (blue lines).
4.2.2. Absorption of PODPF films annealed at different temperatures
The Abs spectra of PODPF films annealed at different temperatures reveal a clear spectral
evolution with temperature (Fig. 4.2). The thermal annealing protocol employed to induce phase domains in PODPF films was described in Chapter 2. Thermal annealing of PDOPF films
at 210 ºC does not result into significant changes in absorption, except for a slight enhancement
between 325 and 400 nm, which indicates that this annealing temperature is not high enough to
induce PODPF reorganization. Increasing the annealing temperature up to 220 ºC leads to
spectral broadening and absorbance enhancement at 386 nm concomitant with the appearance of
an absorption shoulder around 438 nm, attributed to the β-phase as discussed in previous
reports.[127, 144-146, 191-195] Interestingly, as the annealing temperature increases up to 230 ºC the
characteristic β-phase absorption peak at 438 nm becomes more evident whereas the -phase
spectral contribution decreases,[57] in line with a scenario where -phases are formed at the
expense of PODPF -phases. The Abs spectra of film annealed at 240 ºC depict well resolved
vibronic peaks at 389, 406 and 438 nm, respectively. Thermal annealing at 250ºC does not lead
to further spectral changes except for slight absorbance losses.
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Figure 4.2. Abs spectra of PODPF films thermally annealed at different temperatures.
4.2.3. Beta phase fraction of PODPF films annealed at different temperatures
In order to quantify the β-phase content in annealed films, the - and β- contributions were
spectrally de-convolved from the Abs spectra. As previously reported, the Abs spectrum of PFO
films with mixed-phases is well accounted for a linear superposition of α- and β-phase
contributions.[48] In order to estimate the concentration of β-chains (hereafter referred as β-phase
fraction) in a PODPF mixed phase film, the Abs spectrum of a non-annealed PODPF film (pure

-phase) was normalized to the corresponding one of the mixed phase at a certain wavelength
and subsequently subtracted (solid line and dashed blue lines in Fig. 4.3, respectively). As
displayed in Fig. 4.3, the shadowed area stands for the β-phase contribution in each annealed
film obtained after subtraction. The β-phase fraction can be calculated according to LambertBeer’s law as following:
β-phase fraction (%) =

𝑐𝛽
𝑐𝛼 +𝑐𝛽

× 100 =

𝐴𝛽 ×𝜀𝛼
𝐴𝛼 ×𝜀𝛽 +𝐴𝛽 ×𝜀𝛼

× 100

(4.1)

where the cα and cβ are the concentration of - and β-phase, Aα and Aβ are the absorbency
obtained from the Abs experiments, integrated from 300 to 470 nm, and εα and εβ are the
absorption coefficient of - and β-phase, respectively.
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The relation between the oscillator strength (ƒosc), the extinction coefficient (ε), and the dominant
vibration frequency (𝜈) of the two  and  conformations is given by eq 4.2, where k is a
constant.
𝑓𝑜𝑠𝑐 = 𝑘 ∫ 𝜀 𝑑𝜈

(4.2)

β
α
Accordingly, the εβ/εα ratio will be given by ƒosc
/ƒosc
, i.e. the ƒosc ratio of the  and  phase, which

amounts to 1.08 according to the time-dependent density functional theory (DFT) in PFO by Lu
α
β
et al. (the ƒosc
is 4.46 at 386 nm and ƒosc
4.83 at 437 nm, respectively).[196]

The β-phase fraction in each film (Table 4.1) was obtained by combining eq 4.1 and 4.2:
β-phase fraction (%) =

𝐴𝛽
𝐴𝛼 +𝐴𝛽

× 100 =

𝐴𝛽
{(𝐴𝑡𝑜𝑡𝑎𝑙 −𝐴𝛽 )×1.08}+𝐴𝛽

× 100

(4.3)

where Atotal is the total absorption area from the mixed phase of PODPF films and 1.08 is the ƒosc
β
α
fraction between β- and -phase (ƒosc
/ƒosc
).[71]

Table 4.1. Parameters for calculating β-phase fraction.
Integration limits (nm)

Annealing

Α reference

Temperature (℃)

normalized at: (nm)

Total

Subtracted -phase

fraction (%)

0

386

-

-

-

210

378

-

-

-

220

398

300-470

398-470

0.9

230

375

300-470

375-470

12.2

240

344

300-470

344-470

23.6

250

349

300-470

349-470

21.5

Beta phase
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Figure 4.3. Normalized absorbance (solid line) of PODPF films annealed at different
temperatures. [(a) 220ºC, (b) 230ºC, (c) 240ºC and (d) 250ºC] In each case, the absorbance was
decomposed into its amorphous (-) (dash blue lines) and β-phase contributions (filled area).
The evolution of the spectroscopically-weighted β-phase fraction with annealing temperature is
shown in Fig. 4.4. For annealing temperatures below 210ºC, the β-phase fraction is unrevealed.
As the thermal annealing temperature increases up to 220ºC, a fraction of 0.9 % emerges. Upon
annealing at 230ºC, the β-phase fraction rises abruptly up to 12.2%. The fraction reaches its
highest value (23.6 %) upon annealing at 240 ºC and saturates beyond this temperature (21.5 %
at 250 ºC).
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Figure 4.4. Dependence of the β-phase fraction on the thermal annealing temperature. All film
thicknesses were in the 100-105 nm range.
4.2.4. Photoluminescence spectra of PODPF films annealed at different temperatures
The PL spectra of annealed PODPF films are displayed in Fig. 4.5. Starting with the 210 ºC
annealed film, the PL spectrum exhibits peaks at 434, 461 and 500 nm, assigned to 0-0, 0-1 and
0-2 peaks respectively, which resembles the untreated one except for a modest enhancement of
the 0-1 respect to the 0-0 peak. This could be a preliminary polymer chain packing arrangement
that upon higher temperature evolves to -phases. Upon 220 ºC annealing important changes
become evident in the PL spectrum; it undergoes spectral broadening and a new vibronic satellite
appears at 450 nm. We assign this phenomenon to the onset of β-phase domains (fraction 0.9 %)
and coexistence of both contributions in the PL spectrum. As the annealing temperature increases
up to 230 ºC, the β contribution clearly dominates the PL with peaks at 450, 480, 512 and 555
nm (0-0, 0-1, 0-2 and 0-3 respectively), red shifted respect to the 445, 468, 499 and 530 nm
found for 0-0, 0-1, 0-2 and 0-3 in PFO films with dominate β-phase emission.[145,

197]

Additionally, the shoulder at 435 nm arises from the 0-0 peak of residual α-phase emission. It is
remarkable that despite the moderate β-fraction present in this sample (12.2% fraction), the PL is
nevertheless dominated by β-phase chains. Previous studies have confirmed a very efficient
exciton funneling from - to -phases via FRET in mixed films, (this effect will be mentioned in
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more detail in Section 4.7).[58, 62] Increasing further the annealing temperature to 240 and 250 ºC
does not lead to remarkable changes respect to 230 ºC, the PL spectra showing clearly the four
peaks at 450, 480, 512 and 555 nm, respectively. According to previous reports, the PL of PFO
in the β-phase conformation is more vibronically pronounced and red shifted respect to that of
the α-phase because the more delocalized excited state and minimal degree of geometric
rearrangement which corresponds to the planar chain conformations in β-phase domains.[60, 66, 67,
127, 144-146, 184, 191-193, 195, 198]

Figure 4.5. The effect of annealing in the PL spectra of PODPF films. Gray dashed lines are
guide to the eye to emphasize the dominant peak contributions from - and -phase emissions.
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4.3. PLQE and PL decay
The PLQE as a function of annealing temperature (Fig. 4.6) reaches a maximum of 32% at 210
ºC annealing, a slight enhancement respect to the 27% PLQE of untreated PODPF. It is
interesting that this slight improvement occurs despite the absence of any spectral change in Abs
and PL. However, this tendency is inverted as the annealing temperature rises: the PLQE
progressively decreases down to 28%, 25%, 23% and 15% for 220 ºC, 230 ºC, 240 ºC and 250
ºC respectively. The effect of β-phase domains of PFO on the PLQE has been subject of
discussion, its overall effect on PLQE being dependent on the average β-phase content. In
agreement with our findings in PODPF, some researchers observed enhancement in the PLQE of
PFO films when a relative low β-phase concentration (5-8%) was induced.[71, 199] They assumed
that maximal dispersal of β-phase chain segments favors this enhancement in PLQE.[71]
Contrarily, reduction of PLQE in films with high β-phase fractions was explained as due to the
presence of large β-phase aggregates which enable efficient exciton diffusion and enhanced
collisional exciton quenching.[200]

Figure 4.6. Dependence of the PLQE as a function of annealing temperature of PODPF films.
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In order to better understand the evolution of PLQE with the annealing temperature, we
performed time-resolved photoluminescence and calculated the kr and knr values associated to the
dominant α- and β-phases making use of the corresponding PLQE values at each annealing
temperatures. As shown in Table 4.2 and Fig. 4.7, all the PL lifetimes from α- and β-phase in
different PODPF films decrease as the annealing temperature is enhanced. Regarding the α-phase
conformation, k αr shows first a gradual increase from 1.11 to 1.97×109 s-1 as the annealing
temperatures increases from 210 to 220ºC. In turn, kαnr increases rapidly from 3.00 to 3.33, and
5.11×109 s-1 in the untreated, 210 and 220ºC samples, likely associated to efficient funneling of
excitons from the - to the -phase, a hypothesis that is supported for the PL spectral evolution
found upon annealing. Regarding the decay rates of the -phase, (Fig 4.8 (b)), kβr keeps almost
constant (0.85×109 s-1) while kβnr rises from 2.51 (230ºC) to 3.93×109 s-1 (250ºC), showing a clear
increase in exciton de-activation with the presence of β-phase domains. The increased in nonradiative decay rates may result from the enhanced exciton-exciton annihilation rate with
increasing β-phase concentration or from encountering of quenching sites during exciton
diffusion.[200] As shown in Fig. S4.1 and Table S4.2, the PL decay components and lifetime
values of all samples did not differ upon increasing the excitation density by a factor of 0.24-0.88%
which seems to indicate the lack of interplay of exciton-exciton annihilation in the quenching
processes at these fluence regimes.

Figure 4.7. Normalized log-linear PL decays of PODPF films annealed at different temperatures
(photoexcited at 405 nm). The integrated wavelength is (a) 433 nm for α-phase and (b) 480 nm
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for β-phase. The magenta lines are the instrument response functions (IRF) from the laser. The
black lines are the fitted data after the deconvolution of the IRF.
Table 4.2. PLQE values and photoluminescence decay rates of the - and -phases in films
annealed at different temperatures.
Annealing

PLQE

ταtotal

τβtotal

kαr

kαnr

kβr

kβnr

temperature (ºC)

(%)

(ps)a

(ps)b

(×109 s-1)c

(×109 s-1)d

(×109 s-1)e

(×109 s-1)f

RT

26.9

243.03

-

1.11

3.00

-

-

210

32.0

204.20

-

1.57

3.33

-

-

220

27.8

141.18

-

1.97

5.11

-

-

230

25.2

-

297.86

-

-

0.85

2.51

240

23.3

-

285.99

-

-

0.81

2.69

250

15.3

-

215.51

-

-

0.71

3.93

a

PL decay measured at 433 nm. b PL decay measured at 480 nm. c Radiative decay rate from α-phase. d Non-radiative decay rate

from α-phase. e Radiative decay rate from β-phase. f Non-radiative decay rate from β-phase.

Figure 4.8. Radiative and non-radiative decay rates of the α- (a) and the β-phase (b) in PODPF
films annealed at different temperatures.
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4.4. GIWAXS patterns
Information on the PODPF chain packing in the -phase was pursued with 2D-GIWAXS. Each
crystalline solid has its unique characteristic pattern which may be used as a "fingerprint" for its
identification with X-ray scattering experiments. The d-spacing can be defined as the distance
between the atomic planes with given hkl Miller indexes, which can give the rise to diffraction
peaks. According to the relation between the lattice and basis, the polymer chain arrangement
can be roughly estimated through the X-ray scattering data. Fig. 4.9 displays 2D-GIWAXS
patterns of (a) untreated and (b) 250ºC annealed PODPF films on quartz substrates. We observe
that the untreated PODPF pattern only shows a very weak and broad diffraction ring which peaks
at q=14.3 nm-1 (d=4.4 Å, according to d=2π/q) at all azimuthal angles, which can be ascribed to
the π-π stacking distances from adjacent polymer chains. Similar - stacking distances have
been inferred in films of other conjugated polymers, such as in poly[N-9-heptadecanyl-2,7carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) (14.2 nm-1).[201] As
Huang et al. reported previously, the π-π stacking distance in PODPF arises from strong steric
hindrance of 9,9-diphenyl moieties at the fluorene 9-position, leading to weak interchain
interactions.[127, 144, 202] As the sample is annealed at 250 ºC, a series of rings start to appear at d =
9.2, 7.4, 7.0, 5.6, 4.8, 4.7, 4.6, 4.2, 3.9 and 3.6 Å, (Fig. 4.9(b) and Table 4.3) in agreement with
previous reported results.[144] Based on these distances a PODPF chain arrangement in the domains has been proposed and depicted in Fig. 4.10.[144]

Figure 4.9. The 2D-GIWAXS diffractograms of (a) untreated and (b) 250ºC annealed PODPF
films on quartz substrates.
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Table 4.3. The "fingerprint" (d-spacing) of GIWAXS patterns between successive (hkl) planes.

a

hkl

dexp (Å) a

dref (Å)b

300

9.2

9.4

220

7.4

7.2

400

7.0

7.0

420

5.6

5.7

520

4.8

4.9

600

4.7

4.7

430

4.6

4.5

008

4.2

4.2

040

3.9

3.8

800

3.6

3.5

dexp is the d-spacing calculated from the d=2π/q.

b

all the dref data are after from Huang et al..[144]

Figure 4.10. The packing geometry of PODPF chains in -phase domains.[127]
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Figure 4.11. (a) The evolution of the 1D integrated meridional intensity as a function of
temperature in the q-vector during cold crystallization. (b) Detailed crystalline evolution of the
(300) and (400) scattering peaks which stem from a zoomed area enclosed by the red rectangle in
(a). The red curve in (b) highlights the crystallization onset at an annealing temperature of 210ºC.
1D integrated curves were obtained from the out of plane region of 2D-GIWAXS diffractograms.
The inset indicates the employed heating ramp from room temperature up to 260ºC with a
heating rate of 5ºC/min. The sample was then kept at 260ºC for 10 minutes.
We further investigated the effect of annealing on film structure by performing GIWAXS
measurements in-situ during sample heating. Fig. 4.11 (a) displays the dependence of the 1D
integrated curves with temperature, obtained from the meridional projection in the out of plane
region of the 2D-GIWAXS diffractograms. The first evidence for crystallinity in PODPF appears
at ~210 ºC in the form of two nascent scattering rings (Fig. 4.11(b), red line) with corresponding
1D integrated peaks at d=9.2 Å and d=7.0 Å which corresponds to (300) and (400) crystalline
planes in PODPF. As previously reported, the weak hump at 7.0 Å arises from the alkyl chain
spacing along the polymer chain which indicates a certain degree of chain alignment and a more
planar geometry than the amorphous state, which is known to be the driven force for β-phase
conformation.[127,

144]

As we gradually increase the temperature, the diffraction rings in 2D-

GIWAXS patterns and the peaks in the 1D integrated meridional intensities become much
clearer. The enhanced diffraction intensity also supports the increasing β-phase concentration in
PODPF films. The peak positions remain constant independently of the annealing temperature.
In order to monitor the crystalline kinetics of PODPF films, we trace the intensity ratio between
the maximum and minimum amplitudes (Imax and Imin) of the (400) scattering peak (Fig. 4.12(b)).
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The onset temperature of r(400) approaches at 210ºC, the first derivative of the slope reaching a
maximum at 235ºC. Note that this is in line with the cold crystallization temperature (Tcc=239ºC)
of PODPF measured with the DSC (Fig. 4.12(b), inset), showing a clear correlation between
formation of -phase domains and PODPF crystallization.

Figure 4.12. (a) 2D-GIWAXS diffractogram of a 210ºC annealed film (left), and the 1D
integrated meridional intensity versus q-vector (right). The inset highlights the amplitude change
of (300) and (400) reflections given by the difference between the maximum and minimum
intensities (Imax and Imin). (b) The normalized GIWAXS scattered Imax / Imin ratio for the (400)
reflection (r(400)) (blue squares) and the first derivative of r(400) (red line) as a function of
temperature. The inset stands for the DSC of PODPF. The heating rate was 10oC/min under
nitrogen atmosphere. The green shadowed area highlights the cold crystallization temperature
(Tcc) range. (c) The 2D-GIWAXS diffractograms of PODPF films annealed at 160 (1), 210, 235
(3) and 250ºC (4) which correspond to the numbers in black boxes on the left figure.
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4.5. Raman spectroscopy
As already mentioned in Chapter 3, Raman spectroscopy is a powerful tool to investigate the
structure and chain conformation of polymers. For instance, changes in the Raman intensity of
modes or in their wavenumber location may stem from a different degree of wavefunction
delocalization along the aromatic backbone. An example is found when comparing the Raman
spectrum of ladder-type polymers with their twisted relatives. Ladder type poly(p-phenylene)
(LPPP) for instance shows a shift of the C-C stretch mode to lower wavenumbers respect to
poly(p-phenylene)s (PPP), as well comparatively stronger C-C inter-ring stretch mode.[203, 204]
The Raman spectra of PODPF films annealed at different temperatures is shown in Fig. 4.13. A
summary of the PODPF Raman peaks in the 1000-1650 cm-1 wavenumber range is provided in
Table 4.4 together with their mode assignment.
Table 4.4. Raman modes in PODPF films.
PODPF a (cm-1)

PFO b (cm-1)

Assignmentb

1

1600

1605

Benzene ring C-C stretch

2

1504

1505

Benzene ring C-C stretch

3

1467-1446

1459-1437

Benzene ring C-C stretch from end group

4

1411

1416

Benzene ring C-C stretch

5

1348

1344

Fluorene unit in plane deformation

6

1341-1309

1315-1304

Diarylphenyl ring stretch at 9-position of fluorene

7

1302

1281

C-C inter unit stretch

8

1264

1255

Side chain mode

9

1222-1198

1225-1218

Ip(CH)+side chainsc

10

1180

1192

Ip(CH)+side chains

11

1144

1173

Ip(CH)+side chains

12

1116

1133

?

13

1095-1061

1118-1107

Ip(CH)+side chain CCC stretch+CH3 rock

a

The Raman shifts of PODPF are taken from the untreated film in Fig. 4.13 red line. b All the Raman shifts data of

PFO and modes assignments are taken from taken from the Ph.D. thesis of Marilu Ariu, Morphology and Optical
Properties of Poly(9,9’ dioctyfluorene) Films. [205] c Ip is the in-plane mode.
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Figure 4.13. Normalized Raman spectra of PODPF films annealed at different temperatures. The
excitation wavelength was 633 nm. The insets show the spectral shift of the 1600 cm-1 mode
(upper) and the intensity changes at 1302 cm-1 (lower) upon different annealing temperatures.
The spectra are characterized by a strong peak around 1600 cm-1 and peaks of medium intensities
in the 1600-1050 cm-1 range. Based on the Raman spectrum of PFO we can assign the strongest
peak around 1605 cm-1 to a C-C symmetric stretch mode in the fluorene unit along the direction
of polymer backbone.[206, 207] Interestingly, the C-C stretch mode experiences a gradual softening
from 1600 cm-1 down to 1594 cm-1 upon annealing up to 240˚C and saturates at 250˚C (inset of
Fig. 4.13 (upper) and 4.14(a)). The peak at 1302 cm-1 is instead assigned to the C-C inter-ring
stretch mode between adjacent repeating units and it is highly sensitive to the degree of torsional
angle. This mode is located at a higher wavenumber respect to PFO (1280 cm-1) the effect
possibly associated to a supramolecular steric hindrance effect of PODPF, also exhibited by
planarized mLPPP respect to PPP.[71, 206, 208] As the PODPF annealing temperature increases, the
ratio between the 1302 cm-1 and the 1600 cm-1 modes (I1302/I1600) linearly raises, reaching an
almost 3-fold enhancement at 250 ºC annealing respect to the untreated one. It thus appear clear
that the ratio is strongly sensitive to the presence of -phase domains formed by PODPF chains
adopting a planar conformation with longer -delocalization and conjugation lengths.[71]
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Figure 4.14. (a) Raman shift of the C-C stretch mode and (b) Raman intensity ratio between
1302 cm-1/1600 cm-1 (I1302/I1600) of PODPF films as a function of annealing temperature.
Table 4.5. Raman properties of PODPF films thermally annealed at different temperatures.
Annealing

Raman shift
-1

rR

temperature (ºC)

(cm )

(I1302/I1600)

0

1600

0.0372

210

1599

0.0559

220

1597

0.0724

230

1595

0.1002

240

1594

0.1112

250

1594

0.1162

We monitored the local PODPF chain conformation in annealed films by performing confocal
Raman mapping with a lateral spatial resolution of 515 nm. This spatial resolution was inferred
from:
𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑟) =

1.22 × 𝜆𝑙𝑎𝑠𝑒𝑟
2 × 𝑁𝐴

where 𝜆𝑙𝑎𝑠𝑒𝑟 is the imaging wavelength (633 nm) and 𝑁𝐴 is the objective numerical aperture
(0.75).
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Figure 4.15. 2D spatial distribution of the I1302/I1600 Raman intensity ratio of PODPF films
annealed at different temperatures: (a) Untreated, (b) 210ºC, (c) 220ºC, (d) 230ºC, (e) 240ºC and
(f) 250ºC. The excitation wavelength was 633 nm. The size of the Raman mapping images are 10
μm × 10 μm and lateral spatial resolution is 515 nm.
Fig. 4.15 displays the spatial distribution of the Raman intensity ratio (rR = I1302/I1600) as a probe
for the local degree of backbone planarization in films annealed at different temperatures. The rR
value in untreated PODPF is in the 0.14-0.16 range, (Fig. 4.15(a)). Annealing at 210ºC induces
isolated domains (featuring in Fig. 4.15(b) as light colored areas) with larger rR values in the
0.18-0.22 range. Upon 230ºC annealing, Fig. 4.15(d) the light domains start to become
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interconnected featuring also an increase in rR up to 0.24-0.27. In the last two steps of thermal
annealing temperature (240 and 250ºC), rR saturates and keeps uniform through the scanned area
with values ranging from 0.26 to 0.29 confirming the ubiquitous -phases in the film. The
presence of continuous or discontinuous -phases may have important implications in the
exciton dynamics. For instance, the presence of isolated domains (210 ºC) may imply that singlet
excitons predominantly photogenerated at amorphous phases decay in the amorphous bulk,
owing to both their < 1 ns lifetime and moderate diffusion lengths in the 22 nm range.[209] As domains become larger (220 ºC), the probability for excitons to encounter -domain interfaces
increases. That explains for instance the combined contributions from - and -phases in the PL
spectrum of the 220 ºC annealed PODPF film. Further growth and interconnection of -domains
(observed in films annealed at 230 ºC and above) results in excitons at amorphous phases being
efficiently funneled into the -domains.
4.6. -phase signatures in the triplet absorption spectra of annealed PODPF films
Triplet excitons have a significantly longer lifetime than singlet excitons and consequently are
capable of scanning larger spatial areas during their diffusion in the bulk. Typical diffusion
lengths for triplet excitons measured in polyflourenes are in the ∼100 nm range.[210,

211]

Consequently, the triplet decay pathways may be very sensitive to the presence of -phase
domains, even if they are present at low contents in films. Bearing this in mind, we performed
CW-PIA experiments at 77 K on annealed films to monitor the T1-Tn triplet absorption bands in
the different samples, (Fig. 4.16). The CW-PIA spectrum of untreated PODPF (Fig. 4.16(a))
shows an absorption band with maximum at 850 nm (1.46 eV). This band is 50 meV red-shifted
respect to the one featuring in the CW-PIA of PFO (823 nm, 1.51 eV) ascribed to T1-Tn
absorption.[64, 212] This 50 meV red shift is consistent with a similar spectral shift observed in
absorption (50 meV) and in PL (10 meV) and it is likely due to the molecular packings in both
polymers causing an enhancement in the refractive index of PODPF (1.887), compared to PFO
(1.770) which is translated into an energy downshift according to the Onsager model.[156, 213] The
full width at half maximum (FWHM) of untreated PODPF film is around 250 meV, i.e. almost
twice the value reported in PFO (120 meV) by Köhler et al.[63] As already discussed in section
4.5, the higher crystallization temperature of PODPF films respect to PFO (Tcc 239ºC, Tg 115ºC
and Tcc 155ºC, Tg 62ºC in PODPF and PFO respectively)[66] point towards a more amorphous
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nature of the former which could explain the enhanced spectral broadening in terms of larger
degree of intra- and inter-chain energetic disorder. Interestingly, upon annealing at 210ºC a sharp
absorption peak emerges at 932 nm (1.33 eV) which we assign to T1-Tn arising from -phase
areas, (Fig. 4.16(b)). This is consistent with our previous findings with Raman and GIWAXS
which already pointed out the presence of few small isolated -domains in films annealed at this
temperature.

Figure 4.16. CW-PIA spectra at 77K of PODPF films thermal annealed at different temperatures:
(a) Untreated, (b) 210ºC, (c) 220ºC, (d) 230ºC, (e) 240ºC and (f) 250ºC. The excitation
wavelength and the photomodulation frequency were 405 nm and 80 Hz respectively.
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Table 4.6. Triplet T1-Tn absorption bandwidth and peak position in PFO and PODPF films
measured at 77K from CW-PIA spectrum under 405 nm excitation.
λT1-Tn

FWHM

Δλα-β

(nm)

(meV)

(meV)

α-phase

823

120

β-phase

869

45

PODP

α-phase

850

250

F

β-phase

936

40

PFOa

a

80

130

The λT1-Tn, FWHM and Δλα-β data of PFO are taken from Köhler et al.[63]

Remarkably, the emergence of this -phase spectral feature detected with CW-PIA has no
correspondence in absorption and PL. The more likely explanation for this is that the large
degree of isolation of  domains in this sample implies an average inter-distance well above the
average diffusion length of singlet excitons, which consequently undergo decay in the -phase.
Contrarily, the slow decay lifetime and large diffusion length of triplets in films make feasible
the encountering of interfaces with isolated  domains in films where they get trapped. Based on
these singlet and triplet diffusion arguments and the coexistence of triplet absorption from both
phases in the 210 ºC annealed sample we infer that the lower and upper limit for the average
separation between  domains in this film should between 22 nm and 100 nm, respectively,
singlet and triplet diffusion lengths which have been mentioned before. As depicted in Fig.
4.13(c-f), increasing the annealing temperature leads to predominance of the β-phase respect to
the -phase peak. The β-phase triplet absorption in PODPF (with maximum at 932 nm, 1.33 eV)
is red shifted by about 100 meV respect to the corresponding β-phase triplet absorption in PFO
(869 nm, 1.43 eV), both having similar FWHM values (40 meV and 45 meV in PODPF and PFO
respectively).[63] The slightly lower FWHM value found in PODPF would tentatively indicate a
higher degree of order in the  domains of PODPF, (values listed in Table 4.6). Interestingly, we
do not discern features associated to excited-states other than triplets in the CW-PIA spectra, in
contrast with PFO, where a polaron band centered at 644 nm is often found in films containing

-phase.[63] This observation could be explained as due to the combined effect of a more efficient
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polaron recombination in PODPF films and the low modulation frequencies employed in our
experiments, leading to a negligible stationary population of polarons.
4.7. Fs-TA spectroscopy in PODPF films
4.7.1.

T/T spectra of PODPF films annealed at different temperatures

In order to investigate the photophysics of mixed PODPF films containing β-phase fractions we
performed fs-TA spectroscopy. The T/T spectra at 2, 20 and 40 ps delay time of PODPF films
annealed at different temperatures are displayed in Fig. 4.17 and a summary of the spectral
positions of the different bands is provided in Table 4.7.

Figure 4.17. ΔT/T spectra of PODPF films: (a) untreated, (b) annealed at 210ºC, (c) annealed at
220ºC, (d) annealed at 230ºC, (e) annealed at 240ºC and (f) annealed at 250ºC at different pumpprobe delays, (from dark to light colour): 2, 20 and 40 ps. Pump wavelength and fluence were
387 nm and 6.8×102 mJ/cm2 respectively. The characteristic peaks ascribed to the α- and β-phase
are indicated by the dotted and dashed lines, respectively.
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Table 4.7. The ΔT/T spectral bands of thermally annealed PODPF films.
PB (nm)
α-phase

β-phase

SE (nm)
α-phase

PA (nm)

β-phase

Untreated

364, 406

448, 478

598, 730

210˚C

364, 403

425

448

471

600, 730

220˚C

364, 403

427

450

471, 501

600, 730

230˚C

384, 403

428

473, 506

600, 650, 730

240˚C

384, 401

428

473, 506

600, 650, 730

250˚C

384, 401

428

473, 506

600, 650, 730

Starting with untreated PODPF (Fig. 4.17(a)), the 2 ps delay T/T spectrum exhibits a band with
peak at 406 nm with a short-wavelength shoulder at 364 nm, which we ascribe to photobleach of
the -phase (hereafter referred as PBα) since it coincides with the location of the PODPF groundstate absorption. PB is preceded by two SE bands (SE) centered at 448 and 478 nm, which
coincide with the 0-1 and 0-2 vibronic peaks of the PL spectrum, and two PA bands at 598 and
730 nm. Note that these two PA features appear indifferently in the T/T spectra of untreated
and “mixed” -phase samples (shown below). For clarity purposes we will simply refer to them
generically as PA. The lack of spectral relaxation of the T/T spectrum is confirmed by the timeindependent spectral position of the T/T zero-crossing (500 nm). Annealing at 210ºC leads to
subtle changes in the PB and SE spectral parts, still dominated by -phase features. PBα depicts a
shift of the peak from 406 to 403 nm and the formation of a faint short-wavelength shoulder
(around 370 nm) respect to the untreated one. Furthermore, a new PB peak starts to become
visible (referred as PBβ) at 425 nm which correlates with the 0-0 β-phase ground-state absorption.
Likewise, a weak SE peak at 471 nm (hereafter named as SEβ) develops, being in
correspondence with the 0-1 vibronic PL peak ascribed to the -phase. Finally, the PA bands
appear centered at 600 and 730 nm. Annealing at 220ºC leads to T/T spectra showing clear PBα
and PBβ peaks at 403 nm and 427 nm (2 nm red shifted) respectively together with a broader and
less vibronic SE, (in line with the already discussed PL spectrum), composed of SEα at 450 nm,
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SEβ at 471 nm and a smeared shoulder at 501 nm which may come from the β-phase
conformation, (Fig. 4.17(c)). The coexistence of α- and β-phase contributions to the PB and SE
bands points again to the presence of spatially separated α- and β-phase domains in the 210 ºC
and 220 ºC films, as pointed out by the Raman images. Overall, the β-phase spectral features
gain statistical weight in the 220 ºC annealed sample, being compatible with the larger content
(0.9% inferred from de-convolution of the ground-sate absorption spectra). The PA bands remain
located at 600 and 730 nm without obvious changes. The T/T spectra of PODPF annealed at
230ºC (Fig. 4.17(d)) display PBα (peak at 403 nm with enhanced shoulder at 386 nm) and PBβ (at
428 nm, 3 nm red-shifted compared to initial PBβ in 210ºC) and two SE bands at 473 and 506
nm (0-1 and 0-2 vibronic PL peaks ascribed to the β-phase). Interestingly, a new PA band
emerges at 650 nm (PAβ) accompanied by the PA bands at 600 and 730 nm already seen in the
previous samples. Similar T/T spectral shapes and peak positions are found in the 240 and
250ºC annealed PODPF films and it is worth noting that in this latter sample, the PAβ at 650 nm
becomes more noticeable among the other two PA bands. A similar absorption band located at
644 nm was reported in the CW-PIA of PFO films with -phases and ascribed to polarons which
stem from exciton dissociation at interfaces between  and  phases. [184, 214-216] The formation of
polarons arising from exciton dissociation in films with large -phase fractions could explain the
gradual drop in PLQE with temperature already discussed.
4.7.2. T/T dynamics of PODPF films annealed at different temperatures
The exciton migration from α- to β-phase can be inferred from a comparison of the T/T
dynamics monitored at the corresponding α and β peak positions. Fig. 4.18 depicts a comparison
of PODPF annealed at different temperatures traced at the maxima of SE and PA bands in the αand β-phase. A multi-exponential fit of the kinetics gave three lifetime components (listed in
Table 4.8) with an amplitude weighted lifetime given by 𝜏 =

∑𝑖 𝐴𝑖 𝜏𝑖
∑𝑖 𝐴𝑖

𝐴𝑖

and 𝑎𝑖 = ∑

𝑖 𝐴𝑖

. Fast sub-

picosecond decay components are present in almost all dynamics being likely associated to
presence of exciton-exciton annihilation processes triggered by the pump fluence employed in
the experiments.[200,

217, 218]

Owing to the large statistical weight of this phenomenon in the

overall dynamics, the obtained amplitude-average lifetimes remain far below 100 ps, in the 5-10
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ps range. Despite of the presence of these non-linear effects, a comparison between the dynamics
of the different samples enables us to extract important conclusions.

Figure 4.18. T/T kinetics of PODPF films: (a) untreated, (b) annealed at 210ºC, (c) annealed at
220ºC, (d) annealed at 230ºC, (e) annealed at 240ºC and (f) annealed at 250ºC. Red and blue
lines stand for SE bands traced at 450 and 470 nm, respectively. Green, violet and pink lines
stand for PA bands traced at 600, 650 and 730 nm. Pump wavelength and fluence were 387 nm
and 6.8×10-2 mJ/cm2 respectively.
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Table 4.8. ΔT/T decay time components of thermally annealed PODPF films obtained from
multi-exponential fits.

Untreated

210˚C

220˚C

230˚C

240˚C

250˚C

trace wavelength
(nm)

t1

a1

t2

a2

t3

a3

τtotal

(ps)

(%)

(ps)

(%)

(ps)

(%)

(ps)

450

0.32

0.87

5.60

0.07

61.15

0.06

4.38

470

0.36

0.85

4.98

0.08

55.96

0.07

4.69

600

0.53

0.67

3.00

0.18

38.47

0.15

6.72

650

0.57

0.79

2.68

0.11

47.42

0.10

5.87

730

4.24

0.09

0.57

0.84

50.28

0.07

4.43

450

0.31

0.90

4.25

0.05

6588

0.05

3.71

470

0.37

0.86

3.90

0.08

65.18

0.05

4.13

600

0.45

0.62

2.81

0.25

42.37

0.13

6.49

650

0.59

0.83

2.78

0.07

47.69

0.10

5.38

730

2.59

0.13

0.53

0.81

39.39

0.06

3.20

450

0.66

0.80

5.37

0.12

46.63

0.08

4.78

470

0.49

0.83

5.25

0.09

73.15

0.08

6.89

600

0.76

0.46

2.55

0.36

32.12

0.18

7.03

650

0.85

0.72

4.66

0.73

49.52

0.11

6.87

730

3.10

0.15

0.86

0.75

7.25

0.10

3.93

450

0.50

0.91

12.34

0.09

470

0.45

0.84

5.36

0.09

72.77

0.07

6.21

600

0.75

0.42

2.33

0.40

33.40

0.18

7.33

650

0.85

0.71

5.23

0.18

54.11

0.11

7.52

730

2.00

0.32

0.57

0.6

29.42

0.09

3.47

450

0.77

1

470

0.58

0.84

5.45

0.09

74.92

0.08

6.67

600

0.78

0.50

2.92

0.27

48.35

0.23

12.13

650

0.90

0.60

4.29

0.18

54.47

0.22

13.35

730

2.40

0.16

0.65

0.75

65.04

0.09

6.88

450

0.35

1

470

0.35

0.84

5.25

0.09

78.94

0.07

6.53

600

0.62

0.56

2.92

0.29

84.86

0.15

10.20

650

0.60

0.59

6.11

0.26

52.76

0.15

9.94

730

0.76

0.80

0.13

68.25

0.07

6.24

1.54

0.77

0.35
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Starting with untreated PODPF, the ΔT/T dynamics at 450 and 470 nm (SE) follow parallel
decays (4.4 and 4.7 ps, respectively, in Fig. 4.18(a) and Table 4.8). Similar decay behavior is
observed in the T/T dynamics at 730 nm PAsinglet
(4.4 ps), which indicates that they both stem
α
from singlet exciton decay.[219] Interestingly, the T/T dynamics at 600 nm (PApolaron
) show a
α
clear longer decay component (average lifetime of 6.7 ps). This discrepancy has been found on
previous literature; a distinctive PA band at 600 nm in the T/T spectrum of PFO film shows
slower decay than the bands associated to singlet excitons (SE at 470 and PA at 750 nm).[220] As
McBranch et. al. reported, this PA band is observed even when the probe is polarized
perpendicular to the chain although its magnitude is ten times lower respect to the parallel
configuration.[220] Inter-chain species such as charged polarons and excimers can be described by
wave functions which are both polarized primarily along the chain and weakly perpendicular to
the chain.[221] Similar ΔT/T kinetics are found in the 210ºC annealed film (Fig. 4.18(b)) except
for a slight decrease of the average lifetime at 450 respect to 470 nm (SE) (3.7 and 4.1 ps,
respectively, Table 4.8). In 220ºC annealed PODPF the presence of -phase strands (0.9% βphase fraction), manifests as a longer T/T dynamics at 470 nm (SE) with a characteristic
average lifetime of 6.9 ps, which we consequently ascribed to -phase singlet excitons. This
increase in the -phase singlet decay time is consistent with the raise of PL lifetime already
discussed in section 4.3. Significant changes are observed in the 230ºC annealed film (Fig.
4.18(d)): the ΔT/T dynamics at 450 nm (SE) decay is accelerated with an average lifetime of
only 1.5 ps, a significant reduction to the average lifetime measured in the untreated film (4.4 ps).
Concomitantly, the ΔT/T kinetics at the emerging 650 nm peak assigned in the previous section
to (PApolaron
) exhibits a longer average lifetime (7.5 ps) similar to the average lifetime obtained at
β
600 nm (PApolaron
) ascribed to polaron-pairs (7.3 ps). Quenching of SE is further emphasized on
α
the kinetics of the 240ºC and 250 ºC annealed samples (Fig. 4.18(e-f)); the SE average lifetime
at 450 nm amounts only to 0.8 ps and 0.3 ps respectively, whereas the ΔT/T kinetics at 470 (SE)
gives much longer lifetimes (6.7 and 6.5 ps respectively). The PApolaron
average lifetime detected
β
at 650 nm increases up to 13 ps and 10 ps in the 240 ºC and 250 ºC annealed samples
respectively.
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4.7.3. A summary of main findings on T/T kinetics of PODPF films
Fig. 4.19 depicts the averaged SE and PA lifetimes of PODPF films. There are no significant
differences in the untreated and 210ºC films in terms of SE and singlet or polaron PA dynamics,
probably due to the low content of β-phase fraction. The 220ºC film displays a significant
enhancement of SEβ (470 nm) lifetime respect to the lifetime of SEα (450 nm). Furthermore, the
T/T kinetics at 730 nm also become longer, probably as the result of spectral overlap between
singlet PA in the - (short lived) and -phase (long-lived). It is interesting that the average SEα
lifetime does not decreases in this sample. We thus infer that singlet exciton transfer from the to the -phase is modest and compatible with the scenario of few isolated β-phase domains
observed from Raman mapping (Fig. 4.15).

Figure 4.19. Average ΔT/T lifetimes of PODPF films annealed at different temperatures
monitored at five different wavelengths with dominant contributions from (a) singlet excitons
and (b) polarons. SE bars are shown with high density patterns whereas PA bars are displayed
with low density patterns.
The effects of FRET start to be visible in the 230 ºC sample. Herein, both the average SEα (450
nm) and PA at 730 nm drop significantly. Quenching by FRET becomes gradually more
pronounced in the 240 and 250ºC annealed films at the same time that SEβ (470 nm) and PA at
730 nm (dominated by β-phase singlet PA) become dominant. The lifetime values of PApolaron
α
(600 nm) and PApolaron
(650 nm) both raise parallel to the singlet exciton lifetime from β-phase. In
β
the annealed sample, the dominance of β-phase emission in the PL spectrum suggests the
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existence of an ultrafast energy transfer from α-phase to β-phase chain segments. Assuming that
the main singlet exciton de-activation mechanism in the α-phase is FRET, we estimate an
ultrafast energy transfer rate (kET), of 2.86×1012 s-1. Similar kET values have been reported before
in PFO.[62, 184]
4.8. ASE measurements at different temperatures
We further explore the optical gain properties in films containing different β-phase fractions. To
better understand how β-phase domains influence on the optical gain properties of PODPF, we
performed a systematic study of the evolution of ASE spectra and pumping threshold values as a
function of annealing temperature. Upon increasing the pump fluence we observe in all films the
collapse of the PL bandwidth into a narrow peak of few nanometers width ascribed to ASE (Fig.
4.20), as well as an abrupt increase in emission output above certain pump fluences (Fig.
S4.2).[222-226] The detailed ASE parameters such as the ASE peak (λASE), emission FWHM and
ASE threshold (EASE
th ) values are listed in Table 4.9. The ASE peak in the untreated PODPF film
locates at 464 nm concomitant with the 0-1 vibronic peak of PL in the -phase, and it shifts to
466 nm in the 210 ºC thermally annealed one. Interestingly, dual ASE appears in the 220 ºC
annealed film with peaks centered at 467 and 484 nm despite the film containing only a 0.9% βphase fraction. This result is in line with coexistence of - and -phase features in the PL and
CW-PIA spectra and explained as due to lack of photophysical cross-talk between the majority

phase and the minority β-phase domains. This is in line with the previous reports from Huang
et al. which demonstrated dual ASE behavior in a PODPF film in mixed-phases.[144] As we
continue increasing the annealing temperature only one single ASE peak arises at 484 nm which
stems from the 0-1 vibronic peak of PL in the β-phase. All the samples exhibit similar FWHMs
ranging from 1.95 nm to 4.32 nm. A very low ASE threshold (0.9 μJ/cm2, average power density)
is observed in the pure α-phase, one magnitude lower than the corresponding value for thermally
treated films, 6-8 μJ/cm2. This result can be understood as the combined influence of rough
morphologies in annealed films and the lowering of PLQE observed in films with β-phase.
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Table 4.9. ASE characteristics of PODPF films annealed at different temperatures.
Untreated

210 ℃

220 ℃

230 ℃

240 ℃

250 ℃

α-phase

α-phase

𝛽-phase

𝛽-phase

𝛽-phase

𝛽-phase fraction (%)

0

0

12.2

23.6

21.5

λASE (nm)

464

466

467

484

484

484

484

FWHM (nm)

2.94

3.59

4.32

3.75

4.38

1.95

2.38

2
EASE
th (μJ/cm )

0.9

7

7

6

8

8

8

α-phase

𝛽-phase

0.9

Figure 4.20. Amplified spontaneous emission (ASE) spectra of PODPF films: (a) untreated, (b)
annealed at 210ºC, (c) annealed at 220ºC, (d) annealed at 230ºC, (e) annealed at 240ºC and (f)
annealed at 250ºC. Measurements were carried out upon photoexcitation at 355 nm with 0.3 ns
pulses and with (from light to dark colour) 0.21, 0.27, 0.34, 0.42, 0.67, 0.84, 1.06, 1.34, 1.68,
2.12, 3.36 and 4.23 μJ/cm2 pump fluences.
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4.9. Conclusion
In conclusion, we systematically investigate the photophysics, polymer chain arrangement,
singlets and triplets spectra and singlet dynamics as well as the optical gain properties of PODPF
films containing different amounts of β-phase. Increasing the β-phase concentration leads to the
appearance of a new absorption peak at 438 nm and vibronic replica at shorter wavelengths as
well as a more vibronic and red shifted PL, pointing towards the adoption of planar PODPF
chain conformations inside the  domains. 2D-GIWAXS started to show scattering diffraction
peaks after thermal annealing at 210 ºC, a value which stands for a temperature onset for
polymer chain planarization. Raman imaging indicates that β-phase chains are present in small
isolated domains at low annealing temperatures, evolving towards larger percolating domains
upon increasing the annealing temperature. Fs-TA experiments deliver a photophysical picture
where sub-picosecond de-activation of singlet excitons in the -phase (0.35 ps) leaves place to
emergence of β-phase spectral features in the high temperature annealed samples, confirming a
very efficient α- to β-phase energy transfer. Interestingly dual ASE from α- and β-phase domains
is observed in the 220ºC annealed film.
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Chapter 5.

The Effect of Phenyl Intercalation on the Light Amplifying

Properties of Poly(Diarylfluorene-co-NPhenyl):F8BT Blends
5.1. Introduction
Besides the outstanding properties of PFO films described in Chapter 1 in terms of light emission
efficiency, blue color purity and charge transport, PFO films can host green emitting conjugated
dopants enabling for a blue-to-green Förster resonant energy transfer (FRET) blend. PFO is for
instance an excellent energy-transfer host for green emitting F8BT. The PL spectrum of PFO
strongly overlaps with the longer wavelength absorption band of F8BT, leading to an efficient
PFO-to-F8BT FRET as confirmed by predominant F8BT emission in blends upon
photoexcitation at the PFO absorption peak wavelength.[227-232] The outstanding luminescence
properties of these blends together with their ambipolar charge transport characters, (PFO and
F8BT are p- and n-type charge transport polymers respectively),[90, 233, 234] were exploited for the
design of efficient polymer light emitting diodes.[77, 235-237] However, despite of these notable
photoluminescence properties, PFO:F8BT blends do not exhibit efficient optical gain properties,
an observation which has been explained by the influence of the rapidly formed (<150 fs)[230]
weakly coupled charged polaron-pairs in PFO causing photoinduced absorption (PAP) at the
expense of neutral excitons, which curtail the prospects for F8BT lasing.[219, 238, 239] According to
a previous study from our group with fluorene oligomers, the polaron-pair yield decreases as the
conjugation length gets shorter, causing the appearance of optical gain and ASE in blends of
these oligomers with F8BT.[99, 240] The photophysical picture arising from this study was that
spatial confinement of excitons in few conjugated units reduces the probability of diffusionassisted exciton dissociation at specific acceptor sites located in the film. The nature of these
sites is diverse: from planar (lower energy) conformational sites, aggregates, photo-oxidized sites
or even chemical defects.[145,

196, 236, 241-243]

Host exciton confinement in oligofluorenes had

therefore a positive effect over F8BT lasing in blends, since it prevented the rapid onset of
detrimental PAp, which spectrally overlaps with F8BT stimulated emission. In view of these
results, restriction of the conjugation length could be a strategy to promote guest optical gain.
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In this chapter, we insert a different number of phenyl groups into PODPF, (hereafter referred as
0Ph), to investigate its effect on the photophysics and on FRET-mediated optical gain properties
in NPh:F8BT blends.

Scheme 5.1. Chemical structure (a) 0Ph, (b) 1Ph, (c) 2Ph and (d) 3Ph.
5.2. Photophysical properties of NPhs solutions
5.2.1. Absorption and PL spectra in solution
The Abs and PL spectra of NPhs in chlorobenzene solutions are shown in Fig.5.1, their spectral
band positions being listed in Table 5.1. As shown in Fig. 5.1 (a), 1Ph exhibits a broad
absorption spectrum without vibronic replica (solid lines) with a maximum (λmax) peak at 380 nm,
17 nm blue shifted respect to 0Ph.[244, 245] The PL spectrum possesses peaks at 424, 446 and 479
nm, tentatively assigned to the 0-0, 0-1 and 0-2 transitions respectively. In line with absorption, a
blue shift of 9 nm is observed when comparing the PL of 1Ph with that of 0Ph. As we increase
the number of phenyl groups between the fluorene units (N=2 or 3) the Abs and PL spectrally
evolve following parallel trends: 2Ph and 3Ph give raise to hypsochromic shifts displaying λmax
at 372 and 369 nm in Abs (8 and 11 nm blue-shifted respect to 1Ph) and 419 and 417 nm 0-0
peaks in PL (5 and 7 nm blue-shifted respect to 1Ph). As inferred from Table 5.1, the ratio
between 0-1 and 0-0 peak in PL spectrum (I0-1/I0-0) for 1Ph, 2Ph and 3Ph are 0.67, 0.71 and 0.75,
respectively. Based on these findings we infer that phenyl intercalation leads to a shorter
conjugation length of the chain reflected in a spectral shift of absorption and PL to shorter
wavelengths. This is possible owing to a lesser steric hindrance of the phenyl respect to the
fluorene groups and the tendency to increase the dihedral angles between consecutive fluorene
units, reducing the effective conjugation length. The I0-1/I0-0 ratio increase with Ph intercalation
may be related to a larger torsional relaxation and concomitant displacement of the potential
energy surface between the ground state and the excited state in solution.[246]
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Figure 5.1. Abs (solid line) and PL spectrum (dotted line) of (a) 0Ph, (b) 1Ph, (c) 2Ph and (d)
3Ph in chlorobenzene (0.1 mg/mL). The gray dashed lines highlight the peak shift.

Table 5.1. The Abs maxima, PL peak wavelengths and relative 0-1/0-0 PL peaks of NPhs in
solutions.
λabs (nm)

λem (nm)

I0-1/I0-0

0Ph

397

433/455/489

0.70

1Ph

380

424/446/479

0.67

2Ph

372

419/440/474

0.71

3Ph

369

417/437/470

0.75
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5.2.2. PLQE and PL decay
Time-resolved PL measurements on the polymer solutions led to PL dynamics characterized by a
single exponential decay with PL lifetime values of 491, 485, 491 and 511 ps for 0Ph, 1Ph, 2Ph
and 3Ph respectively (Fig. 5.2). Given that multi-exponential behavior is often associated to
inter-chain interactions appearing in solid state, we conclude that single exponential decays in
these polymer solutions are indicative of intra-chain photophysics and excitons that can only
move along the polymer backbone chain, in agreement with previous observations.[247]

Figure 5.2. (a) Normalized log-linear PL decays of 0Ph (black circles, 405 nm excitation), 1Ph
(red circles), 2Ph (blue circles) and 3Ph (green circles) in solution upon 337 nm photoexcitation.
The detection wavelengths were placed at their respective 0-0 PL peaks. The magenta lines stand
for the IRF of the measurement. The orange lines are the fitted data after the deconvolution of
IRF. (b) Decay rates of NPhs in solution.
Table 5.2. PLQE values and photoluminescence decay rates of NPhs in solution.
τtotal (ps)a

PLQE (%)

kr×109 (s-1)

knr×109 (s-1)

0Ph

491

47

0.96

1.08

1Ph

485

81

1.67

0.39

2Ph

491

77

1.56

0.48

3Ph

511

78

1.53

0.43

a

PL decay measured at the 0-0 peak of their PL spectra.
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The kr and knr decay rates of NPhs were subsequently estimated by taking into account the 47, 81,
77 and 78% PLQE values of 0Ph, 1Ph, 2Ph and 3Ph measured respectively in solution. The k r
and knr values obtained are listed in Table 5.2 and do not seem to differ significantly (see also
Fig. 5.2(b)). The enhancement in PLQE of 1Ph, 2Ph and 3Ph respect to 0Ph is a noteworthy
result.
5.3. Photophysical properties of NPhs films
5.3.1. Absorption and PL spectra in neat films.
Fig. 5.3 displays the Abs and PL spectra of NPhs films. Starting with 1Ph, the Abs spectrum
shows a broad and non-structured band with λmax at 376 nm, 10 nm blue shifted respect to 0Ph in
film. Increasing the number of phenyl groups has the same effect in the absorption spectra as that
found in solution: the 2Ph and 3Ph Abs spectra are displaced to shorter wavelengths by 10 and
13 nm respect to 1Ph.

Figure 5.3. Abs (solid lines) and PL (dotted lines) spectra of (a) 0Ph, (b) 1Ph, (c) 2Ph and (d)
3Ph films. The gray dash lines highlight the peak shift.
99

Nevertheless, the PL spectra of the three compounds appear located in almost same spectral
positions with peaks at 430, 453 and 486 nm for 1Ph, 428,453 and 483 nm for 2Ph, and 431,447
and 482 nm for 3Ph, assigned to 0-0, 0-1 and 0-2 peaks respectively (Table 5.3). Lack of PL
spectral shift in films can be understood in terms of enhanced inter-chain exciton mobility in the
condensed phase, making possible to reach low energy sites from where emission takes place.
Table 5.3. The Abs maxima, PL peak wavelengths and relative 0-1/0-0 PL peaks of NPhs in
films.
λabs (nm)

λem (nm)

I0-1/I0-0

0Ph

386

435/459/492

0.77

1Ph

376

430/453/486

0.78

2Ph

366

428/453/484

0.89

3Ph

363

431/447/482

0.90

5.3.2. Raman spectra of NPhs films.
Raman spectra from films (Fig. 5.4) were measured to pinpoint differences in chain
conformation and morphology in NPhs polymer films. According to previous literature, the
Raman spectrum of PFO gives two groups of principal vibrational fingerprints. One group is
located at the lower wavenumber region (100-1000 cm-1) corresponding to vibrations located in
the flexible alkyl side-chains whereas another group of vibrations is located in the higher
wavenumber part (1000-1650 cm-1), being associated to the fluorene backbone.[207, 248] Hereby,
we focus only on the Raman shift and intensity changes in the higher wavenumber region
characterized by more intense Raman scattering peaks than the low wavenumber part. As
displayed in Fig. 5.4 and Table 5.4, the Raman spectrum of NPhs consist of a strong peak around
1600-1604 cm-1 and several lower intensity peaks in the wavenumber range between 1550 and
1050 cm-1 with tiny shifts and intensity changes.
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Table 5.4. Raman modes in NPhs films as well as in PFO.
1Ph

2Ph

3Ph

0Ph a

PFOb

(cm-1)

(cm-1)

(cm-1)

(cm-1)

(cm-1)

1

1604

1604

1604

1600

1605

Benzene ring C-C stretch

2

1482

1485

1491

1504

1505

Benzene ring C-C stretch

3

1470-1446

1467-1446

1468-1443

1467-1446

1459-1437

4

1406

1408

1417

1411

1416

Benzene ring C-C stretch

5

1342

1341

1340

1348

1344

Fluorene unit in plane deformation

6

1333-1312

1333-1309

1333-1307

1341-1309

1315-1304

7

1304

1305

1303

1302

1281

C-C inter unit stretch

8

1277

1289

1285

1264

1255

Side chain mode

9

1233-1198

-

-

1222-1198

1225-1218

Ip(CH)+side chainsc

10

1193

1198

1201

1180

1192

Ip(CH)+side chains

11

1154

1156

1156

1144

1173

Ip(CH)+side chains

12

1119

1120

1121

1116

1133

?

13

1090-1057

1089-1061

1090-1056

1095-1061

1118-1107

a

Assignmentb

Benzene ring C-C stretch from end
group

Diarylphenyl ring stretch at 9position of fluorene

Ip(CH)+side chain CCC stretch+CH3
rock

The Raman shifts of amorphous PODPF are the same data in Fig. 4.13(red line) from Chapter 4. b All the Raman shifts data of

PFO and modes assignments are taken from the Ph.D. thesis of Marilu Ariu, Morphology and Optical Properties of Poly(9,9’
dioctyfluorene) Films.[205] c Ip is the in-plane mode.
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Figure 5.4. Normalized Raman spectra of 0Ph (black lines), 1Ph (red line), 2Ph (blue line), and
3Ph (green line) films. The excitation wavelength was 633 nm. The insets are zoomed in plots
around the 1600 cm-1 mode (upper) and around the 1250 to 1380 cm-1 wavenumber interval
(lower).
Focusing on 1-3Ph, the Raman is dominated by a C-C symmetric stretch mode in the fluorene
unit at 1604 cm-1, close to the Raman shift found in PFO (1605 cm-1) and slightly shifted to
higher wavenumbers respect to 0Ph (1600 cm-1). The 4 cm-1 shift towards higher wavenumbers
indicates a lesser backbone planarity of 1Ph, 2Ph and 3Ph respect to 0Ph, assisted by the
insertion of phenyl rings (Inset of Fig. 5.4 (inner upper) and 5.5(a)), leading to a reduced delocalization along the backbone.[62, 71, 206, 249] Even though the Raman shifts of C-C symmetric
stretch modes keep constant at 1604 cm-1 for the three polymers, the FWHM values experience a
gradual decrease from 18 (1Ph) down to 16 cm-1 (3Ph) (Fig. 5.5(b)). The Raman mode
corresponding to fluorene unit in plane deformation experiences a 6 cm-1 softening from 1348
(0Ph) to 1342 cm-1 (3Ph), its shape becoming more resolved and less intense as the number of
phenyl units increases, which can be attributed to the need of less energy consumption for ring
deformation by reducing the electron density from both sides of the fluorene unit. The Raman
results confirmed the conjugation shortening effect upon inserting phenyl units along the
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polymer backbone, where the shorter conjugation length in 3Ph than 2Ph and 1Ph films arises
from an increase in conformational disorder.

Figure 5.5. (a) Displacement and (b) change in the full width at half maximum (FWHM)
experienced by the C-C stretch mode as a function of the number of Ph units.
Table 5.5. Spectral location and width of the C-C stretching Raman mode in NPhs films.
C-C stretching mode

FWHM of the C-C stretching mode

(cm-1)

(cm-1)

0Ph

1600

19

1Ph

1604

18

2Ph

1604

17

3Ph

1604

16

5.3.3. PLQE and PL decay in neat films.
The PLQE of NPhs polymers follow a clear rising trend, (27% in 0Ph, 45% in 1Ph, 52% in 2Ph
and 56% in 3Ph), as the amount of Ph units increases. The PL dynamics (Fig. 5.6(a)) can be
fitted with bi-exponentials with a dominant 300 ps component (92-93% statistical weight) and a
longer 700 ps component with 6-8% statistical weight, (Table 5.6). Interestingly, we observe
similar radiative decay rates in NPhs films to those measured in solutions (e.g. 1.59×109 s-1 and
1.53×109 s-1 in 3Ph film and solution respectively). On the contrary a notable enhancement of the
knr decay rates is found in films (1.79×109, 1.22×109 and 1.24×109 s-1 for 1Ph, 2Ph and 3Ph films
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respectively). The larger knr values in films are likely related to the ability of excitons to diffuse
in the bulk and quench at specific sites or to annihilate with other excitons. Indeed, the
significantly lower knr values of 2Ph and 3Ph respect to 0Ph and 1Ph could stem from a lower
exciton mobility across chains in the former resulting in a concomitant reduction in diffusionassisted quenching processes.[165] It is also remarkable that knr in 1-3Ph amounts to half or almost
a third of the value found in 0Ph (Fig. 5.6(b)), confirming that insertion of Ph units are key to
reduce non-radiative decay channels and promote PLQE.

Figure 5.6. (a) Normalized log-linear PL decays of 0Ph (black circles, 405 nm excitation), 1Ph
(red circles), 2Ph (blue circles) and 3Ph (green circles) films upon 337 nm excitation. Detection
was carried out at the corresponding 0-0 PL peak of each polymer. The magenta lines stand for
the IRF of the setup. The orange lines are the fitted data after the deconvolution of IRF. (b)
Decay rates in NPhs neat films.
Table 5.6. PLQE values and photoluminescence decay rates of NPhs films.
τ1 (ps)

A1 (%)

τ2 (ps)

A2 (%)

τtotal (ps)a

PLQE (%)

kr×109 (s-1)

knr×109 (s-1)

0Ph

165

63.96

381

36.04

243

27

1.11

3.00

1Ph

276

93.43

766

6.57

308

45

1.46

1.79

2Ph

362

93.03

716

6.97

396

52

1.31

1.22

3Ph

323

92.18

704

7.82

353

56

1.59

1.24

a

PL decay measured at the 0-0 peak of their PL spectra. τtotal is given by the intensity weighted lifetime from

biexponential fits.
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5.3.4. Absorption and PL spectra in blend films.
FRET is established between two conjugated polymers provided the existence of large spectral
overlap between the PL from the high bandgap polymer (host, NPhs) and the Abs of the low
bandgap polymer (guest, F8BT). FRET has been reported in a wide variety of conjugated
host:guest systems.[93,

99-104, 184, 240, 250]

As depicted in Fig. 5.7, the Abs spectrum of F8BT

possesses a band centered at 462 nm which overlaps with the PL of the NPhs polymers Fig.
5.8(a-c)). F8BT in turn exhibits green-yellow emission with a PL comprised of two main peaks
at 548 (0-0) and 566 nm (0-1), (Fig. 5.7).

Figure 5.7. Normalized Abs and PL spectra of neat F8BT films.
The Abs and PL spectra of NPhs:F8BT blends with 20% F8BT weight content are shown in Fig.
5.8. The PL of blends photoexcited at the NPhs maximum of absorption ressemble F8BT with
weak residual NPhs PL (Fig. 5.8(d-f)), confirming the presence of efficient energy transfer in
blends. The Abs spectra of 1Ph, 2Ph and 3Ph : F8BT blends (Fig. 5.8 (a-c)) are given by a
superposition of both host and guest absorption spectra, having λmax at 376, 366 and 363 nm (due
to predominant host contribution) and shoulders at 462, 467 and 466 nm (ascribed to F8BT). The
405 nm photoexcited PL spectra of blends (predominant NPhs absorption) is composed of a main
band with peaks at 554, 556 and 547 nm assigned to F8BT (12, 10 and 19 nm blue shifted
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respect to pristine F8BT). The almost negligible residual emission arising from the blue emitting
hosts confirms the existence of a highly efficient NPhs-to-F8BT FRET. We can provide a
quantitative idea of the efficiency of this process by monitoring the percentage ratio between the
integrated emissions of the host (Ahost) (see expanded spectra in Fig. 5.8(d-f)) respect to the total
integrated emission (Atotal) for the three blends. The values obtained thereof were 0.45%, 0.7%
and 1.6% for 1Ph:F8BT, 2Ph:F8BT and 3Ph:F8BT blends respectively which indicate almost
complete host emission quenching by FRET. The slightly different values obtained for the
different blends are possibly ascribed to differences in guest-host miscibility or even due to a
slight change in the host emission-guest absorption overlap integral.

Figure 5.8. Abs and PL spectra from NPhs:F8BT blends: (a) 80% 1Ph in F8BT, (b) 80% 2Ph in
F8BT and (c) 80% 3Ph in F8BT. The shadowed areas stand for the PL spectra of each NPh
pristine film. Photoexcitation was placed at 405 nm. On the right side, expanded spectra show
the residual NPhs emission in blends from: (d) 1Ph, (e) 2Ph and (f) 3Ph.
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Table 5.7. Abs maxima, PL peak wavelengths and percentage of host respect to total emission in
80% NPhs:F8BT blends.
Abs

PL

λmax (nm)

λshoulder (nm)

λmax (nm)

λem (nm)

Ahost/Atotal (%)a

80%1Ph:F8BT

376

462

554

425/450

0.29

80%2Ph:F8BT

366

467

556

425/450

0.52

80%3Ph:F8BT

363

466

547

423/450

1.41

a

Ahost stands for the area of 1Ph, 2Ph and 3Ph integrated from 395 to 465 nm and Atotal stands for the area of the

whole emission from the blend films integrated from 395 to 690 nm.

5.3.5. PLQE and PL decay of NPhs:F8BT blends.
As shown in Fig. 5.9 and Table 5.8, the PL lifetimes of F8BT in blends decrease as the number
of intercalated phenyl groups increases. The F8BT PL decay from blends follow a bi-exponential
decay law comprising a fast decay component of around 1.6 ns and a relative longer decay tail of
2.4 ns, in line with previous findings. These fast and slow components are ascribed to F8BT
intra-chain and excimer emission respectively.[251] Increasing the number of intercalated phenyl
units impacts in the statistical weight of the fast and slow decay components: the fast decay
component enhances from 40% (1Ph:F8BT) to 65% (3Ph:F8BT) concomitant with a weakening
of the long decay component from 61% to 35%. As a result of these changes, the average
lifetimes exhibit a gradual reduction from 2.08 to 1.92 and 1.84 ns for 1Ph:F8BT, 2Ph:F8BT and
3Ph:F8BT, respectively. Previous studies from our group with blends of blue emitting oligomers
and F8BT confirm similar PL lifetime values as the ones measured here. Noteworthy, the PL
lifetime values in blends are a 2- (3-) fold longer than the average lifetimes measured in a neat
F8BT film (0.72 ns), where the effects of aggregation-induced quenching due to the lack of
matrix insulation are more severe.[99] The PL lifetimes in blends detected at the NPhs PL peak
are dominated by a fast decay component of 25, 37 and 17 ps for 1Ph:F8BT, 2Ph:F8BT and
3Ph:F8BT. The fast host PL de-activation in blends confirms once more the high efficiency of
FRET between NPhs and F8BT. The PLQEs also experience a trade off from 82% (1Ph) down to
73% (2Ph) and 63% (3Ph).
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Figure 5.9. Normalized log-linear PL decay curves of 80% 1Ph:F8BT (red circles), 80%
2Ph:F8BT (blue circles) and 80% 3Ph:F8BT (green circles) detected at: (a) the maximum of PL,
(554, 556 and 547 nm for 1Ph:F8BT, 2Ph:F8BT and 3Ph:F8BT respectively) and (b) the
maximum of the residual host PL (430, 428 and 431 for 1Ph:F8BT, 2Ph:F8BT and 3Ph:F8BT).
Photoexcitation was placed at 337 nm in all cases. The magenta lines are the IRF from the 337
nm laser. The black lines are the fitted data after the deconvolution by the IRF.
Table 5.8. PLQE values and photoluminescence lifetimes and decay rates in NPhs:F8BT blends.
Host

Guest

τ1

A1

τ2

A2

τ3

A3

τtotal

τ1

A1

τ2

A2

τtotal

PLQE

kr×109

knr×109

(ps)

(%)

(ps)

(%)

(ps)

(%)

(ps)a

(ns)

(%)

(ns)

(%)

(ns)b

(%)

(s-1)

(s-1)

1Ph

25

71.69

293

26.51

1630

1.79

125

1.63

39.15

2.36

60.85

2.08

82.50

0.40

0.08

2Ph

37

76.76

238

22.58

1221

0.66

90

1.60

55.97

2.35

44.03

1.92

72.75

0.38

0.14

3Ph

17

68.34

209

30.56

812

1.05

84

1.57

64.72

2.35

35.28

1.84

62.84

0.34

0.20

a

PL decay measured at the 0-0 PL peak of 1Ph, 2Ph and 3Ph where τtotal is given by the intensity weighted lifetime from a three-

exponential fit.

b

PL decay measured at the maximum of PL in blends (guest emission) where τtotal is given by the intensity

weighted lifetime from a bi-exponential fit.

The kr and knr values estimated from the PLQEs and average PL lifetimes of each blend are
shown in Fig. 5.10 and Table 5.8. kr experiences a slight reduction (0.40, 0.38 and 0.34×109 s-1 in
1Ph:F8BT, 2Ph:F8BT and 3Ph:F8BT respectively) which is accompanied by a much more
significant enhancement in knr (0.08, 0.14 and 0.20×109 s-1). Based on these observations we
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infer that F8BT emission quenching processes in blends become more important with the
increasing number of phenyl units in NPhs, being these processes of static (increase in F8BT
aggregation in blends) [86] and dynamic nature (exciton quenching). A tentative explanation could
be a reduced miscibility of F8BT in the hosts with larger number of Ph units, which could impact
in more pronounced F8BT chromophore aggregation and enhanced diffusion-assisted exciton
quenching. We do not have however further proofs for different miscibilities in blends.

Figure 5.10. Radiative and non-radiative decay rates of 80% NPhs:F8BT blends.
5.4. Fs-TA spectroscopy
5.4.1. NPhs in solution
Fs-TA spectroscopy was carried out next to investigate the effect of phenyl-intercalation on the
photophysics and stimulated emission dynamics in NPhs pristine films and NPhs:F8BT blends.
Starting from NPhs in solution, the T/T spectra of 1Ph, 2Ph and 3Ph at 2, 20 and 40 ps delay
times are shown in Fig. 5.11(a-c). The T/T spectrum of 1Ph at 2 ps possesses a PB band which
peaks at 378 nm, a vibronically structured SE band with three peaks at 410, 433 and 473 nm and
a broad PA band at wavelengths longer than 526 nm. Similar spectral shapes are observed in 2Ph
and 3Ph, with PB bands centered at 371 nm and at 370 nm (7 and 8 nm blue shifted respect to
1Ph) respectively. Concomitantly, the SE bands and T/T zero-crossing points of 2Ph and 3Ph
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undergo hypsochromic shifts respect to 0Ph, (values listed in Table 5.9), all of them in line with
the Abs and PL spectra. Time-dependent spectral shape evolution appears negligible in the three
polymers. This is also confirmed by the identical T/T dynamics at different wavelengths. Fig.
5.11(d-f) depicts a comparison of the T/T dynamics of 1Ph, 2Ph and 3Ph in solution monitored
at the maximum of SE (410, 406 and 404 nm respectively), at the PA shoulder (600 nm) and at
the PA maximum (710 nm).

Figure 5.11. (a-c) ΔT/T spectra of NPhs in solution at different pump-probe delays (from dark to
light colour: 2, 20 and 40 ps). The light and dark gray dashed lines highlight the peak shifts of
PB and SE bands. (d-f) T/T kinetics of NPhs in solution. Blue lines stand for SE bands
monitored at 410, 406 and 404 nm for 1Ph, 2Ph and 3Ph, respectively. Red and green lines stand
for PA bands monitored at 600 and 710 nm. Pump wavelength and fluence were 387 nm and 0.4
mJ/cm2 respectively.
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Table 5.9. The spectral locations of PB, SE and PA and zero-crossing points in NPhs solutions.
PB (nm)

SE (nm)

PA (nm)

zero-crossing point (nm)a

1Ph

378

410/433/473

600/710

526

2Ph

371

406/427/466

600/710

521

3Ph

370

404/425/467

600/710

520

a

The ΔT/T zero-crossing point is obtained from the curve at 2 ps delay time.

The dynamics of the two PA bands follow very similar decay being also the mirror image of the
SE dynamics, thus confirming that the photophysics in solution in the 100 ps time-domain are
governed exclusively by intra-chain singlet excitons. Note that this lack of spectral evolution in
the TA spectra of the three polymers is in clear contrast with P3HT for instance, already
discussed in chapter 3. Differing from P3HT, NPhs polymers are not pruned to strong
conformational relaxation effects in the excited state. This lack of conformational relaxation is in
line with lack of spectral evolution in 0Ph (PODPF) already discussed in chapter 4.
5.4.2. NPhs films
Next, we performed fs-TA spectroscopy in NPhs films to get further insights on the effect of
phenyl intercalation in the film photophysics. The ΔT/T spectra of 1Ph (Fig. 5.12(a)) is
composed of a PB band (centered at 420 nm), a SE band with two peaks (at 446 and 473 nm) and
two strong PA bands (centered at 580 and 692 nm) which hereafter will be referred respectively
as PA1 and PA2 respectively. The ΔT/T spectra of 2Ph and 3Ph show PB and SE bands slightly
blue-shifted respect to 1Ph, (Table 5.10) and PA1 and PA2 bands centered at 590 and 700 nm
(2Ph) and 590 and 713 nm (3Ph), (Fig. 5.12(b) and (c)). Regarding the origin of PA1 and PA2,
they respectively stem from photoinduced absorption from polaron-pairs formed upon exciton
dissociation and singlet exciton S1-Sn absorption, in line with the T/T spectrum of 0Ph
discussed in Chapter 4. Interestingly, the PA1 band becomes less pronounced with the amount of
Ph units: the ΔT/TPA1/ΔT/TPA2 ratio drops from 0.890 in 1Ph to 0.73 in 2Ph and 0.54 in 3Ph. On
the other hand, the ratio between PA and SE integrated areas evolves from 16.1 in 1Ph to 4.34 in
2Ph and 7.28 in 3Ph, as listed in Table. 5.10. The smeared out ratio between PA1 and PA2 bands
together with the lower PA content in the T/T spectra of 2Ph are indicative for a lower polaron-
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pair yield in the latter, which will be further evidenced by comparing the PA dynamics of the
three polymers, as it will be discussed in the following.
Table 5.10. The ΔT/T bands, spectral positions, zero-crossing values, ΔT/T intensity ratio of PA
bands and PA-to-SE area ratio of NPhs films.
PB (nm)

SE (nm)

PA (nm)

zero-crossing point (nm)a

ΔT/TPA1/ΔT/TPA2b

APA/ASEc

1Ph

420

446/473

580/692

485

0.90

16.14

2Ph

417

441/468

590/700

495

0.73

4.34

3Ph

414

439/467

590/713

495

0.54

7.28

a

The ΔT/T zero-crossing point is obtained from the curve at 1 ps delay time. b ΔT/TPA1/ΔT/TPA2 is the intensity ratio

of ΔT/T signal between the peaks of PA1 and PA2 bands at 1 ps delay time.

c

APA and ASE stand for the area

underneath PA and SE bands in the ΔT/T spectrum at 1 ps delay time.

Figure 5.12. (a-c) ΔT/T spectra of NPhs films at different pump-probe delays (from dark to light
colour: 1, 10 and 20 ps). (d-f) T/T kinetics of NPhs films. Blue lines stand for SE dynamics
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monitored at 446, 441 and 439 nm for 1Ph, 2Ph and 3Ph, respectively. Red and green lines stand
for PA1 and PA2 dynamics monitored at 600 and 710 nm. Pump wavelength and fluence were
387 nm and 0.4 mJ/cm2 respectively.
A deeper insight into the ultrafast photophysics of the films is provided by the T/T dynamics in
Fig. 5.12(d-f). The SE dynamics of the three polymers are characterized by a fast decay
component (0.19 - 0.3 ps) followed by a longer component (25-32 ps) leading to average total
lifetimes (τtotal) that ranges between 1.5 to 2.7 ps. The reason for this fast decay behavior is
attributed to the existence of fast exciton-exciton annihilation channels active in
polyfluorenes.[200] This phenomenon is absent in solution owing to the large distance between
chromophores located in different chains which hinders inter-chain exciton diffusion and
exciton-exciton annihilation. Despite of the strong annihilation effects seen in the T/T
dynamics, relevant information can be extracted. Note that we are monitoring the dynamics in a
similar pump fluence regime as the one employed for optical gain applications, our main goal.
The PA2 dynamics of the three polymers are almost mirror images of the SE dynamics, the biexponential fits producing slightly larger decay times for PA2 than SE. This is consistent with its
assignment to singlet exciton absorption, the slight deviation being possibly caused by spectral
overlap with PA1. In contrast with PA2, PA1 clearly exhibits a slower decay as shown in Fig.
5.12 (d-f) and Table 5.11, with τtotal values of 6, 9 and 12 ps for 1Ph, 2Ph and 3Ph respectively.
The τtotal of PA1 follows a clear increase from 1Ph to 3Ph, suggesting that polaron-pair
recombination appears less effective as inserting more phenyl units along the polymer backbone.
Moreover, the statistical weight of the fast SE decay component decreases (from 96% to 90%)
with increasing the number of phenyl units at expenses of the longer SE decay component (from
4% to 10%), listed in Table 5.11. Given that the fast component is assigned to exciton-exciton
annihilation which in turn is fueled by exciton motion, the SE slow-down kinetics seems to
suggest that phenyl intercalation has an impact on exciton transport.[217] This scenario would be
in principle coherent with the hypothesis of less planar NPhs chains upon phenyl-intercalation
leading to reduced -delocalization, as inferred from Abs, PL and Raman. Also, larger dihedral
distortion could result in a reduced packing density in films and shorter exciton percolation.[200,
252]

113

Table 5.11. ΔT/T decay time components of NPhs films obtained from bi-exponential fits.

trace wavelength (nm)

1Ph

2Ph

3Ph

a

t1

a1

t2

a2

τtotal

(ps)

(%)

(ps)

(%)

(ps)a

SE

446

0.19

96

32.01

4

1.51

PA1

580

0.68

77

22.19

23

5.55

PA2

692

0.43

12

17.61

88

2.42

SE

441

0.30

91

27.43

9

2.87

PA1

590

1.00

74

30.63

26

8.69

PA2

700

0.66

82

28.24

18

5.51

SE

439

0.28

90

24.85

10

2.70

PA1

590

1.50

69

35.18

31

11.93

PA2

713

0.56

84

25.97

16

4.54

A bi-exponential fit of the kinetics and the amplitude weighted lifetime are given by the following equation, 𝜏 =

∑𝑖 𝐴𝑖 𝜏𝑖
∑𝑖 𝐴𝑖

𝐴𝑖

and 𝑎𝑖 = ∑

𝑖 𝐴𝑖

.

5.4.3. NPhs:F8BT blends
We monitored the presence of F8BT SE in blends upon host photoexcitation by monitoring the
ΔT/T spectra in NPhs:F8BT blends (Fig. 5.13(a-c)). Starting from 1Ph:F8BT, the T/T spectrum
at 2 ps resembles a positive SE band centered at 446 nm (from 1Ph SE), a PB band at 476 nm
(from F8BT PB) and two PA bands at 580 and 692 nm. After 20 ps, the 1Ph SE vanishes and the
F8BT PB band dominates the short wavelength part of the T/T spectrum. The T/T zerocrossing undergoes first a red shift from 558 to 593 during the first 20 ps, and subsequently
moves back to 579 nm at 40 ps. Noteworthy, a weak positive tail extending down to 579 nm is
visible and ascribed to F8BT SE. Similar spectral shapes are seen in the 2Ph:F8BT blend (Fig.
5.13(b)): the T/T spectrum at 2 ps delay is composed of 2Ph SE (at 441 nm), F8BT PB band (at
469 nm) and two PA bands (at 590 and 700 nm). As time evolves, 2Ph SE decays leaving
underneath F8BT PB followed by tail extending down to 605 nm which, on account of the PL
spectrum of blends (Fig. 5.8), it can only be ascribed to F8BT SE. Note that the T/T zero114

crossing shifts from 564 nm to 605 nm in 20 ps and remains unchanged at longer delays, in
contrast with 1Ph:F8BT blends. Finally, the 3Ph:F8BT T/T spectrum at 2 ps delay possesses
3Ph SE band at 439 nm, a strong F8BT PB band at 477 nm (stronger than the one in 1Ph and 2Ph)
and two unstructured PA bands at 590 and 713 nm. In contrast with the observations in 1Ph and
2Ph, the T/T zero-crossing of 3Ph:F8BT does not evolve in time and remains located at 535 nm.
Interestingly, there are no traces of F8BT SE in this blend.

Figure 5.13. (a-c) ΔT/T spectra of NPhs:F8BT blends at different pump-probe delays (from dark
to light colour: 2, 20 and 40 ps). The light gray dashed line highlights the SE peak at 560 nm
from F8BT. The NPhs content in blends was 80% weight. (d-f) T/T kinetics of NPhs:F8BT
blends. Blue lines stand for the dynamics monitored at the respective SE peak of the hosts.
Purple lines stand for the dynamics monitored at the expected F8BT SE peak (560 nm). Red and
green lines stand for PA bands monitored around 590 nm and 700 nm. Pump wavelength and
fluence were 387 nm and 0.4 mJ/cm2 respectively.
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The presence of F8BT SE (typically showing a maximum at 560 nm) can be qualitatively
determined by drawing a vertical line at 560 nm across the T/T spectra in Fig. 5.13(a-c)
(featuring as a dashed gray line).[97, 99, 240, 253, 254] Accordingly, the intersection of this line with
the 20 and 40 ps delay T/T spectra of 1Ph:F8BT and 2Ph:F8BT blends take place at positive
T/T values, in line with the presence of net F8BT SE in these blends. Conversely, the line
intersects the 20 and 40 ps delay T/T spectra of 3Ph:F8BT at negative values, confirming that
PA1 dominates over F8BT SE at these time delays. A more detailed insight on the presence of
F8BT SE in blends is provided by the T/T dynamics displayed in Fig. 5.13(d-f). The dynamics
at 446, 441 and 439 nm (blue lines) in blends are ascribed to a combination of NPhs SE and
F8BT PB, and follow similar trends to those of PA at 692, 700 and 713 nm (green lines),
confirming that these transitions are all assigned to S1-S0 emission and S1-Sn absorption
respectively. Contrarily, the dynamics at 560 nm (purple lines in Fig. 5.13(d-f)) differ
significantly from blend to blend. In 3Ph:F8BT, the T/T signal is negative across the entire 400
ps delay interval, confirming the absence of F8BT SE due to predominance of PA1 from 3Ph.
Interestingly, the T/T dynamics of 1Ph:F8BT at 560 nm display negative values at zero time
delays but subsequently undergo two sign changes: from negative to positive signal at 2 ps and
from positive to negative at 80 ps. The first sign change is assigned to the counter-balance of 1Ph
PA1 by the rapid build-up of F8BT SE. The predominance of PA1 at delays above 80 ps
highlights how the SE/PA ratio are governed by the exciton and polaron concentrations which
are in turn controlled by their different decay times. The predominance of PA1 due to polaronpairs respect to F8BT SE at longer delays is a confirmation of the longer polaron-pair decay time
respect to singlet excitons. A different behavior is found in 2Ph:F8BT. Similar to 1Ph:F8BT
blends negative T/T at 560 nm is counter-balanced at 1.9 ps by F8BT SE build-up. In stark
contrast with 1Ph:F8BT, positive T/T persists throughout the exciton lifetime, confirming that
2Ph:F8BT has the best stimulated emission properties among the three blends.
5.4.4.

Proposed photophysical scenario

The scheme in Fig. 5.14 illustrates the photophysics in blends featuring the energy levels of hosts
and F8BT, the main optical transitions monitored with TA and the main decay pathways with
their corresponding rates. The detailed photophysical processes are depicted in Fig. 5.14 where
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singlet excitons and polaron-pair levels are labeled as Sn and P+− respectively. The radiative and
non-radiative decay channels are depicted as black solid/dashed arrows. The pump photoexcites
NPhs predominantly, promoting transitions from the ground (S0) state to a higher energy level in
the singlet manifold (S1) (black up-arrow). S1 decay branches into different relaxation processes.
S1 excitons can undergo decay to S0 (radiative or non-radiative), with a kH rate (black dash downarrow). The radiative decay channel is responsible for the weak NPhs residual emission in blends.
S1 can also undergo intersystem-crossing into a triplet (T1) state (not included in Fig. 5.14).

Figure 5.14. A scheme of the energy levels and main decay pathways in NPhs:F8BT blends.
Left and right panels stand for the photophysical processes taking place in the NPhs host and
F8BT guest respectively.
Although this is a feasible process, we have no evidences of the presence of triplets in
NPhs:F8BT blends in the addressed hundred picosecond time domain. This is reasonable owing
to the nanosecond timescales of intersystem-crossing in polyfluorenes exceeding the picosecond
energy transfer from NPhs to F8BT.[99, 215] Alternatively, S1 can dissociate into Coulombically
bound polaron-pairs with a kp rate (dashed black arched arrow in the left panel) at low energy
sites caused by conformational/morphological disorder, or intrinsic defects and impurities.[58, 241]
At high pump fluences the dissociation yield is known to increase assisted by annihilation
processes.[99, 220] Finally, S1 can undergo FRET to the S1 singlet levels of F8BT with rate kET
(dashed arched down-arrow to the right panel). Subsequently, singlet excitons in F8BT decay to
the ground state with a kF8BT rate (dashed down-arrow). The spectral signatures of excitons and
polarons are provided by the probe optical transitions featuring as colored straight/wavy up/down
arrows: SE in NPh (blue wavy down-arrow) and in F8BT (yellow wavy down-arrow), PAs in
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NPh (red up-arrow) and in F8BT (brown up-arrow) and PAp in NPh (green up-arrow). In line
with previous observations in other host:guest conjugated systems,[99, 104, 240] the efficient energy
transfer from NPhs to F8BT competes with polaron-pair formation in the hosts. The balance
between polaron-pair formation rate and energy transfer rate (kp/kET) rules the emergence of
F8BT SE. In our case this ratio seems to be particularly favorable for SE in the 80% 2Ph:F8BT
blend.
5.5. ASE measurements
We further explored the optical gain properties in films of pristine NPhs and NPhs:F8BT blends.
Firstly, we performed ASE experiments on NPhs neat films. All films exhibit PL bandwidth
narrowing effects upon gradual rising of the pumping fluences (Fig. 5.15(a-c)). Linewidth
narrowing is illustrated in Fig. 5.16 through the dependence of the FWHM of emission as a
function of pump fluence. Above certain pump fluence values, a sudden drop in FWHM was
accompanied by an abrupt change in the slope of the excitation input .vs. emission output curves
(triangles in Fig. 5.16). As displayed in Table 5.12, the ASE peaks were centered at 455, 451 and
449 nm in NPhs neat films respectively coinciding with the 0-1 PL transition, exhibiting a blue
shift upon increasing the number of inserted phenyl rings in the backbone. The ASE threshold
values of neat films were 6.4, 3.4 and 5.2 μJ/cm2 for 1Ph, 2Ph and 3Ph, while the FWHM values
were similar and amount to 3.9, 3.4 and 2.1 nm, respectively.
Table 5.12. ASE characteristics of NPhs films and NPhs:F8BT blends.
neat films

blend films

1Ph

2Ph

3Ph

80%1Ph:F8BT

80%2Ph:F8BT

80%3Ph:F8BT

455

451

449

560

565

-

3.9

3.4

2.1

-

6.2

-

6.4

3.4

5.2

-

350

-

λASEa
(nm)
FWHM
(nm)
2
EASE
th (μJ/cm )
a

The wavelength of ASE peaks were defined at the center of maximum intensity among the multiple ASE peaks.
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Figure 5.15. (a-c) Amplified spontaneous emission (ASE) spectra of NPhs films. The pumping
fluences were 1.92, 2.42, 3.84, 4.83, 6.08, 7.66, 9.64, 12.14 and 19.24 μJ/cm2 for 1Ph and 3Ph
and 1.21, 1.53, 1.92, 2.42, 3.84, 4.83, 6.08, 7.66 and 9.64 μJ/cm2 for 2Ph neat films (from light to
dark colour), respectively. (d-f) ASE spectra of NPhs:F8BT blends. The pumping fluences were
0.48, 0.77 and 0.97 mJ/cm2 for 80%1Ph:F8BT, 0.10, 0.12, 0.15, 0.19, 0.24, 0.31, 0.38, 0.48, 0.77
and 0.97 mJ/cm2 for 80%2Ph:F8BT and 0.97 mJ/cm2 for 80%3Ph:F8BT blends respectively.
Clear linewidth narrowing at 565 nm is seen only in 80%2Ph:F8BT blends. The laser excitation
wavelength was 355 nm.
The ASE experiments were repeated in blends under same experimental conditions, the spectra
being provided in Fig. 5.15(d-f). The 1Ph:F8BT exhibited uncompleted PL spectral narrowing
effect, even upon pumping the blend with full laser power, which indicates that the weak spectral
dominance of SE over PA is not enough to counter-balance polaron-pair photoinduced
absorption with the investigated pump fluence values. Remarkably, the 2Ph:F8BT experiences a
strong spectral narrowing effect concomitant with the appearance of ASE with a peak at 565 nm
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2
(the ASE peak of neat F8BT film is 570 nm). The ASE threshold (EASE
th ) is 350 μJ/cm with 6.2

nm of FWHM. This result is in line with the short lived and/or low polaron-pair yield in 2Ph
deduced from fs-TA spectra (Fig. 5.12(e)) and the fast overcome of the SE feature in the blend
film (Fig. 5.13(e)). On the contrary, 3Ph:F8BT only exhibits broad F8BT emission even upon
pumping with the highest pump fluence, which is explained as due to detrimental long-lived
polaron-pairs in 3Ph and PA1 overcoming F8BT SE. In summary, the emergence of F8BT SE in
2Ph:F8BT can be understood as the out-balanced of detrimental polaron-pair photoinduced
absorption by energy transfer to the guest singlet exciton levels.

Figure. 5.16. Input-output characteristics (circles, solid line) and FWHM values (triangles,
dotted line) versus pump fluence of (a) 1Ph, (b) 2Ph, (c) 3Ph and (d) 80%2Ph:F8BT films. Lines
are shown as guide to the eye.
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5.6. Conclusion
In conclusion, we demonstrate that inserting different number of phenyl rings along the
polyfluorene polymer backbone has an impact on chain conformation and -delocalization,
leading to an increasingly coiled chain conformation and to a reduced conjugation length. From
the spectroscopy point of view, we observe a progressive blue shift of the Abs and PL spectra
and an increase in the 0-1 to 0-0 emission peak intensity ratio in solution and films with the
number of intercalated phenyl units. The Raman results confirm the inserting Ph units in the
backbone leads to shorter conjugation concomitant with an increase in conformational disorder.
We observe a progressive increase in PLQE in films upon Ph insertion motivated by an increase
(decrease) of the kr (knr) rates. Significant differences were observed when NPhs were blended
with a yellow-emitting F8BT conjugated polymer. As the number of phenyl units evolved from 1
to 3, the PLQE gradually decrease in parallel with a significant rise in the knr values, which we
explain as due to conjugation shortening effects curtailing exciton diffusion. Fs-TA experiments
deliver a photophysical scenario where energy transfer from NPhs to F8BT takes place
efficiently, but subsequent F8BT SE build-up faces competition with spectrally overlapped PA
arising from polaron-pairs formed in the NPh hosts. The weak PA from polaron-pairs in
2Ph:F8BT (due to low yield and short lifetimes) give raise to an efficient counter-balanced of
polaron PA by F8BT SE. As a result, even though 1Ph, 2Ph and 3Ph neat film exhibit
conjugation independent low ASE thresholds, only 2Ph:F8BT blends give optical gain in the
F8BT yellow-emitting region.
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Chapter 6 Conclusions and Future Work
In this thesis we presented a comprehensive study of the morphology and optical properties on
conjugated polymers with functional groups designed to achieve supramolecular control of the
inter-chain interactions.
In Chapter 3, we investigated the photophysics of self-sheathed polythiophenes. ½ IPT and IPT
with different number of self-sheathing side-chains were used as building blocks to control the
inter-thiophene torsional backbone relaxation. Self-sheathing had enormous impact on the
photophysics as confirmed by Abs, PL, PLQE, radiative/non-radiative decay rates and fs-TA
results. In contrast to P3HT in chloroform, almost perfectly mirror symmetry and highly vibronic
Abs/PL spectra with negligible Stokes shift are features of IPT in solution. Hindered backbone
relaxation in IPT resulted in a significantly larger PLQE respect to unsheathed P3HT. The
detrimental effect of torsional relaxation on PLQE in P3HT was elucidated by performing
control TA experiments and PLQE measurements in highly viscous cis-/trans-decalin solutions,
where torsional relaxation is almost suppressed. In IPT films, the Abs and PL showed similar but
slightly red-shifted spectral shapes as in solution which proved that the self-sheathing side-chains
not only force the backbone into extended conformation but also prevent chain packing and
crystallization. These two effects were confirmed by the increased IC-C/IC=C value in Raman
spectra and by the absence of crystallinity features in GIWAXS patterns. In contrast with P3HT,
½IPT and IPT films exhibit SE bands, which were free of any overlap with long-lived charged
polaron pairs particularly in IPT. Consequently, low ASE threshold values were found (1.09 and
0.09 mJ/cm2 for ½ IPT and IPT) with comparable σSE value (5.17×10-16 and 6.72×10-16 cm2 for
½IPT and IPT). Our findings clarified the self-sheathing effect on torsional relaxation and interchain interactions of polythiophenes and suggested how IMWs could act as excellent optical gain
materials.
In Chapter 4, we studied the photophysics and morphology of polydiarylfluorene films with
different fractions of β-phase domains. Simple thermal annealing protocols were utilized to
gradually increase β-phase fractions in PODPF films. The appearance of the prototypical β-phase
absorption shoulder at long wavelengths coincides with more vibronic and red-shifted PL spectra
which stems from a larger degree of chain planarization in gradually -fraction varied films. The
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maximum PLQE value (32%) was obtained upon 210˚C annealing and it progressively decreased
down to 15% upon 250˚C annealing, an effect which was explained by the presence of large βphase aggregates enabling efficient exciton diffusion and enhanced exciton quenching. The βphase onset temperature was located at 210˚C based on the emergence of (300) and (400)
scattering planes in GIWAXS patterns attributed to  domains, a result that stands in line with
the presence of small isolated domains at low annealing temperatures inferred from Raman
mapping. The observation of dual triplet absorption peaks both from α- and β-phase in CW-PIA
spectra at low annealing temperatures provided an estimate of the average separation distance
between β-phase domains from 22 to 100 nm. The very efficient energy transfer from α- to βphase in the high β-phase fraction samples was proved by the sub-picosecond de-activation of
singlet excitons in the -phase (0.35 ps) deduced from fs-TA results, which is in line with PL
emission ascribed exclusively to β-phase. Outstanding ASE properties from all the films with
interesting dual ASE features from α- and β-phase domains in the 220ºC annealed films were
observed. Dual ASE coincides with a scenario of small isolated  domains dispersed in the 
host and incomplete photophysical cross-talk between both phases.
In Chapter 5, we presented the photophysics of conjugation length shortened PODPF upon
insertion of different numbers of pliable phenyl groups (NPh, N=1, 2 and 3) along the
polydiaryfluorene backbone chain. Progressive Abs and PL hypsochromic spectral shifts are
found upon Ph intercalation concomitant with enhanced 0-1 to 0-0 emission peak intensity ratio,
suggesting a reduced degree of -delocalization along the chain and an increase in
conformational disorder. This effect was confirmed by the 4 cm-1 shifted C-C symmetric stretch
mode towards higher wavenumbers in the Raman spectra. Similar kr, knr and PLQEs were
obtained from NPhs in solutions. On the contrary, PLQEs were significantly promoted in films
due to a gradual decrease in knr values (1.79×109, 1.22×109 and 1.24×109 s-1 for 1Ph, 2Ph and
3Ph films respectively) which could be attribute to the less efficient singlet exciton diffusion
caused by the less backbone planarization through conjugation shortening effects. In NPhs:F8BT
blends and efficient FRET mechanism from NPhs to F8BT takes place. Contrarily to pristine
NPhs films, the effect of Ph intercalation is to reduce the PLQE values due to enhancement in
F8BT knr rates. A comparison between the TA spectra and dynamics of NPhs confirm a lower
polaron-pair yield in 2Ph film. This effect has a deep effect on the TA spectra and dynamics in
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blends, since weak polaron absorption enables the build-up of F8BT SE in 2Ph:F8BT, in contrast
with 1Ph:F8BT and 3Ph:F8BT. Consequently, FRET-assisted ASE from 80%2Ph:F8BT was
observed.
There are still open questions in this work that need to be addressed towards achieving
supramolecular control of the optical properties in conjugated polymers.
Based on the results illustrated in Chapter 3, we learned that self-sheathed side chains can help to
prevent unexpected torsional relaxation and inter-chain interactions, which often promote nonemissive pathways. It may be interesting to investigate other side-chain sheathing geometries
which for instance enable to surround every single monomer. We have for instance started to
investigate two serious of polyfluorenes (D1 and D2) and polythiophenes (A1 and A2) based
materials depicted in Fig. 6.1. Both D2 and A2 have flexible fluorene-phenyl and thiophenephenyl repeating units, the phenyl units being locked by their own cyclic side chain in D1 and
A1. It would be of interest to further investigate the effect of these substitutions on single chain
conformation and on solid state photophysics.

(a)

(b)

D1

A1

D2

A2

Figure 6.1. The chemical structures of (a) D1 and D2, (b) A1 and A2.
As it is described in Chapter 4, we observed interesting dual ASE emission both from the α- and
β-phase in the 220ºC annealed PODPF film and the lasing behavior from α-phase has been
observed in previous studies. Accordingly, could the dual narrowed emission been applied in
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lasing devices and also obtain the pure lasing behavior from the β-phase? Up to now, we tried to
anneal PODPF films on cellulose diacetate (CdA) substrates with imprinted 1D gratings to
achieve surface-emitting distributed feedback (DFB) lasers. Gratings were engraved by
nanoimprint lithography (NIL) using nanostructured Si molds (Λ=278 nm periodicity). However,
the CdA substrate cannot resist the annealing temperatures. We need to look for some more
stable DFB substrates to hold the temperature up to 250ºC. One other open question is whether
we can obtain fully crystallized PODPF with almost 100%  phase. From the consecutive DSC
scans, PODPF exhibited melting temperatures (Tm) and melt crystallization (Tmc) peaks, which
indicated that some of the semi-crystalline chains were still capable of rearrange or recrystallize
if we anneal the film above its Tm and slowly cool it down to room temperature. We have done
some preliminar tests here. We placed a PODPF film in a tube furnace and expose it to a heatcool cycle with the following conditions: heat cycle, 25 to 340ºC at 1 ºC/min; keep at 340ºC for
30 mins; cool cycle 340 to 25ºC at 1 ºC/min. Fully crystallized PODPF was obtained and the Abs
and PL spectra are very interesting for us to further study the morphology dependent optical
properties on PODPF (Fig. 6.2).

Figure 6.2. The Abs (solid line) and PL (dotted line) spectrum of fully crystalized PODPF film.
As discussed in Chapter 5, the progressively insertion of phenyl units along the PODPF
backbone led to effectively reduce the optical bandgap through reduced -delocalization. It
would be very interesting to perform quantum chemical calculations to estimate the oscillator
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strength (ƒosc) of NPhs and get an overall idea about the conjugation break effect on their
photophysical properties. Additionally, we are performing global fit analysis to the fs-TA results
to clarify and quantify the time-dependent singlet and polaron pairs populations in NPhs films.
In conclusion, this thesis will help chemists to understand and design more attractive and highly
efficient light emitting conjugated polymers in a more rational direction, especially for polymer
lasers.

127

128

References
[1]

Kinne-Saffran, E.; Kinne, R. K. H., Vitalism and Synthesis of Urea - From Friedrich

Wohler to Hans A. Krebs. American Journal of Nephrology 1999, 19, 290-294.
[2]

Wöhler, F., Ueber künstliche Bildung des Harnstoffs. Annalen der Physik 1828, 87, 253-

256.
[3]

Chiang, C. K.; Fincher, C. R.; Park, Y. W.; Heeger, A. J.; Shirakawa, H.; Louis, E. J.;

Gau, S. C.; MacDiarmid, A. G., Electrical conductivity in doped polyacetylene. Phys. Rev. Lett.
1977, 39, 1098-1101.
[4]

Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.; Heeger, A. J., Synthesis

of electrically conducting organic polymers: halogen derivatives of polyacetylene, (CH)x. J.
Chem. Soc., Chem. Commun. 1977, 578-580.
[5]

Ito, T.; Shirakawa, H.; Ikeda, S., Simultaneous polymerization and formation of

polyacetylene film on the surface of concentrated soluble Ziegler-type catalyst solution. J.
Polym. Sci. Pol. Chem. 1974, 12, 11-20.
[6]

Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; Marks, R. N.; Mackay, K.; Friend, R.

H.; Burns, P. L.; Holmes, A. B., Light-emitting diodes based on conjugated polymers. Nature
1990, 347, 539-541.
[7]

Heeger, A. J., Semiconducting polymers: the Third Generation. Chem. Soc. Rev. 2010, 39,

2354-2371.
[8]

Bradley, D. D. C., Organic electronics and photonics: concluding remarks. Faraday

Discuss. 2014, 174, 429-438.
[9]

Forrest, S. R., The path to ubiquitous and low-cost organic electronic appliances on

plastic. Nature 2004, 428, 911-918.
[10]

Bradley, D. D. C. B., J. H.; Friend, R. H. Electroluminescent Devices. Patent WO

1990013148, 1989.
[11]

Sekine, C.; Tsubata, Y.; Yamada, T.; Kitano, M.; Doi, S., Recent progress of high

performance polymer OLED and OPV materials for organic printed electronics. Sci. Technol. of
Adv. Mat. 2014, 15, 034203.
[12]

Huang, J.; Li, G.; Wu, E.; Xu, Q.; Yang, Y., Achieving High-Efficiency Polymer White-

Light-Emitting Devices. Adv. Mater. 2006, 18, 114-117.

129

[13]

Luo, C.; Kyaw, A. K. K.; Perez, L. A.; Patel, S.; Wang, M.; Grimm, B.; Bazan, G. C.;

Kramer, E. J.; Heeger, A. J., General Strategy for Self-Assembly of Highly Oriented
Nanocrystalline Semiconducting Polymers with High Mobility. Nano Lett. 2014, 14, 2764-2771.
[14]

Tsutsui, Y.; Schweicher, G.; Chattopadhyay, B.; Sakurai, T.; Arlin, J.-B.; Ruzié, C.;

Aliev, A.; Ciesielski, A.; Colella, S.; Kennedy, A. R.; Lemaur, V.; Olivier, Y.; Hadji, R.;
Sanguinet, L.; Castet, F.; Osella, S.; Dudenko, D.; Beljonne, D.; Cornil, J.; Samorì, P.; Seki, S.;
Geerts, Y. H., Unraveling Unprecedented Charge Carrier Mobility through Structure Property
Relationship of Four Isomers of Didodecyl[1]benzothieno[3,2-b][1]benzothiophene. Adv. Mater.
2016, 28, 7106-7114.
[15]

Facchetti, A., Polymer donor–polymer acceptor (all-polymer) solar cells. Mater. Today

2013, 16, 123-132.
[16]

Chen, Y. C.; Yu, C. Y.; Fan, Y. L.; Hung, L. I.; Chen, C. P.; Ting, C., Low-bandgap

conjugated polymer for high efficient photovoltaic applications. Chem. Commun. 2010, 46,
6503-6505.
[17]

Kallinger, C.; Hilmer, M.; Haugeneder, A.; Perner, M.; Spirkl, W.; Lemmer, U.;

Feldmann, J.; Scherf, U.; Müllen, K.; Gombert, A.; Wittwer, V., A Flexible Conjugated Polymer
Laser. Adv. Mater. 1998, 10, 920-923.
[18]

Gaal, M.; Gadermaier, C.; Plank, H.; Moderegger, E.; Pogantsch, A.; Leising, G.; List, E.

J. W., Imprinted Conjugated Polymer Laser. Adv. Mater. 2003, 15, 1165-1167.
[19]

Pope, M., Swenberg, C.E., Electronic Processes in Organic Crystals and Polymers.

Oxford University Press, 1999.
[20]

De Sio, A.; Troiani, F.; Maiuri, M.; Réhault, J.; Sommer, E.; Lim, J.; Huelga, S. F.;

Plenio, M. B.; Rozzi, C. A.; Cerullo, G.; Molinari, E.; Lienau, C., Tracking the coherent
generation of polaron pairs in conjugated polymers. Nat. Commun. 2016, 7, 13742.
[21]

Avakian, P.; Ern, V.; Merrifield, R. E.; Suna, A., Spectroscopic Approach to Triplet

Exciton Dynamics in Anthracene. Phys. Rev. 1968, 165, 974-980.
[22]

Lindon, J. C.; Tranter, G. E.; Koppenaal, D. W., Encyclopedia of Spectroscopy and

Spectrometry (Third Edition), Eds. Academic Press: Oxford, 2017.
[23]

McCamant, D. W.; Kukura, P.; Mathies, R. A., Femtosecond Time-Resolved Stimulated

Raman Spectroscopy: Application to the Ultrafast Internal Conversion in β-Carotene. J. Phys.
Chem. A. 2003, 107, 8208-8214.
130

[24]

Polli, D.; Cerullo, G.; Lanzani, G.; De Silvestri, S.; Yanagi, K.; Hashimoto, H.; Cogdell,

R. J., Conjugation Length Dependence of Internal Conversion in Carotenoids: Role of the
Intermediate State. Phys. Rev. Lett. 2004, 93, 163002.
[25]

Mataga, N.; Torishashi, Y.; Ota, Y., Studies on the fluorescence decay times of

anthracene and perylene excimers in rigid matrices at low temperatures in relation to the
structures of excimers. Chem. Phys. Lett. 1967, 1, 385-387.
[26]

Barkley, M. D.; Kowalczyk, A. A.; Brand, L., Fluorescence decay studies of anisotropic

rotations of small molecules. J. Chem. Phys. 1981, 75, 3581-3593.
[27]

Schlegel, G.; Bohnenberger, J.; Potapova, I.; Mews, A., Fluorescence Decay Time of

Single Semiconductor Nanocrystals. Phys. Rev. Lett. 2002, 88, 137401.
[28]

Linfoot, C. L.; Leitl, M. J.; Richardson, P.; Rausch, A. F.; Chepelin, O.; White, F. J.;

Yersin, H.; Robertson, N., Thermally Activated Delayed Fluorescence (TADF) and Enhancing
Photoluminescence Quantum Yields of [CuI(diimine)(diphosphine)]+ Complexes–Photophysical,
Structural, and Computational Studies. Inorg. Chem. 2014, 53, 10854-10861.
[29]

Tanaka, H.; Shizu, K.; Miyazaki, H.; Adachi, C., Efficient green thermally activated

delayed fluorescence (TADF) from a phenoxazine–triphenyltriazine (PXZ–TRZ) derivative.
Chem. Commun. 2012, 48, 11392-11394.
[30]

An, Z. F.; Zheng, C.; Tao, Y.; Chen, R. F.; Shi, H. F.; Chen, T.; Wang, Z. X.; Li, H. H.;

Deng, R. R.; Liu, X. G.; Huang, W., Stabilizing triplet excited states for ultralong organic
phosphorescence. Nat. Mater.2015, 14, 685-690.
[31]

Tao, Y.; Yuan, K.; Chen, T.; Xu, P.; Li, H. H.; Chen, R. F.; Zheng, C.; Zhang, L.; Huang,

W., Thermally Activated Delayed Fluorescence Materials Towards the Breakthrough of
Organoelectronics. Adv. Mater. 2014, 26, 7931-7958.
[32]

Samal, G. S.; Tripathi, A. K.; Biswas, A. K.; Singh, S.; Mohapatra, Y. N.,

Photoluminescence quantum efficiency (PLQE) and PL decay characteristics of polymeric light
emitting materials. Synth. Met. 2005, 155, 344-348.
[33]

Matarazzo, A.; Hudson, R. H. E., Fluorescent adenosine analogs: a comprehensive survey.

Tetrahedron 2015, 71, 1627-1657.
[34]

Zukerman-Schpector, J.; Haiduc, I.; Tiekink, E. R. T., Chapter Two - Supramolecular

Self-assembly of Transition Metal Carbonyl Molecules Through M–CO(Lone Pair)…π(Arene)
Interactions. In Adv. Organomet. Chem. 2012, 60, 49-92.
131

[35]

Aakeröy, C. B.; Beatty, A. M.; Leinen, D. S., A Versatile Route to Porous Solids:

Organic–Inorganic Hybrid Materials Assembled through Hydrogen Bonds. Angew. Chem. Int.
Ed. 1999, 38, 1815-1819.
[36]

Braga, D.; Grepioni, F.; Biradha, K.; Pedireddi, V. R.; Desiraju, G. R., Hydrogen

Bonding in Organometallic Crystals. 2. C-H.cntdot. .cntdot. .cntdot.O Hydrogen Bonds in
Bridged and Terminal First-Row Metal Carbonyls. J. Am. Chem. Soc. 1995, 117, 3156-3166.
[37]

Braga, D.; Grepioni, F.; Desiraju, G. R., Crystal Engineering and Organometallic

Architecture. Chem. Rev. 1998, 98, 1375-1406.
[38]

Leininger, S.; Olenyuk, B.; Stang, P. J., Self-Assembly of Discrete Cyclic Nanostructures

Mediated by Transition Metals. Chem. Rev. 2000, 100, 853-908.
[39]

Robson, R., A net-based approach to coordination polymers. J. Chem. Soc., Dalton Trans.

2000, 3735-3744.
[40]

Shi, C.; Zhang, X.; Yu, C. H.; Yao, Y. F.; Zhang, W., Geometric isotope effect of

deuteration in a hydrogen-bonded host–guest crystal. Nat.Commun. 2018, 9, 481.
[41]

Hermann, J.; Alfè, D.; Tkatchenko, A., Nanoscale π–π stacked molecules are bound by

collective charge fluctuations. Nat.Commun. 2017, 8, 14052.
[42]

Janiak, C., A critical account on π–π stacking in metal complexes with aromatic nitrogen-

containing ligands. J. Chem. Soc., Dalton Trans. 2000, 3885-3896.
[43]

Amabilino, D. B.; Stoddart, J. F., Interlocked and Intertwined Structures and

Superstructures. Chem. Rev. 1995, 95, 2725-2828.
[44]

Atwood, J. L. S., J. W., Encyclopedia of Supramolecular Chemistry. CRC Press, 2004.

[45]

Szell, P. M. J.; Zablotny, S.; Bryce, D. L., Halogen bonding as a supramolecular

dynamics catalyst. Nat.Commun. 2019, 10, 916.
[46]

Wang, C. L.; Dong, H. L.; Hu, W. P.; Liu, Y. Q.; Zhu, D. B., Semiconducting π-

Conjugated Systems in Field-Effect Transistors: A Material Odyssey of Organic Electronics.
Chem. Rev. 2012, 112, 2208-2267.
[47]

Wang, C.; Dong, H. L.; Jiang, L.; Hu, W. P., Organic semiconductor crystals. Chem. Soc.

Rev. 2018, 47, 422-500.
[48]

Lu, H. H.; Liu, C. Y.; Chang, C. H.; Chen, S. A., Self-Dopant Formation in Poly(9,9-di-

n-octylfluorene) Via a Dipping Method for Efficient and Stable Pure-Blue Electroluminescence.
Adv. Mater. 2007, 19, 2574-2579.
132

[49]

Lo, C. N.; Hsu, C. S., Synthesis and electroluminescence properties of white-light single

polyfluorenes with high-molecular weight by click reaction. J. Polym. Sci., Part A: Polym. Chem.
2011, 49, 3355-3365.
[50]

Sevim, S.; Memisoglu, G.; Varlikli, C.; Doğan, L. E.; Tascioglu, D.; Ozcelik, S., An

ultraviolet

photodetector

with

an

active

layer

composed

of

solution

processed

polyfluorene:Zn0.71Cd0.29S hybrid nanomaterials. Appl. Surf. Sci. 2014, 305, 227-234.
[51]

Yap, B. K.; Xia, R.; Campoy-Quiles, M.; Stavrinou, P. N.; Bradley, D. D. C.,

Simultaneous optimization of charge-carrier mobility and optical gain in semiconducting
polymer films. Nature Materials 2008, 7, 376-380.
[52]

Ryu, G.; Stavrinou, P. N.; Bradley, D. D. C., Spatial Patterning of the β-Phase in

Poly(9,9-dioctylfluorene): A Metamaterials-Inspired Molecular Conformation Approach to the
Fabrication of Polymer Semiconductor Optical Structures. Adv. Funct. Mater. 2009, 19, 32373242.
[53]

Rothe, C.; Galbrecht, F.; Scherf, U.; Monkman, A., The β-Phase of Poly(9,9-

dioctylfluorene) as a Potential System for Electrically Pumped Organic Lasing. Adv. Mater. 2006,
18, 2137-2140.
[54]

Yang, Y.; Turnbull, G. A.; Samuel, I. D. W., Hybrid optoelectronics: A polymer laser

pumped by a nitride light-emitting diode. Appl. Phys. Lett. 2008, 92, 163306.
[55]

Bradley, D. D. C.; Grell, M.; Long, X.; Mellor, H.; Grice, A. W.; Inbasekaran, M.; Woo,

E. P., Influence of aggregation on the optical properties of a polyfluorene. Optical Probes of
Conjugated Polymers; SPIE 1997, 3145, 254-259.
[56]

Grell, M.; Bradley, D. D. C.; Long, X.; Chamberlain, T.; Inbasekaran, M.; Woo, E. P.;

Soliman, M., Chain geometry, solution aggregation and enhanced dichroism in the
liquidcrystalline conjugated polymer poly(9,9-dioctylfluorene). Acta Poly. 1998, 49, 439-444.
[57]

Brandrup, J. I., E. H.; Grulke, E. A. , Polymer Handbook. Academic Press, 1993.

[58]

Bansal, A. K.; Ruseckas, A.; Shaw, P. E.; Samuel, I. D. W., Fluorescence Quenchers in

Mixed Phase Polyfluorene Films. J. Phys. Chem.C 2010, 114, 17864-17867.
[59]

Chunwaschirasiri, W.; Tanto, B.; Huber, D. L.; Winokur, M. J., Chain Conformations

and Photoluminescence of Poly(di-n-octylfluorene). Phys. Rev. Lett. 2005, 94, 107402.

133

[60]

Grell, M.; Bradley, D. D. C.; Ungar, G.; Hill, J.; Whitehead, K. S., Interplay of Physical

Structure and Photophysics for a Liquid Crystalline Polyfluorene. Macromolecules 1999, 32,
5810-5817.
[61]

Cadby, A. J.; Lane, P. A.; Mellor, H.; Martin, S. J.; Grell, M.; Giebeler, C.; Bradley, D. D.

C.; Wohlgenannt, M.; An, C.; Vardeny, Z. V., Film morphology and photophysics of
polyfluorene. Phys.Rev. B 2000, 62, 15604-15609.
[62]

Ariu, M.; Sims, M.; Rahn, M. D.; Hill, J.; Fox, A. M.; Lidzey, D. G.; Oda, M.;

Cabanillas-Gonzalez, J.; Bradley, D. D. C., Exciton migration in β-phase poly(9,9dioctylfluorene). Phys. Rev. B 2003, 67, 195333.
[63]

Hayer, A.; Khan, A. L. T.; Friend, R. H.; Köhler, A., Morphology dependence of the

triplet excited state formation and absorption in polyfluorene. Phys. Rev. B 2005, 71, 241302.
[64]

Perevedentsev, A., Chain Conformation and the Photophysics of Polyfluorenes. Doctoral

thesis, 2015, Imperial College London, United Kingdom.
[65]

Chen, S. H.; Su, A. C.; Su, C. H.; Chen, S. A., Crystalline Forms and Emission Behavior

of Poly(9,9-di-n-octyl-2,7-fluorene). Macromolecules 2005, 38, 379-385.
[66]

Chen, S. H.; Su, A. C.; Chen, S. A., Noncrystalline Phases in Poly(9,9-di-n-octyl-2,7-

fluorene). J. Phys. Chem. B 2005, 109, 10067-10072.
[67]

Grell, M.; Bradley, D. D. C.; Inbasekaran, M.; Woo, E. P., A glass-forming conjugated

main-chain liquid crystal polymer for polarized electroluminescence applications. Adv. Mater.
1997, 9, 798-802.
[68]

Hadziioannou, G. v. H., P.F. , Semiconducting Polymers: Chemistry, Physics and

Engineering. Wiley-VCH, 1999.
[69]

Liu, C. F.; Wang, Q. L.; Tian, H. K.; Liu, J.; Geng, Y. H.; Yan, D. H., Morphology and

Structure of the β Phase Crystals of Monodisperse Polyfluorenes. Macromolecules 2013, 46,
3025-3030.
[70]

Hertel, D.; Scherf, U.; Bässler, H., Charge Carrier Mobility in a Ladder-Type Conjugated

Polymer. Adv. Mater. 1998, 10, 1119-1122.
[71]

Perevedentsev, A.; Chander, N.; Kim, J. S.; Bradley, D. D. C., Spectroscopic properties

of poly(9,9-dioctylfluorene) thin films possessing varied fractions of β-phase chain segments:
enhanced photoluminescence efficiency via conformation structuring. J. Polym. Sci., Part B:
Polym. Phys. 2016, 54, 1995-2006.
134

[72]

Gamerith, S.; Gadermaier, C.; Scherf, U.; List, E. J. W., Emission properties of pristine

and oxidatively degraded polyfluorene type polymers. Phys. Status Solidi A 2004, 201, 11321151.
[73]

List, E. J. W.; Guentner, R.; Scanducci de Freitas, P.; Scherf, U., The Effect of Keto

Defect Sites on the Emission Properties of Polyfluorene-Type Materials. Adv. Mater. 2002, 14,
374-378.
[74]

Biagioni, P.; Celebrano, M.; Zavelani-Rossi, M.; Polli, D.; Labardi, M.; Lanzani, G.;

Cerullo, G.; Finazzi, M.; Duò, L., High-resolution imaging of local oxidation in polyfluorene
thin films by nonlinear near-field microscopy. Appl. Phys. Lett. 2007, 91, 191118.
[75]

Weinfurtner, K. H.; Fujikawa, H.; Tokito, S.; Taga, Y., Highly efficient pure blue

electroluminescence from polyfluorene: Influence of the molecular weight distribution on the
aggregation tendency. Appl. Phys. Lett. 2000, 76, 2502-2504.
[76]

Lu, H. H.; Liu, C. Y.; Jen, T. H.; Liao, J. L.; Tseng, H. E.; Huang, C. W.; Hung, M. C.;

Chen, S. A., Excimer Formation by Electric Field Induction and Side Chain Motion Assistance
in Polyfluorenes. Macromolecules 2005, 38, 10829-10835.
[77]

Conwell, E. M.; Perlstein, J.; Shaik, S., Interchain photoluminescence in poly(phenylene

vinylene) derivatives. Phys. Rev. B 1996, 54, R2308-R2310.
[78]

Chen, X.; Tseng, H. E.; Liao, J. L.; Chen, S. A., Green Emission from End-Group-

Enhanced Aggregation in Polydioctylfluorene. J. Phys. Chem. B 2005, 109, 17496-17502.
[79]

Liu, Y. Y.; Lin, J. Y.; Bo, Y. F.; Xie, L. H.; Yi, M. D.; Zhang, X. W.; Zhang, H. M.; Loh,

T. P.; Huang, W., Synthesis and Crystal Structure of Highly Strained [4]Cyclofluorene: GreenEmitting Fluorophore. Org. Lett. 2016, 18, 172-175.
[80]

Lin, Z. Q.; Shi, N. E.; Li, Y. B.; Qiu, D.; Zhang, L.; Lin, J. Y.; Zhao, J.-F.; Wang, C.; Xie,

L. H.; Huang, W., Preparation and Characterization of Polyfluorene-Based Supramolecular πConjugated Polymer Gels. J. Phys. Chem. C 2011, 115, 4418-4424.
[81]

Bolis, S.; Celebrano, M.; Ghirardini, L.; Finazzi, M.; Botta, C.; Beeckman, J.; Kockaert,

P.; Virgili, T., Optical gain from polyfluorene keto defects in a liquid crystal mixture. Chem.
Commun. 2015, 51, 9686-9689.
[82]

He, B. Q.; Li, J.; Bo, Z. S.; Huang, Y., Studies of Green Emission in Polyfluorenes Using

a Model Polymer. Polym. J. 2007, 39, 1345-1350.

135

[83]

Noh, Y. Y.; Kim, D. Y.; Yoshida, Y.; Yase, K.; Jung, B. J.; Lim, E.; Shim, H. K.; Azumi,

R., Keto defect sites in fluorene-based organic field-effect transistors: The origin of rapid
degradation on the performance of the device. J. Appl. Phys. 2005, 97, 104504.
[84]

Rozanski, L. J.; Cone, C. W.; Ostrowski, D. P.; Vanden Bout, D. A., Effect of Film

Morphology on the Energy Transfer to Emissive Green Defects in Dialkyl Polyfluorenes.
Macromolecules 2007, 40, 4524-4529.
[85]

Cornil, J.; Gueli, I.; Dkhissi, A.; Sancho-Garcia, J. C.; Hennebicq, E.; Calbert, J. P.;

Lemaur, V.; Beljonne, D.; Brédas, J. L., Electronic and optical properties of polyfluorene and
fluorene-based copolymers: A quantum-chemical characterization. J. Chem. Phys. 2003, 118,
6615-6623.
[86]

Donley, C. L.; Zaumseil, J.; Andreasen, J. W.; Nielsen, M. M.; Sirringhaus, H.; Friend, R.

H.; Kim, J. S., Effects of Packing Structure on the Optoelectronic and Charge Transport
Properties in Poly(9,9-di-n-octylfluorene-alt-benzothiadiazole). J. Am. Chem. Soc. 2005, 127,
12890-12899.
[87]

Kabra, D.; Lu, L. P.; Song, M. H.; Snaith, H. J.; Friend, R. H., Efficient Single-Layer

Polymer Light-Emitting Diodes. Adv. Mater. 2010, 22, 3194-3198.
[88]

Xia, R.; Heliotis, G.; Bradley, D. D. C., Fluorene-based polymer gain media for solid-

state laser emission across the full visible spectrum. Appl. Phys. Lett. 2003, 82, 3599-3601.
[89]

Lu, L. P.; Finlayson, C. E.; Friend, R. H., A study of tin oxide as an election injection

layer in hybrid polymer light-emitting diodes. Semicond. Sci. Technol. 2014, 29.
[90]

Campbell, A. J.; Bradley, D. D. C.; Antoniadis, H., Dispersive electron transport in an

electroluminescent polyfluorene copolymer measured by the current integration time-of-flight
method. Appl. Phys. Lett. 2001, 79, 2133-2135.
[91]

Bird, M. J.; Bakalis, J.; Asaoka, S.; Sirringhaus, H.; Miller, J. R., Fast Holes, Slow

Electrons, and Medium Control of Polaron Size and Mobility in the DA Polymer F8BT. J. Phys.
Chem. C 2017, 121, 15597-15609.
[92]

Kim, J. S.; Friend, R. H.; Grizzi, I.; Burroughes, J. H., Spin-cast thin semiconducting

polymer interlayer for improving device efficiency of polymer light-emitting diodes. Appl. Phys.
Lett. 2005, 87, 023506.
[93]

Abdulla, M.; Renero-Lecuna, C.; Kim, J. S.; Friend, R. H., Morphological study of

F8BT:PFB thin film blends. Org. Electron. 2015, 23, 87-98.
136

[94]

Kim, J. S.; Ho, P. K. H.; Murphy, C. E.; Friend, R. H., Phase Separation in Polyfluorene-

Based Conjugated Polymer Blends: Lateral and Vertical Analysis of Blend Spin-Cast Thin
Films. Macromolecules 2004, 37, 2861-2871.
[95]

Kim, J. S.; Ho, P. K. H.; Murphy, C. E.; Baynes, N.; Friend, R. H., Nature of Non-

emissive Black Spots in Polymer Light-Emitting Diodes by In-Situ Micro-Raman Spectroscopy.
Adv. Mater. 2002, 14, 206-209.
[96]

Xia, R.; Heliotis, G.; Hou, Y.; Bradley, D. D. C., Fluorene-based conjugated polymer

optical gain media. Org. Electron. 2003, 4, 165-177.
[97]

Xia, R.; Heliotis, G.; Stavrinou, P. N.; Bradley, D. D. C., Polyfluorene distributed

feedback lasers operating in the green-yellow spectral region. Appl. Phys. Lett. 2005, 87, 031104.
[98]

Yang, X. D.; Lee, C. L.; Westenhoff, S.; Zhang, X. P.; Greenham, N. C., Saturation,

Relaxation, and Dissociation of Excited Triplet Excitons in Conjugated Polymers. Adv. Mater.
2009, 21, 916-919.
[99]

Zhang, Q.; Liu, J. G.; Wei, Q.; Guo, X. R.; Xu, Y.; Xia, R. D.; Xie, L. H.; Qian, Y.; Sun,

C.; Lüer, L.; Cabanillas-Gonzalez, J.; Bradley, D. D. C.; Huang, W., Host Exciton Confinement
for Enhanced Förster-Transfer-Blend Gain Media Yielding Highly Efficient Yellow-Green
Lasers. Adv. Funct. Mater. 2018, 28, 1705824.
[100] Zhang, Q.; Wei, Q.; Guo, X. R.; Hai, G.; Sun, H. Z.; Li, J. W.; Xia, R. D.; Qian, Y.;
Casado, S.; Castro-Smirnov, J. R.; Cabanillas-Gonzalez, J., Concurrent Optical Gain
Optimization and Electrical Tuning in Novel Oligomer:Polymer Blends with Yellow-Green
Laser Emission. Adv. Sci.2019, 6, 1801455.
[101] Wu, L. F.; Casado, S.; Romero, B.; Otón, J. M.; Morgado, J.; Müller, C.; Xia, R. D.;
Cabanillas-Gonzalez, J., Ground State Host–Guest Interactions upon Effective Dispersion of
Regioregular

Poly(3-hexylthiophene)

in

Poly(9,9-dioctylfluorene-alt-benzothiadiazole).

Macromolecules 2015, 48, 8765-8772.
[102] Wu, L. F.; Luo, F.; Lüer, L.; Romero, B.; Manuel Otón, J.; Zhang, Q.; Xia, R. D.;
Cabanillas-Gonzalez, J., Quantifying the efficiency of förster-assisted optical gain in
semiconducting polymer blends by excitation wavelength selective amplified spontaneous
emission. J. Polym. Sci., Part B: Polym. Phys. 2016, 54, 2311-2317.
[103] Smirnov, J. R. C.; Sousaraei, A.; Osorio, M. R.; Casado, S.; Hernández, J. J.; Wu, L. F.;
Zhang, Q.; Xia, R. D.; Granados, D.; Wannemacher, R.; Rodriguez, I.; Cabanillas-Gonzalez, J.,
137

Flexible distributed feedback lasers based on nanoimprinted cellulose diacetate with efficient
multiple wavelength lasing. npj Flexible Electronics 2019, 3, 17.
[104] Xu, Y.; Hai, G.; Xu, H. W.; Zhang, H. R.; Zuo, Z. Y.; Zhang, Q.; Xia, R. D.; Sun, C.;
Castro-Smirnov, J.; Sousaraei, A.; Casado, S.; Osorio, M. R.; Granados, D.; Rodriguez, I.;
Cabanillas-Gonzalez, J., Efficient Optical Gain from Near-Infrared Polymer Lasers Based on
Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)].
Adv.Optical Mater. 2018, 6, 1800263.
[105] Perepichka, I. F.; Perepichka, D. F.; Meng, H.; Wudl, F., Light-Emitting Polythiophenes.
Adv. Mater. 2005, 17, 2281-2305.
[106] Osaka, I.; McCullough, R. D., Advances in Molecular Design and Synthesis of
Regioregular Polythiophenes. Acc. Chem. Res. 2008, 41, 1202-1214.
[107] Dang, M. T.; Hirsch, L.; Wantz, G., P3HT:PCBM, Best Seller in Polymer Photovoltaic
Research. Adv. Mater. 2011, 23, 3597-3602.
[108] Ballantyne, A. M.; Chen, L. C.; Dane, J.; Hammant, T.; Braun, F. M.; Heeney, M.; Duffy,
W.; McCulloch, I.; Bradley, D. D. C.; Nelson, J., The Effect of Poly(3-hexylthiophene)
Molecular Weight on Charge Transport and the Performance of Polymer:Fullerene Solar Cells.
Adv. Funct. Mater. 2008, 18, 2373-2380.
[109] Chen, T. A.; Wu, X.; Rieke, R. D., Regiocontrolled Synthesis of Poly(3-alkylthiophenes)
Mediated by Rieke Zinc: Their Characterization and Solid-State Properties. J. Am. Chem. Soc.
1995, 117, 233-244.
[110] Wang, C. C.; Jimison, L. H.; Goris, L.; McCulloch, I.; Heeney, M.; Ziegler, A.; Salleo,
A., Microstructural Origin of High Mobility in High-Performance Poly(thieno-thiophene) ThinFilm Transistors. Adv. Mater. 2010, 22, 697-701.
[111] Mao, H. Y. ; Xu, B.; Holdcroft, S., Synthesis and structure-property relationships of
regioirregular poly(3-hexylthiophenes). Macromolecules 1993, 26, 1163-1169.
[112] Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.; Bechgaard, K.; LangeveldVoss, B. M. W.; Spiering, A. J. H.; Janssen, R. A. J.; Meijer, E. W.; Herwig, P.; de Leeuw, D. M.,
Two-dimensional charge transport in self-organized, high-mobility conjugated polymers. Nature
1999, 401, 685-688.

138

[113] Brown, P. J.; Thomas, D. S.; Kohler, A.; Wilson, J. S.; Kim, J. S.; Ramsdale, C. M.;
Sirringhaus, H.; Friend, R. H., Effect of interchain interactions on the absorption and emission of
poly(3-hexylthiophene). Phys. Revi. B 2003, 67.
[114] Kurta, R. P.; Grodd, L.; Mikayelyan, E.; Gorobtsov, O. Y.; Zaluzhnyy, I. A.; Fratoddi, I.;
Venditti, I.; Russo, M. V.; Sprung, M.; Vartanyants, I. A.; Grigorian, S., Local structure of
semicrystalline P3HT films probed by nanofocused coherent X-rays. Phys. Chem. Chem. Phys.,
2015, 17, 7404-7410.
[115] Kim, Y.; Cook, S.; Tuladhar, S. M.; Choulis, S. A.; Nelson, J.; Durrant, J. R.; Bradley, D.
D. C.; Giles, M.; McCulloch, I.; Ha, C. S.; Ree, M., A strong regioregularity effect in selforganizing conjugated polymer films and high-efficiency polythiophene:fullerene solar cells. Nat.
Mater. 2006, 5, 197-203.
[116] Nalwa, K. S.; Kodali, H. K.; Ganapathysubramanian, B.; Chaudhary, S., Dependence of
recombination mechanisms and strength on processing conditions in polymer solar cells. Appl.
Phys. Lett. 2011, 99, 263301.
[117] Baibarac, M.; Lapkowski, M.; Pron, A.; Lefrant, S.; Baltog, I., SERS spectra of poly(3hexylthiophene) in oxidized and unoxidized states. J. Raman Spectrosc. 1998, 29, 825-832.
[118] Ballantyne, A. M.; Ferenczi, T. A. M.; Campoy-Quiles, M.; Clarke, T. M.; Maurano, A.;
Wong, K. H.; Zhang, W. M.; Stingelin-Stutzmann, N.; Kim, J. S.; Bradley, D. D. C.; Durrant, J.
R.; McCulloch, I.; Heeney, M.; Nelson, J.; Tierney, S.; Duffy, W.; Mueller, C.; Smith, P.,
Understanding the Influence of Morphology on Poly(3-hexylselenothiophene):PCBM Solar Cells.
Macromolecules 2010, 43, 1169-1174.
[119] Gao, Y. Q.; Grey, J. K., Resonance Chemical Imaging of Polythiophene/Fullerene
Photovoltaic Thin Films: Mapping Morphology-Dependent Aggregated and Unaggregated C═C
Species. J. Am. Chem. Soc. 2009, 131, 9654-9662.
[120] Yun, J. J.; Peet, J.; Cho, N. S.; Bazan, G. C.; Lee, S. J.; Moskovits, M., Insight into the
Raman shifts and optical absorption changes upon annealing polymer/fullerene solar cells. Appl.
Phys. Lett. 2008, 92, 251912.
[121] Klimov, E.; Li, W.; Yang, X.; Hoffmann, G. G.; Loos, J., Scanning Near-Field and
Confocal Raman Microscopic Investigation of P3HT−PCBM Systems for Solar Cell
Applications. Macromolecules 2006, 39, 4493-4496.

139

[122] Casado, J.; Hicks, R. G.; Hernández, V.; Myles, D. J. T.; Ruiz Delgado, M. C.; López
Navarrete, J. T., Infrared and Raman features of a series of α,ω-bis(arylthio)oligothiophenes as
molecular wires. A π-electron delocalization efficiency study. J. Chem. Phys. 2003, 118, 19121920.
[123] Kim, Y.; Cook, S.; Tuladhar, S. M.; Choulis, S. A.; Nelson, J.; Durrant, J. R.; Bradley, D.
D. C.; Giles, M.; McCulloch, I.; Ha, C. S.; Ree, M., A strong regioregularity effect in selforganizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells. In
Materials for Sustainable Energy, Co-Published with Macmillan Publishers Ltd, UK2010; pp
63-69.
[124] Cook, S.; Furube, A.; Katoh, R., Analysis of the excited states of regioregular
polythiophene P3HT. Energy Environ. Sci. 2008, 1, 294-299.
[125] Tsoi, W. C.; Spencer, S. J.; Yang, L.; Ballantyne, A. M.; Nicholson, P. G.; Turnbull, A.;
Shard, A. G.; Murphy, C. E.; Bradley, D. D. C.; Nelson, J.; Kim, J.-S., Effect of Crystallization
on the Electronic Energy Levels and Thin Film Morphology of P3HT:PCBM Blends.
Macromolecules 2011, 44, 2944-2952.
[126] Hu, Z. J.; Adachi, T.; Lee, Y. G.; Haws, R. T.; Hanson, B.; Ono, R. J.; Bielawski, C. W.;
Ganesan, V.; Rossky, P. J.; Vanden Bout, D. A., Effect of the Side-Chain-Distribution Density
on the Single-Conjugated-Polymer-Chain Conformation. Chem. Phys. Chem 2013, 14, 41434148.
[127] Lin, J. Y.; Zhu, W.-S.; Liu, F.; Xie, L. H.; Zhang, L.; Xia, R.; Xing, G. C.; Huang, W., A
Rational Molecular Design of β-Phase Polydiarylfluorenes: Synthesis, Morphology, and Organic
Lasers. Macromolecules 2014, 47, 1001-1007.
[128] Lai, W. Y.; Xia, R. D.; He, Q. Y.; Levermore, P. A.; Huang, W.; Bradley, D. D. C.,
Enhanced Solid-State Luminescence and Low-Threshold Lasing from Starburst Macromolecular
Materials. Adv. Mater. 2009, 21, 355-360.
[129] Wu, F. I.; Shih, P. I.; Shu, C. F.; Tung, Y. L.; Chi, Y., Highly Efficient Light-Emitting
Diodes Based on Fluorene Copolymer Consisting of Triarylamine Units in the Main Chain and
Oxadiazole Pendent Groups. Macromolecules 2005, 38, 9028-9036.
[130] Yu, W. L.; Pei, J.; Huang, W.; Heeger, A. J., Spiro-Functionalized Polyfluorene
Derivatives as Blue Light-Emitting Materials. Adv. Mater. 2000, 12, 828-831.

140

[131] Frampton, M. J.; Anderson, H. L., Insulated Molecular Wires. Angew. Chem. Int. Ed.
2007, 46, 1028-1064.
[132] Cacialli, F.; Wilson, J. S.; Michels, J. J.; Daniel, C.; Silva, C.; Friend, R. H.; Severin, N.;
Samorì, P.; Rabe, J. P.; O'Connell, M. J.; Taylor, P. N.; Anderson, H. L., Cyclodextrin-threaded
conjugated polyrotaxanes as insulated molecular wires with reduced interstrand interactions. Nat.
Mater. 2002, 1, 160-164.
[133] Mróz, M. M.; Sforazzini, G.; Zhong, Y. C.; Wong, K. S.; Anderson, H. L.; Lanzani, G.;
Cabanillas-Gonzalez, J., Amplified Spontaneous Emission in Conjugated Polyrotaxanes Under
Quasi-cw Pumping. Adv. Mater. 2013, 25, 4347-4351.
[134] Cardin, D. J., Encapsulated Conducting Polymers. Adv. Mater. 2002, 14, 553-563.
[135] Li, C.; Numata, M.; Bae, A. H.; Sakurai, K.; Shinkai, S., Self-Assembly of
Supramolecular Chiral Insulated Molecular Wire. J. Am. Chem. Soc. 2005, 127, 4548-4549.
[136] Wilson, J. S.; Frampton, M. J.; Michels, J. J.; Sardone, L.; Marletta, G.; Friend, R. H.;
Samorì, P.; Anderson, H. L.; Cacialli, F., Supramolecular Complexes of Conjugated
Polyelectrolytes with Poly(ethylene oxide): Multifunctional Luminescent Semiconductors
Exhibiting Electronic and Ionic Transport. Adv. Mater. 2005, 17, 2659-2663.
[137] Sugiyasu, K.; Honsho, Y.; Harrison, R. M.; Sato, A.; Yasuda, T.; Seki, S.; Takeuchi, M.,
A Self-Threading Polythiophene: Defect-Free Insulated Molecular Wires Endowed with Long
Effective Conjugation Length. J. Am. Chem. Soc. 2010, 132, 14754-14756.
[138] Latini, G.; Parrott, L. J.; Brovelli, S.; Frampton, M. J.; Anderson, H. L.; Cacialli, F.,
Cyclodextrin-Threaded Conjugated Polyrotaxanes for Organic Electronics: The Influence of the
Counter Cations. Adv. Funct. Mater. 2008, 18, 2419-2427.
[139] Taniguchi, M.; Nojima, Y.; Yokota, K.; Terao, J.; Sato, K.; Kambe, N.; Kawai, T., SelfOrganized Interconnect Method for Molecular Devices. J. Am. Chem. Soc. 2006, 128, 1506215063.
[140] Pan, C. J.; Zhao, C. H.; Takeuchi, M.; Sugiyasu, K., Conjugated Oligomers and Polymers
Sheathed with Designer Side Chains. Chem. Asian J. 2015, 10, 1820-1835.
[141] Méhes, G.; Pan, C. J.; Bencheikh, F.; Zhao, L.; Sugiyasu, K.; Takeuchi, M.; Ribierre, J.C.; Adachi, C., Enhanced Electroluminescence from a Thiophene-Based Insulated Molecular
Wire. ACS Macro Lett. 2016, 5, 781-785.

141

[142] McNeill, C. R.; Abrusci, A.; Hwang, I.; Ruderer, M. A.; Müller-Buschbaum, P.;
Greenham, N. C., Photophysics and Photocurrent Generation in Polythiophene/Polyfluorene
Copolymer Blends. Adv. Funct. Mater. 2009, 19, 3103-3111.
[143] Sun, C.; Mróz, M. M.; Castro Smirnov, J. R.; Lüer, L.; Hermida-Merino, D.; Zhao, C. H.;
Takeuchi, M.; Sugiyasu, K.; Cabanillas-González, J., Amplified spontaneous emission in
insulated polythiophenes. J.Mater. Chem.C 2018, 6, 6591-6596.
[144] Liu, B.; Lin, J. Y.; Liu, F.; Yu, M. N.; Zhang, X. W.; Xia, R. D.; Yang, T.; Fang, Y. T.;
Xie, L. H.; Huang, W., A Highly Crystalline and Wide-Bandgap Polydiarylfluorene with β-Phase
Conformation toward Stable Electroluminescence and Dual Amplified Spontaneous Emission.
ACS Appl. Mater. Interfaces 2016, 8, 21648-21655.
[145] Yu, M. N.; Soleimaninejad, H.; Lin, J. Y.; Zuo, Z. Y.; Liu, B.; Bo, Y. F.; Bai, L. B.; Han,
Y. M.; Smith, T. A.; Xu, M.; Wu, X. P.; Dunstan, D. E.; Xia, R. D.; Xie, L. H.; Bradley, D. D. C.;
Huang, W., Photophysical and Fluorescence Anisotropic Behavior of Polyfluorene βConformation Films. J. Phys.Chem. Lett. 2018, 9, 364-372.
[146] Xue, W.; Lin, J. Y.; Liu, B.; Shi, N. E.; Yu, M. N.; Wu, W. D.; Zhu, W. S.; Xie, L. H.;
Wang, L. H.; Huang, W., Exploring side-chain length effect on β-phase of polyfluorene
derivatives in electrospinning and their optical behavior. Polymer 2018, 153, 338-343.
[147] Nguyen, T. Q.; Doan, V.; Schwartz, B. J., Conjugated polymer aggregates in solution:
Control of interchain interactions. J. Chem.Phys. 1999, 110, 4068-4078.
[148] Stampfl, J.; Graupner, W.; Leising, G.; Scherf, U., Photoluminescence and UV-VIS
absorption study of poly (para-phenylene)-type ladder-polymers. J. Lumin. 1995, 63, 117-123.
[149] Scherf, U., Ladder-type materials. J. Mater. Chem. 1999, 9, 1853-1864.
[150] Graupner, W.; Leising, G.; Lanzani, G.; Nisoli, M.; De Silvestri, S.; Scherf, U.,
Femtosecond Relaxation of Photoexcitations in a Poly(Para-Phenylene)-Type Ladder Polymer.
Phys. Rev. Lett. 1996, 76, 847-850.
[151] Oster, G.; Nishijima, Y., Fluorescence and Internal Rotation: Their Dependence on
Viscosity of the Medium1. J. Am. Chem. Soc. 1956, 78, 1581-1584.
[152] Ladner, S. J.; Becker, R. S., The Effect of Viscosity on the Internal Deactivation Modes
of the Triplet State. J. Am. Chem. Soc. 1964, 86, 4205-4206.

142

[153] Ephardt, H.; Fromherz, P., Fluorescence and photoisomerization of an amphiphilic
aminostilbazolium dye as controlled by the sensitivity of radiationless deactivation to polarity
and viscosity. J. Phys. Chem. 1989, 93, 7717-7725.
[154] Loutfy, R. O.; Arnold, B. A., Effect of viscosity and temperature on torsional relaxation
of molecular rotors. J. Phys. Chem. 1982, 86, 4205-4211.
[155] Borst, J. W.; Hink, M. A.; van Hoek, A.; Visser, A. J. W. G., Effects of Refractive Index
and Viscosity on Fluorescence and Anisotropy Decays of Enhanced Cyan and Yellow
Fluorescent Proteins. J. Fluoresc. 2005, 15, 153-160.
[156] Gierschner, J.; Cornil, J.; Egelhaaf, H. J., Optical Bandgaps of π-Conjugated Organic
Materials at the Polymer Limit: Experiment and Theory. Adv. Mater. 2007, 19, 173-191.
[157] Zéberg-Mikkelsen, C. K.; Baylaucq, A.; Barrouhou, M.; Boned, C., The effect of
stereoisomerism on dynamic viscosity: A study of cis-decalin and trans-decalin versus pressure
and temperature. Phys. Chem. Chem. Phys. 2003, 5, 1547-1551.
[158] Fazzi, D.; Barbatti, M.; Thiel, W., Modeling ultrafast exciton deactivation in
oligothiophenes via nonadiabatic dynamics. Phys. Chem. Chem. Phys. 2015, 17, 7787-7799.
[159] Clark, J.; Silva, C.; Friend, R. H.; Spano, F. C., Role of Intermolecular Coupling in the
Photophysics of Disordered Organic Semiconductors: Aggregate Emission in Regioregular
Polythiophene. Phys. Rev. Lett. 2007, 98, 206406.
[160] Stone, M. T.; Anderson, H. L., A cyclodextrin-insulated anthracene rotaxane with
enhanced fluorescence and photostability. Chem. Commun. 2007, 2387-2389.
[161] Thomsson, D.; Camacho, R.; Tian, Y. X.; Yadav, D.; Sforazzini, G.; Anderson, H. L.;
Scheblykin, I. G., Cyclodextrin Insulation Prevents Static Quenching of Conjugated Polymer
Fluorescence at the Single Molecule Level. Small 2013, 9, 2619-2627.
[162] Brovelli, S.; Cacialli, F., Optical and Electroluminescent Properties of Conjugated
Polyrotaxanes. Small 2010, 6, 2796-2820.
[163] Brovelli, S.; Sforazzini, G.; Serri, M.; Winroth, G.; Suzuki, K.; Meinardi, F.; Anderson,
H. L.; Cacialli, F., Emission Color Trajectory and White Electroluminescence Through
Supramolecular Control of Energy Transfer and Exciplex Formation in Binary Blends of
Conjugated Polyrotaxanes. Adv. Funct. Mater. 2012, 22, 4284-4291.
[164] Kushida, S.; Braam, D.; Pan, C. J.; Dao, T. D.; Tabata, K.; Sugiyasu, K.; Takeuchi, M.;
Ishii, S.; Nagao, T.; Lorke, A.; Yamamoto, Y., Whispering Gallery Resonance from Self143

Assembled Microspheres of Highly Fluorescent Isolated Conjugated Polymers. Macromolecules
2015, 48, 3928-3933.
[165] Sahoo, D.; Sugiyasu, K.; Tian, Y.; Takeuchi, M.; Scheblykin, I. G., Effect of Conjugated
Backbone Protection on Intrinsic and Light-Induced Fluorescence Quenching in Polythiophenes.
Chem. Mater. 2014, 26, 4867-4875.
[166] Shih, C. F.; Hung, K. T.; Wu, J. W.; Hsiao, C. Y.; Li, W. M., Efficiency improvement of
blended poly(3-hexylthiophene) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 solar cells
by nanoimprinting. Appl. Phys. Lett. 2009, 94, 143505.
[167] Tsoi, W. C.; James, D. T.; Kim, J. S.; Nicholson, P. G.; Murphy, C. E.; Bradley, D. D. C.;
Nelson, J.; Kim, J.-S., The Nature of In-Plane Skeleton Raman Modes of P3HT and Their
Correlation to the Degree of Molecular Order in P3HT:PCBM Blend Thin Films. J. Am. Chem.
Soc. 2011, 133, 9834-9843.
[168] Borsboom, M.; Bras, W.; Cerjak, I.; Detollenaere, D.; van Loon, D. G.; Goedtkindt, P.;
Konijnenburg, M.; Lassing, P.; Levine, Y. K.; Munneke, B.; Oversluizen, M.; van Tol, R.; Vlieg,
E., The Dutch-Belgian beamline at the ESRF. J. Synchrotron Radiat. 1998, 5, 518-520.
[169] Kline, R. J.; McGehee, M. D.; Kadnikova, E. N.; Liu, J. S.; Fréchet, J. M. J.; Toney, M.
F., Dependence of Regioregular Poly(3-hexylthiophene) Film Morphology and Field-Effect
Mobility on Molecular Weight. Macromolecules 2005, 38, 3312-3319.
[170] Busby, E.; Carroll, E. C.; Chinn, E. M.; Chang, L.; Moulé, A. J.; Larsen, D. S., ExcitedState Self-Trapping and Ground-State Relaxation Dynamics in Poly(3-hexylthiophene) Resolved
with Broadband Pump–Dump–Probe Spectroscopy.
[171] Piris, J.; Dykstra, T. E.; Bakulin, A. A.; Loosdrecht, P. H. M. v.; Knulst, W.; Trinh, M. T.;
Schins, J. M.; Siebbeles, L. D. A., Photogeneration and Ultrafast Dynamics of Excitons and
Charges in P3HT/PCBM Blends. J. Phys. Chem. C 2009, 113, 14500-14506.
[172] Itoh, E.; Nagai, H.; Miyairi, K., Field induced electro-optical characterization in poly-3hexylthiophene MIS capacitor. Thin Solid Films 2008, 516, 2568-2572.
[173] Brown, P. J.; Sirringhaus, H.; Friend, R. H., Electro-Optical Characterisation of Field
Effect Devices With Regioregular Poly-Hexylthiophene Active Layers. Synth. Met. 1999, 101,
557-560.

144

[174] Worland, R.; Phillips, S. D.; Walker, W. C.; Heeger, A. J., Electroabsorption and
nonlinear optical constants of trans-polyacetylene and poly(3-hexylthiophene). Synth. Met. 1989,
28, D663-D667.
[175] Vanlaeke, P.; Swinnen, A.; Haeldermans, I.; Vanhoyland, G.; Aernouts, T.; Cheyns, D.;
Deibel, C.; D’Haen, J.; Heremans, P.; Poortmans, J.; Manca, J. V., P3HT/PCBM bulk
heterojunction solar cells: Relation between morphology and electro-optical characteristics. Sol.
Energy Mater. Sol. Cells 2006, 90, 2150-2158.
[176] Gelsen, O. M.; Bradley, D. D. C.; Murata, H.; Tsutsui, T.; Saito, S.; Rühe, J.; Wegner, G.,
Electro-absorption spectroscopy of thienylene derived conjugated polymers. Synth. Met. 1991,
41, 875-878.
[177] Österbacka, R.; An, C. P.; Jiang, X. M.; Vardeny, Z. V., Two-Dimensional Electronic
Excitations in Self-Assembled Conjugated Polymer Nanocrystals. Science 2000, 287, 839.
[178] Ma, H.; Liu, S.; Luo, J.; Suresh, S.; Liu, L.; Kang, S. H.; Haller, M.; Sassa, T.; Dalton, L.
R.; Jen, A. K. Y., Highly Efficient and Thermally Stable Electro-Optical Dendrimers for
Photonics. Adv. Funct. Mater. 2002, 12, 565-574.
[179] Virgili, T.; Lidzey, D. G.; Grell, M.; Bradley, D. D. C.; Stagira, S.; Zavelani-Rossi, M.;
De Silvestri, S., Influence of the orientation of liquid crystalline poly(9,9-dioctylfluorene) on its
lasing properties in a planar microcavity. Appl. Phys. Lett. 2002, 80, 4088-4090.
[180] Scherf, U.; Riechel, S.; Lemmer, U.; Mahrt, R. F., Conjugated polymers: lasing and
stimulated emission. Curr. Opin. Solid State Mater. Sci. 2001, 5, 143-154.
[181] Chua, L. L.; Zaumseil, J.; Chang, J. F.; Ou, E. C. W.; Ho, P. K. H.; Sirringhaus, H.;
Friend, R. H., General observation of n-type field-effect behaviour in organic semiconductors.
Nature 2005, 434, 194-199.
[182] Knaapila, M.; Monkman, A. P., Methods for Controlling Structure and Photophysical
Properties in Polyfluorene Solutions and Gels. Adv. Mater. 2013, 25, 1090-1108.
[183] Perevedentsev, A.; Sonnefraud, Y.; Belton, C. R.; Sharma, S.; Cass, A. E. G.; Maier, S.
A.; Kim, J. S.; Stavrinou, P. N.; Bradley, D. D. C., Dip-pen patterning of poly(9,9dioctylfluorene) chain-conformation-based nano-photonic elements. Nat. Commun. 2015, 6,
5977.
[184] Khan, A. L. T.; Sreearunothai, P.; Herz, L. M.; Banach, M. J.; Köhler, A., Morphologydependent energy transfer within polyfluorene thin films. Phys. Rev. B 2004, 69, 085201.
145

[185] Peet, J.; Brocker, E.; Xu, Y.; Bazan, G. C., Controlled β-Phase Formation in Poly(9,9-din-octylfluorene) by Processing with Alkyl Additives. Adv. Mater. 2008, 20, 1882-1885.
[186] Zojer, E.; Pogantsch, A.; Hennebicq, E.; Beljonne, D.; Brédas, J.-L.; Scandiucci de
Freitas, P.; Scherf, U.; List, E. J. W., Green emission from poly(fluorene)s: The role of oxidation.
J. Chem. Phys. 2002, 117, 6794-6802.
[187] Chi, C.; Im, C.; Enkelmann, V.; Ziegler, A.; Lieser, G.; Wegner, G., Monodisperse
Oligofluorenes with Keto Defect as Models to Investigate the Origin of Green Emission From
Polyfluorenes: Synthesis, Self-Assembly, and Photophysical Properties. Chem. Eur. J. 2005, 11,
6833-6845.
[188] Wu, C. F.; Szymanski, C.; McNeill, J., Preparation and Encapsulation of Highly
Fluorescent Conjugated Polymer Nanoparticles. Langmuir 2006, 22, 2956-2960.
[189] Wu, C. F.; McNeill, J., Swelling-Controlled Polymer Phase and Fluorescence Properties
of Polyfluorene Nanoparticles. Langmuir 2008, 24, 5855-5861.
[190] Padmanaban, G.; Ramakrishnan, S., Conjugation Length Control in Soluble Poly[2methoxy-5-((2’-ethylhexyl)oxy)-1,4-phenylenevinylene]

(MEHPPV):

Synthesis,

Optical

Properties, and Energy Transfer. J. Am. Chem. Soc. 2000, 122, 2244-2251.
[191] Liu, B.; Lin, J. Y.; Yu, M. N.; Li, B.; Xie, L. H.; Ou, C. J.; Liu, F.; Li, T.; Lu, D.; Huang,
W., Hereditary Character of Alkyl-Chain Length Effect on β-Phase Conformation from
Polydialkylfluorenes to Bulky Polydiarylfluorenes. J. Phys. Chem. C 2017, 121, 19087-19096.
[192] Yu, M. N.; Ou, C. J.; Liu, B.; Lin, D.Q.; Liu, Y. Y.; Xue, W.; Lin, Z. Q.; Lin, J. Y.; Qian,
Y.; Wang, S. S.; Cao, H. T.; Bian, L. Y.; Xie, L. H.; Huang, W., Progress in fluorene-based
wide-bandgap steric semiconductors. Chin. J. Polym. Sci. 2017, 35, 155-170.
[193] Lin, J. Y.; Liu, B.; Yu, M. N.; Wang, X. H.; Lin, Z. Q.; Zhang, X. W,; Sun, C.;
Cabanillas-Gonzalez, J.; Xie, L.; Liu, F.; Ou, C. J.; Bai, L. B.; Han, Y. M.; Xu, M.; Zhu, W. S.;
Smith, T. A.; Stavrinou, P. N.; Bradley, D. D. C.; Huang, W., Ultrastable Supramolecular SelfEncapsulated

Wide-Bandgap

Conjugated

Polymers

for

Large-Area

and

Flexible

Electroluminescent Devices. Adv. Mater. 2019, 31, 1804811.
[194] Liu, B.; Bao, Y.; Ling, H. F.; Zhu, W. S.; Gong, R. J.; Lin, J. Y.; Xie, L. H.; Yi, M. D.;
Huang, W., Fluorinated p-n type copolyfluorene as polymer electret for stable nonvolatile
organic transistor memory device. Chin. J. Polym. Sci. 2016, 34, 1183-1195.

146

[195] Zhu, W. S.; Wei, C. X; An, X.; Weng, J. N.; Liu, B.; Wang, N.; Sun, N.; Sun, L. L.; Yu,
M. N.; Lin, J. Y.; Bai, L. B.; Sun, C.; Lu, D.; Xie, L. H.; Huang, W., Polydiarylfluorene
Molecular Weight Effects on β-Conformation Formation for Amplified Spontaneous Emission
for Optoelectronic Applications. ACS Appl. Polym. Mater. 2019, 1, 2352-2359.
[196] Huang, L.; Huang, X. N.; Sun, G. N.; Gu, C.; Lu, D.; Ma, Y. G., Study of β phase and
Chains Aggregation Degrees in Poly(9,9-dioctylfluorene) (PFO) Solution. J. Phys. Chem. C
2012, 116, 7993-7999.
[197] Khodabakhshi, E.; Michels, J. J.; Blom, P. W. M., Visualization of trap dilution in
polyfluorene based light-emitting diodes. AIP Adv. 2017, 7, 075209.
[198] Khan, A. L. T.; Banach, M. J.; Köhler, A., Control of β-phase formation in polyfluorene
thin films via Franck-Condon analysis. Synth. Met. 2003, 139, 905-907.
[199] Zhang, Q.; Chi, L.; Hai, G.; Fang, Y. T.; Li, X. C.; Xia, R. D.; Huang, W.; Gu, E. D., An
Easy Approach to Control β-Phase Formation in PFO Films for Optimized Emission Properties.
Molecules 2017, 22.
[200] Shaw, P. E.; Ruseckas, A.; Peet, J.; Bazan, G. C.; Samuel, I. D. W., Exciton–Exciton
Annihilation in Mixed-Phase Polyfluorene Films. Adv. Funct. Mater. 2010, 20, 155-161.
[201] Lu, X. H.; Hlaing, H.; Germack, D. S.; Peet, J.; Jo, W. H.; Andrienko, D.; Kremer, K.;
Ocko, B. M., Bilayer order in a polycarbazole-conjugated polymer. Nat. Commun. 2012, 3, 795.
[202] Bright, D. W.; Dias, F. B.; Galbrecht, F.; Scherf, U.; Monkman, A. P., The Influence of
Alkyl-Chain Length on Beta-Phase Formation in Polyfluorenes. Adv. Funct. Mater. 2009, 19, 6773.
[203] Cuff, L.; Kertesz, M., Theoretical prediction of the vibrational spectrum of fluorene and
planarized poly(p-phenylene). J. Phys. Chem. 1994, 98, 12223-12231.
[204] Somitsch, D.; Wenzl, F. P.; Kreith, J.; Pressl, M.; Kaindl, R.; Scherf, U.; Leising, G.;
Knoll, P., The Raman spectra of methyl substituted ladder type poly(p-phenylene): Theoretical
and experimental investigations. Synth. Met. 2003, 138, 39-42.
[205] Ariu, M., Morphology and Optical Properties of Poly(9,9' dioctylfluorene) Films.
Doctoral thesis, 2002, Sheffield University, United Kingdom.
[206] Ariu, M.; Lidzey, D. G.; Bradley, D. D. C., Influence of film morphology on the
vibrational spectra of dioctyl substituted polyfluorene (PFO). Synth. Met. 2000, 111-112, 607610.
147

[207] Arif, M.; Volz, C.; Guha, S., Chain Morphologies in Semicrystalline Polyfluorene:
Evidence from Raman Scattering. Phys. Rev. Lett. 2006, 96, 025503.
[208] Somitsch, D.; Wenzl, F. P.; List, E. J. W.; Wilhelm, P.; Scherf, U.; Leising, G.; Knoll, P.,
The Raman spectra of different ladder type poly(p-phenylenes) and ladder type oligo(pphenylenes). Macromol. Symp. 2002, 181, 383-388.
[209] Lyons, B. P.; Monkman, A. P., The role of exciton diffusion in energy transfer between
polyfluorene and tetraphenyl porphyrin. Phys. Rev. B 2005, 71, 235201.
[210] Sreearunothai, P.; Estrada, A.; Asaoka, S.; Kowalczyk, M.; Jang, S.; Cook, A. R.; Preses,
J. M.; Miller, J. R., Triplet Transport to and Trapping by Acceptor End Groups on Conjugated
Polyfluorene Chains. J. Phys. Chem. C 2011, 115, 19569-19577.
[211] Li, X.; Bird, M.; Mauro, G.; Asaoka, S.; Cook, A. R.; Chen, H. C.; Miller, J. R.,
Transport of Triplet Excitons along Continuous 100 nm Polyfluorene Chains. J. Phys. Chem. B
2015, 119, 7210-7218.
[212] King, S. M.; Vaughan, H. L.; Monkman, A. P., Orientation of triplet and singlet transition
dipole moments in polyfluorene, studied by polarised spectroscopies. Chem. Phys. Lett. 2007,
440, 268-272.
[213] Campoy-Quiles, M.; Alonso, M. I.; Bradley, D. D. C.; Richter, L. J., Advanced
Ellipsometric Characterization of Conjugated Polymer Films. Adv. Funct. Mater. 2014, 24,
2116-2134.
[214] Rothe, C.; King, S. M.; Dias, F.; Monkman, A. P., Triplet exciton state and related
phenomena in the β-phase of poly(9,9-dioctyl)fluorene. Phys. Rev. B 2004, 70, 195213.
[215] Goudarzi, H.; Limbu, S.; Cabanillas-González, J.; Zenonos, V. M.; Kim, J. S.; Keivanidis,
P. E., Impact of molecular conformation on triplet-fusion induced photon energy up-conversion
in the absence of exothermic triplet energy transfer. J. Phys. Chem. C 2019, 7, 3634-3643.
[216] Cadby, A. J.; Lane, P. A.; Wohlgenannt, M.; An, C.; Vardeny, Z. V.; Bradley, D. D. C.,
Optical studies of photoexcitations of poly(9,9-dioctyl fluorene). Synth. Met. 2000, 111-112,
515-518.
[217] Lewis, A. J.; Ruseckas, A.; Gaudin, O. P. M.; Webster, G. R.; Burn, P. L.; Samuel, I. D.
W., Singlet exciton diffusion in MEH-PPV films studied by exciton-exciton annihilation. Org.
Electron. 2006, 7, 452-456.

148

[218] Kepler, R. G.; Valencia, V. S.; Jacobs, S. J.; McNamara, J. J., Exciton-exciton
annihilation in poly (p-phenylenevinylene) films. Synth. Met. 1996, 78, 227-230.
[219] Korovyanko, O. J.; Vardeny, Z. V., Film morphology and ultrafast photoexcitation
dynamics in polyfluorene. Chem. Phys. Lett. 2002, 356, 361-367.
[220] Xu, S.; Klimov, V. I.; Kraabel, B.; Wang, H.; McBranch, D. W., Femtosecond transient
absorption study of oriented poly(9,9-dioctylfluorene) film: Hot carriers, excitons, and charged
polarons. Phys. Rev. B 2001, 64, 193201.
[221] Boudreaux, D. S.; Chance, R. R.; Brédas, J. L.; Silbey, R., Solitons and polarons in
polyacetylene: Self-consistent-field calculations of the effect of neutral and charged defects on
molecular geometry. Phys. Rev. B 1983, 28, 6927-6936.
[222] Frolov, S. V.; Vardeny, Z. V.; Yoshino, K., Cooperative and stimulated emission in
poly(p-phenylene-vinylene) thin films and solutions. Phys. Rev. B 1998, 57, 9141-9147.
[223] Tessler, N.; Denton, G. J.; Friend, R. H., Lasing from conjugated-polymer microcavities.
Nature 1996, 382, 695-697.
[224] Long, X.; Grell, M.; Malinowski, A.; Bradley, D. D. C.; Inbasekaran, M.; Woo, E. P.,
Spectral narrowing phenomena in the emission from a conjugated polymer. Opt. Mater. 1998, 9,
70-76.
[225] Friend, R. H.; Denton, G. J.; Tessler, N.; Stevens, M. A., Spectral narrowing in optically
pumped poly (p-phenylenevinylene) Films. Adv. Mater. 1997, 9, 547-551.
[226] Florian, R.; Schwan, L. O.; Schmid, D., Time-resolving experiments on Dicke
superfluorescence of O2- centers in KCl. Two-color superfluorescence. Phys. Rev. A 1984, 29,
2709-2715.
[227] Brewer, P. J.; Lane, P. A.; Huang, J. S.; deMello, A. J.; Bradley, D. D. C.; deMello, J. C.,
Role of electron injection in polyfluorene-based light emitting diodes containing PEDOT:PSS.
Phys. Rev. B 2005, 71, 205209.
[228] Hill, J.; Heriot, S. Y.; Worsfold, O.; Richardson, T. H.; Fox, A. M.; Bradley, D. D. C.,
Dynamics of Förster transfer in polyfluorene-based polymer blends and Langmuir–Blodgett
nanostructures. Synth. Met. 2003, 139, 787-790.
[229] Buckley, A. R.; Rahn, M. D.; Hill, J.; Cabanillas-Gonzalez, J.; Fox, A. M.; Bradley, D. D.
C., Energy transfer dynamics in polyfluorene-based polymer blends. Chem. Phys. Lett. 2001, 339,
331-336.
149

[230] Stevens, M. A.; Silva, C.; Russell, D. M.; Friend, R. H., Exciton dissociation mechanisms
in the polymeric semiconductors poly(9,9-dioctylfluorene) and poly(9,9-dioctylfluorene-cobenzothiadiazole). Phys. Rev. B 2001, 63, 165213.
[231] Virgili, T.; Cerullo, G.; Lüer, L.; Lanzani, G.; Gadermaier, C.; Bradley, D. D. C.,
Understanding Fundamental Processes in Poly(9,9-Dioctylfluorene) Light-Emitting Diodes via
Ultrafast Electric-Field-Assisted Pump-Probe Spectroscopy. Phys. Rev. Lett. 2003, 90, 247402.
[232] Virgili, T.; Marinotto, D.; Lanzani, G.; Bradley, D. D. C., Ultrafast resonant optical
switching in isolated polyfluorenes chains. Appl. Phys. Lett. 2005, 86, 091113.
[233] Takeda, N.; Asaoka, S.; Miller, J. R., Nature and Energies of Electrons and Holes in a
Conjugated Polymer, Polyfluorene. J. Am. Chem. Soc. 2006, 128, 16073-16082.
[234] Campbell, A. J.; Antoniadis, H.; Virgili, T.; Lidzey, D. G.; Wang, X. H.; Bradley, D. D.
C., Balancing electron and hole currents in single layer poly(9,9-dioctylfluorene) light emitting
diodes. Organic Light-Emitting Materials and Devices V; SPIE 2002, 4464, 211-222.
[235] Francis,

T.

L.;

Mermer,

Ö.;

Veeraraghavan,

G.;

Wohlgenannt,

M.,

Large

magnetoresistance at room temperature in semiconducting polymer sandwich devices. New J.
Phys. 2004, 6, 185.
[236] Vasilopoulou, M.; Palilis, L. C.; Botsialas, A.; Georgiadou, D. G.; Bayiati, P.; Vourdas,
N.; Petrou, P. S.; Pistolis, G.; Stathopoulos, N. A.; Argitis, P., Flexible organic light emitting
diodes (OLEDs) based on a blue emitting polyfluorene. Phys. Status Solidi C 2008, 5, 3658-3662.
[237] Scherf, U. N., D., Polyfluorenes. Springer, 2008.
[238] Montilla, F.; Ruseckas, A.; Samuel, I. D. W., Absorption cross-sections of hole polarons
in glassy and β-phase polyfluorene. Chem. Phys. Lett. 2013, 585, 133-137.
[239] Virgili, T.; Marinotto, D.; Manzoni, C.; Cerullo, G.; Lanzani, G., Ultrafast Intrachain
Photoexcitation of Polymeric Semiconductors. Phys. Rev. Lett. 2005, 94, 117402.
[240] Yu, Z.; Guo, X. R.; Zhang, Q.; Chi, L.; Chen, T.; Xia, R. D.; Wu, L. F.; Lüer, L.;
Cabanillas-Gonzalez, J., Novel Fluorene-Based Copolymers Containing Branched 2-Methylbutyl-Substituted

Fluorene-co-benzothiadiazole

Units

for

Remarkable

Optical

Gain

Enhancement in Green-Yellow Emission Range. J. Phys. Chem. C 2016, 120, 11350-11358.
[241] Gong, X.; Moses, D.; Heeger, A. J.; Xiao, S., Excitation energy transfer from
polyfluorene to fluorenone defects. Synth. Met. 2004, 141, 17-20.

150

[242] Dias, F. B.; Maçanita, A. L.; Seixas de Melo, J.; Burrows, H. D.; Güntner, R.; Scherf, U.;
Monkman, A. P., Picosecond conformational relaxation of singlet excited polyfluorene in
solution. J. Chem. Phys. 2003, 118, 7119-7126.
[243] Cho, S. Y.; Grimsdale, A. C.; Jones, D. J.; Watkins, S. E.; Holmes, A. B., Polyfluorenes
without Monoalkylfluorene Defects. J. Am. Chem. Soc. 2007, 129, 11910-11911.
[244] Teetsov, J.; Anne Fox, M., Photophysical characterization of dilute solutions and ordered
thin films of alkyl-substituted polyfluorenes. J. Mater. Chem. 1999, 9, 2117-2122.
[245] Zhang, Q.; Wang, P. I.; Ong, L. G.; Tan, H. S.; Tan, W. Z.; Hii, H. Y.; Wong, L. Y.;
Cheah, S. K.; Yap, L. S.; Ong, S. T.; Tou, Y. T.; Nee, H. C.; Liaw, J. D.; Yap, S. S.,
Photophysical and Electroluminescence Characteristics of Polyfluorene Derivatives with
Triphenylamine. Polymers 2019, 11.
[246] Beenken, W. J. D.; Lischka, H., Spectral broadening and diffusion by torsional motion in
biphenyl. J. Chem. Phys. 2005, 123, 144311.
[247] Kanemoto, K.; Sudo, T.; Akai, I.; Hashimoto, H.; Karasawa, T.; Aso, Y.; Otsubo, T.,
Intrachain photoluminescence properties of conjugated polymers as revealed by long
oligothiophenes and polythiophenes diluted in an inactive solid matrix. Phys. Rev. B 2006, 73,
235203.
[248] Volz, C.; Arif, M.; Guha, S., Conformations in dioctyl substituted polyfluorene: A
combined theoretical and experimental Raman scattering study. J. Chem. Phys. 2007, 126,
064905.
[249] Castiglioni, C.; Del Zoppo, M.; Zerbi, G., Vibrational Raman spectroscopy of
polyconjugated organic oligomers and polymers. J. Raman Spectrosc. 1993, 24, 485-494.
[250] Guillén, M. G.; Gámez, F.; Lopes-Costa, T.; Cabanillas-González, J.; Pedrosa, J. M., A
fluorescence gas sensor based on Förster Resonance Energy Transfer between polyfluorene and
bromocresol green assembled in thin films. Sensor. Actuat. B-Chem. 2016, 236, 136-143.
[251] Friend, R. H.; Snaith, H. J., Morphological dependence of charge generation and
transport in blended polyfluorene photovoltaic devices. Thin Solid Films 2004, 451-452, 567-571.
[252] Masri, Z.; Ruseckas, A.; Emelianova, E. V.; Wang, L.; Bansal, A. K.; Matheson, A.;
Lemke, H. T.; Nielsen, M. M.; Nguyen, H.; Coulembier, O.; Dubois, P.; Beljonne, D.; Samuel, I.
D. W., Molecular Weight Dependence of Exciton Diffusion in Poly(3-hexylthiophene). Adv.
Energy Mater. 2013, 3, 1445-1453.
151

[253] Amarasinghe, D.; Ruseckas, A.; Vasdekis, A. E.; Turnbull, G. A.; Samuel, I. D. W.,
High-Gain Broadband Solid-State Optical Amplifier using a Semiconducting Copolymer. Adv.
Mater. 2009, 21, 107-110.
[254] Gao, M. M.; Wei, C.; Lin, X. Q.; Liu, Y.; Hu, F. Q.; Zhao, Y. S., Controlled assembly of
organic whispering-gallery-mode microlasers as highly sensitive chemical vapor sensors. Chem.
Commun. 2017, 53, 3102-3105.

152

Appendix
Table S4.1. PL decay components of PODPF films thermally annealed at different temperatures
and photoexcited at 405 nm.
Annealing
Temperature
(℃)

Integrate
wavelength
(nm)

τ1
(ps)

A1
(%)

τ2
(ps)

A2
(%)

τtotal
(ps)

RT

433

165.08

63.96

381.36

36.04

243.03

210

433

155.77

72.45

331.56

27.55

204.20

220

433

87.65

74.44

297.12

25.56

141.18

230

480

259.99

84.59

505.68

15.41

297.86

240

480

256.90

90.54

564.35

9.46

285.99

250

480

197.38

93.43

516.27

6.57

215.51

Table S4.2. PL decay components of PODPF films thermally annealed at different temperatures
and photoexcited at 405 nm with different excitation densities. The detection wavelength is 480
nm for β-phase.
Annealing
Temperature
(℃)

210

220

230

240

250

Excitation
Density

τ1
(ps)

A1
(%)

τ2
(ps)

A2
(%)

τtotal
(ps)

high

299.80

81.85

722.66

18.15

376.56

middle

296.08

80.74

714.95

19.26

376.74

low

296.86

80.85

717.81

19.15

377.48

high

294.66

87.73

607.30

12.27

333.01

middle

291.23

87.49

606.35

12.51

330.66

low

289.49

86.30

590.67

13.70

330.75

high

259.99

84.59

505.68

15.41

297.86

middle

260.14

86.88

527.69

13.12

295.25

low

260.43

86.94

529.65

13.06

295.58

high

256.90

90.54

564.35

9.46

285.99

middle

257.85

90.96

576.50

9.04

286.70

low

259.01

92.02

604.20

7.98

286.50

high

197.38

93.43

516.27

6.57

215.51

middle

194.03

94.43

558.28

5.57

214.33

Low

197.22

95.11

564.02

4.89

215.14
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Fig. S4.1. Normalized log-linear PL decays of PODPF films annealed at different temperatures
(photoexcited at 405 nm with three different excitation densities). The detection wavelength is
480 nm for β-phase.
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Fig. S4.2. Input-output characteristics (triangles and dotted linen) and FWHM values (circles and
solid lines) versus pump fluence of (a) untreated, (b) annealed at 210ºC, (c) annealed at 220ºC, (d)
annealed at 230ºC, (e) annealed at 240ºC and (f) annealed at 250ºC PODPF films.
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