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Abstract

Nanoparticles prepared by the reprecipitation of conjugated polymers are an exciting
development in the field of biological imaging and fluorescence sensing. The colloidal
stability of these hydrophobic polymers in aqueous suspension was found to originate
from the surface charge density of ~15 mC/m?, which is in part attributed to negatively

charged functional groups produced by polymer oxidation.

The suitability of these nanoparticles in traditional conjugated polymer applications,
such as polymer photovoltaics, was also investigated using femtosecond fluorescence
upconversion and transient absorption spectroscopies. Polarisation resolved studies of
energy transfer in highly compact nanoparticles and extended polymer conformations
showed the nanoparticles exclusively undergo intermolecular energy transfer. These
observations were supported by energy transfer simulations on polymer structures

obtained from coarse-grained molecular dynamics simulations.

Next, the recombination of polarons in composite rr-P3HT/PCBM nanoparticles,
dominated by geminate recombination below 10 wt% PCBM, was demonstrated using a
one dimensional diffusion model. This model also yielded the P3HT domain size of
~5 nm, which confirms these nanoparticles can serve as a model system for probing

charge generation and recombination processes in device-like environments.

Finally, the power dependent exciton decay in highly ordered nanowires yielded an
exciton diffusion length of 11 + 3 nm, which is toward the upper limit of diffusion
lengths reported for annealed P3HT films. This data indicates the gentle solution based
crystallisation of nanowires is a promising route for enhancing the performance of bulk

heterojunction devices.




Acknowledgements

I would firstly like to extend my sincere gratitude to my supervisor Dr Tak Kee for
allowing me to undertake my PhD studies in his group. His guidance, expertise and
persistence have been crucial to my development. Although, in retrospect | wish | had
followed some of his advice immediately and with greater enthusiasm to make this an

even greater educational experience.

Dr David Beattie, my secondary supervisor, and his group at the lan Wark Institute
of the University of South Australia were extremely valuable, especially during the
early studies of these nanoparticles. In particular, Dr Agnieszka Mierczynska-Vasilev
and Dr Robert Acres for the AFM and XPS work, respectively.

Dr David Huang has been a great help with modelling and computational studies
relating to this work. Thanks must also go to the members of his group, Ming Chiu,
Kyra Schwarz and Patrick Tapping for their collective work on modelling exciton
migration in MEH-PPV.

My fellow labmates past and present, Alex Gentleman, Mandy Leung, Taka Harada
et al., are all fantastic scientists and regardless of whether research is part of my future |
look forward to learning more from you guys.

I am hugely thankful for the opportunity to visit the research group of Professor
David Vanden Bout at the University of Texas at Austin supported by the D R Stranks
Travelling Fellowship and the Research Abroad Scholarship. It was an incredible
experience and | wholeheartedly encourage any graduate students reading this thesis to
strongly consider undertaking research in an overseas laboratory. Also, it was here |
learnt the value of having a postdoc like Dr Zhongjian Hu in the lab, who was able

teach me so much in such a short period of time.

Finally and most importantly, I would like to thank my parents, Steve and Christine,
my brother Andrew and my wonderful fiancée Rebecca for their encouragement and
support throughout this ordeal. Your patience and understanding, especially during the
final months of my studies, will not be forgotten.




List of Publications

Publications based on work presented in this thesis:

Chemical Defects in the Highly Fluorescent Conjugated Polymer Dots
Scott N. Clafton, David A. Beattie, Agnieszka Mierczynska-Vasilev, Robert G. Acres,

Alan C. Morgan and Tak W. Kee, Langmuir 2010, 26, 17785-17789.

Femtosecond Dynamics of Excitons and Hole-Polarons in Composite P3HT/PCBM
Nanoparticles
Scott N. Clafton, David M. Huang, William R. Massey and Tak W. Kee, Journal of

Physical Chemistry B 2013, 117, 4626-4633

Femtosecond Fluorescence Upconversion and Molecular Dynamics Simulations of

Energy Transfer in MEH-PPV Nanoparticles

Scott N. Clafton, Patrick Tapping, Ming Chiu, Kyra Schwarz, David M. Huang, and

Tak W. Kee, In Preparation
Other publications:

Aggregation and Host-Guest Interactions in Dansyl Substituted Poly(acrylate)s in
the Presence of B-Cyclodextrin and a B-Cyclodextrin Dimer in Aqueous Solution:

A UV-Visible, Fluorescence, 1H NMR and Rheological Study

Jie Wang, Duc-Truc Pham, Tak W. Kee, Scott N. Clafton, Xuhong Guo*, Philip
Clements, Stephen F. Lincoln*, Robert K. Prud’homme, and Christopher J. Easton,

Macromolecules 2011, 44, 9782-9791.




Table of Contents

DBCIATATION ... bbbt bbb I
N 0L = To! ST STPPR Il
ACKNOWIEAGEMENTS ...t e e nre e anes v
LiSt OF PUDHCAIIONS ... et st V
Table OF CONENES.......iiiiiiieie e bbb VI
ADDIEVIALIONS ...ttt et e e reenre e e eneenreere s VI
(IS 0 T [N =TSSR IX
I ES 0 N 1= o] LSS XV

1 Introduction

1.1 Conjugated POIYMEIS.......cccooieiieiieeie ettt 1
1.2 OPLICAI PrOCESSES .....cuviueiutiieiiiiti sttt 3
1.3 Energy and Charge Transter........cccoieiiieieiesineseeee e 6
1.4 Polymer PhOtOVOITAICS ........cccoeiuieieiice e 13
1.5 Conjugated Polymer NanopartiCles ...........ccooeiiiiniiiiiieesc e 17
1.6 SUMIMAIY ..ottt bbb 21

2 Experimental Details

2.1 IMAALEIIAIS .o s 22
2.2 Preparation of Nanoparticles and NanOWIres ...........cccceveveneienenenesieceens 23
2.3  Optical and Physical Characterisation of Nanoparticles ..............cccccvevveiienenn. 24
2.4  Femtosecond Lasers for Time-Resolved Optical Spectroscopy.........cccceuveee. 27
2.5  Fluorescence UPCONVEISION. .......cciiiiirieieieniesie sttt 37
2.6 Transient AbSOrption SPECLIOSCOPY.....uiiiviiiriiiiieiieeitee st sre e 41
2.7  Three-Pulse Transient Absorption SPeCctroSCOPY .....cvevvveerieeiieereesiieeiieesve e 46
2.8 SUMIMAIY ...ttt ettt b e sb et e abe e ne e 48

VI



Table of Contents

3 Colloidal Stability of Conjugated Polymer Nanoparticles
200 111 oo [F T [0 o SO P RS OPPPRTPRR 49
3.2 BasiC CharaCteriSation ............ceueieieiierienie st 52
3.3 Presence Of SUrface DefeCtS ........ccuveierieiiiiiiniseee e 59
34 CONCIUSIONS ...ttt sttt ettt ereenbeenbesneeneeas 65
4 Excitation Energy Transfer in Conjugated Polymer Nanoparticles....................... 66
o R 1o [8Tox o] ISP PR PSSR 66
4.2  Time-Resolved FIUOrescence Data..........cccovviiriiinieiieienese s 68
4.3 Energy Transfer SIMUIALIONS ..........cceiiiiiiiiiiiseeeee e 78
OO0 [0 1] o] ST PR PSSR 87
5 Exciton and Hole-Polaron Dynamics in Composite P3HT/PCBM Nanoparticles
T8 A 101 (oo [0 Tox 1 o] o ISR 88
5.2  Fluorescence Quenching by Charge Transfer ..........ccccoovviiiiiiininicce 91
5.3 Charged and EXcited State SPECIES .......cecveiierieieiieie e 94
5.4 DIffusion MOEl ........cooiiiiieeee e s 101
TS T O] Tod [1E5] o] SRS 107
6 Transient Absorption Spectroscopy of P3HT Nanowires
6.1  INFOTUCTION ..ottt ettt 109
6.2  Preparation of Nanoparticles and NanOWIres ...........ccccceoereniienennnnnieeene. 112
6.3 Two and Three Pulse Transient Absorption Spectroscopy of Nanowires......114
6.4  Measurement of Exciton Diffusion Length...........cccooooeviiiiiiiicee, 123
G TS T ) Tod [1ES] o] USSR 131
7 Conclusions and OULIOOK ...........ccueiieiieiiiieiiee e 132
RETEIEINCES ...ttt e st e st e e e enre e te et e re e neeneenres 137

\l



Abbreviations

BBO
BEH-PPV
CCD

DLS

EET
FT-IR
GVD
LEGS
MEH-PPV
P3HT
PCBM
PDHF
PDOF
PFBT

PFPV

PLED
PMANa
PPE
PPV
PSBTBT

PSS
PTFE
r

rra

TFP
THF
TOPAS
VRS
WLG

B-barium borate
poly[2,5-(2"-ethylhexyloxy)]-1,4-phenylenevinylene
Charge-coupled Device

Dynamic Light Scattering

Excitation Energy Transfer

Fourier Transform Infrared

Group Velocity Dispersion

Local Exciton Ground State
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene vinylene]
poly(3-hexylthiophene-2,5-diyl)

phenyl-Cg;-butyric acid methyl ester
poly(9,9-dihexylfluoreneyl-2,7-diyl)
poly(9,9-dioctylfluoreneyl-2,7-diyl)

poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-(2,1°,3)-
thiadiazole)]

poly[{9,9-dioctyl-2,7-divinylenefluorenylene}-alt-co-{2-metoxy-5-
(2-ethylhexyloxy)-1,4-phenylene}]

Polymer Light Emitting Diode

poly(sodium methacrylate)
poly(2,5-di(3',7'-dimethyloctyl)phenylene-1,4-ethynylene)
poly(phenylene vinylene)

poly[(4,4'-bis(2-ethylhexyl)dithieno[3,2-b:2',3"-dsilole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl]

poly(styrene sulphonate)

polytetrafluoroethylene

regioregular

regiorandom

Thin Film Polarisor

tetrahydrofuran

Travelling-Wave Optical Parametric Amplifier of Superfluorescence
Vibrationally Relaxed State

White Light Generation

VIl



List of Figures

Figure 1.1: General chemical structures of PPV, polythiophene and polyfluorene ......... 2
Figure 1.2: Jablonski diagram illustrating fundamental photophysical processes............ 4
Figure 1.3: Energy transfer from the VRS to a LEGS followed by dynamic localisation
0 FOrM @ NEW VRS, ..ot 7
Figure 1.4: Dexter and Forster mechanisms of energy transfer.............ccooeveieeciiennn, 8
Figure 1.5: The angle of the donor and acceptor transition dipole moments with the line
connecting them and between the planes in which the dipole moments lie. .................. 10
Figure 1.6: Electronic states of H-aggregates and J-aggregates. Solid and dashed lines
indicate allowed and forbidden transitions, respectively...........cccoeveieiiiiieiic e, 11
Figure 1.7: The chemical structures of the aromatic and quinoid forms of polythiophene
and the allowed optical transitions of a photogenerated hole-polaron ..............cc.c........ 12
Figure 1.8: Energy level diagram and architecture of a bulk heterojuction organic
POLOVOIAIC EVICE. ... 14
Figure 2.1: Pulses produced from interference of 3 modes out of phase, 3 modes in
phase and 10 MOdeS iN PRESE.........ccviiiiie e 28

Figure 2.2: Focussing of a beam by the Kerr effect in Kerr lens mode locking

L =T [0 T 1= o | R TPRSPRRRPIN 29
Figure 2.3: Introduction of negative GVD using two diffraction gratings. .................... 32
Figure 2.4: Regenerative amplifier cavity with pump and seed paths...........c..cceeuveee. 33

Figure 2.5: Optical layout of the TOPAS-C. The pump and white light are used to
generate the signal and IdIer. ..........cooiiiii i 36

Figure 2.6: Anisotropic emission of a fluorophore oriented along the z-axis. ............... 38

IX



List of Figures

Figure 2.7: Polar coordinate representation of the emission anisotropy.............cc.cec...... 39
Figure 2.8: Diagram of fluorescence upconversion SYStem. ..........cccevvevvereereseeseennnan, 40

Figure 2.9: Possible transitions sampled by the probe pulse in a typical transient

ADSOrPLION EXPEIIMENT..... .ot sre e e e e s reebesnaenneas 43
Figure 2.10: Diagram of transient absorption SYStem. ..........cccccevvviieresieiiiesesie e, 45
Figure 2.11: Diagram of three-pulse transient absorption system. ...........cccccccvevervennnnn. 47

Figure 3.1: AFM images of in situ conjugated polymer nanoparticles and particle height
distributions for the conjugated polymers MEH-PPV, PDHF, PDOF and PFPV .......... 53
Figure 3.2: Normalised absorption and fluorescence spectra of the polymer solution in
THF and aqueous nanoparticle suspensions for PDHF, PDOF, MEH-PPV and PFPV.55
Figure 3.3: Normalised absorption and fluorescence spectra of the polymer and
nanoparticle films for PDHF, PDOF, MEH-PPV and PFPV. ........cccccoiiiiiiiice e, 56
Figure 3.4: Zeta potential distributions of MEH-PPV, PDHF, PDOF and PFPV
NANOPAITICIES At PH 7. oo e 57
Figure 3.5: FT-IR spectra of conjugated polymers MEH-PPV, PDHF , PDOF and PFPV
films of pristine polymer and polymer nanoparticles. ...........cccocvevveveiieiicie e 60
Figure 3.6: C 1s XPS spectra and fitted components of MEH-PPV, PDHF, PDOF and
PFPV films of pristine polymer and films of nanoparticles. ...........ccccccooeivieiiiciienen, 62
Figure 4.1: Absorption and photoluminescence spectra of MEH-PPV in aqueous
suspension and dissoIVed IN THF. ... 69
Figure 4.2: Isotropic time-resolved fluorescence decay of MEH-PPV in THF at
emission wavelengths: 500 nm, 520 NM and 670 NM. ......ccveeieeieeiee e 70
Figure 4.3: Isotropic time-resolved fluorescence decay of MEH-PPV nanoparticles in

water at emission wavelengths: 530 nm, 550 nm and 620 NM. .........cccocevieeieiieveeienne 73




List of Figures

Figure 4.4: Fluorescence anisotropy decay for MEH-PPV in THF and MEH-PPV
A TaT0] o U €T 1= USSR 75

Figure 4.5: Coarse-grain scheme for a MEH-PPV segment containing a saturation

Figure 4.6: Dihedral angle probability distribution for the A-B-B-A and D-E-E-D
INEArAl ANGIES. .....eeeeeee e nre s 80
Figure 4.7: Snapshots of molecular dynamics simulations representative of a MEH-PPV
chain in THF and a MEH-PPV nanoparticle. ............ccccovoiiiieiicie e 81
Figure 4.8: A molecular dynamics simulation snapshot of a typical extended MEH-PPV
configuration and the same configuration segmented into chromophores. .................... 83
Figure 4.9: Comparison of simulated and experimental fluorescence anisotropy decays
of the polymer and NanoPartiCIES. ...........ccveiiieii e 85
Figure 5.1: lllustration of a rr-P3HT nanoparticle containing PCBM aggregates and the
chemical structures of P3HT and PCBM..........cccooiiiiiiiiiiiccc e 89
Figure 5.2: Absorption spectra of rr-P3HT and rra-P3HT solution in THF and
nanoparticle suspensions in water. Normalised absorption spectra of rr-P3HT
nanoparticles with 0,5, 10, 20 and 50 Wt% PCBM.........cc.ccceviiviie e, 92
Figure 5.3: Fluorescence spectra of undoped rra-P3HT nanoparticles and rr-P3HT
nanoparticles with 0, 5, 10, 20 and 50 wt% PCBM. Normalised fluorescence intensity
at the respective fluorescence maxima for rr-P3HT and rra-P3HT nanoparticles with the
SAME PCBM CONCENTIALIONS. .....ecuviiiteitisiesii sttt 94
Figure 5.4: Transient absorption spectra of pure rr-P3HT nanoparticles and rr-P3HT
nanoparticles with 50-wt% PCBM at 1 ps, 10 ps, 100 ps and 1000 ps after excitation. 96
Figure 5.5: Kinetic traces at 1000 nm, and 1250 nm for rr-P3HT nanoparticles doped

with 0, 5, 20, and 50 W% PCBM. ......ccooiiiiiiiiiicceee s 98

Xl



List of Figures

Figure 5.6: Decay of transient absorption signal at 1250 nm for rr-P3HT nanoparticles
at 50, 150, 260 and 460 NJ/PUISE. .......c.civeiieie e 100
Figure 5.7: Decay of transient absorption signal at 1000 nm for 5, 20 and 50, wt%
P OB . e 103
Figure 5.8: AFM particle height distributions and example images for rr-P3HT
nanoparticles containing Owt%, 5 wt% and 50 wt% PCBM. .........c.ccccecvvvieiveceiiennnn, 105
Figure 6.1: Structure of rr-P3HT nanowires in anisole with approximate dimensions.110
Figure 6.2: Absorption spectra of rr-P3HT in THF (black), rr-P3HT nanoparticles and
rr-P3HT NANOWIres in @niSOI. .........c.ooieiiiiiiiiee e 114
Figure 6.3: Transient absorption spectra of rr-P3HT nanowires and nanoparticles at 0.5
ps, 5 ps, 50 ps and 500 ps after excitation. Dynamics of the singlet exciton absorption
probed at 1200 nm with pump wavelengths of 400 nm and 600 nm for P3HT nanowires
and P3HT NANOPAITICIES. .......cviiiiiieie et 116
Figure 6.4: Transient absorption spectra of nanowires excited at 400 nm and 600 nm for
an excitation density of 4x10' cm™. Transient absorption spectra of nanowires at
increasing excitation densities for the 400 nm pump and 600 nm pump. All spectra were
taken at 3 ps delay after which there is no change in the peak position. ...................... 118
Figure 6.5: Pump-probe and pump-push probe singlet exciton decay in nanowires.
Comparison of spectral response to 900 nm push pulse, a linear combination of ground
state bleach and spontaneous emission spectra and the singlet exciton absorption.
Kinetics of the excited state bleach recovery induced by the push pulse in nanowires
and solutions Of PSHT IN THF.........cocoiiiii s 120
Figure 6.6: Power dependence of the nanowire singlet exciton absorption at 1250 nm

and the linearised data for calculation of the annihilation rate constant. The excitation

Xl



List of Figures

densities are listed in each panel. Note: data for 4.4x10" cm™ and 8.8x10*® cm™ are not
shown in the bottom panel for Clarity. ........ccccoeveii e 125
Figure 6.7: The relative emission efficiency of the singlet exciton absorption at

increasing photon flux for the nanowires and nanoparticles pumped at 600 nm. ........ 130

X1



List of Tables

Table 3.1: Surface charge densities for conjugated polymer nanoparticles. .................. 58
Table 3.2: XPS fitting parameters for pristine polymer and nanoparticle samples as
determined USING CaSaXPS..........coi it 63
Table 3.3: Elemental composition of pristine conjugated polymer and nanoparticle
samples in mole%. Expected mole% calculated from the monomer structures are shown
TN PAIENTNESES. ....ve et ettt e e re e re et e reenreereanes 64
Table 4.1: Fitted parameters for isotropic emission of MEH-PPV in THF. The errors in
T, and 75 are less than 25%, while the errors in 7, are up to 1 ps as this time constant
IS close to the instrument response FUNCLION. .......ccooiiiiiiiii e, 71
Table 4.2: Fitted parameters for isotropic emission of MEH-PPV nanoparticles. The
errors in 7, and t5 are less than 25%, while the errors in 7, are up to 0.5 ps as this time
constant is close to the instrument response fUNCLION. .........cocveieiiic i 74

Table 4.3: Fitted parameters for time-resolved fluorescence anisotropy decays. The

errors in these time constants are 1ess than 25%. ... 76
Table 5.1: Fitted parameters for rr-P3HT/PCBM nanoparticles at 1000 nm.................. 99
Table 5.2: Fitted parameters for rr-P3HT/PCBM nanoparticles at 1250 nm.................. 99

Table 5.3: Fitted parameters from diffusion model for 1000 nm transient absorption
(0 LoToF. YA - - USSR 104
Table 6.1: Fitting parameters for the excited state bleach recovery in nanowires and
solution of P3HT in THF at push wavelengths of 900 nm and 1200 nm. ..........cccc...... 122
Table 6.2: Excitation densities and the corresponding annihilation rate constants

calculated from the intercepts of data shown in Figure 6.6. ..........cccccvecviivevncieseennnn, 127

XV



	TITLE: Photophysics and Photochemistry of Conjugated Polymer Nanoparticles
	Declaration
	Abstract
	Acknowledgements
	List of Publications
	Table of Contents
	Abbreviations
	List of Figures
	List of Tables


