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Abstract

This thesis reports the properties of meta stable excitations such as triplet excitons
occurring in light emitting conjugated polymers by means of subnanosecond time-
resolved luminescence and transient absorption investigations.

Triplet diffusion and energy relaxation within a prototypical conjugated polymer has been
studied by observing the bimolecular annihilation delayed fluorescence dependent on
temperature, excitation dose and concentration. The results are analyzed employing the
concept of dispersive hopping in a Gaussian distribution of states. After pulsed excitation
the triplet migration is initially dispersive accompanied by a rapid energy relaxation. The
subsequent classical regime is described by a time-independent diffusion constant and a
invariable average triplet energy. Further, it is clearly found that triplet hopping in
conjugated polymers is both an intra- and interchain process.

Both the singlet-to-triplet generation branching ratio and the recombination layer
thickness in a working polyspirobifluorene device are determined by a relative
comparison of the singlet and triplet densities after electrical and optical excitation. The
singlet generation rate is a field independent universal constant, the value of which
agrees with the quantum-statistical 1:3 limit. Evidence is provided that the charge carrier
recombination does not occur homogeneously throughout the device. Instead a certain
exciton generation layer exists which, for polyspirobifluorene, is about 6 nm thick. Also
singlet excitons are quenched by charge carriers. The latter might be formed after triplet-
triplet annihilation in a sequential process, which involves the formation of an
intermediate geminate pair prior to the full charge carrier dissociation.

Finally, a new type of intramolecular delayed fluorescence is observed in the
nanosecond time domain in luminescent polymers and also found to occur in a large
number of conjugated organic systems. This luminescence is isoenergetic to the prompt
fluorescence and shows the same excitation energy dependence, but rapidly decays
with an algebraic law. In dilute solutions the overall emission quantum yield is a fraction
of a percent only. Since all potential origins, including geminate pairs and triplet-triplet-
annihilation, cannot describe the experimental results, the existence of a novel type of
indirect singlet excitation is proposed.



Meta stable Excitations in Conjugated Organic

Systems

By

Carsten Rothe

A thesis submitted to the Faculty of Science, at the University of Durham, for the
Degree of Doctor of Philosophy

A copyright of this thesis rests
with the author. No quotation
from it should be published
without his prior written consent
and information derived from it
should be acknowledged.

University of Durham
Department of Physics
November 2004

- 1 SEP 2005



Declaration

The material in this thesis has not been submitted for examination for any other degree,
or part thereof, at Durham University or any other institution. The material in this thesis is
the work of the author except where formally acknowledged by reference.

The copyright of this thesis rests with the author. No quotation from it should be
published without his prior consent and information derived from it should be
acknowledged.



Acknowledgements

Among the numerous people who supported me during this thesis my warmest thanks
must go to my supervisor Prof. Andy Monkman. | consider him a stroke of luck for a
young researcher for he is encouraging in scientific and enjoyabie in non-scientific
matters. Although there are many other points that certainly deserve attention, | would
like to specially thank him for patiently proof reading this and other work in spite of his
never-ending time constraints.

During this work a fruitful cooperation between the Philips Research Laboratories in
Eindhoven and the Durham OEM group has been established. For this study ultra
sensitive experiments were performed that critically rely on the quality and purity of the
investigated samples. In this context many of the findings would have not been obtained
without the ongoing and generous supply of high-quality, sealed devices and pure
materials from Eindhoven. Special thanks are due to Dr. Klemens Brunner for many
rewarding discussions, which additionally triggered three joint publications. Moreover, on
a financial level this work was supported by means of a Royal Philips CASE
Studentship.

Big thanks go to all current and past members of the Durham OEM group for their great
support not only in science, especially for their help in relocating bits and pieces. Similar
gratitude must also be expressed to the every time friendly and mostly helpful numerous
Departmental staff, in particular to Phil and Norman.

| would also like to thank Prof. Hugh Burrows for his repeatedly very helpful and
stimulating scientific advice but even more for his warm welcome in Portugal, which we
will never forget.

Greatest thanks are bestowed upon Susi for her patience with me and for keeping the
little Schlumpf out of my way during the writing. Finally, thanks are due to my family for
their various support to reach this stage.



Table of Contents

ABSTRACT ...t ssssessssese st e s s s s s smmn e e s e s s s s sanmas e e s e reesresasssessssnnannasnnnneerres |
DECLARATION........c.oo o cemecctininiirinscssessssssmsssssnsessessssssnssssses sussssssnsnsannmsnsnansnsresssnsanasnen ]
ACKNOWLEDGEMENTS.........ccoiiiimimmmiemmminiinsiessisesnininsssissinessesnssssssssessssasnssssssesssssnsenes v
TABLE OF CONTENTS.........coiiiiiiiimniineiririniniinssssssnnssnsnessssns s es e sssnssssssnssnsssssssnsssnsnns \'
TABLE OF FIGURES .........ccoccoinnmmmmtninitiimimminnsnsmccemimssssssssnnsinsssmesssssssnsssnmsssssessnsres Vil
1. INTRODUCTION.......ccocciutummriinnirisnissassnmnenansenmsasssssnsesssssesssassssnsssnnmmsennsnnsesssesssansnns 16
2R 1 5 1 =10 20
2.1. MOLECULAR STRUCTURE OF CONJUGATED POLYMERS ......c...ccoviitiiiireanieenieienireenieeniee e 21
2.2.  ELECTRONIC TRANSITIONS BETWEEN MOLECULAR ORBITALS ......coocvirerireeniiieanieeenieesaneeeas 22
2.2.1. Absorption and allowed transitions .................c.ccoccieiioiiioiiciniioe e 22
222 The Franck-Condon PrinCiple..................cccceivoe o 23
2.2.3. The Jablonski diagram and the vibrational structure of emission and absorption
spectra 24
2.3.  EXCITED STATES IN CONJUGATED POLYMERS .........ccouttiiiiianieeiienieis st siesieesiaesnas e 25
23.1. EXCIONS. ...ttt 26
232 Dimers and @XCIMEIS ............oooe et 26
2.3.3. POIBIONS ...ttt ettt ettt 26
2.3.4. GOIMINGLE PAITS.........ooeeeeeee ettt nae st saee s 27
2.4.  TRANSPORT OF ENERGY IN CONJUGATED POLYMERS.........cccccimimiaiiiiriaiinnniee s snecinscaaens 27
2.4.1. Resonant or FOrster energy transfer................ccccccvcvvveeiiiiiecciciiniiiiiiis e 28
242 Electron exchange and Dexter transfer ...............c.cccceeveiriciciciiiiiciiiiiiiiiiicieecne, 29
2.5, EXCITON ANNIHILATION ... ..oooutiiiriicreaaraanseaeeeseeeaeesueesmstenreentesaaessmnessmeesseesnessmesenessissenienes 29
2.5.1. Triplet—triplet annihilation ....................cccccoveriieciciiinii e 29
2.5.2 Singlet-triplet annihilation ....................cccceoveiiieiciiiniiiiii e 30
2.5.3 Singlet-singlet annibilation ...................ccccccevivcaciiiiiiiiniiiesie e 30
3. EXPERIMENTAL - TIME-RESOLVED EXCITED STATE MEASUREMENTS ...... 31
3.1, INTRODUCTION.......ooivetiteeieieetee ettt esteesreeeeeeseese b e e bt e tresbeesbe e san e s mn e e se s eaeesetssats e s taa s areessanaeas 32
3.2. TIME-RESOLVED EMISSION SPECTROSCOPY .....cccuiiiiiriiiiiiiereeeeienitiesiersrnsessesassasarasssses s 32
3.2.1. SPEctral reSOIUtON ................cccocevceveiiicciii e 34
322 Energy to pixel calibration .................ccoocoioivciiiniiiiiiiie et 34
3.2.3.  Energy intensity Calibration ...................c.ccccccviiiiiiiiiiniiiiiniiiiieieeeiee e 35



3.24. The time resolution of the SPECtrOMELer ....................cc.coceeeeieeeeeeieeeeereeanna 35

3.2.5. The method of the dynamically increasing detection width ......................c............ 39
3.2.6. Laser intensity fIUCIUAHONS..................coocveiieeeieei e 43
3.3.  TIME-RESOLVED TRANSIENT TRIPLET ABSORPTION .......coiueiiitiiiiieitee e eeeeeeee e ree e en s 45

4. TRIPLET MIGRATION AND RELAXATION IN A PHOTO EXCITED

POLYFLUORENE..........ccoitttiiiittitiiinacnrresssenssesssansasesssmanesiesssnsssanessssnsnsssssnnansas e snsasens 47
4.1, INTRODUCTION .....outtiiiinitaieie et ettt ettt e teete e eae s e e eaeese s et tesaeeeee s eeeeeeereeseeenenneas 48
4.2, THEORY ...ttt ittt sttt ettt a ettt b et et e et e e eteaseaeteeensenesere ettt e s eeeee e 50
4.3, SAMPLE PREPARATION .......ooiiiiiiiiiiietiitieii et e et et e eteeteebearaeebeatsaeteeseeanessaeensseveesesaesanne e 55
4.4,  RESULTS AND DISCUSSION .......cooiiiiiiiiiiiiii ettt ettt ettt v st a b eete e eaeerae e 56

4.4.1. Fiuorescence decays in solid state and frozen solutions..............c...cc..ccccoveenn... 56
4.4.2. Photo induced triplet absorption decays of solid state and frozen solution.......... 59
4.4.3. The experimental slopes within the framework of the theory................................. 61

4.4.4. The segregation time in the framework of the theory, the variance of the triplet
DOS 63

4.4.5. Delayed fluorescence and triplet decay in liquid solutions ....................cccoueeu...... 65
4.4.6. The triplet decay of liquid as compared to frozen solution.................................... 68
4.4.7. Triplet energy relaxation as a function of ime.......................ccooeeevveieceeiecineen, 70
4.4.8. Triplet energy relaxation as a function of temperature ..................cc....ccccoovvevennnn.. 71
4.5, CONCLUSIONS. .......ceoiiiiieiitiette e ceteeeitttests s astee e s et e e aatse e te s e e etbeeetbesanssneeesaaeeasbeeeeebeeesabeesnsean 72
5. TRIPLET EXCITONS IN DEVICES......... e nnsssaiassinssssssssnsssssssens 74
B4, INTRODUCTION .......ooiiiiiittieieieite e et e ettt estestes b e eettesseessaesnsaansaannseanseesaseanseeseesebessaaesbeessnesaes 75
5.1.1. Absolute and partly relative measurements...............c.cccocrveeeciriereiiciiieenieiieee 75
5.1.2. An example of a true relative measurement ................cccococeveceeeiieenciecnreiiarieean 77
5.1.3 Phosphorescent and fluorescent dopants................cccceevveeriveercorioniccicniee e 77
51.4. Spin-resonance mMeasuremMents ..........c.ccoouevveverveiirieeic et 78
5.1.5. The present, truly relative measurement ...................c.cccccccevvieniiiiciieeniccinee, 78
5.2, THEORY ...coutiiitie ettt e et ettt e et e s st e sr e e e e e e s bt eeat e e na e e e raaesatneenetee e e s reesen e e e srnee e emaeenas 80
521. Premises for a relative @xperiment .................ccoooceeiveeeiiieinierieie e 80
522 How to account for bimolecular annihilation? .................cc.cccocevereieiiciiiiciciiiinnnn, 83
523 The time dependent triplet deNSily ................cccerviiiieciiiiiiiiiiiicccecic e 85
5.3, EXPERIMENTAL.......ccuutiiieeeeiuieeitreeseseresreasnnesasereabeesabeeeseseseareesareeasaaesaesmbessasesssrnesnenans 90
5.3.1. DEVICE TADIICALION. ............ceeeeeeeeeeeee ettt 90
532 Special experimental conditions ....................ccoccociieiiniiiviiiiieniee e 91
BB, RESULTS ..oiiitiieiioeeeeeteeeeteeeteeeteeaeeestseetbessaeaseeas e e teem et 2 beeembeeh b b e s beeem e e b e e atn e e se e sne s areenessens 92
5.4.1.  Electrical versus optical @XCIALON ....................ccccocveveveeeeriericarieinienaneeieeenenna 92

Vi



542 QUANIEALIVE TOSUIES. ...t ev e 94
54.3. The modeling of the transient triplet absorption Curves............cc....cocoecvcveenenn... 97
54.4. The singlet-to-triplet Yield ................c.ccco oo 99
5.4.5. The dependency of the fitting parameters a and ¢ on the excitation flux ............ 102
5.4.6. The thickness of the charge carrier recombination layer .....................cc..c.......... 104
54.7. An estimate of the triplet-triplet-annihilation constant........................cccccoevveuenn... 105
54.38. Photo luminescence under applied electric field...................c..cccccoovevvecveceenc.n, 106
5.4.9. The triplet exciton under applied electric field..........................cccocccevvivveveeenn.. 108
5.4.10.  Charge carrier pairs versus triplet pairs as origin of the spin-resonance signals 111
5.4.11. Geminate pair formation and recombination due to triplet-triplet-annihilation ..... 113
5.8, CONCLUSIONS......oueiitiiiii et ette ittt s ste e seeeete e tee et e ett e et esiaeeesteenteenaeesesestseeseeesaeeeenenensannans 115

6. NANOSECOND DELAYED EMISSION OF INDIRECT INTRACHAIN EXCITONS

118
6.1, INTRODUCTION .. .ooouiiiiieiiarteerteettettestaeesstesteeeseeeteeeaeeeseseseesaeesseesteeaeeersessreearseenresinreans 119
6.2.  SAMPLE PREPARATION ........ccumiiiitieiiitiieeteeiettee ettt eetteeetteestae e s ete e e e eteeeeseeessteeeereeeanraeeeenees 122
6.3, RESULTS ..ottt ettt et b e et e et esbee e e eb b e eat e e et e e e eateeeate s e arreeenaeas 124
6.3.1. SMall MOIBCUIES .............cooeeeeieeeeeeee ettt te ettt eet et 124
6.3.2. Fluorene-type oligomers and pOIYMErS...............cccoccveieeeeeceeieeieeceeeeeeeaie 126
6.3.3. Further polymeriC SYSIBMS .............c.ooocciieeeeiie ettt 129
6.3.4. The DF1 in the framework of bimolecular processes ..............c.ccccooeoecevecenecnian, 131
6.3.5. The DF1 in the framework of geminate pair recombination................................. 134
6.3.6. The DF1 in the solid-state: the temperature dependence ..................ccccccooeeeee.... 136
6.3.7. The DF1 in solid-state: Energy transfer Studies..................ccccccoovceiviiveniiiecnnncs 140
6.3.8. The DF1 in solid-state: applied electric field ..............c....ccccccovemvvieiiineciienacrinan, 145
B.4.  CONCLUSIONS........coititiietire ittt asitee i eteeeitteeretteestbaeertaesssee s taasssbeeansseasbeaeansseessneesnssaennnsens 146
7. GENERAL CONCLUSIONS ...........coooiiiimssssssssssnssssssssssssssnsssssssssnsesssnnnn 148
LIST OF PUBLICATIONS............cccoccimnnnenmmnersisenesssssssmmsmrssssssssssssmmssessanssnssssssssnsannnnns 152
REFERENGCES ...........cooiiiiciiiiiiiininisiieeensceesnnnnenneessssssssssssnnssnnsssnsnnssnnsssnssssssssssssssansassas 154

Vi



Table of Figures

FIGURE 2-1 CHEMICAL STRUCTURE OF ETHYLENE, TAKEN FROM MUROWITZ, REF 1 .............. 21
FIGURE 2-2 ILLUSTRATION OF THE FRANK-CONDON PRINCIPLE FOR A DIATOMIC MOLECULE
(TAKEN FROM REF ° HERE THE MOST LIKELY TRANSITION OCCUPIES THE THIRD

VIBRATIONAL MODE OF THE EXCITED STATE. .....coviiiiiiiii vt 24
FIGURE 2-3 JABLONSKI DIAGRAM INCLUDING ABSORPTION AND EMISSION FOR AN POLYATOMIC
MOLECULE TAKENFROMREF 6. ................ et 25

FIGURE 2-4 DIAGRAM ILLUSTRATING THE DIFFERENCES IN POTENTIAL ENERGY BETWEEN FREE
CHARGE CARRIER, GEMINATE PAIR STATE AND EXCITON STATE .......ccoovviviiniiiniineennn, 27
FIGURE 2-5 AN EXAMPLE OVERLAP BETWEEN ACCEPTOR ABSORPTION AND DONOR EMISSION

SPECTRUM (TAKEN FROMREF 8).......cooiiiiiiiieeeeeeeeeee 28
FIGURE 3-1 SCHEMATIC DRAWING OF THE TIME-RESOLVED LUMINESCENCE SPECTROMETER.
.............................................................................................................................. 32
FIGURE 3-2 DYE LASER EMISSION PROFILES AFTER EXCITATION AT 365 NM. .......ccccvvmnnenee. 33

FIGURE 3-3 EXPERIMENTAL AND THEORETICAL TUNGSTEN CALIBRATION LAMP PROFILE AND

THE RESULTING SPECTRAL INTENSITY CORRECTION CURVE. ........coocoiiiiiiiiiiiiiinins 35
FIGURE 3-4 NORMALIZED (DIVIDED BY THE GATE WIDTH) EXPERIMENTALLY MEASURED
INTENSITIES AS A FUNCTION OF THE DETECTION WIDTH FOR THE ICCD CAMERA. ......... 37

FIGURE 3-5 LASER EXCITATION INTENSITY VERSUS DELAY TIME TAKEN WITH A FIXED
DETECTION WINDOW OF 300 PS FOR A VERY FAST (BLUE) AND A SLIGHTLY SLOWER
(GREEN) TRIGGER DIODE. .....coeeuuiiitieeiiieiiae e e et eeeeetee e e e e e et e ettt e e eaeeeeastba s e e e e enannnnenans 38

FIGURE 3-6 VISUALIZATION OF THE EFFECT OF A FIXED (A) AND A LOGARITHMICALLY
INCREASING (B) DETECTION WIDTH TO MEASURE AN ALGEBRAIC DECAY WITH EXPONENT -
1. THE TRUE DECAY (THICK SOLID LINE) IS SHOWN IN A DOUBLE LOGARITHMIC FASHION.

.............................................................................................................................. 40
FIGURE 3-7 A REPRESENTATIVE RAW DATA SPECTRUM (OF 2-FLUORENE, COMPARE SECTION
6.3.2) AND THE CORRESPONDING BACKGROUND VERSUS PIXEL NUMBER. .................... 41

FIGURE 3-8 EVOLUTION OF THE ND-YAG LASER INTENSITY (3%*° HARMONIC) AFTER SWITCH ON
AT TIME ZERO. 100 LASER SHOTS WERE AVERAGED FOR A SINGLE DATA POINT. ........... 43
FIGURE 3-9 SCHEMATIC SET-UP TO SIMULTANEOUSLY PROBE THE TRANSIENT TRIPLET
ABSORPTION AS WELL AS THE FLUORESCENCE INTENSITY AFTER BOTH ELECTRICAL AND
OPTICAL EXCITATION OF A DEVICE AT LOW TEMPERATURE. ..........ccocoiiiiiiiin, 46

viii



FIGURE 4-1 THE POPULATION (GREEN) OF THE GAUSSIAN DOS (BLACK SOLID LINE) AT THREE
DIFFERENT TIMES AFTER EXCITATION AS INDICATED. THE BLUE LINE DENOTES THE
THERMAL ACTIVATION ENERGY AND THE RED LINE THE AVERAGE TRIPLET ENERGY. ......54

FIGURE 4-2 TIME DEPENDENCE OF THE AVERAGE HOPPING FREQUENCY COVERING
DISPERSIVE AND NON-DISPERSIVE DIFFUSION. .........ccoviuimeeeeeeersieseeesereeeeeeeesenenanns 55

FIGURE 4-3 THE CHEMICAL STRUCTURE OF THE INVESTIGATED AMINE-ENDCAPPED
POLYFLUORENE DERIVATIVE. ..........ootiuieeiteiieeeseeseseesesesseeseseseeneeeseeeseeeeeeeeereeneeneeenas 55

FIGURE 4-4 NORMALIZED PROMPT AND 10 MS DELAYED EMISSION SPECTRA OF A PF2/6AM4
FILM AT 15 K. PROMPT AND DELAYED FLUORESCENCE APPEAR IDENTICAL IN SPECTRAL
POSITION AND SHAPE (A). ONLY FOR THE DELAYED SPECTRUM PHOSPHORESCENCE IS
DETECTED PEAKING AT 2.17 EV (B). ALSO SHOWN IS THE 300 K ABSORPTION SPECTRUM
OF THE SAME FILM (C). ...veveveeeeeeee et e eeeee ettt et s ee e 56

FIGURE 4-5 DOUBLE LOGARITHMIC PRESENTATION OF THE FLUORESCENCE VERSUS TIME OF
10 PF2/6AM4 IMBEDDED INTO ZEONEX. FOR THE SAKE OF CLARITY THE 300 K CURVE IS
OFFSET BY TWO ORDERS OF MAGNITUDE COMPARED TO THE 15 K CURVE. THE SOLID
LINES ARE GUIDE LINES CORRESPONDING TO ALGEBRAIC AND EXPONENTIAL DECAYS,
RESPECTIVELY.......vetteteeeeteteee e et et eeeteetsteesaeseee s eesneaseseens e eseseeneeneaeeeeeaeneeneenenens 57

FIGURE 4-6 LASER POWER DEPENDENCY OF TRANSIENT TRIPLET ABSORPTION (BLUE),
PROMPT FLUORESCENCE (GREEN), EARLY TIME (RED) AND LATE TIME DELAYED
FLUORESCENCE (BLACK) COMPONENT. THE MEASUREMENTS HAVE BEEN TAKEN USING A
10 MCH SOLUTION AT 300 K RATHER THAN A FILM. IN ORDER TO SEE THAT THE GATE
TIMES EMPLOYED INDEED CORRESPOND TO DF1 AND DF2 REFER TO THE SOLUTION
DECAY KINETICS SHOWN IN FIGURE 4-13. THE SOLID LINE DEPICTS A LINEAR INCREASE
WITH LASER POWER. .....ocvvieeeeiteesete e eeseeseesesesasseseseneessassaessnseetesssssesesssnsassaenansenns 57

FIGURE 4-7 FLUORESCENCE DECAYS AT TWO EXCITATION DOSES OF 10° WT% POLYMER IN A
TOLUENE:MCH FROZEN SOLUTION AT 20 K. THE CURVES ARE NOT NORMALIZED. SOLID
LINES INDICATE ALGEBRAIC DECAYS. THE ADDITIONAL SIGNAL AT 0.1 S IS CAUSED BY
PHOSPHORESCENCE. ......ooutveeeoeeeeeeeeseteeeeeeseseeeetese e eee e eteneea e et eaeesseeseaansenenseseasane 58

FIGURE 4-8 TIME RESOLVED TRANSIENT TRIPLET ABSORPTION SIGNAL OF 10™ POLYMER IN
ZEONEX AT 15 K AND 300 K. THE CURVES ARE COMPOSED OF TWO DATA SETS OBTAINED
INDEPENDENTLY WITH ICCD CAMERA AND OSCILLOSCOPE IN ORDER TO COVER THE
INITIAL AND THE LATE TIME REGIME, RESPECTIVELY. THE ICCD CAMERA RESULTS ARE
SMOOTHED; AN ERROR BAR OF THE ORIGINAL DATA IS GIVEN. THE SOLID LINE FIT OF THE



15 K CURVE CORRESPONDS TO EQUATION 4-13. THE INSET SHOWS A TRA SPECTRUM

AT 15 K, WHICH WAS OBTAINED USING THE ICCD CAMERA. ........cooveviereeeeeeesan 60
FIGURE 4-9 SOLID STATE FLUORESCENCE DECAYS OF POLYFLUORENE (PF2/6) AT 300 K AND
A CARBAZOLE AND OXADIAZOLE CONTAINING COPOLYMER AT 15 K......cooviiviieinn. 62

FIGURE 4-10 COMPENDIUM OF NON-NORMALIZED FLUORESCENCE DECAY CURVES AT
DIFFERENT TEMPERATURE FOR 10 FROZEN SOLUTION, FILM AND 107 BY WT PF2/6AM4
INZEONEX. .....eeeeeeeeeeeeeeeees et eeee et ee et ee e et e e eee s s eeen et es e e e e e e eeeses et et e eeeeteeeseesreeeeeseeaes 63

FIGURE 4-11 THE TURNING POINT OF SEVERAL DF2 DECAY CURVES (AMONG OTHERS TAKEN
FROM FIGURE 4-10) AS A FUNCTION OF THE INVERSE SQUARED TEMPERATURE
ACCORDING TO EQUATION 4-10. THE TRUE TURNING POINT 1S ASSUMED TO LIE WITHIN
ONE ORDER OF MAGNITUDE IN TIME AROUND THE VALUES FOUND IN FIGURE 4-10,
INDICATED BY THE ERROR BARS. THE DASHED LINE CORRESPONDS TO DATA OBTAINED
EXPERIMENTALLY BY HERTEL ETAL.™ ..o 64

FIGURE 4-12 BASELINE CORRECTED 10 MS DELAYED PH SPECTRUM FROM FIGURE 4-4. ITS
FIRST VIBRONIC MODE IS FITTED TO A GAUSSIAN CURVE WITH FWHM = 61 MEV (RED
LINE). 1ttt e e e e et e e e e e e ee et ee s e n et en e 64

FIGURE 4-13 PHOTO INDUCED ABSORPTION AND DELAYED FLUORESCENCE DECAY OF A
DEGASSED 10® WT% TOLUENE SOLUTION. SOLID LINES CORRESPOND TO SINGLE
EXPONENTIAL DECAY.......ecvoeeeeeeeeeeeeeeeeeeeeseseeeseeeeeeee e eeeeeesesenenee e eeeenee e seneneeaes 65

FIGURE 4-14 LASER EXCITATION DOSE DEPENDENCY (GIVEN IN CM%) ON THE FLUORESCENCE
DECAY OF A 10 WT% MCH SOLUTION. THE CURVES ARE NOT NORMALIZED TO EACH
OTHER. <.t eeeeeee ettt eee ettt e e et ee e e s st e enesen e e ee e e e e e e e et n et e s eeea et etesenes 65

FIGURE 4-15 THE EFFECT OF OXYGEN ON THE DF2 DECAY KINETICS OF A 10 WT% TOLUENE
SOLUTION AT 300 K. THE CURVES ARE NOT NORMALIZED. .......ccvvveuervererereeeenenenenanns 66

FIGURE 4-16 FLUORESCENCE DECAY KINETICS AT 300 K OF THREE DEGASSED SOLUTIONS
CONTAINING DIFFERENT POLYMER CONCENTRATIONS. THE LASER PULSE POWER WAS
FIXED TO 100 MJ/CM?. THE EMISSIONS ARE SCALED TO THE DF1 SIGNAL THEREBY
ACCOUNTING FOR THE REDUCED ABSORPTION AT LOWER POLYMER CONCENTRATIONS.66

FIGURE 4-17 COMPARISON OF THE DELAYED FLUORESCENCE DECAYS OF A 10™ wT%
MCH/MTHF MIXTURE, EITHER IN FROZEN AND IN LIQUID SOLUTION. THE CURVES ARE
SCALED TO THE INITIAL DF1 COMPONENT. ......cvovveriiiierereeeeeeeseeere s enese e, 68

FIGURE 4-18 UPPER HALF: PH SHIFT VERSUS LOGARITHMIC TIME FOR TWO FILMS OF
DIFFERENT THICKNESS. LOWER HALF: THE THICK FILM DATASET REPLOTTED VERSUS
DOUBLE LOGARITHMIC TIME ACCORDING TO EQUATION 4-9. DATA POINTS WERE DERIVED



FROM GAUSSIAN FITS TO THE FIRST VIBRONIC OF 15 K PH SPECTRA TAKEN WITH
INCREASING DELAY. THE INSET SHOWS TWO TYPICAL PH SPECTRA AFTER DIFFERENT
DELAY TIMES. ......ooioimmiicectcees et ens e 70
FIGURE 4-19 PH INTENSITY (BLUE) AND ABSOLUTE (INCLUDING THE SHIFT THAT ALREADY
OCCURS DURING THE DELAY TIME) ENERGY SHIFT (GREEN) AS A FUNCTION OF
TEMPERATURE. DATA POINTS WERE DERIVED FROM GAUSSIAN FITS TO THE FIRST PH
MODE OF 10 MS DELAYED PH SPECTRA. ........cocuuiimiiuiiniiniiintenesecsnssee e 72
FIGURE 5-1 COMPARISON OF THE BUILT IN OF THE TRIPLET DENSITY AFTER HOMOGENEOUS
(BLACK, EQUATION 5-5) AND NON-HOMOGENEOUS TRIPLET GENERATION (RED,
EQUATION 5-8). PARAMETERS ARE [j=1=y;7 =1. THE INSET SHOWS THE SAME

GRAPHS IN A DOUBLE LOGARITHMIC PRESENTATION. .......c.cceoviviiuiiieeeiesieeeenseee s 89
FIGURE 5-2 TWO SOLUTIONS FOR THE IN HOMOGENEOUSLY TRIPLET GENERATION MODEL
(EQUATION 5-8) WITH PARAMETERS AS INDICATED AND 77 =1 c.ooovviiriieriinesenene, 89

FIGURE 5-3 SCHEMATIC DRAWING OF THE DEVICE STRUCTURE. ..........cccuvviiiiireeeeeesennnnennns 90
FIGURE 5-4 BACK (LEFT) AND FRONT SIDE (RIGHT) OF A BLUE EMITTING PSF DEVICE AS USED
FOR THIS STUDY. VISIBLE ARE THE METAL SEAL, THE ELECTRICAL CONTACTS, THE
PRESENTLY DRIVEN LARGE AREA DEVICE AND THE THREE LITTLE SUB DEVICES. ........... 90
FIGURE 5-5 CHEMICAL STRUCTURES OF THE INVESTIGATED POLYMERS. ABOVE: REPEAT UNIT
OF THE POLYSPIROBIFLUORENE HOMOPOLYMER; BELOW: THE TAD TYPE ELECTRON
TRANSPORT MOIETY THAT IS ADDITIONALLY INCORPORATED IN THE ABOVE POLYMER
BACKBONE FOR THE COPOLYMER. .......ccitiiiiiiiiiiiiii i e e e 91
FIGURE 5-6 SAMPLE HOLDER OF THE HELIUM CRYOSTAT LOADED WITH AN ORANGE EMITTING
DEVICE. ... e e 92
FIGURE 5-7 COMPARISON OF 10 MS DELAYED AND NORMALIZED HOMOPOLYMER
PHOSPHORESCENCE SPECTRA AFTER OPTICAL (PULSE WIDTH 1uS) AND ELECTRICAL (5

V, 20 1S) EXCITATION. ..o eeeeeeeeeese e eeseeeee s eeeeees e eseesee s ess e sneseeoe 93
FIGURE 5-8 SEMI LOGARITHMICAL PRESENTATION OF THE TIME-DEPENDENT DECAY OF THE
HOMOPOLYMER PH SIGNALS. SETTINGS AS IN FIGURE 5-7 ... oiviieieiiieeieieeeeeeeees 93

FIGURE 5-9 TIME DEPENDENT EMISSION INTENSITY FOR A 4 MS OPTICAL AND A 4 MS
ELECTRICAL EXCITATION PULSE. THE ELECTRICAL PULSE IS 2 MS DELAYED WITH RESPECT
TOTHE OPTICAL ONE. . ..ottt e s et e st e s e s e e e s r e na e 94

FIGURE 5-10 SEMI LOGARITHMICAL PRESENTATION OF THE FLUORESCENCE (S) VERSUS

EXCITATION PULSE LENGTH AFTER OPTICAL AND SEVERAL ELECTRICAL EXCITATIONS

" UNDER IDENTICAL CONDITIONS FOR ONE MILLISECOND PULSE LENGTH. .......ceeiennnen. 95

Xi



FIGURE 5-11 LINEAR PRESENTATION OF THE INITIAL TIME DOMAIN FROM FIGURE 5-10. IN THIS

TIME PERIOD THE 5V SIGNAL IS TOO WEAK AND HAS BEEN EXCLUDED. .........c.cccceeennnnn. 95
FIGURE 5-12 COMPENDIUM OF INDUCED ABSORPTION SIGNALS (IA) WITH CONDITIONS AS IN
FIGURE 510, ...ttt ettt ettt e e et e et e et b e e e st e e esnnteaseenea e 96
FIGURE 5-13 EARLY TIME PERIOD OF FIGURE 5-12. .......ccooiiiiiiiiiiiece et 96

FIGURE 5-14 OPTICAL AND 6 V ELECTRICAL T DATASETS FITTED TO THE HOMOGENEOUS
TRIPLET GENERATION MODEL ACCORDING TO EQUATION 5-5. FOR CLARITY THE T°
CURVE IS OFFSET BY 0.002. .....ooiiiiiiiiiieiie ittt e et ee e aee e e e e 98

FIGURE 5-15 THE SAME DATA SETS AS IN FIGURE 5-14 THIS TIME FITTED TO THE
INHOMOGENEOQOUS TRIPLET GENERATION MODEL, EQUATION 5-9. ..............coccinniee. 98

FIGURE 5-16 T* CURVES FOR 9 AND 12 V WITH SIMULATIONS ACCORDING TO THE
INHOMOGENEOUS TRIPLET GENERATION MODEL. SAMPLE HEATING CAUSES THE FAILURE
OF THE MODEL CURVE FOR THE GREEN DATASET. ........ciiiiiiiiiiiic e 98

FIGURE 5-17 DEPENDENCY OF THE TRIPLET INDUCED ABSORPTION (T) ON THE
FLUORESCENCE (S) FOR ELECTRICAL AND OPTICAL EXCITATION FOR THE HOMOPOLYMER
ON A DOUBLE LOGARITHMICAL SCALE. .......ciiiiiiiiiiiiic e 99

FIGURE 5-18 THE SAME AS FIGURE 5-17 FOR THE COPOLYMER. ..........uuviiieiiaaraeieaenicienne 100

FIGURE 5-19 DEPENDENCY OF THE FITTING PARAMETER A ON THE OVERALL EXCITON
GENERATION RATE FOR OPTICAL AND ELECTRICAL EXCITATION FOR THE COPOLYMER. 102

FIGURE 5-20 DEPENDENCY OF THE FITTING PARAMETER C ON THE OVERALL EXCITON
GENERATION RATE FOR OPTICAL AND ELECTRICAL EXCITATION FOR THE COPOLYMER. 104

FIGURE 5-21 DEPENDENCY OF THE FITTING PARAMETER A ON THE TRIPLET GENERATION RATE
AFTER OPTICAL AND ELECTRICAL EXCITATION FOR THE COPOLYMER..............ccoceuuien. 104

FIGURE 5-22 THE HOMOPOLYMER FITTING PARAMETER A VERSUS THE TRIPLET GENERATION

RATE FOR OPTICAL AND ELECTRICAL EXCITATION. ......ooviiiiiiiii e 104
FIGURE 5-23 COMPARISON OF THE FLUORESCENCE AND THE INDUCED ABSORPTION AFTER
OPTICAL EXCITATION FOR TEN MILLISECONDS. ........ccoiiiiniiiiiiiiiiiiniin e 106

FIGURE 5-24 DEPENDENCIES OF THE PHOTOLUMINESCENCE ON APPLIED REVERSE BIAS. THE
OPTICAL PULSE LENGTH WAS 10 MS AND THE REPETITION FREQUENCY EITHER 1 OR 5 HZ
AS INDICATED. DURING THE NORMALIZATION FOR THE COPOLYMER DATASETS THE
RELATIVE ORDER WAS PRESERVED. .......c.ciuiiiiiiiiii et 107
FIGURE 5-25 TYPICAL NORMALIZED PHOTOINDUCED TRIPLET ABSORPTION SIGNALS UNDER
PARTLY OVERLAPPING REVERSE BIAS AS INDICATED. ........cocooiiiie 108

Xii



FIGURE 5-26 NORMALIZED STEADY STATE VALUE AND THE INITIAL SLOPE OF THE PHOTO
INDUCED ABSORPTION SIGNAL OF THE COPOLYMER UNDER AN APPLIED REVERSE BIAS.

FIGURE 5-27 NORMALIZED TRIPLET INDUCED ABSORPTION SIGNALS OF THE COPOLYMER
AFTER 2 MS OPTICAL EXCITATION WITH DIFFERENT REVERSE ELECTRICAL BIAS AS
INDICATED. ....coiititiiiirintteneeeessetes et taeeaaeeeeeseeeeeeesesentn s s snssesnaenansnssnssnnsasnnssnsnsnnnnnnsan 114

FIGURE 6-1 COMPENDIUM OF DOUBLE LOGARITHMICAL DECAY CURVES OF SEVERAL SMALL
MOLECULES IN DILUTE SOLUTION, SOLVENT IS GIVEN IN TABLE 6-1. THE GREEN SOLID
LINES ARE LEAST SQUARE FITS ACCORDING TO EQUATION 6-1 WITH FITTING
PARAMETERS GIVEN IN TABLE 6-1........cooiiiiiiiiiiiiicccc e, 124

FIGURE 6-2 A REPRESENTATIVE DATA SET FROM FIGURE 6-1, COUMARIN 500, REPLOTTED IN
A SEMI-LOGARITHMICAL FASHION. THE SOLID GREEN LINE REFERS TO A SINGLE
EXPONENTIAL FIT TO THE PROMPT FLUORESCENCE. .........cociveieeiiieeciieecciie e 124

FIGURE 6-3 COMPENDIUM OF NORMALIZED FLUORESCENCE SPECTRA OF THE MATERIALS
SHOWN IN FIGURE 6-1 THAT REPRESENT THE PROMPT, EXPONENTIAL DECAY REGIME
(BLACK) AND THE ALGEBRAIC DELAYED FLUORESCENCE COMPONENT (RED). (IN DETAIL,
ALL TIMES NANOSECONDS: ANTHRACENE PF 5..15, DF 100..500; BBO PF 1..8, DF
20..100; COUMARIN 450 PF 5..30, DF 85..500; COUMARIN 500 PF 5..15, DF 150..500;
RHODAMINE 6G PF 5..15, DF 100..500.)......ccccciiiiiiiiiiiiiiecsiieee e, 125

FIGURE 6-4 COMPENDIUM OF FLUORESCENCE DECAYS OF FLUORENE DERIVATIVES IN A
DOUBLE LOGARITHMIC SCALE WITH THE NUMBER OF REPEAT UNITS AS INDICATED. ..... 127

FIGURE 6-5 COMPARISON OF THE NORMALIZED PF (BLACK) AND DF1 (RED) OF THREE
FLUORENE DERIVATIVES AS INDICATED. THE GREEN DOTTED LINE IS A GAUSSIAN
SIMULATION ACCORDING TO THE KETO EMISSION CENTERED AT 2.45 EV. (ALL TIMES IN
NANOSECONDS: 3-FLUORENE: PF 0..2, DF1 20..200; 100-FLUORENE: PF 0..2, DF1
10..100; 1000-FLUORENE: PF 0..2, DF1 50..200NS. .........cccovriiieiiiinie e 128

FIGURE 6-6 COMPARISON OF THE FLUORESCENCE DECAY OF THREE POLYMERIC SYSTEMS IN
A DOUBLE LOGARITHMIC SCALE. GREEN LINES ARE LEAST SQUARE FITS ACCORDING TO
EQUATION 6-1 WITH PARAMETERS GIVEN IN TABLE B-1........ccoviviiaiiiiie e 129

FIGURE 6-7 COMPARISON OF THE FLUORESCENCE DECAY UNDER IDENTICAL CONDITIONS OF
2-FLUORENE DISSOLVED IN TOLUENE (OD<0.1) BOTH, DEGASSED AND NON-DEGASSED.

Xiii



FIGURE 6-8 LASER EXCITATION DOSE DEPENDENCY OF THE DELAYED VERSUS THE PROMPT
FLUORESCENCE FOR BOTH DEGASSED AND NON-DEGASSED 2-FLUORENE TOLUENE
SOLUTIONS. ...t e e e e e eu st e e e et e ean e e ena e e enan s 133

FIGURE 6-9 FLUORESCENCE DECAYS OF MEHPPV IN TOLUENE NON-DEGASSED (BLACK OPEN
CYCLE) AND DEGASSED (RED OPEN CYCLE). THE RED CLOSED CYCLES CORRESPOND TO
THE TIME-RESOLVED TRANSIENT TRIPLET ABSORPTION SIGNAL FOR THE DEGASSED
SOLUTION. Lo e e et e et e e e e e e et e e eenes 134

FIGURE 6-10 ABSORPTION SPECTRA OF 2-FLUORENE AND 1000-FLUORENE DISSOLVED IN
TOLUENE. THE GREEN DOTTED LINES INDICATE THE LASER EXCITATION ENERGIES FOR
FIGURE 6-11, 412 AND 355 NM. ......coviiiiiiiiiiiiie ittt 136

FIGURE 6-11 DOUBLE LOGARITHMIC FLUORESCENCE DECAY OF 1000-FLUORENE SOLUTION
AFTER EXCITATION WITH TWO DIFFERENT ENERGIES. THE GRAPHS ARE OFFSET FOR
CLARITY AND THE DASHED LINE DENOTES THE TURNING POINT BETWEEN PF AND DF1.

............................................................................................................................ 136
FIGURE 6-12 NORMALIZED FLUORESCENCE DECAYS OF A 1000-FLUORENE THIN FILM EXCITED
AT TWO DIFFERENT DOSES AS INDICATED. ....ccuiiiiiiiiiiiiitiiiie et 137

FIGURE 6-13 FLUORESCENCE DECAY KINETICS OF THE COPOLYMER INCLUDING TOLUENE
SOLUTION, FILM AT 300 AND 20 K. AS USUAL THE DATA ARE ARBITRARILY OFFSET. .... 138
FIGURE 6-14 COMPENDIUM OF TIME-RESOLVED, NORMALIZED FLUORESCENCE SPECTRA OF
THE COPOLYMER TAKEN AT 20 K AND TAKEN WITH 800 PS DETECTION WINDOW. THE
BLACK SOLID LINE IS A GUIDE TO THE EYE AND THE SPECTRA ARE OFFSET FOR CLARITY.

FIGURE 6-15 NORMALIZED PROMPT AND DELAYED FLUORESCENCE SPECTRA OF 3- FLUORENE
IMBEDDED IN AN INERT MATRIX POLYMER..........coiiii e, 141
FIGURE 6-16 FLUORESCENCE DECAYS OF 3-FLUORENE IN TWO DIFFERENT SOLVENTS AS
WELL AS IMBEDDED INTO THE INERT MATRIX POLYMER ZEONEX AT ROOM AND LOW

TEMPERATURE. THE GRAPHS ARE NORMALIZED TO THE DF1 EMISSION...................... 141
FIGURE 6-17 TWO FLUORESCENCE DECAYS FROM FIGURE 6-16 THAT ARE FITTED USING
EQUATION B-3. it ettt e e e et e e s st esanb s e e s e s e banes 142

FIGURE 6-18 FIRST MILLISECOND NORMALIZED LUMINESCENCE SPECTRUM OF 100-FLUORENE
DOPED WITH ~ 10 % BY WT PTOEP. THE CHEMICAL STRUCTURE OF THE DOPANT IS
SHOWN IN THE INSET. ....oiininiiiiiiii et e e e e e et e e e 143

Xiv



FIGURE 6-19 : FLUORESCENCE DECAY CURVES OF 1000-FLUORENE IN A DILUTE SOLUTION
AND OF A THIN FILM DOPED WITH 10 % PTOEP. THE GREEN LINES ARE LEAST SQUARE
FITS ACCORDING TO EQUATION B-3. .......coiiiiiiiieiiiiie e ceeeee et 143

FIGURE 6-20 FLUORESCENCE DECAY KINETICS TAKEN AT 20 K OF THE COPOLYMER WITH AND
WITHOUT AN APPLIED BIAS VOLTAGE AS INDICATED. THE GREEN SOLID LINE INDICATES
THE DF1, THE ORANGE THE TTA COMPONENT. THESE GRAPHS ARE TAKEN UNDER
IDENTICAL CONDITIONS AND THUS CAN ABSOLUTELY BE COMPARED WITH EACH OTHER.

XV



1. Introduction

The past century saw a revolutionary increase of the use of polymers for applications to
all our benefit, which these days are implemented both in highly specialized
technological applications but also in mass-produced everyday products. Mainly, this
progress has been made possible by the matured level of chemical synthesis that now
allows tailoring the mechanical and chemical properties of polymers within an amazing
range to suit almost every application. At the same time, the production based on
polymers is often more economical when compared to alternative, non-polymeric
materials.

For a long time the most valued electrical property of polymers was considered their
intrinsic ability to prevent conduction, which made them the ideal insulating material. On
the other hand, some members of a certain class of polymers, namely conjugated
polymers, exhibit substantial electrical conductance properties. In this context, three
pioneering researchers were recently rewarded with the Noble Prize in Chemistry. Over
the past 30 years intensive research efforts have been made to further improve the
properties of these conducting polymers. However, the initial goal of a metallic polymer
of commercial value as a low-cost alternative to current metal wires will most likely not
be reached within the near future. As a consequence research activities in this field,
including those of the OEM group of the University of Durham, were reduced.

Since the early 1990’s light emitting conjugated polymers experience a considerable
renaissance as their ability to convert electric current into light is subject to intensive
research efforts. One of the goals for the near future is to revolutionize the muilti billion
dollar display market with thin, self-emitting organic displays featuring superior
brightness and viewing angles compared to current technologies. Other strategies
implement materials in laminar illumination schemes or polymeric solar cells. All these
applications seek to marry inexpensive production with the high flexibility of polymers,
which might again open up revolutionary synergetic effects.

At the moment insufficient lifetime and stability still prevent the advance of the polymer
display technology into the consumer market. Progress is often constrained by the
mutual interplay of synthesis, purification and device fabrication. In the early years many
experimental findings were explained as genuine polymer properties but were in fact
signs of backbone oxidation. Advances in chemical synthesis in conjunction with a better
fundamental understanding have enabled us to avoid or at least account for these defect

20



1 Introduction

sites. In a way one could say that organic semiconductors have to pass through a similar
history of purification development as compared to inorganic semiconductors. The
amorphous structure of polymers as compared to their inorganic counterparts further
adds to the complexity of the problem as it renders the description of the energetic
structure as well as of transport phenomena more difficult. In this context the early
characterization of these materials as one-dimensional semiconductors with a large
excitation delocalization and wave-like motion failed to predict many basic properties of
light emitting conjugated polymers. Instead nowadays a more chemical point of view is
generally adopted as excitations in these materials are considered localized and in such
migration proceeds via discrete hopping.

Many different techniques have been successfully employed in order to study the rich
photophysics of conjugated polymers. One specialized research area examines the very
weak delayed photoluminescence of organic systems, which mainly consists of
phosphorescence and delayed fluorescence. Here, after pulsed optical excitation, the
strong prompt fluorescence is omitted by means of some sort of time-gated shutter,
which then allows using very sensitive detectors for the observation of the long lived
emissions. The first experiments that employed the latter technique started in the late
1950’s with measurements in the milli- and microsecond time domain by using flash
lamps or simple shutters for pulsed excitation. In that time, research activities mainly
comprised the detection and characterization of phosphorescence and delayed
fluorescence of small molecules and organic crystals. Over the years the time resolution
of these experiments has continuously been improved thereby closely following the
development of pulsed laser excitation sources, which now extend to the nanosecond
time scale.

Using gated luminescence detection techniques, the first light-emitting conjugated
polymers were investigated in the late 1990’s. As with their small organic counterparts,
initially the main goal was to directly measure the triplet exciton energy by observing
phosphorescence spectra. This approach constitutes the only convincing possibility to
gain insight into the otherwise non-emissive triplet exciton. Initial experiments verified a
large singlet-to-triplet splitting in these materials and in such substantially supported the
excitonic model as opposed to the band model. Furthermore, it was soon realized that
the also observed delayed fluorescence provides a powerful tool in order to gain
information about the nature of conjugated polymers - maybe even more than the
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phosphorescence. Since then this delayed emission has been extensively studied and
will also be the main focus point of this study.

For the investigation of metastable particles both the time-resolution and the sensitivity
of the experimental set-up constrain the accessible time domain and in such the quality
of the prospective experimental data. For the present investigation a time-resolved
spectrometer is employed that has a subnanosecond time resolution combined with
single photon sensitivity. To the author’s best knowledge, this is the only spectrometer of
its kind for research in light emitting polymers and in fact contributed a wealth of novel
results in this field for example the first observation of genuine electrophosphorescence.

Following the introduction, the present thesis starts with a short theory chapter, which is
mainly meant to introduce the basic concepts regarding the photophysics of conjugated
organic systems, including, for example, the concept of conjugation and excitons.
Subsequently, the work focuses on three stand-alone experimental studies, which are
closely linked. In following scientific publications, each experimental chapter comprises a
brief introduction and a separate specialized theory section. Ahead of the data
presentation the unique time-resolved spectrometer is introduced in detail in chapter 3.
The phenomenon of triplet exciton migration and bimolecular annihilation in a
prototypical polyfluorene derivative after optical excitation is investigated in chapter 4.
Here, the analysis of the experimental data within a theory that relies on hopping-like
motion in a Gaussian distribution of localized states yields the first consistent picture of
triplet exciton migration in solid-state light emitting polymers. This part is also considered
to be an essential precursor to the understanding of the following two experimental
chapters.

Electroluminescence certainly is the most promising technological application of light
emitting conjugated polymers. A prime object in this field of research is the excitonic
singlet-to-triplet branching ratio after charge carrier recombination. In chapter 5 several
recent attempts to determine this ratio are discussed in view of the findings of the
previous chapter. Subsequently, a superior experimental arrangement, which is based
on relative measurements of the singlet and triplet yields after electrical and optical
excitation, is introduced and applied on polyspirobifluorene devices. From these
experiments obtained are the branching ratio and the recombination layer thickness.
Also studied are the interactions of the triplet exciton with an applied electric field. The
‘findings will have-implications on the rules to design electroluminescent devices.
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Chapter 6 presents experimental results regarding an optically excited delayed
fluorescence that decays in the nanosecond time domain. This intrachain emission,
which is generically observed in all kinds of conjugated organic systems, can neither by
explained within the frameworks of established theories nor has it been described in the
literature before. The observation of this luminescence on the one hand proves the
excellence of the time-resolved spectrometer used but on the other hand also shows
how incomplete the understanding of conjugated systems on a very basic level still is.

Finally, general conclusions are given in the last chapter.
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2.1. Molecular Structure of
conjugated polymers

The element carbon forms the
backbone of the whole organic
chemistry including, of course,
conjugated polymers. Albeit an isolated
carbon atom possesses the electron
configuration 15?2s?2p? the difference in
energy between the 2s and 2p orbitals
is small and during a chemical reaction
so-called hybrid orbitals are formed
from linear combinations of the former
2s and 2p orbitals. Depending on
reaction conditions sp®, sp® and sp
hybrid orbitals may be created. In the
latter two cases the remaining
unhybridised electrons are
accommodated in the original p orbitals,
which are oriented normally to the
direction of the sp* orbitals. Two sp
hybrid orbitals of neighbouring carbon
atoms now overlap and form a strong o
bond, which mainly determines the
geometry of the molecule. Overlap
means the sp orbitals are linearly
combined to form bonding (o) and anti-
bonding (0*) molecular orbitals and the
two electrons are accommodated in the
energetically lower o orbital. In the case
of a sp? hybridisation the two leftover p
orbitals form a m bond, where the two
electrons fill the weakly bonding
orbital leaving the corresponding anti-
bonding m* orbital empty. A simple
example of a molecule containing o (H-
‘C ‘and C-C) and  m (C-C) ‘bonds ‘is
ethylene, shown in Figure 2-1.

In some organic compounds, mainly
aromatic ring systems, several 7 bonds
overlap to create extended molecular
orbitals lying above and below parallel
to the plane of the ring molecule.
Consequently, an electron
accommodated in such a 1 orbital is
highly delocalised. Furthermore, if
several of such identical aromatic units
from a polymer backbone, then the
electron delocalization in principle
extends over the whole conjugated
polymer. However, conjugation
interruptions due to saturated bonds
(for example if nitrogen is part of the
repeat unit), twist angles between the
monomer units and ulterior distortions
lead to a finite effective conjugation
length, clearly shorter than the polymer
chain length. Typical values for the
delocalisation of an optically excited
electron are of the order of four repeat

units.

Figure 2-1 Chemical structure of
ethylene, taken from Murowitz, REF 1

Regarding the correct description of the
excited states in conjugated polymers,
the strong localization contradicts the
one dimensional semiconductor model,
which initially has been proposed by

Su, Schrieffer and  Heeger.?

-Alternatively, experimental results have

been explained - no different to small
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organic molecules - in terms of an
excitonic model according to Béssler
and co workers.® The key parameter to
distinguish between both models is the
binding energy of an excited electron
and its correlated hole. A small value
(<< 0.1eV) implies a free, wave-like
electron such as employed for inorganic
semiconductors. On the other hand,
strongly bound and localized electron-
hole pairs with a binding energy of
several hundreds of meV need to be
described by an excitonic model.
Nowadays there is an overwhelming
amount of various experimental proof
that excited electrons are indeed
strongly bound to their corresponding
hole. This, for example, can be inferred
from photoluminescence studies under
applied electric field. Here strong bias
fields are indeed required in order to
dissociate the electron-hole pair, and
thus the
Consequently, this thesis will only apply

quench luminescence.*

the excitonic model.

2.2. Electronic Transitions

between molecular
orbitals

2.2.1. Absorption and allowed
transitions

A  material irradiated by an

electromagnetic wave will absorb

energy, provided the energies of the
excitation wave match optically allowed
transitions. The Beer Lambert Law
often adequately describes the fraction
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of light of a certain
transmitted through a substance

I(x) = I(0) exp(—axx)

frequency

Equation 2-1

where / denotes the light intensity, x the
depth of material through which the
light beam has passed and a is a
frequency dependent absorption
coefficient. By their nature, transitions
in polymers are rather broad and
extend over typically 1 eV. Then it is
useful to integrate the absorption
coefficient over the frequency range
where the transition appears:
f =6.25x1025Vj"a(v)dv

Equation 2-2

The dimensionless number f denotes
the oscillator strength, which allows one
to compare the strength of different
optical transitions. A value of f= 1 is
related to a strong (allowed) and f=0 a
very weak (forbidden) transition. The
absolute number of f and hence the
intensity of the associated absorption
band is dependent on various factors,
but in most cases simple selection rules
adequately account for the strength of
electronic transitions. The basic idea is
that the system-describing Hamiltonian
can be separated into decoupled Sub-
Then

electronic transition the associated

Hamiltonians. for a strong

solution must independently be an
eigenfunction of all of these Sub-
Hamiltonians. The selection rules for
molecules be

polyatomic can
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summarized in relation to the oscillator
strength f, of a fully allowed m — m*
transition by the equation

S=pp,0,/1,
Equation 2-3

where the terms ps p, and p, are
probability factors,
electron spin, orbital symmetry, and

which represent

parity, respectively. These factors are
briefly discussed below.
o Electron spin ps

A change in electron spin during the

forbidden.

between

excitation is strongly

Consequently transitions
singlet and triplet states exhibit low
oscillator strength and ps is of order 10°°
only.
However, this selection rule breaks
down if the transition occurs in the
proximity of a heavy or paramagnetic
atom. In this case the Sub-Hamiltonians
are no longer independent of each
other and so-called spin flips become
more probable.
o Orbital symmetry p,

For an allowed transition the two
involved orbitals must simultaneously
possess large amplitudes in the same
If this is not fulfiled the

transition is called overlap forbidden.

region.

From this point of view transitions
between 7 and ™ are allowed since
their orbitals lie in the same plane and
have a high degree of spatial overlap.
The most important example for a
space forbidden transition is n « n*
where the n orbital accommodates non-
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bonding electrons (i.e. occurring if
nitrogen is part of the aromatic ring
molecule). This non-bonding orbital
occupies a different plane than the m*
and therefore this transition becomes
overlap forbidden with p, roughly 107,
e Parity p,

In general, molecules exhibit some kind
of symmetry. If for example a wave
function changes sign at a centre of
symmetry it is called ungerade (u) and
termed gerade (g) otherwise. Allowed
transitions take place between g and u,
parity forbidden are g &+ g and u <~ u
with p, being reduced to 10™.

In an unsaturated carbon linkage two p,
orbitals of different carbon atoms form a
symmetrical bonding m orbital and an
anti-symmetrical non- bonding *
orbital. Thus, for conjugated polymers
< " fransitions are strongly parity

allowed.

2.2.2. The Franck-Condon principle

Considering m < m* transitions, the
electrons in the ground state are
accommodated in a bonding orbital.
During excitation one of these electrons
is promoted into an anti bonding
molecular orbital, compare Figure 2-1.
Consequently, the equilibrium distance
between neighbouring carbon atoms
will increase if the molecule is excited.
Thus, the potential energy curves vary
for different electronic configurations.
For the purpose of illustration, the
potential curves of the ground and first

excited electronic state together with a
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selection of vibrational modes for a
diatomic molecule are shown in Figure
2-2.

Molecular
potential
energy

Figure 2-2 lllustration of the Frank-
Condon principle for a diatomic
molecule (taken from REF °. Here the
most likely transition occupies the third
vibrational mode of the excited state.

The time required for an electronic
(10" s)
compared to the time of rearranging the

transition is very short

equilibrium distance for an excited
bond. the
Condon principle follows, which states

Consequently Franck-
that the intermolecular separation is
fixed during the absorption of light and
therefore any transition is represented
by a vertical line in a potential / distance
diagram (compare Figure 2-2). The
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excited electron then occupies that
vibrational mode with the greatest
overlap with the wave function of the

original state.

2.2.3. The Jablonski diagram and
the vibrational structure of

emission and absorption

spectra

With the help of the so-called Jablonski
diagram shown in Figure 2-3, one is
now able to understand the general
structure of absorption and emission
spectra. At first the absorption starts
from the singlet ground state at v =0
(So”) and ends in the first excited singlet
state with v’ 2 0 (S;"). In an extremely
short time period of only 10 s there is
a radiationless transition from these
higher excited vibrational levels and the
system is deactivated to the lowest
excited singlet state S:°. In the next
the
excited singlet might decay to the

several hundred picoseconds
ground state Sy" — S° either radiatively
or radiationless. The latter case is
(1C).
Radiation emitted between states of the

termed internal  conversion
same multiplicity is called fluorescence

and between states of different
multiplicity phosphorescence. Following
optical excitation the triplet manifold of
the polymer is usually populated via
inter-system-crossing (ISC) from the S,
state (S, the

vibrational excess energy is lost rapidly.

— T4) and again

The depopulation of the triplet state
takes place via IC or phosphorescence
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Figure 2-3 Jablonski diagram including absorption and emission for an polyatomic molecule

taken from REF 6.

emission. For conjugated polymers the
lifetime of the latter process is of the
order of one second.

As 2-3 the

fluorescence emission spectra are

shown in Figure
mirror symmetric to the absorption
spectra due to the properties of the
involved transitions. In real
measurements the first vibronic (v = 1)
emission mode might be quenched
because of reabsorption effects.

The énergetic difference between the v
= 0 emission and v' = 0 absorption
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position is known as Stoke's Shift,
which has its origin in the Franck-
Condon-principle, see 2.2.2.

2.3. Excited
conjugated polymers

states in

After a polymer has absorbed an
incident photon and the created excited
state has lost its vibrational excess
energy, the S, state has numerous
routes for decay. Since many of these
decay chanﬁels inivorlvewthe production
of temporal intermediate states, it is
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useful to give an overview of the most
important occurring quasi-particles.

2.3.1. Excitons

As said in 2.1 the optically excited
electron is not delocalised over the
whole conjugated polymer chain but
located near its correlated hole. Such
an electron — hole pair, together with
the polymer chain distortion arising
from the excitation, can be treated as a
pseudo - particle and is known as
exciton. Two important species are
their
multiplicity: firstly the singlet — exciton

distinguished depending on
(short: singlet), which is for example
formed after a typical m — m* transition
and secondly the triplet — exciton
(triplet),
conjugated polymers is

which in optically excited
basically
populated via ISC from the singiet
state. Commonly, the triplet energy is
0.7 eV than the

corresponding singlet energy. This fact

about smaller
can be understood qualitatively. The
Pauli Exclusion Principle does not allow
two electrons with the same spin to
occupy the same orbital, hence the
electron and hole

triplet are

accommodated in different orbitals.
This leads to a reduced Coulombic
electron — electron repulsion compared
to the corresponding singlet state and
therefore the triplet energy is relatively

lower.

2.3.2. Dimers and excimers

The term dimer describes a situation in
which two identical molecules (or in the
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case of polymers, repeat units) are
close together and new bonds are
created that did not exist in either of the
original molecule. For an illustration one
might think of two identical aromatic
ring molecules in a sandwich structure.
The dimer emission spectrum is
considerably broader and shifted to
lower energies than the corresponding
monomer spectrum; the maximum
shifts from the v = 0 to v = 1 vibronic
mode. As dimers exhibit a real (weak)
chemical bond they do also have a
ground state and therefore an
absorption spectrum can be attributed.
Another class of excited species is
known as excimers. These refer to
dimers that are bound only if one
molecule is excited. Therefore the

ground state of an excimer is
dissociative and they are not detectable
with The

excimer fluorescence emission is

absorption techniques.
comparable to the dimer emission,
structureless and red shifted.

2.3.3. Polarons

When an electron is added to or
removed from a perfect polymer chain,
it will cause this chain to be deformed
and create a characteristic pattern of
bond deformation about 10 repeat units
long. Such an electron or a hole
together with its chain distortion is
called a charged polaron, P~ and P*,
respectively. In a polymer charges have
to be treated as polarons rather than

free electrons or holes.
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>
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Figure 2-4 Diagram illustrating the differences in potential energy between free charge

carrier, geminate pair state and exciton state

Important for conjugated polymers,
polarons are formed in
electroluminescent devices following

the charge carrier injection.

2.3.4. Geminate pairs

This term is used to describe charged
particles feeling their mutual Coulomb
attraction but not directly forming singlet
or triplet excitons. For example, two
oppositely charged polarons located on
neighbouring polymer chain segments
foom a geminate pair. Thermal
activation energy or an applied electric
field can lead to its dissociation into two
free polarons. Figure 2-4 illustrates the
potential energy levels for the different
processes. Visible from that figure is

also that in the absence of an electric
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field and at low temperature such a pair
can not overcome the barrier to form an
exciton and is therefore a long-lived
particle. In this situation, recombination
due to tunnelling of the electron may
give rise to delayed fluorescence.

2.4. Transport of energy in
conjugated polymers

After optical excitation the main part of
the absorbed energy is stored in terms
of excitons. Consequently, one way of
transporting energy involves exciton
migration. The second important
possibility of moving energy is direct
energy transfer. Subsequently, the
main characteristics of these two
tranébort mechaniéms are brireﬂyr

outlined.
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2.4.1. Resonant or Forster energy
transfer

This mechanism depends upon an
overlap between the emission spectrum
of an initially excited donor site and the
absorption spectrum of the finally
excited acceptor site. In early works it
was assumed that the transfer is
coherent and the composite total wave
function is a linear combination of donor
and acceptor states. The energy then
oscillates between both states (similar
to a coupled pendulum). However, the
calculated transfer rates were much too
high and it was Férster in 1959 who
focused the attention on the vibrational
acceptor states.’” Since these and
similar electronic states will strongly
couple to the excited acceptor state and
a quick decay to lower energy states
will happen, the resulting irreversibility
of the whole process makes a new
description necessary. In this context,
Forster distinguished three different
cases; for applications in this thesis and
for polymers in general the very — weak
— coupling limit is the most important
the

expressed in experimental parameters

by:
_ 113
7, R® 4n

quation 2-4

one. Here,

transfer rate is

DA

j F ()5, (a))da)J

where the important parameters are 71p,
the natural donor lifetime (in absence of
the acceptor), and R, which represents
the donor-acceptor-separation distance.
The integral basically evaluates the
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overlap the

acceptor absorbance and the donor

between normalized
emission spectrum. A nonzero overiap
integral is therefore essential for long—
range Férster— type transfer. Figure 2-5
illustrates the overlap of both spectra.

Slnooo - Acceptor

Intensity —

Absorption
' spectrum
Fluorescence

spectrum

Wavelength —
Figure 2-5 An example overlap between

acceptor absorption and donor emission
spectrum (taken from REF 8).

One can rewrite Equation 2-4 to

1 RS
KD—)A = R6

RS = 43 j - Fp(@)3 (0)da
T

Equatlon 2-5

where for the distance R, the energy

transfer from donor to

acceptor
equalizes the radiative decay of the
donor. A further simplification towards

easier observable quantities introduces

the characteristic radius E which

corresponds to the distance at which
energy transfer equally competes with
the total rate of decay of the donor:




R,
Kpa =%(&] =L(—°J witht=@,7,

R T, \R
Equation 2-6
where @&, denotes the donor
fluorescence quantum vyield in the
absence of the acceptor. For

conjugated polymers ITO is typically of

order 40 — 50 A.

2.4.2. Electron exchange and Dexter
transfer

From the overlap integral in Equation 2-
4 one infers that resonant energy
transfer is forbidden for triplet excitons
because the necessary absorption is
vanishingly small. However, if excited
donor and acceptor sites are close
enough such that their orbitals overlap
then an electron on one excited site will
have a probability to appear on the
other site. This process is termed
electron exchange energy transfer.
Typical donor-acceptor distances are in
the range of 10 to 15 A. Dexter has
developed a theory, which is especially
applicable for the important triplet —
triplet energy transfer process. The
corresponding equation reads:

2
Kp,a= %'ﬂmr IFD(E)FA (E)dE
Equation 2-7

where g, represents the exchange

energy interaction between the donor
and acceptor. Here the overlap integral
is not taken from the fluorescence but
from the nommalized phosphoresce

spectrum of the donor.
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For singlets, electron exchange energy

transfer is less important than

resonance excitation energy transfer.

2.5. Exciton annihilation

Besides so-called wunimolecular non-
radiative decay processes bimolecular
annihilation cause the decay of excited
states at high generation doses. In the
following, the most important cases
shall be briefly discussed.

2.5.1. Triplet—triplet annihilation

This in organic solids (and solutions)
important process involves the collision
of two triplet excitons. Triplet-triplet
annihilation (TTA) is also the major
depletion mechanism for the ftriplet
density in solid state conjugated
polymers as shall be shown in detail in
Chapter 4. Generally, the annihilation
process is given by:
§(So +T,)

h+h = 1

5(50 +5,)

Equation 2-8

where the right hand part should be
considered as final states since also
states

intermediate quadruple are

involved as well. The singlet exciton S,

relaxes quickly to the S, state and may

then be
fluorescence [DF].

observed as delayed
TTA has short-range electron exchange
character (see 2.4.2). Two neighbour
triplets on the same polymer chain are
whereas the

assumed to interact,
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annihilation of triplets located on
different chains is unlikely.
(see 2.34)

metastable particles as well and give

Geminate pairs are
rise to a similar delayed fluorescence.
in fact, one of the aims of this thesis is
to clarify whether TTA or geminate pair
recombination dominates the observed
delayed fluorescence in conjugated

polymers.

2.5.2. Singlet-triplet annihilation

The lifetime of the triplet is much longer

compared to the singlet making
possible the generation of high triplet
On this

especially triplet-excited states may act

concentrations. account
as efficient quenchers for singlets, for
example in electro-luminescence
devices. A bimolecular reaction where
an excited singlet S, passes its energy
in a spin allowed transition from a lower
to an upper ftriplet state is termed
singlet-triplet annihilation [STA]. The
following the

equation expresses

mechanism:
S+, =>T,+85,
T, =1, + heat

Equation 2-9

The mechanism is similar to Forster
energy transfer (2.4.1); the overlap
occurs between the fluorescence of the
singlet and the absorption of higher
lying triplet levels. Note, the reverse
when triplet

process, energy is

transferred to a singlet state, is spin
* forbidden since it involves a transition
from T, to S,.
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2.5.3. Singlet-singlet annihilation

This process is very similar to STA; the
energy of an excited singlet state S; is
not transferred to a triplet but to another
already excited singlet state. It is again
a matter of the Forster energy transfer.
The reaction can be summarized by the
following equations:
S, +8, =8 +8S,

S, =8, + heat
Equation 2-10

SSA leads to a non-linear excitation
dose dependency of the fluorescence
for

emission high doses and is

frequently observed in solid state

conjugated polymers.
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quartz cuvette for the investigation of
liquid solutions at ambient temperature.
In any case, the light emitted by the
sample is passed through an
appropriate cut off filter to reject the
excitation beam in case of photo
excitation and then focused onto the
entrance slit of a grating spectrograph,
which is equipped with a 300 lines/mm
grating of either 500 or 1000 nm base
wavelength. Finally, the luminescence
is detected by a computer-controlled,
intensified ICCD camera that replaces
the exit slit of the “image” spectrograph.
Thus, the raw data initially obtained
with  this a two

dimensional image of 572 x 736 pixels,

experiment, is

showing an approximately 300 nm wide
section of the dispersed sample
emission. Within the framework of this
study the energetic rather than the
spatial distribution of the luminescence
is of importance. Therefore, the vertical
component of the image is generally
integrated in order to obtain a common

one-dimensional emission spectrum.

3.2.1. Spectral resolution

The spectral resolution of the whole
set-up was measured as the full width
at half maximum (FWHM) of either the
third harmonic of the Nd-YAG laser
itself or a 780 nm laser diode. With a
narrow spectrograph entrance slit in
both cases a value of ~ 1 nm was
found, which exceeds the maximal
resolution of 300 nm/736
pixel, ~ 0.4 nm. This divergence has

theoretical
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several origins, for example the ICCD
camera may not be at exactly the right
angle with respect to the spectrograph.
Nevertheless, for the present study on
conjugated polymers, the spectral
resolution never limited the width of the
observed emission spectra, which are

generally much broader.

3.2.2. Energy to pixel calibration

The section of the dispersed sample
emission that is monitored by the ICCD
detector mainly depends on the chosen
spectrograph grating position. Since
there is no built-in correlation between
grating position and ICCD camera, it is
necessary to calibrate the obtained
spectrum, i.e. relate the horizontal pixel
number to the correct wavelength for a
certain fixed grating position. This was
achieved by placing a spectral
calibration lamp with a number of
known and sharp emission features into
the focus point of the spectrograph and
then monitoring the spectrum for
several grating positions. The peak
wavelengths were then associated to
the corresponding pixel numbers. In
doing so the pixel spectrum is
correlated to the true energy scale with
an accuracy of £+1 nm, which was
estimated from the variance of the
linear pixel to wavelength relation.

The whole procedure had to be
repeated for each desired grating
position and a re-calibration was
necessary after every move of the

ICCD detector. In this context, the
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known wavelength of scattered
excitation laser light (first or second
order of the Nd-YAG laser third
harmonic) was employed as a simple
test whether an active calibration curve

was still accurate.

3.2.3. Energy intensity calibration

After calibrating the energy position, the
measured emission spectra needed to
be further corrected for the energy
dependent response of the whole set-
up, since both, the ICCD detector and
the spectrograph, do not respond
uniformly for various light energies. For
the calibration, the known emission
profile of a tungsten calibration lamp
was compared with the one actually
measured. In doing so, a correction
curve was obtained, which needed to
be multiplied to every experimental
spectrum in order to obtain the true
emission profile. Again this had to be
repeated for each grating position.

3 v L v v L] L] L)

—— measured lamp profile
—— correction curve
—— real lamp profile

intensity (arb. units)

18 20 22 24 28 28 30
energy (eV)

Figure 3-3 Experimental and theoretical
tungsten calibration lamp profile and the
resulting spectral intensity correction
curve.

Representative results (for one grating
position) are shown in Figure 3-3. The
steep increase of the correction curve

observed at ~ 2.9 eV is caused by a
385 nm UV rejection filter in front of the
spectrograph, which was employed to
block excitation laser light on the ICCD
detector. The dispersion of the
spectrograph  is  proportional to
wavelength and indirectly proportional
to the photon energy. However, the
measured ICCD camera intensity (the
quantum efficiency) is for a large
spectral region nearly independent of
the incident photon energy. As a
consequence, for identical photon flux
the photon density per pixel is lower in
the red as compared to the blue energy
part of a spectrum. This is the cause of
the observed loss of sensitivity on the
low energy side of the shown tungsten
emission spectrum in Figure 3-3. In a
way the situation is comparable to a
monochromator, because the physical
horizontal width of a pixel acts like the
slit width for the monochromated light.
Using different grating positions the
overall useful wavelength range of the
whole spectrometer ranged from the
deep ultraviolet to the near infrared up
to ~920 nm, which is the sensitivity
limit of the red-enhanced photocathode
of the intensified ICCD camera.

3.2.4. The time resolution of the
spectrometer

As a matter of fact one of the most
important parameters for a time
resolved photo luminescence set-up is
the very time resolution, governing the
quality of the decay curves of excited
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species. In all of such experiments (that
do not apply deconvolution techniques)
including the present one, the overall
time resolution is determined by the
slowest component. Therefore it is
justified to separately consider the
detector - in the present case a gated
ICCD camera - and the pulsed
excitation.

The here used intensified or gated
ICCD camera electronically opens its
‘shutter’ by reversing a 100 V blocking
voltage on its input stage, which is the
photocathode. The delay between time
zero and the opening of the shutter is
known as gate time, the time period
during which the camera detects, i.e.
the shutter is open, will be referred to
as detection time, respectively,
detection window. The time resolution
of the ICCD camera on its own is then
equal to the maximum of the time it
takes to open the shutter and the
smallest step width for the change of
the gate time. For the ICCD camera 4
Picos both values are 100 ps, thus this
is the maximum theoretical time
resolution of the camera as well. In the
latter reasoning only the opening of the
shutter is considered; this implies that
with 100 ps time

integrated decay kinetics can be

resolution only

obtained. In such an experiment a set

of independent, ie. point wise,

with
example the delay time increasing in

measurements is taken, for
- 100-ps. steps- while-the detection time

covers a very long period. In order to
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the
measured data must be differentiated.

obtain the true decay curve

This, however, is often a haphazard

task, since the noise gets over
proportionally amplified. Therefore, all
the decay curves taken for this study
are measured with a detection width
small compared to the decay process
itself in order to directly, i.e. without
differentiation, obtain the true kinetics.
kinds of

measurements the time resolution is

Apparently, for those
reduced to the shortest detection width,
which is stated as 200 ps by the
manufacturer. However, such a
detection width does not give any signal
intensity, since it roughly takes 200 ps
the shutter.

Therefore the shortest useful detection

to open and close
window of the ICCD camera on its own
is 300 ps. If in a single experimental run
different  detection windows are
combined to obtain the decay kinetics
(compare 3.2.5), it becomes necessary
to know whether the intensity response
of the detector is linearly dependent on
the width,

example: does a 3 ns detection window

chosen detection for
result in ten times more signal intensity
compared to a 300 ps width? In the
latter example this would certainly not
be expected considering the fixed
200 ps it takes to open and again close
the shutter. The dependency of the set
detection time compared to the time
really applied by the ICCD camera can
be-

measuring the intensity of a continuous

experimentally- obtained - -by
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light with variable detection width. This
was done using a battery driven (i.e.
very stable) LED and the obtained
correlation is shown in Figure 3-4.
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Figure 3-4 Normalized (divided by the
gate width) experimentally measured
intensities as a function of the detection
width for the ICCD camera.

Plotted in this figure is the measured
intensity divided by the set detection
width, which was further normalized to
unity for long gate times. Apparently the
behaviour is far from being simple and
the

measured, relative intensity can even

oscillations are visible, i.e.
be higher than expected from the set
detection width. Note, the ICCD camera
is an electronic Gigahertz device and
the 100 ps that it takes to reverse the
voltage on the photocathode (i.e. open
or close its shutter) is more or less
aiready limited by the speed of light as
the potential change travels through the
detector. Therefore, the observed non-
linearity is not really surprising. The
error becomes small for detection times
exceeding ~10 ns. Note, no correction
is necessary for measurements with a
width  but

experiment with various light integration

fixed detection if an

windows is required (compare 3.2.5)
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then the width dependent response of
the ICCD camera must be accounted
for, which was done by dividing the
measured intensities by an appropriate
correction curve similar to the one
shown in Figure 3-4.

In the above paragraph the time-
ICCD
camera is estimated to be 300 ps. The

resolution for the intensified

latter  value, however, is not
automatically equivalent for the overall
system if the camera is not the slowest
component of the set-up. In the present
experiment excitation is provided by a
(165 + 5) ps pulsed Nd-YAG laser.
Ideally, the moment when the laser
pulse hits the sample should coincide
with the start of the gate width by the
ICCD camera. Since there is no
predefined zero time in the experiment
the ICCD camera needs to be triggered
by the laser. This can be achieved in
The

electronic trigger pulse prior to the laser

two ways. laser provides an
fires. However, the delay time between
electrical and optical signal has a jitter
of 30 ns, this
measurements with nanosecond time

thus, in way
resolution are not feasible. Therefore
the ICCD camera must be electro-
optically triggered, i.e. by the excitation
pulse itself. Here, the pulsed excitation
beam is split into two components: one
is used to excite the sample, the
second is focused on a fast trigger
After
detecting the trigger signal the ICCD

diode (compare Figure 3-1).

camera has a 30 ns processing time,
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Therefore the faster (40 ps rise time)
trigger diode was used for the majority
of the experiments. In any case, it is
that the
luminescence system has an overall

safe to state photo

subnanosecond time resolution.
Accordingly, excited state decay curves
were measured with typically 1 ns
smallest gate width.

In the present paragraph only photo
luminescence has been discussed, i.e.
pulsed laser excitation, although the
system is also able to measure time
resolved electro luminescence. This is
because for electro luminescence the
time resolution of the set up is very
short (10 ns) compared to the RC time
of a typical device, which is of the order
0.1..2 us depending on the applied
voltage. Therefore the resolution of the

set-up is far better compared to the

rather slow electro luminescent

processes that can anyway be

investigated.

3.2.5. The method of the
dynamically increasing
detection width

In the above paragraph the minimum
detection width, i.e. the maximum time
resolution, of the instrument is stated as
better than one nanosecond. However,
an actually “adequate” width for a
certain experiment does also depend
on the time domain, in which the
observed process decays, i.e. emits
This is a

luminescence. simple

consequence of the fact that the time
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resolution of every experiment is
inversely proportional to the signal
strength. Translated to the present
case: As the detection window is
chosen shorter fewer photons are
emitted during this period, and in an
extreme case the measure falls below
the noise level. The implications of the
above shall be further examined by
means of an example close to the
phosphorescence decay observed in
conjugated polymers: Considered is a
hypothetical excited state decay
featuring a mono exponential radiative
lifetime of one second, of which initially
no more that 10000 states can be
populated at once. The sensitivity of the
ICCD camera is arbitrarily fixed to one,
i.e. if during a certain detection window
one photon is emitted by the sample
the camera will see it, if the emission
rate falls below one only noise is
obtained. Of the

emission spectrum and (ii) the decay

interest are (i)
kinetics of the excited state. For (i) the
width has to be chosen >100 ps in
order to distinguish the signal from the
noise. The practical background for this

question is that additional decay
mechanisms, apart from emitting
luminescence, might be operative

reducing the true lifetime of the excited
state. So, if in the present example
additional non-radiative decay
mechanisms are effective to quench all
the excited states within the first 100 ps
no emission at all could be observed.

For (ii): in order to obtain the lifetime it
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is not only necessary to simply ‘see’ the
luminescence, it must also be possible
to follow its decay for, say, one order of
magnitude. Thus the detection window
is chosen to be one millisecond, which
enables one to observe the
luminescence decay up to 2.3 s and
obtain the lifetime with an error of one
millisecond.

The aforesaid applies to the simple
case of a mono exponential decay, in
which the process is fully described by
a single number - the decay time. This,
however, is the rare exception when
studying emission processes in
conjugated polymers in the time domain
that follows the decay of the prompt
fluorescence. Due to the nature of
conjugated polymers the vast majority
of delayed emission processes obey
algebraic decay laws, i.e. processes
that have their natural base in the
logarithmical rather than linear time.
This has rather drastic implication for
the choice of the ‘adequate’ detection
width: In the initial time regime such

decays will be fast and therefore

0.1

15 a ) |
] saturation level

] noise level : :
1644 . 1E4

T T
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time

require a relatively short detection
window in order to maintain a
reasonable time-resolution. As the
delay time increases the decay
becomes much slower, i.e. the
emission strength drops and thus a
longer detection width would be needed
in order to achieve a good signal to
noise ratio. Apparently, a constant
detection width in linear time cannot
solve the problem. What is needed is a
constant width in logarithmical time, i.e.
a dynamically increasing detection
width. A further visualization of the
problem is given in Figure 3-6. In case
(a), power law kinetics with an
exponent of -1 are probed using a fixed
detection window. Here the obtained
emission intensities are immediately
proportional to the luminescence decay.
However, the detection window has to
be chosen such that a decent signal
within the dynamic range of the ICCD
camera is obtained, with the latter being
between

basically the difference

saturation and noise level (shown as

saturation level

noise level

T T T ad T
1 10 100 1000 10000
time

Figure 3-6 Visualization of the effect of a fixed (a) and a logarithmically increasing (b)
detection width to measure an algebraic decay with exponent -1. The true decay (thick solid

line) is shown in a double logarithmic fashion.
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A typical (fairly strong) signal together
with a background spectrum is shown
in Figure 3-7. Apparently, the signal
two
contributions. There is the real noise,

noise consists of different
i.e. the flatness of the background,
which is about ~400, but there is also a
baseline shift, which for the shown
example is of order ~500. The latter is a

random offset of the whole baseline

and is caused by the readout
electronics of the ICCD camera.
Therefore, simply subtracting the

background would cause a certain
negative or positive offset from the true
signal. In order to avoid this problem,
the
corrected for each spectrum. Thus, the

background is  dynamically
second step involves the integration of
the

background spectrum over the desired

all emission spectra and
wavelength/pixel region (in Figure 3-7,
region (a)) but also over a region where
there is no luminescence (in Figure 3-7,
region (b)). Subsequently, it is possible

to correct for the background using the

formula:
meas(a)
] = Imeas(a) ___tvackground y meas(b)
t, T Tt meas(b) i,
’background
Equation 3-3

where the offset of the measured

intensities is subtracted for each
spectrum and a prefactor, which is
obtained from the background (red
curve in Figure 3-7), accounts for the
not necessarily identical width of the
two After

integration regions.
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the offset
background, the final step in order to

dynamically subtracting

obtain the true time depend emission
intensities /(t), is to multiply each data
point by t7, i.e. its individual inverse
detection width according to Equation
3-2.

However, for measurements in the
nanosecond time regime (t < 10 ns) this
simple normalization does not give
correct results, because of the non
linearity of the ICCD camera at short
detection windows, compare 3.2.4. To
account for this situation, a true
calibration curve was measured. To do
s0, a stabilized, battery-driven LED
(780 nm) was placed in the focus point
of the spectrograph and its emission
monitored under the same time settings
(t,) as for the real decay experiment.
Therewith, a function is obtained, which
increases linearly with {, and has a
ringing noise (compare Figure 3-4)
superimposed for short detection
windows. This point-wise calibration
then plugged the
denominator of Equation 3-2 instead of
the

emission

curve is into

tt in order to normalize
experimentally measured

intensities.

To summarize the above: the method of
dynamically increasing the detection
width allows for significantly enhanced
signal to noise ratios and,
correspondingly, the dynamic range for
the whole measurement is substantially

enlarged compared to the fixed range
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of the ICCD camera - without losing
time resolution. Thus, emission decays
of up to 15 (1) orders in intensity have
been taken in one (of course point-
wise) measurement. Note, in all double
logarithmic decay curves shown in the
following result chapters the noise and
the saturation level are not constants in
time, but obey an algebraic law with
slope -1 similar to those shown in
Figure 3-6 (b). Apparently, a constant
measure such as shown in Figure 3-6
(b) is only obtained if the true emission
decays with an exponent of exactly -1.
Any faster decaying process will result
in decreasing measured signal
intensities as time is increasing. This
can not be further compensated for with
a detection width which increases faster
than

accompanied by an unavoidable loss in

linearly, since this would be
time resolution. For example it is not
possible to apply a quadratically
increasing detection width in order to
compensate for an algebraic signal

decay with slope of —2. Nevertheless,

even for such faster decaying
emissions the linear dynamically
increased width enables one to

observed the decay for longer within
the fixed dynamic range of the ICCD
camera.

In conclusion, the greatest strength of
this
experiment is

time resolved luminescence
neither its
subnanosecond time resolution nor its
high sensitivity. It is rather the ability to

dynamically change the detection width
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during the same experimental run. This
makes it an especially powerful tool to
the
processes occurring

study delayed Iluminescence
in conjugated
polymers - far superior to any linear
light detection systems such as for
example photodiodes or

photomultipliers.

3.2.6. Laser intensity fluctuations

the
experimental measurements of photo

A major obstacle within
luminescence decays employing the
above time-resolved detection set-up is
the instability of the Nd-YAG excitation

laser.
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Figure 3-8 Evolution of the Nd-YAG
laser intensity (3"’ harmonic) after switch
on at time zero. 100 laser shots were
averaged for a single data point.
In Figure 3-8 the laser intensity after
switch on is shown versus time.
Apparently it takes about 5 min to reach
which

a stable intensity plateau,

however is stil characterized by
intensity fluctuations of the order of
10 %.

achieved by averaging 100 laser shots;

Even these 10 % are only

the true shot-to-shot fluctuation is close
to 50 %. This instability in intensity is

accompanied by a tiny spatial
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movement of the laser beam, which
however, is aggravated by the 30 m
optical delay path, compare Figure 3-1.
As a consequence, different areas of
the sample are excited. Because only a
small section of the illuminated sample
is monitored by the ICCD camera, it
follows that the actually observed
sample luminescence is subject to the
combined spatial and excitation dose
fluctuation and can in shot-to-shot
mode be as large as 70 %.

The situation would still be controliable
if the laser fluctuation would have a true
random nature. In such a situation a
higher number of averages will give
the
used here additionally exhibits long

decent signals. However, laser

time intensity instabilities of about
30 %. The only practical way to account
for these variations is to repeat the
whole measurement several times.

There is also an impact of the intensity
fluctuations on the time resolution of the
set-up. The ICCD camera is electro-
optically pre-triggered by the fluctuating
that

Consequently, the rise of the electrical

laser triggers a photodiode.
potential in the photodiode is also
subject to shot-to-shot variations. The
fixed trigger threshold of the ICCD
camera then translates these intensity
variations into a jitter in time relative to
the true arrival of the laser pulse on the
sample. For relatively low laser shots
the trigger is late, and for high intensity
early. This is the why the laser pulse is
measured much wider than theoretically
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expected, i.e. compare 3.2.4 and Figure
3-5. In order to reduce the problem one
needs to steepen the rise of the
potential, i.e. use a very fast trigger
diode. As seen in Figure 3-5 this indeed
narrows the observed laser profile
within certain limits.

The above fluctuations have a different
impact on specific experimental
situations. If the excited state features a
logarithmical luminescence decay that
lasts over several orders of magnitude
then

variations from the true decay of even

in time measured intensity
50 % will hardly have any impact on the
appearance of the decay curve if
plotted in a double logarithmical scale.
The latter is the typical situation for the
decay of the delayed fluorescence in
conjugated polymers. On the other
hand,

changes are comparably small then

if the observed luminescence

intensity fluctuations by 50 % basically
the

impracticable. This situation applies for

make whole experiment
the mono exponentially decaying
phosphorescence, which can only be
observed for about two orders of
magnitude in time. Temperature
dependencies belong to the same
category as here the signal changes
only by typically ~ 50 %.

Finally, intensity fluctuations with all
their implications could be avoided
almost completely by using a stable
excitation source other than the Nd-
YAG laser. As an example, for electrical

excitation all the aforesaid problems do
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not exists and excited state decay
kinetics are generally much easier to
measure so that the final curves appear
smoother. Also, for photo excitation one
could employ a laser diode, which
again would be much more stable as
compared to the pulsed Nd-YAG laser.
However, neither the electric excitation
nor the laser diode is fast enough to

the
which

allow for measurements in

nanosecond time regime,
actually is the unique feature of the
time-resolved spectrometer. Therefore,
one has to use the Nd-YAG laser as it
is and try to reduce the fluctuations as

much as possible.

3.3. Time-resolved transient
triplet absorption

In order to study quasi particles in
the
widely-used approach besides emission
their

transient excited state absorption. The

conjugated polymers second

spectroscopy is to observe
goal of the present experiment is to
measure the accumulation of the triplet
density as a function of time after the
switch-on of either electrical or optical
excitation and compare it with the
singlet fluorescence strength under
identical conditions. As shall be seen in
chapter 5, with such experimental data
several important parameters about
working electro luminescent devices
can be gained.

The experimental set-up is outlined with
" the help of the schematic drawing of
Figure 3-9. As shall be shown in
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chapter 5, for this experiment it is

important to suppress thermally
activated exciton migration. Therefore,
the device is mounted in a helium
cryostat that allows reaching about
15 K. Optical excitation is provided by
a400 nm laser diode module, which can
be switched on in about 5 ns. The latter
rise time also corresponds to the time
resolution of this experiment. In order to
maintain auniform illumination of the
sample the laser beam was slightly
expanded. Furthermore, the optical
excitation intensity could be varied by
means of a neutral density filter wheel.
Electrical excitation of the sample was
provided by a powerful and fast electric
pulse generator. For the whole
experiment this puise generator also
acted as the trigger master source for
the optical and electrical excitation, and
for the oscilloscope.

In both excitation modes the singlet
emission intensity was measured by
focusing the emitted fluorescence on
the

transimpedance

photodiode of a
An
appropriate cut off filter was employed

input
amplifier.

to reject excitation laser light on this
detector. The electrical signal, which is
in both excitation modes proportional to
the fluorescence intensity, is then
recorded by a fast digital oscilloscope
that has a recording depth of four giga
samples per second. However, all data
shown in this study are interpolated
from the original data set in order to

obtain a reasonable data point density.
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4.1. Introduction

Following simple spin-independent
charge carrier recombination statistics,
the triplet as compared to the singlet
state is of equal importance for
electroluminescent device applications
based on conjugated polymers.
However, there is much more
knowledge about the singlet exciton,
which is mainly caused by the fact that
the fluorescence unlike the
phosphorescence is easy to observe.
On the other hand, a profound
knowledge about the triplet exciton is of
vital interest in order to optimise state-
of-the-art devices, which consist of a
polymer layer that is doped with a
heavy metal containing complex. In
best cases the latter acts as combined
singlet and triplet emission centre and
at the same time as an energetic trap
for the triplet excitons to prevent back
transfer to the host polymer. In this
context it would be valuable to elucidate
the rate limiting factors for the guest
population and depopulation in terms of
triplet migration and triplet energy
transfer. Also of interest is the amount
of bimolecular triplet annihilation, which
will reduce the luminescence yield of
the device. A necessary first step
towards a full understanding of these
complicated guest-host systems is a
profound knowledge about the triplet
processes in the host polymer layer.
However, apart_ from the energetic

levels little is known about triplets even
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in pristine conjugated polymers. The
present chapter is intended to close this
gap as it illuminates migration as well
as energy relaxation phenomena of the
triplet exciton in a prototypical
conjugated polymer by means of time-
resolved absorption and luminescence
spectroscopy.

Typically for such studies is the
population of the triplet manifold via
photo excitation followed by inter-
system-crossing (ISC), which is more or
less efficient depending on the
conjugated polymer.® In principle short
current pulses could alternatively serve
as a direct excitation source, which was
done in chapter 5. However, the latter
method has some disadvantages
regarding triplet migration studies. First
of all, the current source is in practice a
voltage source, thus the initial charge
carrier density, concomitantly the triplet
density, is unknown. Further, the
comparatively long excitation pulses
(>1 us) limit the time resolution; charge
carriers remain, which might influence
the triplet concentration long after
and the

restricted to thin films. Thus, for the

excitation; technique is
present study pulsed laser excitation is
deemed the superior method.

Such pulsed photo excitation enables
the observation of phosphorescence
(Ph), originating from the radiative (spin
forbidden) decay of the first excited
triplet to the singlet ground state, T1 —
S0. However, this is,.independent of.the
excitation mechanism, only possible in
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the long-time region after excitation
(>10 ms) when combined with low
temperature (<100 K).">"? This very low
time resolution is not due to a lack in
sensitivity but follows from the long
radiative lifetime of the triplet state in
pristine conjugated polymers. As an
example, from the radiative lifetime of
the ftriplet, roughly one second, it
follows that only every 100000" triplet
created would decay radiatively in the
first ten microseconds. Aggravating
this, the ISC rate (for photo excitation)
and the phosphorescence quantum
efficiency, are far from unity, hence
temporally resolved phosphorescence
detection at early times after excitation
is impossible. Even at intermediate
measurement times, (Us to ms) the Ph
signal is superimposed on the strong
delayed fluorescence (DF), whose low
energy tail extends into the spectral
region of the Ph emission. Thus, a
study of triplet migration in conjugated
polymers cannot only rely on the photo
excited phosphorescence observation
because the migration of the ftriplet
excitons is much faster compared to
their radiative lifetime. Alternatively,
information about the triplet exciton in
the initial, dark period couid be gained
by studying the time-resolved transient
triplet absorption, which, however,
requires comparably high excitation
doses. In those conjugated polymers
where the DF after photo excitation
— originates from triplet-triplet-annihilation

(TTA) of course the latter contains
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information about the precursor triplet
states as well and therefore studying
the DF offers a powerful tool for gaining
information about the triplet state,
especially in the first 10 ms after
excitation.

Employing time-resolved spectroscopy
at low temperature, Romanovskii et al.
observed both, Ph and DF, emitted by
the
poly(para-phenylene)

conjugated polymer methyl-
(MeLPPP).*?

similar observations have
10, 13, 14

Recently,
been reported for polyfluorenes
and polythiophenes.'® For the present
photo luminescence study a
polyflucrene derivative was chosen, as
here the DF originates undoubtedly
from triplet-triplet-annihilation (TTA),'®
" whereas the analysis of photo
emission experiments under applied
bias voltage suggests the DF of
MeLPPP to be caused by delayed
charge carrier recombination.®

The emphasis of this investigation is to
examine the already observed delayed
luminescence in greater detail and as
such gain a deeper insight into the
nature of the triplet state in conjugated
polymers in general. Special attention is
focused on the migration and energy
relaxation of the triplet excitons and on
their lifetimes at various temperatures
including the important case of thin
films at room temperature. To do this,
mainly the DF kinetics of the polymer
were investigated as a function of
temperature and excitation dose in
environments

different covering
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solution, frozen solution, film and
blended into an inert matrix polymer.
The

complemented by

results obtained were further
time-resolved
transient triplet absorption studies and
analysed in the framework of a well-
established migration theory relying on
the hopping of localized particles in a
distribution of energy states, which is
briefly outlined below.

4.2. Theory

In general, delayed fluorescence in
organic conjugated systems potentially
originates from charge carrier
recombination (either geminate or non-
geminate), inter-system-crossing, or
triplet-triplet-annihilation. The charge
carriers for the first case are for
electrical

example available in

excitation mode'' or following high
excitation doses due to singlet-singiet-
the

this mechanism for

annihilation."  For current
considerations
delayed fluorescence is neglected, as
there is no indication of a prominent
charge carrier density after photo
excitation. Also the second possibility,
where a singlet manifold is repopulated
by the conversion of triplet excitons due
to inter-system-crossing, can safely be
discarded on account of the large
singlet-to-triplet energy splitting in
conjugated polymers, which prevents
any thermally activated back transfer.
On the other hand there is abundant
proof, either from our own, but also

from other research groups, that the
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delayed fluorescence in polyfluorene-
type polymers originates from triplet-
triplet-annihilation.'® '¢ 7

After bimolecular triplet annihilation
nine excited states are formed with
equal probability of which three have
singlet character and might potentially
be observed as delayed fluorescence.”
Since the actual triplet fission is an
electron exchange interaction, its
interaction radius is comparable to the
triplet exciton delocalization length,
which is of the order of 2 nm only. Rate
limiting for the annihilation process is
the triplet exciton migration that needs
the
the triplet
the

delayed

to bring two species within
radius. Thus,
the
understanding of

interaction
migration is key to
the
fluorescence in conjugated polymers. A
consistent picture in turn allows gaining
information about the triplet migration
from the experimentally accessible
delayed fluorescence. In the following
the scenario of triplet migration and
annihilation in an  energetically
distributed material is briefly outlined.

Starting the

equation, an excited triplet density is

from classical rate
depopulated by a combination of
monomolecular (k, representing
impurity quenching and radiative decay)
and bimolecular decay processes (y):

IO _ Gy - kn(e) — m(1)?
= GO~ kn() = m(0)

Equation 4-1

Following pulsed photo excitation the
population of the triplet manifold due to
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inter-system-crossing occurs during the
singlet lifetime, which is short (<1 ns)
compared to the typical phenomena
related to the triplet exciton. Therefore
the triplet excitation can still be
considered as pulsed respectively time
independent and the time dependent
triplet generation term in Equation 4-1
vanishes. Next, the monomolecular
term in Equation 4-1 is neglected under
the premises that non-radiative
quenching is not a major decay
mechanism and only the early time
period after (pulsed) photo excitation
(typically t < 100 ms) is considered. For
this simplified situation bimolecular
annihilation is left as the only decay
mechanism and the DF observed at a
delay time t is directly proportional to
the triplet decay, i.e. the change of the
triplet density, at the same time:

an(t) -y

DF(t) ~ ()’

Equation 4-2

therefore the initially excited ftriplet
density, ne, decays according to:
n(f)=—2
1+ yprnpt
Equation 4-3

or in general for a time dependent yrr:
no
t

1+ng IyTr (u)du
0

n(t) =

Equation 4-4

According to Smoluchowski’'s theory of
bimolecular reactions (in the asymptotic
time-independent limit) the annihilation

constant yrr is proportional to the triplet
diffusion coefficient (D), the interaction
radius (R) and the fraction of triplets
annihilated after encounter (f)*'

Yrr = 879‘RD

Equation 4-5

Using a classical, time independent
diffusion coefficient (D), Equation 4-1 to
4-5 have been applied successfully for
several organic crystals. Usually, the
results were classified whether the
radiative decay or the bimolecular
annihilation is the major decay
mechanism for the triplet excitons: If the
latter applies then DF and triplet density
obey algebraic decay Ilaws with
exponent of -2 and -1, respectively. On
the other hand, if annihilation does not
lead to a significant depletion of the
triplet reservoir (low excitation dose)
then the ftriplet density decays
exponentially with its characteristic
lifetime and the corresponding DF
decays twice as fast. Typical values for
vrr and D are of order 10'%cm®s™ and
10%cm?™, respectively.?

Unlike organic crystals, which exhibit a
nearly isoenergetic site distribution,
characteristic of conjugated polymers is
their inherent energetic and spatial
disorder. While the latter prevents
coherent motion such as in inorganic
semiconductors, the former leads to
temperature dependent energy
relaxation phenomena during the
exciton migration. This twofold disorder
renders the diffusion time-dependent,
making the mathematical treatment
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more complex than in the case of the
classical organic crystal work. In the

following the highlights of several
k22-24

earlier theoretical wor as well as
Monte Carlo simulations®*?’ on non-
equilibrium  diffusion and energy

relaxation in localized state distributions
are briefly outlined. In the framework of
these theories the ftriplet diffusion is
treated as a series of incoherent jumps
among spatially and energetically
localized states. The jump rate between

two such localized states (i,j) separated

by R;, which possess the energies &

and g, is governed by the Miller-
Abraham equations:

Ej—b'i
_ZaR - k T ’
vj =vge Ye *B ;> &,
— o 20y
vij =Vpe . Sj <&
Equation 4-6

where v, is the so-called attempt-to-

jump frequency, which is close to a
typical phonon frequency ~10'? s, and
a denotes the inverse localisation
length of the triplet exciton. Thus, jumps
downhill in energy only depend on the
separation of the considered sites,
uphill jumps additionally require thermal
activation energy. In the context of
Equation 4-6 the diffusion is referred to
as “in equilibrium” if the back and
forward jump rate between any two
sites J

and j is of nearly equal

probability, ie. kgl >> 'e,- -¢€ j| .

Otherwise the system is characterised
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by motion due to non-equilibrium
diffusion.
For organic systems, a Gaussian
distribution is always the best choice to
describe the DOS:

n(g)~e 26°

Equation 4-7

with & being the standard deviation

(width) of the distribution and ¢r the

centre energy.

After

energy within the DOS the diffusion of
in two

migration

pulsed excitation at random
the triplet excitons evolves
fundamentally  different
regimes. Firstly, motion is governed by
fast energy relaxation towards low
energy sites within the DOS. For the
migrating triplet, neighbouring sites that
qualify for the next jump with a lower
each

energy become fewer after

successful (arriving at lower site
energy) jump. Since the attempt-to-
jump frequency does not change,
successive jumps to even lower energy
sites take longer with the elapse of
more and more time after excitation.

This the (and

concomitantly y,.) time-dependent or

renders diffusion

dispersive, respectively. The exact
behaviour of D(t) is strongly dependent
on the width of the DOS and the
available thermal activation energy, i.e.
the temperature of the environment,
and is not trivial to cast into an explicit
analytical expression. Nevertheless, in
an atiempt to rsolve the rhigfaﬁoh

problem analytically in the zero-
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temperature limit (absence of thermal
activation energy) for a Gaussian
energetic site distribution Movaghar et
al. derived an expression for the time
dependence of the average hopping,
which is directly proportional to the
diffusivity and thereby to the triplet-
triplet-annihilation constant, yr:2

yrr () ~ D(&) ~ v(t) ~

tin(vot)
Equation 4-8

This expression can be approximated

~1:04 i1 the long time limit.2?

by v(t)~¢
During the thermalization period the
same zero temperature treatment of
Movaghar et al. predicts a temperature
independent relaxation of the average
energy relative to the centre of the
Gaussian DOS, which in a simplified

version yields:®

£(t) ~ —6[In(Invyr )] 2 as t > .
Equation 4-9
Both of these asymptotic

dependencies, which hold true for any
Gaussian-type DOS, were confirmed
several times using Monte Carlo
techniques for example in Ref. 7. In this
approximation neither the diffusivity nor
the

equilibrium value.

average energy reach an
Even at T =0 the excitons, which at
t=0 are excited at random within the
DOS,

energy sites, accordingly in this time

initially thermalize to lower

period Equation 4-8 and 3-9 are still

valid. However, for such a finite

temperature the diffusivity will approach

53

a quasi (only quasi because the triplet
is a transient particle) equilibrium value
after a certain delay time. At this
(temperature dependent) segregation

time t the (diffusion due to
thermalization within the DOS equalizes
the thermally activated hopping;

afterwards triplet migration is governed
by thermally assisted jumps. Now the
classical,

non-dispersive, regime is

attained, which is described by a time-

independent, but stil temperature
dependent, diffusion constant, D..
Using an effective medium

approximation, an analytic expression
for the segregation time was calculated

as:*®

o)
t,(T) = tge™ 87
Equation 4-10

where c is a constant depending on the
dimensionality of the migration; with ¢ =
0.93 or 2/3 for one-dimensional or
three-dimensional migration,
respectively.”® Again, Equation 4-10
has been systematically confirmed by
employing Monte Carlo techniques, for
example in Ref. % t, is not simply the
inverse attempt-to-jump frequency v,
from Equation 4-6 but it denotes the
dwell time for triplets that migrate
through a hypothetical isoenergetic
(6 =0) equivalent structure, i.e. the
exchange interaction strength and the
spatial site distribution are already
included. Thus, both parameters are

related to each other by






4 Triplet migration and relaxation in a photo excited polyfluorene

faster than from (b) to (c). The time-
dependent shift of the average triplet
energy <e> can be observed as a time
dependent shift of the corresponding
triplet emission.
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Figure 4-2 Time dependence of the

average hopping frequency covering

dispersive and non-dispersive diffusion.
Figure 4-2 qualitatively shows the jump
rate versus time, whereby the time is
given in multiples of the segregation
time t;. According to Equation 4-8 in the
dispersive time regime the number of
jumps in a certain unit time
asymptotically decays with a slope of
-1.04 and approaches a constant value
once equilibrium diffusion has been
attained.
Of course, the initial behaviour of the
hopping frequency in the dispersive
regime has to have some sort of cut-off
frequency for scaling reasons, which,
however, is difficult to cast into an
explicit expression and anyway occurs
which is not

in a time domain,

accessible within the present study.

4.3. Sample Preparation

The synthesis of the polyfluorene

derivative poly(9,9-bis(2-
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ethylhexyl)fluorene-2,7-diyl) end-
capped with N,N-bis(4-methylphenyl)-
N-phenylamine (PF2/6am4) (see Figure
4-3 below for chemical structure) is
described in the This

polymer rather than a more common

literature.®

polyfluorene was chosen because it
shows much less tendency to form
keto-defect sites.

Figure 4-3 The chemical structure of the
investigated amine-endcapped
polyfiuorene derivative.

In order to investigate the concentration
dependence of the decay kinetics,
dilute solutions of PF2/6am4 in either 2-
(MTHF),
methylcyclohexane (MCH) or toluene

methyltetrahydrofuran

have been prepared. The polymer
fractions were 10°, 10® and 10° by
the
concentration corresponds to = 5*10°®
After

transferring the solutions into a sealed

weight, which for lowest

mol repeat unitmol solvent.
degassing cell, attached to a quartz
the

three

cuvette, the air dissolved in

solutions was removed by
freezing-thaw-cycles. Additionally,
MTHF and MCH/toluene form clear
glassy matrices at low temperature
making possible the investigation of low
polymer concentrations imbedded in a
rigid matrix. To do so, a sealed
cylindrical quartz view port, loaded
inside the glove box under nitrogen

atmosphere with pre-deoxygenated
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polymer solution, was attached to the
cold finger of the helium cryostat. A
disadvantage of frozen solution is their
natural restriction to low temperature.
This limitation has been circumvented
by embedding the investigated polymer
into zeonex - a cyclo olefin, from ZEON.
In order to fabricate films, zeonex
containing 10* or 10° by weight
PF2/6am4, was dissolved in toluene
and subsequently drop cast onto silicon
wafers. With this procedure perfectly
clear films were obtained, exhibiting the
purple colour of PF2/6am4 solutions as
compared to the bluish appearance of
PF2/6am4 fiims. To compensate for the
low absolute absorption of these (thin,
dilute) films, typically 20 films where
stacked together forming one sample of
about 2 mm overall thickness.

The behaviour of these, supposedly
matrix isolated, polymer chains was
compared with solid-state polymer films
that have been prepared by spin
coating a 2% by weight solution of
PF2/6am4 in toluene at 2500 rpm onto
previously cleaned quartz substrates.

4.4. Results

Discussion

and

4.4.1. Fluorescence decays in solid
state and frozen solutions

In Figure 4-4 the isoenergetic prompt

(PF) and delayed fluorescence (DF) as

the red-shifted

phosphorescence (Ph) spectra are

well as

shown as observed for a thin film at

56

156 K. For the purpose of comparison
the 300 K absorption spectrum of the
same film is included as well. Very
similar spectra were obtained for the
other systems, frozen solution, solution
and thin film. Furthermore, the curves
are consistent with data published for
similar polyfluorene derivatives,'® " in
particular confirming that the different

end groups do not alter the photo

physics.
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Figure 4-4 Normalized prompt and 10
ms delayed emission spectra of a
PF2/6am4 film at 15 K. Prompt and
delayed fluorescence appear identical in
spectral position and shape (a). Only for
the delayed spectrum phosphorescence
is detected peaking at 2.17 eV (b). Also
shown is the 300 K absorption spectrum
of the same film (c).

Even if the spectral appearance of the
(normalized) PF and DF is identical, the
difference in intensity between both
kinds of emission is remarkable — 'some
ten orders of magnitude for the spectra
presented in Figure 4-4. Representing
the numerous decay curves measured
for this study, two typical temporal
the
integrated fluorescence obtained from

decay patterns of spectrally
zeonex films are presented in Figure
4-5 in a double logarithmic fashion. The
spectra of Figure 4-4 represent roughly
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the start- and endpoints of the low
temperature curve of Figure 4-5.

ns HS ms S
e B e e
10" O 15K
12 O 300K
10 ——— exponential simulation, © = 300 ps

algebraic simulation, exponent = -0.
algebraic simulation, exponent = -2

10*

ISR - RO

singlet emission intensity (arb.units)
o

10°
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10° 107 1x10°  10° 10"
time (s)

Figure 4-5  Double logarithmic

presentation of the fluorescence versus
time of 10* PF2/6am4 imbedded into
zeonex. For the sake of clarity the 300 K
curve is offset by two orders of
magnitude compared to the 15 K curve.
The solid lines are guide lines
corresponding to  algebraic  and
exponential decays, respectively.

Apart from the initial time domain, the
kinetics are far from being simply
mono-exponential and, depending on
experimental parameters such as
temperature and excitation dose, up to
five decay regimes with different
kinetics can be distinguished as follows:
Extending the

nanoseconds and only shown for the

over initial  four
low temperature curve, the tail of the
PF decay is visible featuring a nearly
mono-exponential decay, which was
simulated using a 300 ps characteristic
lifetime, green solid line of Figure 4-5.
This (slightly temperature dependent)
PF lifetime of PF2/6am4 agrees well
with data obtained using the time-
correlated single photon counting
method that are given in section 6.3.2.

Extending over the next 100 ns after
photo -excitation, a fast decaying DF

(subsequently called DF1) is just about
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visible, which obeys algebraic decay
kinetics with an exponent between -2
and -3. This emission, which has not
been mentioned in the literature before,
is truly delayed rather than the tail of
the PF as the double logarithmic graph
might suggest. For example, at 20 ns
the measured intensity is ~ 10" times
stronger than that expected from the
exponential PF decay (compare with
exponential

simulation). There are

many reasons not to assign the origin

of this kind of DF to TTA.
) linear increase, slope 1
S10°] © PlA(s5.85ns) o & ]
g < PF (0.4 ns) QY
T10°] 8 DF1 (20..500 ns) o
2
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laser excitation pulse power (uJ*cm™)

Figure 4-6 Laser power dependency of
transient triplet absorption (blue), prompt
fluorescence (green), early time (red)
and late time delayed fluorescence
(black) component. The measurements
have been taken using a 10° MCH
solution at 300 K rather than a fiim. In
order to see that the gate times
employed indeed correspond to DF1
and DF2 refer to the solution decay
kinetics shown in Figure 4-13. The solid
line depicts a linear increase with laser
power.

One is the laser excitation dose
dependency shown in Figure 4-6, which
was measured for a 10 MCH solution.
Here, gate windows were chosen such
that the intensity dependencies are
obtained selectively for the PF, DF1
and the subsequent long-time DF. The

clearly linear dependence for the early,
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The decay pattern of the DF2 emission
is fully consistent with the theoretical
expectations of bimolecular triplet
annihilation of 4.2: In the initial time
excitation and

domain after

independently of temperature,
dispersive triplet decay is observed,
which lasts up to a temperature

dependent segregation time and
afterwards turns into a non-dispersive
this full

observed only for the room temperature

decay. In fact, pattern is
decay in Figure 4-5. At low temperature
the radiative triplet lifetime is shorter
than the segregation time fy1s k) — the
non-dispersive part of the fluorescence
decay cannot be observed. The non-
dispersive, classical decay of the
ambient fluorescence curve occurs in a
time domain much shorter (<10 ps)
than the mono exponential triplet
lifetime (~1 s). Therefore the observed
-2 slope directly reflects the classical
high excitation dose situation, where
TTA is the main deactivation channel
for the triplet population, which itself
decays with an algebraic law of slope
minus one.

What is the meaning of the exponents
that were observed in the dispersive
regime, - 0.96 and -1.13 for films and
zeonex films, respectively? Again, it is
useful to consider, whether these data
represent the high or low excitation
case, or in other words, whether the
observed delayed fluorescence does
significantly deplete the triplet reservoir

or not. According to Equation 4-2, in the
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first

dependence of

-3
triplet-triplet-

case a slope of
the
annihilation ‘constant’ from Equation

(time

4-8 multiplied with the square of the
decaying ftriplet population) in the
second case a slope close to —1 (time
the

annihilation constant from Equation 4-8

dependence of triplet-triplet-

multiplied with a constant triplet
population) are expected. Apparently,
the observed decay parameters only fit
to a situation with constant triplet
population. To gain confidence in this
the

which is

assumption transient  ftriplet

absorption, directly
proportional to the total triplet density,
has been measured as a function of

time.

4.4.2. Photo
absorption decays of solid

induced triplet

state and frozen solution

The inset of Figure 4-8 shows a photo-

induced transient triplet absorption
(PIA) spectrum of 10 by wt polymer in
zeonex. This spectrum, which was
measured using the ICCD camera, is
consistent with quasi steady state
transient triplet absorption spectra of
similar polyfluorene derivatives.*' The
main part of the figure compares the
temporal decay of the photo induced
triplet absorption signal at 15 and
300 K, measured using the same
zeonex film as in Figure 4-5. Due to a
lack of a fast transimpedance detector
at the time of the measurements, the

data points are combined from two
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decay, s = - 0.04. An inherent problem
of the PIA experiment is the low
sensitivity, which required very high
(~2000 pJ) as
compared to the delayed fluorescence

excitation doses

measurements in order to achieve
decent signal-to-noise ratios. On this
account it might be more realistic to
consider the actually measured slope
as an upper limit rather than the true
triplet decay that corresponds to the
given above delayed fiuorescence
decays. Indeed, for very high excitation
doses (>2000 pJicm?) the measured
DF2 decay becomes slightly faster.
However, the experiment is difficult as
at such excitation doses the sample
already degrades. The latter obstacle
also impeded to gain solid state PIA
data.

4.4.3. The
within the framework of the

experimental slopes

theory

Next, the measured DF2 slopes in the
dispersive regime, - 0.96 and —1.13 for
thin film/zeonex and frozen solution,
respectively, are discussed in the
background of a nearly constant triplet
density. Plugging the observed time-
independent triplet density (7(t)) in
Equation 4-2, the delayed fluorescence
decay should be proportional to the
triplet-triplet-annihilation constant yrr.
The latter is proportional to the triplet
diffusivity, which

regime is approximated by Equation 4-8

in the dispersive

as  ypr(0),D(t) ~ 7104 Although
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close, neither the DF2 slopes in frozen
solutions nor those in thin fiims and
zeonex exactly match the expected
decay exponent of -1.04. Furthermore,
the deviation from the expected slope
(0.08 for both cases) clearly exceeds
the error limit of the experimentally
measured slopes (0.01). However,
Equation 4-8 describes the dispersive
triplet diffusivity only for the special
case of three-dimensional motion. For
example, in two dimensions the decay
is predicted to be faster featuring an
exponent of -1.5. As shall be shown
below, the polymer chains in frozen
solutions are neither fully isolated nor
do they behave like solid state. Instead
frozen solutions take an intermediate
position between these two extremes,
which in some (theoretical) publications
is treated as motion in systems with
fractal dimensionality. Bearing this in
mind the observed faster decay
becomes, at least at a qualitative level,
reasonable. But why is the DF2 slope in
solid state even slower than the
annihilation constant y;, -0.96 versus
-1.04? Independent of any dispersive or
non-dispersive theory, from the basic
Equation 4-2 such a situation would
require an increasing triplet population,
which is absurd. Even on a more
general level, nothing can
asymptotically decay slower than -1 as
this would require an infinite excitation
density (the number of decaying
particles approaches infinity as f — ).
Thus, is an

Equation 4-2 over
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diffusion of the host polymer chain.
Both cases can be distinguished by
the
strength as a function of polymer

measuring delayed emission
concentration.

In Figure 4-16 the room temperature
DF decay is shown for liquid solutions
at three different polymer
concentrations c. These curves are
scaled to the DF1 emission, which,
according to Figure 4-6 and Figure
4-14, has mono molecular origin. Thus,
the applied normalization in Figure 4-16
basically accounts for the increasing
the with

increasing concentration. It is found that

absorption of solutions
with increasing concentration more DF2
is emitted relative to the (de facto
normalized) absorption. i.e. a super
linear increase of the DF2 emission
contribution. Expressed in absolute
numbers the DF2 intensity relative to
the laser absorption is reduced by a
factor of six for a tenfold dilution of the
polymer, thus DF2 ~ c¢'®. A linear
concentration dependence is expected
if the DF2 is caused by intrachain
triplet-triplet-annihilation. The observed
super linear dependence of the DF2 on
polymer concentration clearly points to
an interchain origin of the delayed
fluorescence. The triplet annihilation in
solution is then governed by the
diffusion of the host polymer chain.
However, the actual triplet annihilation
has only a minor influence on the triplet
density and is not rate limiting for the

triplet decay. This means there is a
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faster quenching mechanism for the

triplet excitons compared to the
polymer chain diffusion. If one
considers the PF2/6am4 polymer

chains to be a semi rigid coil in solution,
from light scattering data® one can
calculate the collisional transfer rate of
polymer chains (carrying the triplets) in
the
Smoluchowski relationship.*® For two

solution using Einstein-
polymer chains at 1.5 10'/cm® this
2 s' (this

corresponds to pr of Equation 4-1),

encounter rate is ~

which is far slower than the observed
~210%s™ (k, of Equation 4-1) triplet

decay. Again this confirms that
bimolecular annihilation is not rate
limiting for the observed mono

exponential triplet decay. Very likely the
latter is caused by the diffusion of a
dilute triplet quencher, which together
with the solvent encounters the polymer
chain (the triplets) with a rate of
~2 10%s™. In this context oxygen is not
the quencher, as more than three
freeze thaw cycles (used here) have no
effect on the triplet lifetime. On the
other hand, in the course of the
degassing, during the melting of the
solvent, a residual water contamination
is always visible. This water pollution,
which is present in any non-treated
solvent, is a likely candidate for the

triplet quenching.
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dose, typical laser dose was ten times
less ~ 80 pJ/cm?) intrachain TTA can
be safely ruled out as main contribution
to the observed DF2. As diffusion is
also impeded, this can only mean that,
unlike in room temperature solutions, in
frozen solution the polymer chains form
clusters or aggregates, thus the case of
isolated chains no longer holds true.
This also consistently explains why
supposedly isolated polymer chains
show the solid state DF2 decay pattern.
So far, no temperature dependent light
scattering experiments have been done
but one can assume that the solubility
of the polymer in any solvent is reduced
upon lowering the temperature, which
could in the extreme case lead to phase
separation effects.

Exactly the same holds true for zeonex
films, which might be considered as a
frozen solution as well. Certainly, 107
by wt (1%) PF2/6am4 blended into
zeonex forms clusters, which is evident
from the opaque appearance and the
absorption spectra of these films.
Initially, the author hoped to achieve
truly isolated polymer chains upon
reducing the amount of PF2/6am4 in
zeonex to 10 and finally 10° by wt%.
However, even in these perfectly clear
films TTA occurs, which on its own
already shows that the polymer chains
are not isolated. Thus, one has to
conclude that the PF2/6am4 chains
imbedded in be

zeonex cannot

. considered as. truly.isolated. either. With

this background knowledge, it also
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becomes possible to discuss another
experimental result, which is surprising
at first glance but can easily be
explained by non-isolated polymer
chains. Recall the compendium of
turning times, ¢, from dispersive to
equilibrium triplet diffusion, as plotted in
Figure 4-10. There seems to be no
difference in t; between the 10* diluted
zeonex film and the 10 frozen solution
on the one hand and the solid film on
the other hand, although the chain
number per unit volume between both
systems should in principle differ by
some four orders of magnitude. In
accordance with intuitive reasoning,
Ries et al. employing Monte Carlo
techniques, found that halving the site
concentration results in an increase of
by about one order of magnitude in
time.Z Thus, translated to the present
situation, the difference should easily
be visible even within experimental
This
experimentally observed unchanged

error. is at variance to the
turning times, which further confirms
the presence of polymer chain clusters
or aggregates. Thus, all frozen solution
experiments probe the bulk rather than
isolated polymer chains. Finally, one
could also argue the other way round
as was done by Hertel et al.:"® Starting
from the assumption that the polymer
chains are truly isolated in frozen
solution. In this case the unchanged

turning times when comparing frozen

_solution and._film point_to_an intrachain

nature of the triplet migration in both
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- ep=(2.2610.0))eV,

T—-0
treatment of Movaghar et al., Ref *

described by the analytical
compare 4.2. In the lower half of Figure
4-18, the centre energies of the T1—S0
transition of the thicker film have been
replotted according to Equation 4-9.
Consistent with the theory,”® % the
energy relaxation is faster in the initial
time regime (in fact most of the
relaxation is expected to happen
between 7 and 700 ns, i.e. 0.1 — 10ty)
and turns into an asymptotic linear
behaviour for long times described by
Equation 4-9. The exact version of the
latter equation (please refer to Ref. **
) also contains a site concentration
the

thickness dependence of the energy

dependence, which explains
relaxation of the polymer films studied.
In connection with Equation 4-9, it has
that

concentrations can be accounted for by

been shown different site
a linear scaling of the attempt-to-jump
frequency v, to an effective time scaling
factor  that the

concentration.? This situation was

includes site
already illustrated in Figure 4-1, where
the diffusion rate is determined by the
green area under the DOS, which is
proportional to the height of DOS and
thus scales with the site density.
According to this approach, v, was
varied until the slope of Figure 4-18
yielded — &. The interception of this
linear fit with the energy axis yields the
non-relaxed

triplet energy

course slightly higher than the T1—-S0

which is. of.
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4-12.

value is

band
Consistently,

shown in
the
obtained for the thin film data set but, of

Figure
same

course, using another v,. This triplet
energy is in excellent agreement with
the value found for polyfluorene in
pulsed radiolysis triplet energy transfer
experiments, 2.330.1 eV*' bearing in
mind that the latter result was obtained
using a solution at room temperature,
thus bathochromic shifts can be
expected. In conclusion, solid state
phosphorescence spectra do not show
the actual triplet energy as they are
typically shifted to the red spectral
region by ~100 meV.

4.4.8. Triplet energy relaxation as a
function of temperature

In contrast to the strong disorder case,
where the diffusivity never approaches
an equilibrium value, for intermediate
disorder the average triplet energy
settles 6%/kgT below the centre of the
DOS after
reached,

equilibrium has been

ie. for t > [, compare
Equation 4-12. Therefore plotting the
T1-S0

temperature should in principle provide

maxima versus inverse
an easy and independent possibility to
determine &. Unfortunately, in the
the

equilibrium diffusion is accompanied by

present situation onset of

efficient TTA causing rapid triplet

decay. Consequently, in analogy to the

initial Ph spectra but for different

reasons, the observation of relaxed Ph

spectra is prevented as well. Such a
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spectrum would correspond to case (c)

of Figure 4-1.
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temperature (K)
Figure 4-19 Ph intensity (blue) and
absolute (including the shift that already
occurs during the delay time) energy
shift (green) as a function of
temperature. Data points were derived
from Gaussian fits to the first Ph mode
of 10 ms delayed Ph spectra.

Nevertheless, in Figure 4-19, the centre
&(T) obtained the

experimentally accessible Ph spectra

energies from
are plotted versus temperature together
with the declining Ph intensity (fixed
delay 10 ms). In the equilibrium time

£(T)

proportional to 7/T. This criterion is

domain should decrease
obviously not met as ¢(7) decreases
the

temperature, which confirms the non-

monotonically upon  raising

equilibrium nature in the whole
temperature region covered for times
up to at least 10 ms, the delay time
used to take the Ph spectra. For 10 ms
delay, from Figure 4-11 one would
expect to approach equilibrium at ~
93 K. The mean energy of the relaxed
DOS should then be shifted by —5%ksT
~ 210 meV relative to €r. Please note,
choosing a shorter delay time would still

not enable the observation of the

energetically relaxed Ph spectra, but -

only shift the onset of equilibrium to
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higher temperatures and vice versa. As
soon as equilibrium diffusion has been
achieved then the phosphorescence
spectrum cannot be observed anymore.

4.5. Conclusions

In this chapter, time-resolved delayed
fluorescence and photo-induced triplet
absorption of a prototypical conjugated
polymer have been investigated in
detail. The results are consistent with
predictions of theories relying on
incoherent hopping in an energetic
Gaussian-like distribution of localized
states exhibiting a variance of 41 meV
and a hopping time of 80 ns, which
includes the site density. This simple
set of parameters fully determines the
triplet migration as well as the triplet
energy relaxation as a function of time
and temperature for solid state
polyfluorene films.

The triplet migration evolves in two time
regimes initially characterized by
dispersive and subsequently by non-
dispersive diffusion. In the bulk in both
time regimes, triplet-triplet-annihilation
is observed, which decays
proportionally to £* and 2, respectively.
Bimolecular triplet annihilation only
becomes a major decay mechanism for
triplets in the non-dispersive regime. It
that

temperature enables the observation of

follows only sufficiently low

phosphorescence, because  here
migration is exclusively dispersive and
no other major triplet decay mechanism

apart from the radiative one is active.
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Therefore, all observed
phosphorescence spectra belong to the
dispersive time regime. These spectra
neither match the triplet DOS nor can
they ever stem from thermally relaxed
triplet excitons. The actual centre of the
triplet DOS (the triplet energy) is blue
shifted by approximately 100 meV as
compared to the centre energy of the
actually observed phosphorescence
band.

For dilute solutions, triplet annihilation
is limited by the polymer chain diffusion
and again bimolecular annihilation is
not important for the triplet decay.
Instead, rate limiting is the diffusion of a
dilute quencher, probably water.

In the framework of this study, clear
evidence is found supporting the
interchain nature of triplet migration. In
this context it was also shown that so-
called matrix isolated polymer chains,
either using frozen solutions or inert
matrix  polymers, actually form
aggregates and in such are not
isolated.
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5.1. Introduction

From both a theoretical and application-
oriented point of view the formation
ratio of singlet to triplet excitons during
charge recombination is one of the
most important issues regarding the
electro luminescence of conjugated

polymers. From simple quantum
statistical arguments one predicts that
for every fluorescent singlet another
three non-emitting triplets will be
created, which would limit the maximal
achievable intrinsic quantum efficiency
to 26 %. The

question has triggered an extraordinary

importance of the

number of publications that claim a
the
generation ratio. However, already for
the
conjugated polymer poly(2-methoxy, 5-

measure  of singlet-to-triplet

widely-studied archetypical
(2’ethyl-hexyloxy)-p-phenylene

vinylene) (MEH-PPV), the published
data contradict each other as they
cover any value between 15 and 95 %
percent singlet yield. The reason why
there is such a large spread within
these published data is simple — they
are without exception incorrect. Either
they require absolute values of many
quantities, which are usually difficult to
determine without complicated and
indirect interpretations, or they bank on
wrong assumptions. The following list of
experimental work on the singlet-to-
triplet generation ratio is not intended to

- -be-exhaustive, but.it exemplarily covers.

the different experimental approaches
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that have been tried so far. It shall
briefly be discussed why a correct
measure of the singlet generation yield
for conjugated polymers still remains an
outstanding challenge.

5.1.1. Absolute and partly relative
measurements

Several studies about the singlet
exciton generation ratio are based on a
comparison of the absolute electro and
photo luminescence yields of a

particular polymer in device
configuration. This was for example
done by Cao et al.** and Kim et al.** for
PPV the

measurement  of photo

derivatives.  However,
absolute

luminescence quantum vyield in solid
state is involved and requires a large
number of corrections, thus the values
should be treated with great care. Even
more difficult to determine are electro
luminescent quantum yields as here
one is confronted with dark current,
space charge layers, losses in the
ohmic ITO electrode and the like. In the
context of these various quenching
mechanism, the electro luminescence
quantum yield is generally dependent
on the driving current, i.e. is not a single
value as implied by the above authors.
Especially, for PPV derivatives there is
another problem as these polymers
backbone  oxidation

suffer from

resulting in ketone formation. In
electrical excitation mode these defect
sites trap electrons and act as
Since these

recombination  sites.
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defects act as non-radiative quenching
mechanism more efficient for electrical
as compared to photo excitation the
ratio of the two quantum yields does not
give a correct answer.

An interesting approach was chosen by
Segal et al**. Like Cao et al, the
fluorescence emission ratio between
and excited

optically electrically

fluorescence is the measure. But
instead of relating these emissions to
the driving current with the help of
luminescence quantum yields, the
authors measured the photocurrent in
reverse bias in order to normalize the
emission quenching. The ratio of
emission quenching to photocurrent
combined with the ratio of forward
current and electro luminescence then
yields the singlet exciton generation
ratio. Apart from uncertainties that the
latter ratio might again be influenced by
dark currents, capacity effects and the
like, the crucial point is the assumed
photocurrent vyield of 100 %, as
otherwise the measured emission
quenching is only proportional but not
identical to the measured photo current.
However, this critical assumption is by
far not fulfilled,

delayed collection field experiments by

as time resolved
Hertel et al. imply an upper limit of the
photocurrent yield at the highest
applied fields of about 10 % only*® and
as such significantly lower than unity.
Thus, the experiments. by -Segal et al.,

although interesting, will not tell
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anything about the exciton branching
ratio either.

Dhoot et al.®® tried to determine the
singlet-to-triplet exciton generation ratio
in an electrically excited MEHPPV
device at 20 K straight away by
comparing the absolute emission
quantum vyield with the absolute
electrically induced triplet absorption
strength. Considering dark currents
etc., it may be questioned whether it is
possible to correctly determine the
emission quantum yield of any device.
The main criticism concerns the
determination of the triplet generation
rate, where the authors applied a
common lock-in technique to measure
the induced triplet absorption.
Extracting the triplet generation rate
from this signal requires knowledge of
the triplet-triplet-absorption cross
section and the triplet decay kinetics.
Albeit applying independently obtained
results for the former, for the latter the
authors assumed

simply mono

exponential decay kinetics with a
voltage dependent life time of 250 ps.
However, in view of chapter 4 the triplet
decay at such high excitation doses is
nowhere near exponential but is
dominated by bimolecular annihilation.
Also the mono exponential triplet
lifetime of typical conjugated polymers
is about 2000 longer as compared to
the above employed value.'” ™ As a
excitation dose

result, increasing

(increasing voltage) causes enhanced
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bimolecular annihilation and the ‘mono
exponential’
further
triplet generation rate is drastically

lifetime appears even
reduced. Consequently the

underestimated and a lower limit for the
singlet generation of 83 % (more than
four singlets per triplet), which
increases even further for increasing

voltages, has been obtained.

5.1.2. An example of a true relative
measurement

Lin et al. measured the ratio of the
electrically and optically induced triplet
absorption under identical fluorescence
emission.”” Upon applying the singlet
lifetime and the inter-system-crossing
rate, the singlet exciton generation ratio
is found. An implicit condition for this
approach to work is that the ratio
between the differently excited triplet
excitons needs to be preserved (during
a measure run). This in turn implies that
only molecular

mono processes

(generation, radiative decay,
quenching) may (of course equally)
influence the two triplet densities. But
this is in fact not the case. The triplet
was probed at room temperature with a
quasi steady state lock-in technique.
The assumption of Lin et al. that the
room temperature triplet decay is mono
exponential with a lifetime of only
100 ys is in best case naive*® and
contradicts the findings of chapter 4.
Thus, the necessarily fixed rate of
electrically and optically excited triplet
excitons does not hold true. As a result,
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at higher excitation doses (higher
applied voltages) the authors observe
an increase of the singlet-to-triplet
generation rate, but this reflects nothing
else but the increased bimolecular
triplet annihilation activity that reduces
the triplet relative to the singlet density.
In conclusion this approach in principle
would work but at present has
generated arbitrary values, because
bimolecular triplet annihilation has not
been accounted for.

Besides, the above cited work, which
up to now has been the only one of its
kind,

fundamental mistake as most likely a

is additionally subject to a
combination of triplet and polaron
induced absorption has been probed at
room temperature rather then a pure

triplet induced absorption signal.*®-*°

5.1.3. Phosphorescent and

fluorescent dopants

Exemplary experiments are performed
by Baldo et al.>® Here the investigated
polymer in device -configuration is
doped with a singlet and a triplet
acceptor. After recombination on the
host polymer, both singlet and triplet
excitons are assumed to transfer
selectively and completely to their
corresponding guest molecule, i.e. the
transfer rate approaches unity. Upon
applying the emission quantum yields
of the two dopants, the exciton

generation ratio can be easily worked

_ out.
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Weak points are the assumed 100 %
transfer rates to the dopants, which
implies the absence of any singlet or
triplet quenching during or prior to their
transfer. Further, the emission quantum
yields of the guest molecules are
usually measured in dilute solutions
and might change within the polymeric
environment, especially on account of
the frequently observed cluster
formation of such dopants. However,
the most serious objection concerns the
implicitly assumed equivalence of the
exciton generation in a doped and an
undoped polymer film after electrical
excitation. This is clearly not the case
as the phosphorescent dopants act as
charge traps, therefore the
recombination already takes place on
the dopant sites. This fact is for
example shown by the increasing
capacity®" *?

increasing turn-on voltages for doped

and the accompanying

devices.”® Therefore, for polymeric
systems, the approach via selective
doping so far did not yield any useful
data. In addition, chemical bonding of
the dopant to the polymer backbone®
does not circumvent the fundamental
problem of charge trapping at dopant
sites and in such is unsuitable to
measure the exciton branching ratios of
pristine polymers as well.

Finally, current research unveiled an
even more fundamental problem, which
impedes the use of any heavy metal

_ _ _containing = __materials  for . __the.

determination of the singlet-to-triplet

branching ratio. Recently, evidence of a
remote, resonantly-enhanced heavy
metal effect has been provided, which
substantially increases the inter-
system-crossing rate in the presence of
heavy atom materials.>* Thus, even if it
is assumed that the charge -carrier
recombination in a phosphorescent
doped material occurs on the polymer
chain rather than on doping sites, the
initial branching ratio is not preserved
during the singlet lifetime and can
neither be reconstructed from the
measured relative doping emissions.

5.1.4. Spin-resonance
measurements

This approach is rather different from
the others as it seeks to infer the
formation cross section for singlet and
triplet excitons from the observation of
the polaron absorption signal under
magnetic resonance conditions. A more
detailed analysis of these experiments
is given at the end of the chapter in
5.4.10.

5.1.5. The present, truly relative
measurement

The present approach is very similar to
the experiments by Lin et al. (5.1.2) as
the fluorescence to triplet induced
absorption ratios are measured each
for optical and electrical excitation.” In
order to detect the induced triplet
absorption commonly used lock-in

techniques cannot account for

bimolecular triplet annihilation, i.e. they
will underestimate the triplet generation
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_measurements. on. the

rate. Also this technique requires the
triplet life time, which is an ill-defined
quantity (compare chapter 4). Thus, at
variance to all previous studies, the
present measurements are truly time-
resolved, which enables one to either
avoid or account for bimolecular triplet

annihilation in a straight forward
manner.
In previous studies mainly PPV

derivatives have been used that are
known to be susceptible to backbone
oxidation that causes keto defect
formation thereby preventing an
accurate comparative measurement.
Here hermetically sealed devices with
either a polyspirobifluorene (PSF) or a
polyspirobifluorene with a
copolymerized hole transport moiety as
active materials were investigated.
Unlike many common polymers, PSF is
inert against backbone oxidation, as a
consequence of its doubly bonded spiro
bridge. Though it was not explicitly
mentioned, optical singlet exciton
generation with a potential efficiency
less than unity, i.e. direct charge carrier
generation, is another problem with
earlier measurements. In this context
commonly used PPV derivatives exhibit
quantum yields in dilute solutions that
are considerably smaller than unity and
it is unclear what the cause for this drop
in efficiency is. Again polyfluorene
derivatives seem to be much better
suited to perform accurate

singlet

generation ratio, because here the sum
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of the photoluminescence - plus inter-

system-crossing quantum yield
approaches 98 % (in dilute solutions)
and in such leaves little or no room for
a significant amount of photo generated
charge carriers. However, in order to
further reduce potential charge carrier
generation, here the sample is excited
right on the absorption edge at 401 nm.
For a typical polyfluorene absorption
spectrum refer to Figure 4-4 in chapter
4

In typical devices as used in the above
referenced works, charges are present
in high concentrations as the driving
current through common devices is
limited. This

example confimed by the voltage

space charge is for
dependent induced absorption spectra
as here strong polaron features are
visible that even occur before the turn-
on of the device.*” *° In the context of a
singlet-to-triplet generation ratio
experiment such a charge density is
unwanted, because exciton-polaron

interactions cannot be excluded.
However, for polyfluorenes, but not for
PPV's, it is possible to alter the current
flow from space charge to injection
limited by using oxygen plasma cleaned
ITO electrodes.®® % The capacity, i.e.
the charge carrier density of such a
lower as

device is significantly

compared to commonly fabricated

devices, which is for example

demonstrated by reduced turn-on
voltages. For the present studies such

state-of-the-art devices are used, and,
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as shall be demonstrated, the results
are not influenced by exciton polaron
interactions.

The
investigation is manifold. The singlet-to-

outcome of the present

triplet generation ratio seems to be
with  the
expected 1:3 limit; ratios of order 1:1 or

consistent theoretically
even higher can safely be excluded.
Also, the existence of a certain charge
carrier recombination zone for electrical
excitation is confirmed by applying a
that
dependent ftriplet accumulation in a

model describes the time
polymer film at continuous excitation in
the framework of bimolecular triplet
annihilation. Depending on the material,
exponential layer thicknesses of 6 and
12 nm are obtained. Furthermore and

unlike the classical treatment, the

triplet-triplet  annihilation in  the
dispersive triplet migration regime
needs to be described by an

annihilation constant that depends on
excitation density. A quantitative value
for this figure has been estimated.
Finally, the interactions of the singlet
and triplet excitons with an applied
electric field have been studied. Here
evidence for singlet exciton-polaron
quenching is found. Also, triplet-triplet
annihilation seems to be a source of
geminate pairs, which might either
recombine or, especially if a stimulating
electric field is applied, fully dissociate.
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5.2. Theory

5.21. Premises for a relative

experiment
In the following an expression is
derived that
crossing rate and the singlet-to-triplet

links the inter-system-
generation rate to a set of four
guantities, namely the singlet and the
triplet density after both optical and
electrical excitation. The novel feature
is that this should be a truly relative
measurement and this in a twofold
sense. In such neither the optical
excitation dose nor the driving current
for electrical excitation need to be
known. Instead only proportional singlet
and triplet quantities need to be
measured (individually for optical and

electrical excitation) but these under

identical  excitation dose each.
Furthermore, these two individual
experiments (electrical and optical

excitation) shall be relative to each
fixed
proportion. In order to maintain this

other in an unknown but

condition the triplet (respectively
singlet) proportional quantity needs to
be measured under the same
experimental condition (geometry of the
set-up) for both electrical and optical
excitation.

The definitions of the triplet and singlet
need to be

quantities, which

experimentally accessible, are
introduced as follows:
T for the triplet exciton

S for the singlet exciton
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in 5.2.3 these
signals might for exampie be identified
with
fluorescence but could also be transient
further
necessary to distinguish whether a

As shall be shown

phosphorescence and

absorption signals. It s

signal originates from electrical or

optical (photo) excitation, which is
indicated by the superscripts e/ and opt,
respectively. The following definitions
for quantities shall be used in order to
relate the measured quantities to the

exciton generation rates:

G/ total (singlet and triplet)
exciton generation rate after
electric/optical excitation

x , triplet generation ratio after
electrical excitation

K'[SC, inter-system-crossing ratio

€ , constant of proportionality between
the triplet proportional signal (7) and
the actual triplet density
J, constant of  proportionality
between the singlet proportional signal
(S) and the actual singlet density
Using these definitions the measured
quantities are given by the following
four equations:
T :5Gel(l+(l_l)’flsc)
T — oG KISC
§% =867 (1-x")(1- 1)
8P = 8G (1 - k™)
Equation 5-1

One might find it strange that (not
measurable) exciton generation rates
rather than laser flux or current are
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introduced in the above definitions. In

principle one could replace, for

example, G® with @I where | denotes

the current through the device and ¢ is

a positive constant smaller than one
that accounts for dark currents and the
like.
however, would not yield any more

In view of Equation 5-3 this,
information and thus is omitted in

Equation 5-1. x15C

and y are
the

normalized overall exciton generation in

introduced as fractions of
optical and electrical excitation mode,
respectively, rather than as rates. In
such a way they can take any value
between zero and one. Usually inter-
system-crossing rates are measured in
dilute

however,

polymer  solutions. Here,
the experiments will be
performed on devices, i.e. solid state
samples. It does not matter in this
context that the fluorescence guantum
yields in solid state typically drop by a
factor of three compared to solution,
because the number of observed
triplets relative to the number of
emitting (note, not generated) singlets
is still preserved. In this context the
emitting singlets (the fluorescence), not
the actually generated singlets, will be
the measure. It is therefore legitimate to
employ solution inter-system-crossing
yields for the subsequent calculations.
Finally, throughout this investigation

K'ISC is assumed identical for electric

or optical excitation.
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The constants &, £ merely describe the

proportionality between the measured
signals and the exciton densities. In
such a way they are insensitive to

whether an exciton density was
optically or electrically excited.
Important for this whole relative

approach to work is that there is only
one 5 and ¢ for both electrical and
optical excitation, respectively.
Therefore it is of great importance that
the experimental set-up does not move
between the joint optical and electrical
probes.

In dividing the two sets of singlet and
triplet probes in Equation 5-1 by each
the

proportionality are eliminated and two

other, above constants of

new ratios are obtained:
Tel B Ge/ (Z+(1_Z)KJSC)
Tapt - Gopt KISC
Sel Gel
Sapl = Gop}
Equation 5-2.

-2

Finally, these two ratios of Equation 5-2
are again divided by each other in order
to obtain a true time and excitation
independent constant that links the
triplet generation constant with the
inter-system-crossing constant.

T 8%  x+(1-p«™

Tom gl (l—,()KISC

Equation 5-3

The optical and electrical generation
rates cancel out in Equation 5-3 even if
they would be time dependent rather
than true rates (think of an RC time
constant in a device, which would make
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G time dependent). The important
premises for this approach to work are
the identical excitation rates for the two
different probes, the triplet (7) and the
singlet (S) as well as the unchanged
experiment conditions when going from
an electrical to an optical detection. Of
course, an implicit condition is that
electrically and optically excited
excitons are identical and furthermore
the environment after both excitation
modes is undistinguishable as well.
Then the (differently) excited excitons
are exposed to the same quenching
mechanisms and should exhibit the
lifetime. For this
the actual

potential mono molecular quenching

same relative

experiment, nature of
mechanisms is of no importance as
these cancel out in Equation 5-3 as
long as they apply for both electrical
and optical excitation mode in the same
way. A phosphorescence emission
quantum yield smaller than one in the
case of a

triplet  proportionally

measurement (7) is such a case.
Similarly, it would not matter whether or
not all emission events are collected,
but an arbitrary time window can be
the

detection; however, it has to be the

chosen for phosphorescence
same for the two excitation modes in
order to have an identical ¢ for electrical
and optical excitation.

In principle all of the above also applies
to exciton quenching sites as these act
mono-molecularly and as such it should

not matter, which excitation mode is
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used. However, some quenching sites,
namely keto defects but also metal
impurities, act as charge traps and
recombination centres predominantly in
electrical excitation mode. For example
optically as compared to electrically
excited polyfluorene derivatives feature
much lower keto defect emission
strength.*® Still, this would not be a
problem as long as these electrically
excited defect sites do not transfer into
polymer triplets, as such a situation
would still be similar to a dark current
and thus would be included in the
electric excitation, G®. However, at
present the deactivation channel via
triplet transfer for the keto defect sites
cannot at all be ruled out, especially as
the polymer triplet energy is lower as
compared to the energy of the defect
This
generation channel

exclusive
the
excitons in electrical but not in optical

sites. opens an

for triplet
excitation mode. Therefore for an
accurate measurement any impurities
in the active polymer layer need to be
avoided.

5.2.2. How to for

bimolecular annihilation?

account

The above derivation of Equation 5-3
critically relies on the linearity between
the measured singlet and triplet
proportional probes (S, T), respectively,
with their corresponding singlet and
This in
particular implies that any bimolecular

triplet generation rates.

processes such as triplet-triplet-
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annihilation or singlet-singlet-
annihilation need to be avoided.
However, singlet annihilation is

certainly not a dominant quenching
mechanism in the present experiments,
because the maximal excitation doses
employed here (< 30 mW/cm?) are far
too low to render this process possible.
As such, any singlet probe will always
fulfil the
consequence of its long lifetime it is the

linearity criteria. As a
triplet which is the problematic exciton.
Therefore one should mainly be
concerned about bimolecular triplet
annihilation. The latter triplet quenching
mechanism reduces the triplet relative
to the singlet density and as such
produces unrealistically high singlet-to-
triplet generation ratios. In fact this is
one of the main reasons for the high

singlet-to-triplet  generation  ratios
obtained in most previous
measurements.

Nevertheless, considering the inherent
quadratic dependence on excitation
dose, bimolecular quenching can be
suppressed by wusing low doses.
However, a measurement point at a
single low dose on its own is not
sufficient to discriminate linear from
quadratic behaviour; instead here each
triplet signal shall be measured as a
function of excitation dose. Then a
linear behaviour of the measured
quantity versus the excitation dose
indicates the absence of bimolecular

processes and the slope of such a
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relation corresponds to the required
triplet generation rate.

In this context what would be the best
way to linearly vary the excitation dose?
In electrical excitation mode one could
for example alter the driving voltage.
However, there is no linear dependency
between applied voltage and electrical
excitation (current) for a device. Better
suited here are measurements as a
function of excitation pulse length for a
fixed voltage. Provided the pulse length
is much shorter than the triplet lifetime
then the triplet excitons will accumulate
within the device. Then a longer pulse
corresponds to a higher excitation dose
and this approach beyond doubt
guarantees a linear relation between

excitation dose and exciton generation

(note, not the actual measured
density!).
A potential source for the optical

excitation would be the 170 ps pulsed
Nd:YAG laser from chapter 4. However,
for the present experiments this laser is
far too unstable. Instead a cw stabilized
401 nm laser diode module is used that
features a rise time after switch-on of
~50 ns. Likewise for the electrical
excitation, the optical excitation dose is
then a linear function of the excitation
pulse width after switch-on.

To summarize the above, for both
optical and electrical excitation mode
the experimental triplet quantities are
measured as a function of puise length
after switch-on of the excitation. In
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doing so the time parameterises the
excitation dose.

Having clarified the excitation mode, it
remains to consider potential
experimental ways to measure the
quantities, which are proportional to the
singlet and triplet exciton.

The simplest probe for the singlet
exciton (S) is to monitor the

fluorescence. The Ilatter could be
measured using a photodiode or a
photomultiplier, whose output signal is
directly proportional to the light flux
rather than the singlet exciton density.
As such one would probe the emission
rate under a certain excitation dose.
Another possibility is to accumulate the
overall fluorescence of the excitation
puise, for example, by using the ICCD
camera set-up described in section 3.3.
Such an approach yields the integrated
fluorescence intensity. In any case the
(~2 ns)
compared to the excitation pulse.

singlet lifetime is short

Therefore the singlets do not
accumulate during the excitation pulse.
For the triplet excitons, unlike the
singlet, it is difficult to employ excitation
pulses that are long compared to the
triplet lifetime, which is of the order of
500 ms. On

impracticable

this account it is
to probe something
proportional to the triplet generation
rate. Instead of this for the triplet
exciton, integrated signals are always
measured. This could for example be
the_phosphorescence as a.function of

pulse width using the ICCD camera. In
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such an experiment the variable
excitation pulses need to be short
(< 10 ms) the

phosphorescence lifetime that they can

compared to

stil be considered as pulsed. The
then Dbe
(fixed)
detection window after the excitation

phosphorescence  might

monitored by using any
pulse. Alternatively, the triplet exciton

can be probed by its transient
absorption. Here a photodiode, which
responds to the infrared probe beam,
monitors the integrated triplet signal in
real time, compare section 3.3.

On the whole, it would either be
possible to use the time-resolved
photodiode set-up or the ICCD camera
the

quantities. Furthermore, one could even

in order to gain necessary
network both set-ups as for example
the triplet could be probed with the
photo diode and the singlet with the
ICCD camera. This, however, requires
a change of the experiment without
changing the optical excitation intensity.
On this account it seems better to
probe both singlet and triplet with a
single experiment. And this all the more
as the above experiments feature quite
different strong and weak points: The
ICCD camera set-up is able to detect
luminescence signals over a large
intensity range. However, each data
point has to be measured individually;
therefore relatively few points can be
_taken. In contrast, characteristical of the

photodiode based set-up is the vast
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amount of data points as here whole
curves are taken in one measurement.
A disadvantage, on the other hand, is
the relatively low signal-to-noise ratio.

For the present study no ICCD set-up
results were included, because the
quality of the data for low excitation
doses was not sufficient. Furthermore,
initial results suggested that even triplet
densities, which are just about
detectable as phosphorescence, are
still subject to triplet-triplet-annihilation.
Although even less sensitive compared
to the

presented have been obtained with the

ICCD camera, all results
photodiode set-up, because here the
vast amount of data allows for a reliable
extrapolation to zero dose, which is

shown in the next section.

5.2.3. The time dependent triplet
density

In order to fulfii Equation 5-3 triplet
generation rates in the absence of
bimolecular annihilation are necessary.
However, in solid-state, even at low
temperature, every observable triplet
signal, including both phosphorescence
and induced absorption, is subject to
bimolecular quenching. Therefore, the
only practical approach to gain the
triplet generation rates is to extrapolate
the excitation dose dependencies to
zero dose, in such a way accounting for
the triplet-triplet-annihilation. Translated
into the present situation where time
parameterizes the dose: one needs to
determine the slope at time zero.r In
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practice one needs to fit the measured
triplet signal (either phosphorescence
or induced absorption) to a model,
which correctly accounts for
bimolecular annihilation. This section
intends to clarify what the correct model

should look like.

In 5.2.1 it was already stated that any
triplet probe (either induced absorption
or phosphorescence) is an integrated
measurement. Therefore the triplet
excitons linearly accumulate as a
function of time during the excitation.
For long excitation times triplet-triplet-
annihilation as opposed to mono
molecular decay will be the dominant
decay mechanism, thus, the ftriplet
density approaches a steady state
value. Following chapter 4, triplet-
triplet-annihilation in conjugated
polymers generally is a migration
activated process. The migration itself
be

dispersive. The first case results in

can either non-dispersive or
efficient TTA and is mainly realized at
higher temperature and longer delay
times. The second case is achieved at
low temperature and short times after
excitation and is accompanied by
inefficient TTA. If one is interested in
high
without bimolecular annihilation the

triplet accumulation densities
dispersive triplet migration regime has
to be realized. Therefore, according to
chapter 4 low temperatures ~20 K) shall
be used as then the dispersive regime
lasts longer in comparison with the
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triplet lifetime. Besides, following

chapter 4 dispersive migration is
anyway an essential requirement in
order to measure triplet quantities in
solid-state.

In the following the scenario for triplet
accumulation as a function of time with
bimolecular annihilation is illustrated in
detail. To do so the symbols used are
with  the

corresponding units, as this greatly

defined below together
simplifies the understanding of the
physical meaning.

Lgl /opt ] - % ; triplet generation rate
sm

[,161 / opt ] _1 ; absorptivity
m

3
D'TT ] = mT ; TTA constant

[x] =m; sample depth

[t] =g, time

[d] =m; thickness of the active sample

layer

[T(t)] = % ; triplet density per unit
m

area as a function of time

[T(x,t)]=L3 ; triplet density per unit
m

area at a certain sample depth as a
function of time

Likewise in chapter 4 Equation 4-2, the
starting point is the rate equation for the
triplet generation without the mono
molecular decay term. Such a
treatment is legitimate as long as the
considered time span is much smaller

than the mono molecular triplet lifetime
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(t << 0.5 s). Any other mono molecuiar
non-radiative quenching mechanism

would only reduce I, which is anyway
this
investigation (for example neither the

an abstract quantity within
current through the device nor the
resulting triplet density are known).
in common with all

Initially, and

classical treatments, it is assumed that

the triplet generation occurs
homogeneously throughout the active
layer:
LO 1y -y 0P
Equation 5-4

(Correctly, y;r should be considered

here in terms of area, rather than
volume, density annihilation constant

2
with unit 22— ) Equation 5-4 yields the
A

time dependent triplet density as:

T(6) = \/E tanh{t\To777 )
rT

Equation 5-5

However, in a more realistic scenario it
is assumed that the triplet exciton
generation is not homogeneous
throughout the active polymer layer but
mainly occurs in a thin layer with
exponential density profile. The logic
behind is immediately clear for optical
excitation as here the penetration depth

is an exponential function characterized

by A%P'. Thus,
excitation the triplet density is higher at

initially for optical

the ITO surface of the device. A similar
situation also holds true for electrical
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excitation. Here, the carrier mobility is
highly unsymmetrical as all common
conjugated homo-polymers, including

polyfluorenes, are basically hole
transporting materials. Therefore the
carrier recombination is expected to
take place close to the cathode where
the electrons form a space charge
layer. Though little is known, here the
thickness profile of this potential
recombination zone shall be described
by an exponential function as well.
Thus, the triplet generation rate is
supposed to be higher in the area close
to the cathode and exponentially
diminishes towards the anode surface.
The above arguments are of special
importance as at low temperature the
triplets are almost immobile, thus they
the

inhomogeneous distribution by triplet

cannot compensate for initial

migration. Then Ioﬂe"ﬂx is the triplet

generation at a sample depth x and
Equation 5-4 needs to be modified to:
dTl'(x,t _
TED =t~y (T’

Equation 5-6

It is now important to note that the

overall triplet-triplet annihilation is
proportional to the sum of the individual
layers at a certain sample depth x,
rather than to the overall triplet density.
However, the triplet probes (both

induced absorption and
phosphorescence) are proportional to
the overall triplet density T(t) and not
sensitive to the sample depth, x. It

follows that first the differential Equation



5 Triplet excitons in devices

56 has to be solved followed by
integration over all x. Note again, this
treatment is only legitimate as long as
the triplets are nearly immobile.

The solution of Equation 5-6 is identical
to Equation 5-5

iy
T(x,t) = Tofe

tanh(t\[ ]0/1}’77'2_'& )
Yrr

Equation 5-7

the
density

time
with
an

and basically describes
dependent triplet

bimolecular  annihilation  for
infinitesimally small layer of the device
at a depth x. In contrast to this, the
overall triplet density is experimentally
probed, thus Equation 5-7 has to be
integrated over x:

d
T(f) = jT(x, f)dx
0

= {In cosh(t,/ IoZyTr )
—In cosh(rﬂloﬂyne—“ )}

Equation 5-8

T(t)=—2
YTT

Iyas defined in Equation 5-6 is only

identical to the triplet generation rate if
d >> A, i.e. if the triplet generation area
is small as compared to the sample
thickness. This is nothing else but the
that all
into

excitation is
Then

assumption

transferred excitons.

Equation 5-8 simplifies into:

2 In cosh(t,/lozlyﬂ )
yrr it

Equation 5-9

T(t) =
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The slope of the above equation at time
zero is given as:

dTr(t — 0)
— =1
dt
Equation 5-10

and simply reflects the fact that at early
times the triplet density follows the
triplet here

generation rate, as

bimolecular annihilation is not yet

active. In line with intuitive reasoning,

the initial rate is independent of
a¢7oPt  The second important
asymptotic parameter is the triplet

density under steady state conditions,

which is given as:

4]
Tt > w) = |—2
Yrr
Equation 5-11

In common with the classical treatment,
the triplet density is proportional to the
square root of the quotient of
generation and annihilation rate and in
addition, of course, independent of
time. Unlike the classical value, for
inhomogeneous triplet generation the
absorptivity also occurs in the steady
state value as the latter is proportional
to the square root of the absorption
layer thickness. For example in the
case of electrical excitation a thinner
recombination zone would yield a
smaller steady state value for the triplet
density. Again this is intuitively clear as
a thin layer with high absorption
coefficient leads to high triplet densities
accompanied by high bimolecular

annihilation efficiencies; therefore this
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polyspirobifluorene (PSF) homopolymer
and a very similar copolymer, which
additionally comprises an  hole
transporting moiety within the polymer
backbone. All chemical structures are
shown in Figure 5-5. These polymers
were dissolved in chlorobenzene and
spin-coated on top of the PEDOT:PSS
layer, resulting in d ~ 50 nm active layer
thickness. The diode structure was
completed by vacuum evaporation of
the Ba/Al (5 nm Ba capped with 100 nm
Al) cathode metal. Finally, the devices
were sealed using a metal cap in order

to prevent the oxidation of the cathode.

HiC

HaC CH,

Figure 5-5 Chemical structures of the
investigated polymers. Above: Repeat
unit of the  polyspirobifluorene
homopolymer; below: the TAD type
electron transport moiety that is
additionally incorporated in the above
polymer backbone for the copolymer.

Due to a sophisticated combination of
lithographically prepatterned ITO and
metal evaporation through a mask,
each device contained an arrangement
of nine individually accessible square
- diodes with 3, 1-and 0.2 mm side length
as well as one large area subunit,
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compare Figure 5-4. For the present
study the 3 x 3 mm diodes were chosen
RC

response time and sufficient emission

as a compromise between

strength.

5.3.2. Special
conditions

experimental

A premise in order to observe decent

triplet signals is low temperature.
Therefore all measurements were taken
at 20 K. To do so, the devices are
mounted onto a specially built sample
holder that allows for electrical and
optical access inside the helium
cryostat, for visualization see Figure
5-6. Thermal

device holder and the device was

contact between the

established by applying a thin layer of
thermal contact paste. Furthermore, the
device holder is constructed such that it
masks the non active parts of the
sample. This ensures that the excited
areas for electrical and optical
excitation are congruent. In electrical
mode only the active area is excited
anyway. For the optical mode the laser
beam was expanded to about one
square centimeter with the active
electrical area of the device (3 mm in
diameter) in the center. Since the other
parts of the sample are masked by the
device holder, only the electrically
active area was excited applying a
homogeneous excitation flux, compare
Figure 3-9 and Figure 5-6.

As shown in Figure 3-9, in order to

probe the transient triplet absorption a
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electrical excitation mode as this again
would cause a higher triplet mobility
by
quenching. Although identical for both

accompanied an accelerated
excitation modes, the obtained lifetimes
are shorter than measured in plain
photo excited thin fiims of the same
material, 420 ms as opposed to 1s.
This discrepancy might be caused by
the metal surfaces. All the above
findings are nearly identically recovered
for the copolymer triplet exciton.
Regarding the singlet exciton, similar to
Figure 5-7 the fluorescence spectra of
both materials do not change upon
exciting either optically or electrically. A
comparison of the singlet exciton
lifetime for both excitation modes,
likewise in Figure 5-8, is impossible,
because here one can only measure
the mutual effects of the exciton lifetime
and the by far slower charge carrier drift
through the device.

A straight forward way to test whether
or not polarons quench some of the
electrically excited singlet excitons is to
measure the emission intensity under
optical, electrical, and simultaneous
optical and electrical excitation. If there
is singlet polaron quenching then a
certain amount of the optical excited
singlet excitons should be quenched
the

switched on due to the then present

once electrical excitation is
polarons. In other words, the sum of the
individual optical and electrical signal
intensities would not be identical to the

simultaneously excited intensity. The
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results of a corresponding experiment
are shown in Figure 5-9. Here, the
device is, in two milliseconds steps, first
optically, then simultaneously, and
finally electrically excited. The emission
intensities add up perfectly, which
means there is no significant singlet

polaron quenching.

S o008 vt D 075
2> S
@
2 0.06
o
< 0046
"""" anddile b ML

g 0.04 optical
@ excitation e 0.029
[7] .
o 0.024 electrical
S excitation
[—

0.00 -hatpitry o

0 2 4 6
time (ms)

Figure 59 Time dependent emission
intensity for a 4 ms optical and a 4 ms
electrical excitation pulse. The electrical
pulse is 2 ms delayed with respect to the
optical one.

Thus, that the
assumption of identical excitons for

one concludes

both excitation modes is justified.

5.4.2. Qualitative results

The aim of this section is to show the
nature of the original data but also to
demonstrate some qualitative results.
Chosen for representative presentation
are four electrical datasets that cover a
large range of excitation doses, and for
comparison one optical dataset, all
obtained with the homopolymer. The
original curves consisted of 50000
points and were generally smoothed
using 500 surrounding points. In order
to keep the graphics a reasonable size,

only 100 points per data set are shown.
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picture established in chapter 4, this

would cofrespond to a thermally
induced change from dispersive to non-
dispersive triplet migration that is
accompanied by a reduced average
triplet lifetime. Directly after switching
off the excitation the device is still
warm. This explains why, the triplet
level corresponding to 12 V even falls
below the 5 V curve, albeit the latter
possesses a significantly lower triplet
generation rate.

The following discussion requires the
triplet exciton generation rate relative to
that of the singlet generation. As seen
from Figure 5-11 the electrical singlet
rates are in principle time dependent.
However, this time dependence only
affects an early time domain where the
T signals can anyway not be observed
due to a lack of sensitivity. Therefore,
for the calculations, only the time
independent rates as observed in
Figure 5-10 are used.

The measure in Figure 5-12 and Figure
5-13
accumulation within the active polymer
5.2.3 has

discussed in terms of homogeneous

is proportional to the triplet

layer, which in been

and inhomogeneous exciton
generation. Hereby, already a
qualitative discussion of the

experimental curves helps to choose
the right model. To do so, attention is
very
observation from Figure 5-12, the

focused to a interesting

_ relative behavior of the optical (black)

and the 6 V electrical (green) curves.

97

Evidently from the initial time domain
(see also Figure 5-13) the electrical
excitation causes a higher triplet

generation as compared to the optical

one, i.e. in terms of section 5.2.3
13’ >1'. Following the classical
bimolecular annihilation model

(Equation 5-5) this fact directly implies
that also the steady state value for
electrical excitation should exceed that
of the optical one. This is not the case
as the 6 V electric signal levels off at a
clearly lower value as compared to the
Thus, the
is similar to

optical excitation.

experimental situation
Figure 5-2. This is, although qualitative,
unambiguous proof that the
homogeneous friplet distribution model
cannot account for the bimolecular
annihilation for these immobilized
triplets. Instead one has to account for
the inhomogeneous excitation, which is
preserved due to the immobility of the
triplets at these low temperatures. In
the present situation from Equation
5-11 one concludes that the optical
absorption layer is larger than the triplet
after  electrical

generation  layer

excitation.

5.4.3. The modeling of the transient
triplet absorption curves

As outlined in section 5.2.3, two

different models might potentially

describe the triplet accumulation limited
by bimolecular annihilation in these

devices. One. emanates. from- spatially-

homogeneous excitation (Equation
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confirm that for an accurate description
of the triplet accumulation at low
temperature the initial inhomogeneity of
the

accounted for. However, much more

triplet generation has to be
important is that new information about
the recombination zone for electrical
excitation can be gained, as the layer
thickness explicitly appears in the
This be
discussed in more detail in section

5.4.6.

simulation model. will

5.4.4. The singlet-to-triplet yield

Following Equation 5-3 the relative
singlet and triplet generation rates after
optical and electrical excitation are
required for the calculation of the
singlet-to-triplet ratio, y. According to
Equation 5-12 from the two fitting
parameters of the inhomogeneous
exciton generation model, a and c, the

triplet generation rates are simply

obtained as %acz. Note, for the

following the value of the layer
thickness A or even the existence of a
inhomogeneous recombination zone as
discussed in 5.2.3 is of no importance,
because here only the initial slope /o,
which is independent of 1, is needed.
The steady state fluorescence values,
similar to those shown in Figure 5-8,
are applied as the relative singlet
generation rates.

In principle it would be sufficient to
calculate y from a single optical _and
excitation

electrical experiment.
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However, it is scientifically more solid to
redo the calculations for a whole range
of different excitation doses, i.e.
different driving voltages and optical
powers, in order to obtain a more
precise average value but also to either
observe or rule out any dependency of
7 on the excitation dose. In this context,
the left hand side of Equation 5-3 can
also be considered as the quotient of
two ratios: one is the ftriplet relative to
the singlet probe for any electrical
excitation power; the other is the triplet
relative to the singlet probe for any
optical excitation power. Instead of
recalculating y for different point-wise
excitation doses, it appears convenient
to employ the slopes of the triplet
versus the singlet rates and in such
average over a large range of excitation
doses. Note, higher singlet rates imply
higher excitation doses, thus a
dependency of the triplet versus the
singlet also automatically employs a

whole range of excitation doses.

10* Q//
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/

10°
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>

10" (o O/{
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~ (e}
10° .
o o T* homopolymer
opt
] / o T homopolymer
10" — slope 0.1790
slope 0.0202
10° 10’ 10° 10° 10
S (mv)

Figure 5-17 Dependency of the triplet
induced absorption (T) on the
fluorescence (S) for electrical and
optical excitation for the homopolymer
on a double logarithmical-scale.
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In practice using the oscilloscope in real
time rather than averaging mode, first
datasets for the lowest but still
detectable triplet induced absorption
signals (T) as well as the corresponding
levels (S)

recorded for

fluorescence were
both

By adjusting the

independently
excitation modes.
driving voltage for electrical or the
optical power for photo excitation, the
singlet levels (i.e. the excitation doses)
were then repeatedly approximately
doubled in order to obtain an equally
spaced graph on a logarithmical scale.

1w © 7% copolymer pd
o T* copolymer le”
slope 0.0610
1 | —— slope 0.0053 o
10 1 I

=
e

T(vs")

10" °

10° 10' 10° 10°
S{mV)
Figure 5-18 The same as Figure 5-17 for
the copolymer.

L
<

10?

The outcome of this procedure for the
homo- and the copolymer is shown in
5-17 and 5-18,
respectively. The fluorescence levels

Figure Figure
are given in mV, because this is the
original measure of the oscilloscope.
For the triplet signal the slope at time
zero has units of volt per seconds, i.e.
volt is the original measure.
Considering the homopolymer the data
points cover the region from 5.5 to
7.9 V and 3 to 30 mW/cm?, for electrical
and optical excitation respectively.
Similarly, the copolymer datasets were
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range.. of excitation

measured between 4.6 to 7.5 Vand 1.5
to 30 mW/cm®. In both these driving
voltage regions the datasets are not
influenced by sample heating as
observed at higher voltages, compare
Figure 5-12. Only the graphs within the
same figure can be compared with
each other but there is no absolute
relation among the two figures. This
arises from the necessary sample
change, which as a consequence of
slight changes in the experimental
geometry implies that neither the singlet
nor the triplet quantities were recorded
under unchanged conditions when
going from one to the another sample.

The lowest data points of the two
graphs in Figure 5-17 roughly exhibit
the same triplet density but the singlet
density is more than ten times higher
for the optical excitation. This translates
into an about ten times higher triplet
generation rate in electrical as opposed
to optical excitation. For the quantitative
analysis, the data were fitted on a
double logarithmic scale to a linear
relation of the kind y = a + x with a
being the logarithm of the desired slope
and the only free parameter of the fit.
Such obtained straight lines are
included in both graphs as solid lines.
Apparently, all fits describe the
measured data very well, which means
there will be no dependency of y on the
excitation dose — neither in optical nor
in electrical excitation mode in the
doses used.

Therefore the obtained quotients of the
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slopes for each polymer are universal
and as such can be employed in
Equation 5-3.

An obstacle for the final determination
of y are the unknown exact values of
the inter-system-crossing rates of both
materials. To measure these yields in
dilute
relative experiments were performed by

cyclohexane solutions, two
M. Jose in the laboratories of Prof.
Burrows. Flash photolysis experiments
based on a known polyfluorene as
standard yielded 0.0897 and 0.0517 for
the homo- and the copolymer,
respectively. On the other hand, from
oxygen
measurements based on phenalenone

singlet quantum  yield

as standard, inter-system-crossing
yields of 0.016 for the homo- and
0.0396 for the
obtained. On account of the large

copolymer were
discrepancies between these results,
which are caused by the inherent
inaccuracy of both experiments, Prof.
Burrows suggested the true triplet
quantum yield of both materials to be of
order 5t3 %. This, however, implies
that the singlet-to-triplet generation
rate, y, can also only be obtained with
an uncertainty of 160 %, because in
Equation 5-3 y scales almost linear with

Nevertheless, the outcome of

Kisc-
Equation 5-3 is given in the second
column of Table 5-1 below. One could
also go the other way round and
assume that the quantum statistical
limit “for the singlet yield after charge

carrier recombination holds true, i.e.
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z7=0.25. Then with the data obtained
here it becomes possible to calculate
the inter-system-crossing yield. This
has been done in the first column of
Table 5-1. The given error limits on
these values, 20 % for the
homopolymer and 10 % for the
copolymer, are derived from the
uncertainties of the slopes of Figure

5-17 and Figure 5-18, respectively.

if y=0.25 if Kisc=0.02
then xisc = | —0.08 then xX=
homo- 0.042 +
0.136 - 0.386
polymer | 0.008
co- 0.032 ;-
0.174 - 0.456
polymer | 0.003

Table 5-1 Results according to Equation
5-3: in the first column y was fixed to
0.25 and xisc calculated, in the second
column y was calculated from given xisc
yields.

The
obtained with 7y =

inter-system-crossing rates
0.25 are typical
values for conjugated polymers® and as
such suggest the validity of the
guantum statistical limit for the singlet
after carrier

generation charge

recombination also for conjugated

polymers. Furthermore, the relative
difference between the two investigated
materials is consistent with the different
singlet lifetimes, 2.3 versus 1.7 ns for
homo- and copolymer, respectively.
Although clearly included, the large
error margins of the second column do
not allow for an accurate differentiation
whether or not the quantum statistical
limit holds true. Nevertheless, singlet
generation rates of 50 % or more as

proposed by several authors®® 4" % 5
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are clearly ruled out even within these
generous error margins.

In conclusion, there is clearly need to
acquire more accurate values for the
inter-system-crossing yields. Here, one
way is to employ photoacoustic
calorimetry, which was used in the past
for other conjugated polymers.® An
alternative relative method, which does
not require any standard, is the
observation of the bleaching signal
recovery after optical excitation. Here,
in the absence of any significant charge
state production, the survival signal
after the decay of the fluorescence,
which is proportional to the long lived
triplet excitons, relative to the initial
signal directly reflects the inter-system-
crossing yield.

On the whole, one tends to assume that
the quantum statistical limit for the
singlet generation holds true for the
recombination in

charge carrier

conjugated polymers.

5.4.5. The dependency of the fitting
parameters a and ¢ on the
excitation flux

So far the results of the fitting of the

triplet induced absorption
the

exciton generation model have only

curves

according to inhomogeneous
been used in order to determine the

slope at time zero. For this purpose one

could have even employed an
unphysical model for the fitting
~ procedure.  Provided it  would

acceptably reproduce the initial slopes
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then the
generation ratio would still be obtained.

comrect  singlet-to-triplet

However, considering the excellent
agreement of the model with the
experimental data, and this with only
two parameters, hereafter it shall be
that
the

correctly. Then valuable information

assumed the model indeed

describes underlying  physics
about working devices are obtained as

the fitting parameters, a and c, are

directly linked to several material
constants.
2
At first glance a (a= ) only
YrT

depends on material parameters that
are independent of excitation dose and
as such should be a true constant itself.
This then allows to determine the
thickness of the electrical charge carrier
recombination layer relative to the
optical absorption one, with the latter,
A%,

ellipsometry. Furthermore,

being accessible using
from the
corresponding optical definition of a one
could simply calculate the triplet-triplet-

annihilation constant, y;;.
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Figure 5-19 Dependency of the fitting
parameter a on the overall exciton
generation rate for optical and electrical

excitation for the copolymer.
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In Figure 5-19 a as derived from the
copolymer datasets is plotted versus
the fluorescence level, which itself is
proportional to the overall excitation
dose, on a double logarithmical scale
for both optical and electrical excitation.
Apparently, a is far from being constant
but instead follows a power law
dependency on the excitation dose with
an identical exponent for both excitation
modes, -0.71. These at first glance
puzzling observations are in fact
expected as shall be demonstrated in
the following. In chapter 4 it was shown
that the tripiet migration, which is rate
limiting for bimolecular annihilation, at
the temperatures employed here, is
dispersive. This means yr is not
constant but depends on time, which
makes y;r also depend on the triplet
density.”® A very simple example might
help to illustrate this statement.
Consider an immobile triplet exciton
density, G, under classical and time-
dependent diffusion. The latter is
assumed to be ~ %% The half-lives of
these ftriplet densities can easily be
calculated and yield t,, ~ G’ and
tiz~G?° for the classical and the
dispersive diffusion, respectively. Now,
an increase of G by, say, a factor of two
reduces the triplet lifetime in the
classical case (inversely proportional)
by a factor of two but for the dispersive
diffusion by a factor of more than six.
One could say that unlike the classical
in the dispersive regime the lifetime of

the excitons does not scale linearly with

the average distance between the
triplets. The reader is referred to
Scheidler et al. for a more detailed
analysis of this issue.?®

In conclusion y;; depends on the triplet
exciton density and might for the
copolymer be described by

I 0.71
Yrr = }';)T(IMOMJ

Equation 5-13

In chapter 4 it was already stated that
the time dependence (concomitantly
also the density dependence) cannot
be cast into an explicit analytical
expression, although, asymptotically a
power law with slope of -1.04 is obeyed
in the =zero temperature limit?®
However, important for the present
experimental situation is the initial
(measured in terms of the attempt-to-
jump frequency) and intermediate time
domain as here most of the migration
events occur. Here for practical
purposes all authors approximate the
time dependence of the diffusion with
the help of algebraic decay laws.? > %2
80. 61 Although it remained questionable
to what extent such a procedure is
legitimate,”” slopes between 0.6 and
0.8 have been reported in the literature,
which agrees well with the value of 0.7
found here.?®

Within the modeling of the transient
triplet absorption curves the parameter
¢ is independently obtained and as
such allows a crosscheck of Equation
5-13. Following the definition of ¢
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(c:m ) one expects a power
law dependence on the excitation dose
with a slope of 0.86, which is in
excellent with the
experimentally observed algebraic law
with slope 0.88, compare Figure 5-20.

agreement

10° l I‘é.
o electrical /
o optical
- slope 0.88
3
o ]
& 10 v
[
E’ 10° //
10° /
10' 10° 10°
S(mv)

Figure 5-20 Dependency of the fitting
parameter ¢ on the overall exciton
generation rate for optical and electrical
excitation for the copolymer.

5.4.6. The thickness of the charge
carrier recombination layer
Having established the triplet density
the
annihilation constant, attention is now

dependence  of bimolecular
focused again on the parameter a — this
time with respect to the second material
constant, A. These considerations aim
for a determination of ¢ relative to
AP, From the excitation density
dependence of y;r it follows that the
optical and electrical values of a can
only be compared at identical triplet
density (note, not overall excitation
dose!). In Figure 5-21 the parameter a
of the copolymer is plotted versus the
relative triplet generation rate for both

excitation modes. Apparently, even for

Aéauai tfiﬁet densities the datasets are
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still offset to each other, which implies

/181 = AP
T
"10° O O eectical |3
O optical 1
o — slope -0.71 |]
a0 > 7 :
z \\ ]
CQ- 4
i o
L] 1°~7
N
10" 10° 10' 10°

1, @.u)

Figure 5-21 Dependency of the fitting
parameter a on the triplet generation
rate after optical and electrical excitation
for the copolymer.

In fact, identical exciton generation

layer thicknesses for both excitation
modes would be a surprising
coincidence and have already been
excluded from a qualitative analysis of

Figure 5-12. From Figure 5-21 one

gains for the copolymer A’ =5.647".
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Figure 522 The homopolymer fitting

parameter a versus the triplet generation

rate for optical and electrical excitation.
So far only copolymer data were
shown, because these exhibit a higher
signal-to-noise ratio compared to the
homopolymer ones, and as. such are

better suited for  presentation.
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Nevertheless, in repeating the above
procedures for the homopolymer one
obtains an algebraic triplet density
dependence of y;r with slope 0.51 and

2 =11.217.

are shown in Figure 5-22.

Corresponding results

Having found the ratio between optical

and electrical layer thickness, an

independent measure for the
absorptivity is required in order to gain
the absolute electrical recombination
this
ellipsometry is a straightforward and

layer thickness. In context

exact method in order to obtain the

optical absorptivity of thin films.
Unfortunately, for the
polyspirobifluorene derivatives

investigated here no data are available

so far. Nevertheless,
very

absorption and emission characteristics
and here A”' =1.5x10°m™" at 400 nm
has been reported.®? In Table 5-2, the

latter value is also assumed for both

common

polyfluorene is similar  in

materials investigated here in order to
calculate the electrical inverse layer

thicknesses.

7]
homopolymer | 1.5x10’ 1.7x10°
copolymer 1.5x10’ 8.4x10"

Table 5-2 Compendium of the inverse
exciton generation layer thicknesses.

With the optical absorption layer being
~ 70 nm, for electrical excitation charge
carrier recombination layers of 6 and

12nm for the homo- and the

 copolymer, respectively, are found. The

larger value for the copolymer relative
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to the homopolymer is well understood
on a qualitative level in terms of the
The
within the

dissimilar electron mobilities.

electron transport unit
copolymer increases the mobility of the
electrons in this material relative to the
homopolymer, which means on
average electron and hole meet each
other further away from the cathode.
This effect is then

observed as a wider recombination

consistently

layer.

5.4.7. An estimate of the triplet-
triplet-annihilation constant

Following Equation 5-12, from the two
modeling parameters, a and ¢, the
triplet generation rate per unit area is

obtained as I, =1/2ac®. Of course, /o

does not depend on either A or yqr,
which was a main ingredient for the
determination of the singlet-to-triplet
generation ratio in 5.4.4. Provided the
absolute value of /, is known then it
becomes possible to normalize the
detector response to the actually
present triplet density, i.e. determining
the constant of proportionality & from
section 5.2.1.

in practice the absolute value of /, is
estimated from the copolymer dataset
with the highest optical dose, which is
very similar to the red homopolymer
dataset of Figure 5-15. The maximal
overall optical laser dose was
measured as 48 mW/cm’ However,
due to reflections -on-the cryostat

windows and the device but mainly due
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to the finite sample thickness, only
55 % percent of this flux is absorbed by
the active polymer layer. At 401 nm
such an optical flux excites
4.8x10%s'm™ singlet excitons. For the
the

fluorescence quantum yield drops to

copolymer in solid-state
33 % at room temperature compared to
94 % in solution. Assuming that at low
temperature this efficiency reaches
50 % and an inter-system-crossing rate
of 4 % then under present experimental
conditions one estimates 2 % for the
triplet generation yield. Employing this
value one arrives at a triplet generation
rate flux of 1x10"%s'm2. Combining this
rate with the corresponding slope at
time zero, 10.3 Vs, a value for the
constant of proportionality of
£=1x10""m? is obtained. Using the
latter value, c for optical excitation, i.e.
the red dataset of Figure 5-20, is
replotted versus the absolute triplet
generation rate, /p. Then a least square

fit yields:

c(1,) = 2.13x10° P 1% 5™ = [ A"y, (1,)

From this relation one finally obtains an
the
constant as

estimate for triplet-triplet-

annihilation
¥ (1) =3x107° 10 cm?s™ . This value

is calculated for 1 m%’

lnom =
(compare Equation 5-13), therefore
also /p needs to be in the same units.
To the authors best knowledge there is
no consistent value for the annihilation
constant of any conjugated polymers so
far. In this context the recently derived
intermolecular annihilation constant in
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polyspirobifluorene seems to be
unrealistically high.>' The triplet-triplet-
annihilation in organic crystals does not
depend on the exciton density, because

here, triplet migration is non-dispersive

as a consequence of a nearly
isoenergetic site distribution. Pyrene
and naphthalene as typical

representatives exhibit y,, =2x107"2

and y,, =3x10"%cm’s™

, respectively,
and as such are of similar order
compared to the value derived here for
the copolymer.? No attempt has been
made to repeat the above procedure for
the homopolymer, on account of the

corresponding noisy datasets.

5.4.8. Photo
applied electric field

luminescence under

Within this chapter several electric field
effects that were additionally observed
within this study are shown and

analyzed.
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Figure 5-23 Comparison of the

fluorescence and the induced absorption
after optical excitation for ten
milliseconds.

First of all is considered an unexpected
behavior of the optical fluorescence
signal (black curve) seen in Figure
5-10. This dataset, which is shown
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again in Figure 5-23 on a linear scale,
reveals a ~ 30 % drop of the
fluorescence intensity compared to the
initial value that occurs on the time
This
observation suggests the existence of a

scale of one millisecond.

photo generated transient singlet

quencher. In view of bimolecular
singlet-triplet-annihilation the quencher
could potentially be the triplet exciton.
Hereby, the photo generated triplet
density the first

millisecond and afterwards approaches

increases within

a constant value due to bimolecular
triplet annihilation. At first glance the
mirror symmetric build-in of the triplet
density and the
fluorescence

drop of the
intensity as shown in
Figure 5-23 seem to be consistent with
this assumption. However,
contradictory are the electrical curves
since here no comparable drop of the
fluorescence intensity during the triplet
accumulation is observed. Therefore,
the triplet exciton itself is not the singlet
quencher. More likely appears exciton-
ion quenching due to photo generated
charge carriers. In such a situation no
comparable drop in the electrical
signals is expected as here the singlet
generation always happens in an
environment with a time-independent
density that is

determined by the current flow through

charge carrier
the device. Note, the time dependence
of the charge carrier density in the
active polymer layer would be very
similar compared to the triplet density

107

as in both cases the continuation of the
accumulation is limited by bimolecular
annihilation. This would explain the
qualitatively mirror symmetric behavior
of the photo generated singlet and
triplet signals, shown in Figure 5-23.

The charge carrier migration through
occurs on a

the polymer layer

microsecond time scale, which is
evident from the corresponding RC time
5-13.

Considering a polaron density that

constants, compare Figure
builds up on a millisecond time scale,
using an applied bias it should be
possible to continuously sweep the
generated charge carriers out of the
polymer layer and thereby achieve a
higher photoluminescence yield.
Corresponding experimental data that
confirm this notion are shown in Figure

5-24.
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Figure 5-24 Dependencies of the
photoluminescence on applied reverse
bias. The optical pulse length was 10 ms
and the repetition frequency either 1 or
5Hz as indicated. During the
normalization for the copolymer datasets
the relative order was preserved.

Here the photoluminescence efficiency

reaches a local minimum for zero

internal fields around +1V. At this point
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the photo generated charge -carrier
population does not sense any potential
and as such the highest densities are
achieved. For increasing reverse bias
up to about -4 V the storage time of the
charge carriers will continuously
decrease, which is observed as an
increase in the photo luminescence
efficiency. The observed drop in
photoluminescence efficiency for even
higher applied fields corresponds to the
onset of singlet exciton dissociation.
The repetition frequency of the 10 ms
optical excitation pulse also influences
the results. This is shown in the same
figure for the copolymer fluorescence
after excitation with either 1 or 5 Hz,
with both normalized curves being in
the correct relative order. Apparently, in
field

a significant

the absence of any internal
(~+1V) there

difference whether the excitation is

is still

repeated every 200 or every 1000 ms.
From this one concludes that the
the
reservoir, which probably proceeds via

depletion of charge carrier

bimolecular annihilation, is a rather
slow process at these temperatures.
Finally, a comparison of the relative
homo- and copolymer datasets shall be
undertaken. For the homopolymer,
higher fields are required to sweep the
charge carriers out of the device but
also to dissociate the singlet exciton.
For example at -10 V the copolymer
fluorescence is quenched by 55 % but
-the homopolymer only by 13 %. This

observation can be explained in terms
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of the dissimilar hole mobilities in both
materials.

5.49. The triplet exciton under
applied electric field

Unlike with fluorescence, for the triplet
exciton the influences of a negative
the
generation rate can only be obtained

applied bias field on triplet
indirectly upon fitting the corresponding
curves. Here the photo induced triplet
absorption curves were usually
measured with and without applied
electric field in the same measurement

run, in order to have a reference.

—— copolymer, -10 V from -1..4 ms
—— homopolymer, -6 V from 4..8 ms

0.8

0.6

0.4

0.24

normalized photoinduced abosption signal

2 0 2 4 8 8

time after photoexcitaiton (ms)
Figure 525 Typical normalized

photoinduced triplet absorption signals
under partly overlapping reverse bias as
indicated.

In Figure 5-25 two typical original
For the
homopolymer dataset optical excitation

datasets are shown. red
was provided from O to 8 ms and at
4 ms an electrical bias of -6 V was
additionally applied. Apparently, this
modest bias field causes a significant
decrease of the steady-state triplet
density of about 50 %. Remember from
Figure 5-24 at the same reverse field
the fluorescence is even enhanced
when compared to zero bias.
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Figure 5-26 Normalized steady state
value and the initial slope of the photo
induced absorption signal of the
copolymer under an applied reverse
bias.

However, apparent from Figure 5-26,
the strong influence of the electric field
only affects the steady state value (ac)
but not the initial triplet generation rate.
resembles the

Here, /o, closely

fluorescence quenching shown in
Figure 5-24 as the rate is within
experimental error constant up to -6 V
and subsequently simply follows the
descending singlet exciton dissociation.
This suggests that there is no effect of
the bias field on the triplet exciton itself
within the bias range investigated here.
Furthermore, the triplet dissociation at
these fields is not expected considering
the fluorescence quenching. Here, the
singlet exciton is about 0.5 eV lower in
energy compared to a polaron pair and
from Figure 5-24 electric fields in
excess of the equivalent of -7 V are
required in order to initiate the singlet
dissociation. The singlet exciton energy
is ~0.7 eV above that of the ftriplet.
Thus, one would expect the onset of
bias

triplet- dissociation- at

voltages of order -17 V, which exceeds
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the investigated voltage range used
here. However, on the other hand the
steady state triplet density clearly is
quenched even at these comparably
small bias fields.
If one accepts that the triplet itself is not
quenched then it must be the triplet-
is more
field.
Subsequently, it will be shown that the

triplet annihilation, which

efficient under applied

latter assumption indeed has a
scientific basis and agrees well with
many other observations. Following the
classical treatment of bimolecular triplet
annihilation by Suna et al. as a
consequence of the spin addition of two
spin-one excitations, initially nine
intermediate states are formed with
equal probability.> ** % Each three of
these states have spin zero, spin 1 and
spin 2. Then the spin-1 and the spin-0
intermediates form triplet and singlet
excitons, respectively, with the latter
being potentially observed as delayed
fluorescence. Although the nature of
the intermediate spin-2 state
(quadruple) corresponds to a pair of
charge carriers, its decay is usually
considered to yield excitons as well.> 2°
On the other hand for the materials
investigated here the energy of two
triplets (~4.6 eV) significantly exceeds
the sum of singlet and exciton binding
(~3.5eV),

energetic reasons a dissociated pair of

energy therefore  from
free charge carriers would also be
possible. Importantly, the intermediate

might also dissociate into two ftriplets
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again and this is believed to be the
most likely possibility.® 2 % The whole
ilustrated  with the
schematic drawing below.
.[3/9spin0] — S

T+T+>3/9spin1; — T
“+13/9 spin 2| <> PP’

Equation 5-14

scenario is

If one accepts the quadruple state as a
source of free charge carriers then the
effect of an applied electric field is
immediately clear as then the charge
carrier generation rate increases at the
expense of the back transfer rate,
which is equivalent to an annihilation
constant that increases with electrical
field. Consistent with the present
findings, such a field dependent
enhancement of the triplet-triplet
annihilation rate resulting in charge
carrier formation has been observed by
Scher et al. for a molecularly doped
polymer.* Furthermore, the whole
scenario explains the field independent
and the

simultaneously quenched steady state

triplet generation rate
triplet density, as shown in Figure 5-26.
From both the time dependence under
continuous excitation and the bias
dependence on the photo-
luminescence, in 5.4.8 it was concluded
that photo generated charge carriers
quench some of the singlet excitons. It
was not yet considered how these
charge carriers are photo generated.
Commonly assumed is monomolecular
_singlet dissociation even in_the absence

of any bias field. However, given the
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large exciton binding energy in chapter
6 it is shown in detail that this process
is highly unlikely to occur. On the other
hand,
energetically nor

there is nothing, neither
from the
experimentally observed fluorescence
data shown in Figure 5-23 and Figure
5-24 that opposes the above framework
of triplet annihilation as a source of
charge carriers. In this picture the photo
generation of free charge carriers is a
sequential process that involves the
initial excitation of singlet excitons,
which then partly convert into their
triplet counterparts.® For continuous
excitation the latter accumulate within
the polymer layer until bimolecular
annihilation, among others, causes the
generation of free charge carriers,
which appear in the experiments as
This is a
that
consistently explains the rather slow

singlet  quenchers.

scientifically sound framework

build-up of the fluorescence quenching
in optical excitation mode and the
simultaneous absence of such a
quenching for electric excitation.

Finally, the implementations of the
above findings on the determination of
the singlet-to-triplet generation ratio
shall shortly be discussed. For these
experiments the relative triplet and
singlet rate under identical optical
excitation conditions is needed. As the
triplet generation rate is measured at
time zero, this means there are no
charge carriers yet generated. Thus, for

the calculations the initial, unquenched
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fluorescence level was used. No such

considerations are necessary for
electrical excitation, because here the
permanently present polaron density
acts like an impurity and as such
linearly, i.e. independent of time,
quenches a certain small fraction of the
singlet and ftriplet exciton generation

rate.

5.4.10. Charge carrier pairs versus
triplet pairs as origin of the
spin-resonance signals

In applying the spin-resonance method
to conjugated polymers, singlet-to-
triplet branching ratios, which clearly
exceeded the quantum statistical limit,
were repeatedly claimed in the recent
past. Hereby the authors consider a
framework that is very similar to the
introduced carrier

above charge

generation due to ftriplet-triplet
annihilation. Therefore, it is convenient
to discuss these experiments now,
the

photo

rather than in introduction.

Corresponding excitation
experiments that apply the above
method to several conjugated polymers
were mainly conducted by Vardeny,
Wohigenannt, and co workers. Their
results, at least at first glance, provide a
consistent and sound but at the same
time surprising picture, which explains
the

prestigious journals. However, since all

numerous publications in

of these publications more or less
contain similar data and conclusions,
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for the present intention it is enough to
refer to and cite only one, Ref. *°.

This technique studies the change of
the photo excited polaron, triplet or
singlet density in a material as an
applied microwave magnetic field is
tuned to resonance. Here polaron and
triplet densities are probed by their

induced absorption (PADMR), the
change in singlet density is optically
detected (PLDMR). After photo

excitation a certain density of polaron
pairs is assumed to exist that is equally
composed of pairs with parallel (S,, To)
and antiparallel (T., T.1) total spin. This
probability
geminate pair

equal implies a non
mechanism for the
formation of these pairs. A magnetic
field causes Zeeman splitting of the
triplet states and an additionally applied
alternating magnetic microwave field
tuned to the Zeeman splitting induces
spin flips and thereby equally populates
the two kinds of antiparaliel spin
combinations. Both the singlet and
triplet polaron pairs recombine with

certain fixed rates into their
corresponding excitons i.e.
Se(PpP)oT
Equation 5-15

During resonance a reduced charge
carrier and triplet density and an
increase of the singlet emission is
observed, which is interpreted as a
higher cross-section for the singlet as
compared to the ftriplet exciton
formation. )
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the
all

However, now
that

correctly observed phenomena by

possibility is
discussed the potentially
Wohlgenannt et al. are actually caused
by triplet-triplet-annihilation (TTA) rather
than
recombination. To start with, the above

non-geminate charge carrier
magnetic resonance is only observed
under experimental conditions that also
enable the existence of long-lived
triplets that decay by bimolecular
annihilation (temperature below 100 K,
large excitation dose up to 1000 (!)
mWcem?, solid state).

Likewise the polaron pair, initially
created by the annihilation of two
triplets causes the formation of an
intermediate.®* According to the spin
addition rules of two spin-1 particles,
there are nine possible spin states for
this intermediate: 3 ftriplets, 3 doublet
and 3 mixed singlet/doublet states.® 2*
8 Given the above findings and the
work of Scher et al.,* there will be a
certain rate for the doublets to form
geminate or non-geminate charge
carriers, i.e. TTA is, like singlet-singlet-
annihilation,”® a source of charge
carriers. The corresponding polaron
signal might be observed by polaron
induced absorption. If a magnetic field
is applied then certain off-diagonal
matrix elements mix the spin character
of the above nine states resulting in
more states with singlet character.? On
the other hand the decay of this
intermediate is unaffected by the field.
resonance the

Therefore, during
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relative singlet formation increases at
the expense of both the triplet density
and the polaron density. Consistently,
Wohigenannt and co authors observe
an increase in the delayed fluorescence
intensity that is accompanied by a
proportional decrease of both the
polaron and the triplet signal. The
whole theory for triplet-triplet-
annihilation under applied magnetic
field, which is very similar to the above
electron paramagnetic resonance, has
been developed by Suna.® ?* % |f the
TTA picture is true then the actually
observed magnetic resonance in the
induced polaron signal is not caused by
enhanced charge carrier recombination,
but by their reduced production.

But is it possible to distinguish between
both this

Wohlgenannt ef al. cannot answer the

models? In context
question where the proposed pair wise
photo generated polaron density that
subsequently recombines comes from.
Considering monomolecular
dissociation, for MEHPPV the authors
delayed

singlet
observed relative
luminescence intensities between 107
to 102 which would require singlet
exciton dissociation rates of order 3 %.
However, recently an upper limit for
singlet dissociation at zero field of 10”
has been found by time-correlated-
delayed-collection-field experiments.*®
On the other hand the observed
delayed fluorescence intensities are
with

16,

consistent triplet-triplet-

annihilation.'* " For example in
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Figure 4-5 the ratio between integrated
delayed and prompt fluorescence is
~2x10*. The latter value is still lower
than the above stated one, which,
however, can be explained by the much
lower inter-system-crossing rates in
polyfluorenes as compared to
MEHPPV® but also by the 20 times
higher excitation dose applied by
Wohigenannt. Thus, on a qualitative
level only the TTA model is able to
account for both the existence of
charge carriers and the experimental
findings described by Wohigenannt et
al®
Furthermore, the dependencies of the
polaron and the delayed fluorescence
signal on the laser dose have been
measured. Consistent with both the
TTA and the non geminate charge
carrier recombination picture a square
root dependence for the polaron signals
at high excitation doses was observed.
However, at low doses the increase is
linear. Such an observation is
consistent only with the TTA picture: at
low doses monomolecular decay
the

bimolecular decay dominates. On the

prevails for higher doses
other hand by their very nature, charge
carriers can only decay bimolecularly,
so where does the linear rise come
from? What is meant by Wohigenannt
and co authors with their proposed
monomolecular decay path for (single)
charge carriers?

To.summarize the above comments the

results by Vardeny and Wohigenannt
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should be treated with great care as the
alternative, triplet-triplet-annihilation, is
at least an equally likely possibility.
Noteworthy, similar experiments on
electrically rather than optically excited
polymer films by Greenham et al. find
no difference between singlet and triplet
exciton formation cross section and in
such a way also contradict the above

photo excitation work.%

5.4.11. Geminate pair formation and
recombination due to triplet-
triplet-annihilation

In Figure 5-27 the influence of the

electric field on the triplet induced

absorption has been probed in the

absence of any triplet generation, i.e.

1ms after a 2 ms optical excitation

pulse. In doing so any sequential
influence of the electric field on the prior
formed singlet exciton can be excluded
and as such one only observes triplet
phenomena. Already without electric
field (black dataset) the relative fast
decay of the curve is exclusively
caused by triplet-triplet-annihilation.

Otherwise in this time frame the triplet

density should be almost constant

considering the monomolecular triplet

lifetime of 500 ms, compare Figure 5-8.

A significant drop of the triplet density is

observed as soon as an electric field is

applied. As expected higher fields have

a stronger effect. From the figure one

infers a quenching of the remaining

triplet density by 5.5 and 30 % for -10

and -20 V, respectively. This modest
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triplet quenching at -10 V might be
with  the
quenching at the same field observed in
Figure 5-24, 55 %.

compared fluorescence
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Figure 5-27 Normalized triplet induced
absorption signals of the copolymer after
2ms optical excitation with different
reverse electrical bias as indicated.

However, the most striking feature is a
certain recovery of the induced triplet
absorption signal after the switch-off of
the bias field. For the -10 V dataset this
effect amounts to more than 50 % of
the initially, at the switch-on of the field,
quenched triplets. This recovery is a
clear evidence for the sequential
charge carrier generation, i.e. the first
step is the field dependent geminate
pair formation and the second, rate
limiting step is the final dissociation of
this pair into free charge carriers and
this is completely consistent with recent
time-resolved delayed collection field
experiments by Hertel et al. on singlet
exciton dissociation.*® Note, any direct
triplet quenching mechanisms, for
example mirror charge quenching at the
cathode, one would not expect any
recovery of the signal. The effect is

more pronounced for intermediate bias
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fields around -8 V. Again the field
dependent charge carrier mobility is the
key to understand this observation: At
intermediate fields the triplet-triplet-
annihilation already favors the charge
carrier generation. However, most of
still
coulombically bound and a higher

these charge carriers are
electric field is required to sweep these
charges out of the polymer film. On the
is both

qualitatively and quantitatively very

whole this recovery effect
closely linked to the fluorescence
quenching shown in Figure 5-24. The
overall picture is completed by another
experimental observation. If a certain
electrical field pulse is switched on later
then
guenched compared to

relatively fewer ftriplets are
the triplet
density that is present at the time of the
application of the field. If the electrical
field directly acts on the triplet excitons,
one would expect to have always the
same proportion of triplets to be
quenched. This again confirms that the
electric field mainly acts on the triplet
annihilation and much less on the triplet
itself. These findings also shine some
new light on recent triplet quenching
experiments by Sinha et al'' Here,
triplet exciton-ion quenching, with the
polarons being mobilized by the electric
field, was invoked to explain the

phosphorescence quenching under
applied electric field. In view of the
present findings, at least part of the

might also be explained by the field
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dependent bimolecular triplet
annihilation efficiency.

Furthermore, the ftriplet recovery after
the switch-off of the field is very similar
to the

Deussen, Schweitzer, and coauthors.*

classical experiments by
. % |n these early experiments the
polymer sample was optical excited
with a simultaneously applied reverse
field.
fluorescence, which is observed once

bias Then, a spike in
the electric field was turned off, was
explained by the recombination of field—
stabilized geminate pairs, which were
formed by singlet exciton dissociation.
In this context the recovery of the triplet
signal observed here should also be
accompanied by a similar spike,
because in principle one quarter of the
geminate pairs should have a sum spin
of zero and as such enable the
observation of fluorescence after
recombination. Thus, it would be very
interesting to repeat the experiments of
the above authors and investigate the
influence on the fluorescence spike on
whether the electric field is applied
during or after optical excitation.

Already from the field dependent triplet-
triplet annihilation quite a significant
effect would be expected, which shall
briefly be quantified next. For the green
curve shown in Figure 5-27 the electric
field pulse causes a 2 % recovery of the
signal relative to the steady state triplet

density. Assuming the equivalence of

‘the four charge carrier pairs with

different sum-spin, an estimated ~0.7 %
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of the steady state triplet concentration
converts into singlet excitons at the
field. By
considering the triplet generation rate

turn-off of the simply
without any bimolecular annihilation
then the level of the steady state triplet
concentration would be reached after

~500pus. This means that the
integrated fluorescence area of this
potential spike is identical to the

integrated fluorescence after excitation
with a 3.5 ps long optical pulse. Such
fluorescence signals should easily be
observed, but unfortunately the
corresponding experiments have not

been performed so far.

5.5. Conclusions

Given  that
applications are driven in pulse mode, it

potential  consumer
appears that the microsecond time
scale with moderate excitation doses
contains the most useful information
about working devices with regard to
the design and driving rules. In this time
domain one can study the build-up of
triplet excitons and polaron density as
well as the mutual interactions of the
latter with the singlet exciton as they
will occur in real applications. This
knowledge is considered critical in
order to optimize conjugated polymer
based devices.

In the present study, using somewhat
standard experimental techniques the
accumulation

time-dependent triplet

during both optical and electrical

excitation has been measured as a
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function of the corresponding
fluorescence level. Given the simplicity
of the experimental set-up, which
features neither a particularly high time-
resolution nor an exceptional sensitivity,
the obtained results are still

comprehensive and give unique
insights into working devices.

During the whole investigation especial
emphasis was laid on the determination
of the singlet-to-triplet generation ratio.
In contrast to recent findings,*’* *° the
latter ratio is obtained as a universal
constant and as such neither depends
on the investigated material nor on the
applied field. Albeit the accuracy of the
absolute value is limited by the high
error margins of the inter-system-
crossing rates, it is safe to conclude
that the true singlet generation rate will
be at least close to the quantum
statistical limit of 25 %, which clearly
does not include previous outcomes of
50 or even 90 %.42. 43, 46, 47, 53, 58, 59, 65 In
this context the present study also
gives a rather complete overview of the
manifold problems that one needs to
carefully account for, even for simple
relative measurements, and as such
unveils why many previous studies
generated only arbitrary values.
Furthermore, evidence is provided
about the dispersive nature of triplet
migration, which is rate limiting for
bimolecular triplet annihilation. Here the
corresponding annihilation rate is
dependent on the actual triplet exciton

density, because the average time it
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takes for a triplet to encounter its
nearest neighbor decreases non-linear
with the intersite separation.
Furthermore, the occurrence of singlet
exciton-polaron quenching has been
confirmed by fluorescence
measurements both as a function of
time and applied electric field. In the
absence of any stimulating electric field,
several experimental observations
suggest a generation mechanism for
polarons predominantly via triplet-
triplet-annihilation rather than direct
singlet exciton dissociation. Hereby
considered is a sequential process,
which involves the initial formation of
geminate pairs. These pairs then either
recombine into singlet or ftriplet
excitons, or fully dissociate, with the
latter rate being dependent on the
applied electric field.

Also a model has been developed in
that

accumulation under constant excitation

detail describes the triplet

in the framework of bimolecular
annihilation. The successful application
of this model to the experimental data
confirns the existence of a relatively
small charge carrier recombination
zone, which exhibits a layer thickness
of only 6 nm for polyspirobifluorene.

The development as well as the results
of the latter model takes a prominent
part of the chapter. At this point the
reader might be left with the feeling that
a significant part of the conclusion of
the whole chapter depends on whether

or not this model exactly describes the
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underlying physics. However, in all
cases apart from the recombination
layer, the model was only a tool to
quantify the observed triplet induced
absorption curves. In a way the
situation is similar to the data analysis
in ellipsomety. Here if a suitable model
is lacking, then one can always
simulate the measured data with a set
of harmonic oscillators, which have no
physical meaning. in such a way the
simulation parameters in the present
study can always be considered as
nothing else than an exact description
of the measured curves. In conclusion
the main findings are not linked to the
model. For example, consider the triplet
density dependent ftriplet annihilation
rate. If simply the steady state values
are plotted as a function of optical
excitation dose then one still observes
an algebraic dependence with exponent
0.88 rather then the classically
expected square root slope, which still
means that the annihilation constant is
density dependent.
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6.1. Introduction

The photo excitation of small light
emitting molecules leads to the
formation of a tightly bound metastable
singlet exciton with a well defined
energy level.® After a long debate the
primarily excited state in polymeric
systems is now also generally
considered as a molecular singlet

exciton,> 8

rather than a free charge
carrier according to a one dimensional
band picture.> * For highly luminescent
systems, such as considered in this
study, the main deactivation channel for
most of these primary excitons is the
radiative decay, which gives rise to the
widely studied prompt fluorescence.”
Characteristic for dilute systems are
mono exponential decays featuring
lifetimes of the order of one
nanosecond. Furthermore, a few
percent of the singlet excitons convert
into triplet excitons via inter-system-
crossing. In the absence of bimolecular
and impurity quenching, gated
spectroscopy enables the observation
of the

phosphorescence, with typical lifetimes
d.12' 13, 15-17

corresponding  emission,
of the order of one secon
Besides these direct mono
exponentially decaying emissions,
conjugated oligomers and polymers
generally feature delayed luminescence
that is isoenergetic to the prompt
fluorescence.'™ " * The occurrence of
such delayed emission in a time

domain long after the typical prompt

emission as well as its non exponential
decay kinetics enables one to
distinguish the corresponding delayed
singlet excitons from their directly
decaying counterparts. Unlike many
organic

crystals, the delayed

luminescence in the conjugated
polymers and oligomers considered
here cannot originate from so-called E-
type delayed fluorescence, i.e. inter-
system-crossing from the triplet back to
the singlet manifold.® Here a strong
electron-electron correlation causes the
triplet exciton energy level to be about
0.7 eV below its singlet counterpart,”" "2
which prevents any thermally assisted
back-transfer. The most frequent
source of delayed fluorescence is
bimolecular triplet-triplet-annihilation
(TTA), which has been observed in thin
film and frozen solution.'® ¥ ™ The
assignment of TTA as the origin of the
delayed fluorescence is usually (see for
example chapter 4) based on laser
dose experiments, where the delayed
fluorescence depends quadratically but
the triplet density, measured via the
phosphorescence signal, only linearly
on the excitation power. The
examination of frozen solutions has
attracted much attention as here many
researchers generally base there
conclusions upon the assumption that,
unlike in thin solid films, isolated
polymer chains are probed.'® *® % This
however is clearly not the case as in
these frozen solutions the polymer

chains form extended clusters, which
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was shown in chapter 4 and in Ref ™.
Within this context the disappearance
of the observed delayed luminescence
as soon as the solutions start to melt,
i.e. the solid-state aggregates dissolve,
is further unambiguous proof to confirm
the interchain nature of the observed
triplet-triplet-annihilation delayed
fluorescence in such frozen solutions.'®
% In conclusion, in those experiments
one probes the bulk and unlike that
claimed by the authors, the observed
phenomena are interchain as opposed
to intrachain in nature. Actually, in most
common polymers this cluster formation
only enables one to observe delayed
fluorescence due to (triplet-triplet-
annihilation, which on truly isolated
systems is prevented as a
consequence of an average ftriplet
generation density of less than one
triplet per chain. Nevertheless, very
recently King et al. succeeded to
observe true intrachain triplet-triplet-
annihilation delayed fluorescence in a
dilute polymer solution by using a
extremely  high

(~ 1 mJicm?)

accompanied with the highest available

combination of

excitation doses
molecular weight polymer (more than
1000 repeat units).*'

Besides triplet-triplet-annihilation
delayed fluorescence, another source
that is

frequently discussed in literature mainly

of delayed fluorescence

by the Bassler group is delayed charge

carrier recombination.* '3 18 38 45. 67, 74-76

The numerous reports and
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interpretations of experimental findings
within the framework of the geminate
charge carrier recombination were
triggered by a single observation by
Schweitzer et al. that the optically
excited delayed fluorescence can be
quenched by an electric field.* ¢ % The
authors finally based their conclusions
on the assumption that the triplet is not
affected by an electric field but also on
the experimental observation that the
delayed fluorescence rises linearly with
excitation dose, which rules out any
bimolecular processes. However, Sinha
et al. disproved the first assumption in
our own laboratories when they showed
that the triplet exciton is actually
strongly quenched by an electric field
most likely due to exciton polaron
interactions.!” Also the second point
does not withstand a closer
examination as the linear laser dose
the

fluorescence was accompanied by a

dependency of delayed
square root dependence for the prompt
fluorescence. In fact this observation is
fully consistent with the high excitation
doses (> 100 pJicm?) used in the
but

studies as it is

also in
the
fingerprint of singlet-singlet-annihilation.
Thus the
fluorescence was actually quadratically

above-mentioned
subsequent

observed delayed

dependent on the singlet exciton
density in line with the triplet-triplet-
annihilation picture but contrary to
geminate pair recombination. In this
context singlet-singlet-annihilation is a
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fast process compared to inter-system-
crossing, i.e. the triplet density is
proportional to the density of the
surviving singlet excitons, which is
observed as fluorescence, rather than
to the applied excitation dose. For a
long time, researchers related to the
Bassler group ignored both these facts,
which contradict the geminate pair
picture and it was not until recently that
Romanovskii et al. clarified this point
when they showed that the delayed
fluorescence has a bimolecular origin
as compared to the prompt
fluorescence.'® Note, all the above said
does not exclude the existence of
geminate pairs. However, they cannot
directly be formed from the singlet
exciton. Instead either high electric
fields or bimolecular exciton annihilation
is required for the geminate pair
formation. This is also consistent with
the observation of geminate pair
recombination following triplet-triplet-
annihilation at the end of chapter 5.

To summarize, in contrast to the claims
of numerous published experimental
work, there hasn't been a single
observation of true monomolecular (i.e.
depending linearly on excitation dose)
delayed fluorescence. Furthermore,
such a delayed luminescence is not
expected within the common excitonic
picture. Under optical excitation one
directly excites a bound state that is
approximately 400 meV lower in energy
than a corresponding pair of free
Monomolecular

charge carriers.%®

delayed fluorescence due to charge
carrier recombination now implies that
this tightly bound singlet exciton
dissociates, i.e. gathers about
400 meV, and forms a pair of charge
carriers which can then again recycle to
the singlet exciton! For energetic
reasons the whole process should be
highly unlikely if not impossible.
Nevertheless, there has been extensive
theoretical work directed on this issue.
Bassler et al. initially believed that the
necessary dissociation energy can
simply be gained by thermally assisted
jumps of the excitation within the
DOS.”” In a more recent model
Arkhipov et al. describes the singlet
dissociation as an intrachain, hot
process where the initial excess energy
from the optical excitation is retained in
a local heat bath for a certain time and
as such causes the geminate pair
formation.™

As a consequence of the plain
existence of these theoretical models,
any novel kind of delayed fluorescence
that cannot be explained by triplet-
triplet-annihilation has also to be
discussed in terms of the
monomolecular geminate pair picture,
even though so far there hasn’t been
any experimental evidence for such
pairs in conjugated systems and it
appears very unlikely that they will ever
be observed.

In the present chapter, time-resolved
spectroscopy has been applied in the
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nanosecond time regime, mainly on

isolated conjugated systems.
Unexpectedly, here a novel kind of non
lived

exponentially decaying long

fluorescence is observed with the
interesting characteristics of being
isoenergetic to the prompt fluorescence
and intrachain in nature. Furthermore,
this delayed emission is generically
observed in all kinds of conjugated
systems  including laser  dyes,
oligomeric and polymeric systems. This
long-lived, generic fluorescence can
neither be attributed to the normal
delayed,

regenerated singlet excitons either due

singlet exciton nor to
to bimolecular triplet annihilation or due
to geminate pair recombination. Thus,
one infers the existence of a further
directly excited singlet state in
conjugated systems that so far has
neither theoretically been predicted nor
experimentally been observed.

Considering the abundant number of
kinds

conjugated systems, at first glance it

publications on many of
seems highly unlikely that such a
generic feature has been completely
overlooked so far. However, the signal

under examination is both very weak

(typically 10° of the prompt
fluorescence intensity) and fast
decaying (within 100 ns after

excitation). Thus, the observation of
these signals really requires the time-
resolved detection system employed
here, which is unigue in its combination
of a very sensitive light detection with
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superb time resolution. In fact the
presented data for the first time scan
the fluorescence decay, in one
measurement, through the tail of the
prompt fluorescence directly into the
delayed emission regime, thereby
detecting signal drops in excess of
eleven (!) orders of magnitude in only
two orders of time. In all previous gated
spectroscopy studies only the micro-
and millisecond time domain could be
examined, because the time resolution
of the employed ICCD cameras was of
order 30 to 100 ns only."* "® 7 Similarly,
very
fluorescence detection such as femto

any fast time-resolved

second or single-photon-counting
fluorescence studies are nowhere near
sensitive enough to observe weak
delayed fluorescence signals.
Therefore, the fact that this delayed
fluorescence has not been reported in
the

astonishing as

literature so far is not at all
the
required, the nanosecond time scale,

time domain

cannot be investigated with common
light detection systems.

6.2. Sample Preparation

In order to verify the generic nature of
the observed delayed emission, many
kinds of organic materials from various
sources have been investigated. These
incilude commercially available laser
dyes (Exciton); small molecules such
(Aldrich);
fluorene oligomers that were either

as anthracene several

synthesised in the Durham University
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Chemistry department or provided by
Prof. Ulli Scherf;
(Covion); and

the group of

polyspirobifluorene
several co-polymers that have been
TNO
Technologies and which were obtained

synthesized by Industrial
via Philips Research Eindhoven. The
majority of the experiments were done
on dilute systems employing various
solvents

(MCH),
methanol, decaline or toluene (Romil).

“ultra  pure’ including

methylcyclohexane ethanol,
Typically the weight fractions of the
investigated systems were chosen
between 10* and 10 which roughly
corresponds to optical densities at the
excitation wavelength between 0.1 and
0.6. The influence of molecular oxygen
on the delayed fluorescence was
investigated by removing the dissolved
air for several of the solutions by four
freezing-thaw-cycles. However, if not
explicitly stated otherwise then non-
degassed solutions were used.

For reasons described below, only a
few out of the whole range of the
pristine conjugated systems, namely
some meta-coupled copolymers, are
suitable for solid-state measurements.
Thin films made of some of these
copolymers have been prepared by
spin coating a 2 % by weight polymer
solution onto previously cleaned
sapphire substrates. For one of these
co-polymers the influence of an applied
field on the

fluorescence has been

electric delayed
investigated

using sealed, high-quality devices that
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were fabricated by Philips Research
Eindhoven, compare Figure 5-4.

For the spectrally- and time-resolved
luminescence detection, set-up and
procedures as described in chapter 3
were employed. In order to suppress
bimolecular annihilation processes the
excitation pulse dose, if not stated
otherwise, was kept below 10 pJ/icm?.

Also, a time-correlated single photon
(TCSPC, fixed

excitation at 390 nm, puise width 75 ps,

counting system
detection channel width 5 ps) was used
as an alternative, accurate measure of
the fluorescence decays in the initial
time region. Here the fluorescence
lifetimes are obtained after a
deconvolution of the laser scatter pulse
with the measured signal, which is
assumed to be multiple exponential.
However, all the results of this
experiment that are presented here are
well described by a single exponential
This
experiments enables one to gain full

lifetime. combination of

excited state decays and to
verify  the

resolution of the ICCD spectrometer.

simultaneously time-
With the time resolved luminescence
set-up it is very difficult to find an
absolute relation between the applied
excitation dose and the corresponding
luminescence signal. If one s
interested in absolute emission yields
only relative measurements are
possible using a standard reference,

which relates the measured intensities
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to a known quantum yield. Therefore in
the emission intensity versus time plots,
i.e. in the decay graphs, the y-axis for
each data set is arbitrarily chosen. It
follows that the absolute emission
intensities of different data sets, even of
the same material, cannot be compared
with each other. Within this context
decay graphs within the same plot are
frequently and without stating it
explicitly, arbitrarily offset for clarity.

6.3. Results

6.3.1. Small molecules

Within this first part of the resuits the
fluorescence decays of common small
molecules anthracene, BBO, Coumarin
450, Coumarin 500, and Rhodamine
6G in dilute solutions are investigated.
The the
substances as well as the solvents

chemical structures of
used are given in Table 6-1 at the end
of 6.3.3. With

anthracene these materials are all laser

the exception of

dyes and as such possess high
emission quantum yields of order 90 %
in dilute solutions. In such a situation,
classical mono exponential
fluorescence decays are expected,
bimolecular

because neither

annihilation nor non-radiative
quenching mechanisms play a major
role.
In Figure 6-1 the corresponding
fluorescence intensities versus time are
shown on a double logarithmical scale.
Indeed in the initial time period strictly

mono-exponential decay kinetics are
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observed, which is evident by the linear
behavior after re plotting in a semi
logarithmical fashion such as shown for
a representative data set in Figure 6-2.

WAL | T 7 VrIrIY Y v T rerer

- Anthracene |

comarin 450

comarin 500 |
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[
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logarithm of the emission intensity a.u.

10? 10° 107 10°

time (s)

Figure 6-1 Compendium of double
logarithmical decay curves of several
small molecules in dilute solution,
solvent is given in Table 6-1. The green
solid lines are least square fits
according to Equation 6-1 with fitting
parameters given in Table 6-1.
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Figure 6-2 A representative data set
from Figure 6-1, Coumarin 500,
replotted in a semi-logarithmical fashion.
The solid green line refers to a single
exponential fit to the prompt
fluorescence.
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in Figure 6-1. As an example for BBO
only the high energy portion of the
fluorescence spectrum, starting from
3.0 eV was used for the decay kinetics.
Asymptotically, the DF1 decay kinetics
generally obey algebraic laws, which is
evident by the linear behavior in the
double logarithmical plot in Figure 6-1.
For anthracene a least square fit yields
an exponent of —4.07, which is the
highest value observed for all materials.
The slopes of the other materials that
are shown in Figure 6-1 range between
— 2.5 and - 3.5. As shall be shown, the
slope of a certain material hardly ever
changes under different experimental
conditions. Therefore, the exponent
should be considered a material
constant similar to the fluorescence
decay constant.

Bearing in mind the observation that
both fluorescence contributions within
their corresponding time domains obey
very elementary decay kinetics, it
appears reasonable to simulate the
whole fluorescence decay with only one
model, which should give an improved
fit also in the turn over region from PF
to DF1. Obviously, a summation of
single-exponential plus an algebraic
describe the

expression  should

observed decays:
F()=Ae * +4,t™
Equation 6-1

Simulations according to Equation 6-1
are included in Figure 6-1 as green
solid lines and are in markedly excellent
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agreement with the experimental data.
The two important fitting parameters,
i.e. the mono exponential lifetime r and
the algebraic decay exponent b are
given in Table 6-1 at the end of 6.3.3.
However, Equation 6-1 certainly cannot
the
experimental situation as a lower cut-off

fully account for observed
frequency needs to be included within
the algebraic component for scaling
reasons. Without doing so the emission
intensity would approach infinite high
values for short delay times. Details will

be discussed within 6.3.7.

6.3.2. Fluorene-type oligomers and
polymers

To gain a deeper insight into the nature

of the DF1 emission, a whole series of

polyfluorene-type
materials have been probed. Tested

chemically similar
within this study were the mono
disperse oligomers para-difluorene (2-
fluorene), para-trisfluorene (3-fluorene)
as well as the polymer derivatives
poly(9,9diethyl-hexyl)para-fluorene with
two different average molecular weights
corresponding to 10 (10-fluorene) and
100  (100-fluorene)

repeat units and a very high molecular

approximately

weight polyspirobifluorene with about
1000 repeat units (1000-fluorene). All
chemical structures are shown in Table
6-1 at the end of 6.3.3. One might find it
strange that the simplest member of the
fluorene family, fluorene itself, is not
included in the list of tested systems.
With the time-resolved set-up described
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in chapter 3 one is limited to excitation
energies no higher than 3.5 eV. This
energy is just about enough to excite
four ring molecules, such as para-
difluorene (absorption spectrum shown
in Figure 6-10). Compared to these
molecules the absorption of fluorene on
its own is shifted too far into the blue
spectral region and cannot be excited
with  the
Nevertheless, already the above range

system used here.
of conjugated systems offers the unique
opportunity to study the DF1

chemically similar molecules as a

of

function of the molecular weight and the
length of the molecules, respectively.
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Figure 6-4 Compendium of fluorescence
decays of fluorene derivatives in a
double logarithmic scale with the
number of repeat units as indicated.

For the ease of comparison all
materials have been dissolved in the
The

fluorescence decay curves of the five

-same solvent; toluene.
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materials are shown in a double
logarithmical scale in Figure 6-4. Again,
for each of the fluorene derivatives an
algebraically decaying delayed
fluorescence component, subsequently
to the | mono-exponential decaying
prompt fluorescence, is observed.

For the polymers and oligomers shown
in Figure 6-4 the DF1 regime is already
achieved after an intensity drop of the
PF of about five orders as compared to
seven orders in case of the laser dyes
in Figure 6-1. Since for all investigated
systems (fluorenes and laser dyes) the
dilute

solutions is roughly close to 100 %, it

emission quantum vyield in

immediately follows that the DF1 in
fluorene derivatives is about 100 times
stronger than in the above small
molecules. In consequence it is much
easier to study the DF1 emission using
the fluorene derivates as opposed to
the laser dyes.

Likewise for Figure 6-1, green solid
lines according to Equation 6-1 are also
included in Figure 6-4. However, as a
consequence of the short PF lifetimes
and unlike for the laser dyes, r was not
simulated as a free parameter but fixed
to the exact values that were obtained
with the time-correlated-single-photon-
counting method (TCSPC). In such only
the PF amplitude A, was adjusted to fit
the experimental data. All obtained
fitting parameters are given in Table
6-1. The decay exponents of the two
small fluorene oligomers fall into the
same range (between -2.5 and -3.5)
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green dashed line that is included in the
3-fluorene part of Figure 6-5. Therefore,
for the DF1 decay kinetics, it is still
possible to selectively integrate over
spectral areas that are not affected by
the keto emission. For example only the
blue energy portion of the 3-fluorene
fluorescence spectrum, starting from
the
corresponding decay graph shown in

3.0 eV has been used for

Figure 6-4. Compared to the fluorenes,
the laser dyes of 6.3.1 are much more
resistant against oxidation as these
materials are designed to work in harsh
conditions.

To summarize the above: if the vibronic
spectrum of the fluorescence is well
resolved and if any keto emission is
sufficiently weak then it appears a
generic trend that the leading vibronic
mode relatively increases for the DF1.
This
immediately at the turning point, i.e. the

spectral redistribution occurs
spectra shown in Figure 6-3 and Figure
6-5 represent the relevant fluorescence
contribution. Based on the unequal
emission spectra, a slightly dissimilar
energy conformation for the prompt and
delayed singlet exciton can be inferred.
Following the Franck-Condon-Principle,
the observed differences in the vibronic
spectra suggest that the DF1 singlet
excited state is more similar (less
excited state relaxation) to the singlet
ground state as compared to its prompt
counterpart.
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6.3.3. Further polymeric systems

In the
conjugated copolymers that contain

recent past, meta-coupled

carbazole, fluorene and oxadiazole
moieties have attracted considerable
research interest due to their potentially
superior properties as active materials
in electroluminescence applications
when compared to common para-
coupled homo polymers.®®* In this last
the

representative of this uncommon class

part of general results a

of materials is introduced, an

alternating copolymer consisting of
carbazole and fluorene. For the present
study of uttermost importance is that
some of these copolymers, including
the above one, are the only conjugated
systems so far known that allow the
observation of the DF1 emission in the

solid state.

AN
AN

"MeLPPP |

logarithm of the emission intensity a.u.

!
Carbazole-fluorene

copolymer
1E-9 I '1'F:-8 - '1'E-7
time (s)
Figure 6-6 Comparison of the

fluorescence decay of three polymeric
systems in a double logarithmic scale.
Green lines are least square fits
according to Equation 6-1 with
parameters given in Table 6-1.
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However, to start with, all the decay
graphs shown in Figure 6-6 are
obtained from dilute solutions. For the
purpose of completeness this graph
also contains the fluorescence decays
of the two archetypical and widely-
studied polymers methyl-poly(para-
phenylene) (MeLPPP) and 5-(2'ethyl-
hexyloxy)-p-phenylene vinylene)
(MEHPPV). However, both of these
polymers are not well suitable for
advanced delayed luminescence
studies as they suffer from backbone
oxidation, i.e. keto defects. For

MeLPPP this is already born out of the

complicated synthesis whereas for
MEHPPV the vinyl linkage is
susceptible to oxidation. For these two
polymers the fitting procedure
according to Equation 6-1 was again
backed up with TCSPC lifetimes.
Consistent with the empirical rule for
high molecular weight systems both
polymers feature DF1 gradients close
to -2.0 whereas for the copolymer an
unusually large exponent of -2.86 is
found. All chemical structures and the
fitting parameters are given in Table 6-1

below.

name chemical structure

PF DF1
T (ns) b

solvent

anthracene

MCH 36 | 4.07

BBO O O o O O toluene 0.96 | 2.77

Coumarin

H5CaHN ) )
| metha-
36 |287
450 HsC nol
CH.

Coumarin

ethanol 50 2.51

3
HgCoHN 0. (o]
500 m
CF3
H5CoHN. (0] NHC,Hg
Rhodamine HaC ‘ D CH,
6G l COOCHs

ethanol 3.9 3.48
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Hy4Cs CgH14
2-fluorene O.Q 0.0 toluene | ~0.78 | 3.51
Hy4Cs CgHyg
3-fluorene COQ toluene | 0.64 | 2.98
™ 3
10-fluorene COQ = toluene | 043 | 2.68
R” R “10
100- COD ~
d toluene 0.35 | 2.26
fluorene R7OR n
1000-
toluene 2.1 2.08
fluorene
MEHPPV
. . \ toluene 0.35 | 2.21
n
MeLPPP
. toluene 067 | 2.13
carbazole-
~0.73
fluorene toluene " 2.86
copolymer

Table 6-1 Compendium of chemical structures of all the above described materials as well
as the used solvents. Also given are fitting parameters, fluorescence lifetime 1 and the
exponent b, as obtained with Equation 6-1. * Unlike for all other experiments where 355 nm
was used, MEHPPV and MelLPPP were excited at 500 and 420 nm, respectively. ** the PF
decay is not strictly mono-exponential.

6.3.4. The DF1 in the framework of
bimolecular processes

So far any eAbeeArifne'nt'ai observation of

isoenergetic delayed fluorescence in
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organic systems could consistently be

attributed to either

triplet-triplet-

annihilation or delayed charge carrier

recombination.® In the present and the
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following section, experimental

evidence is shown and discussed,
which unambiguously proves that the
DF1

assignment within either of the above

emission eludes any such
stated, archetypical mechanisms for the
delayed generation of singlet excitons.

The most common origin of delayed
the

annihilation (TTA) of a certain triplet

fluorescence is pair wise

exciton density (#,) following the rate

equation:
dn, 2
DF =—t=—
di Yrrty
Equation 6-2

For the dilute systems considered in the
present study, y, takes the form of a

diffusion time constant, i.e. rate limiting
for any potential delayed fluorescence
emission is the encounter of two
molecules that each carry a triplet
exciton, compare also chapter 4. For
the

multiple triplet excitations on a single

laser doses used throughout,
molecule can safely be ruled out. This
is immediately clear for the laser dyes
and small oligomers, but also holds true
for polymeric systems as shown in
chapter 4. Following Equation 6-2 any
delayed fluorescence that originates
from triplet-triplet-annihilation will have
the
excitation dose. However, after optical

a quadratic dependence on

excitation the triplet exciton forms in a
sequential process from the initially
excited singlet exciton. Therefore the
quadratic laser dose dependency for

the delayed fluorescence is only
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observed if the singlet density, for
example measured as fluorescence,
simultaneously depends linearly on
excitation dose, i.e. any non-linear
quenching mechanism such as singlet-
singlet-annihilation plays no major role.
Nevertheless, even in the presence of
singlet-singlet-annihilation the delayed
fluorescence following triplet-triplet-
annihilation would still be quadratic
when compared to the fluorescence.

The DF1 emission is in general not
caused by TTA. This has already been
demonstrated in great detail within

chapter 4 using a representative

polyfluorene derivative, which is very

similar to the here considered
100-fluorene. The two main
experimental observations that
contradict the bimolecular triplet
annihilation picture are first the linear
dependency of the DF1 (with
simultaneously linear PF) on the

excitation dose, shown in Figure 4-6,
and secondly the fast decay of the DF1,
which is not accompanied by a

corresponding drop in the triplet density

as measured using time-resolved
transient absorption, Figure 4-8.
Instead, the triplet density remains

almost constant in the nanosecond time
domain in dilute solutions.

In the following a few complementary
experimental results of two other
systems are presented that in the light
of the other experimental results
beyond doubt allow excluding TTA as

the origin of the DF1 emission.
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has to discuss the geminate pair
picture.

There is only one phenomenological
model for the description of the delayed
isoenergetic fluorescence that implies a
linear excitation dose dependency - the
delayed recombination of geminate
pairs. Though there has never been a
consistent experimental observation for
any conjugated system, the potential
existence of these geminate pairs was
lively debated by Bassler, Arkhipov and
coworkers. ' 38 45. 67. 74, 77. 85. 8 | theijr
framework the long-lived excitations are
considered as correlated (coulombically
ie. two

that are far

bound) electron-hole pairs,
independent charges
enough away from each other so they
do not act as a single excitation (no
electron exchange). In such, the overall
energy of a geminate pair is clearly
higher (by about 0.4 eV the exciton
binding energy) as compared to the
The
formation of such pairs is discussed

corresponding singlet exciton.
either as a direct excitation or via
sequential dissociation from the initially
The direct
excitation of electron hole pairs implies

excited singlet exciton.

an exciton binding energy of order kgT
only, which contradicts the standard
model,
repeatedly concluded from so-called

but nevertheless has been

“ultrafast” studies mainly by Heeger,
Moses and others.®®' All seriously
discussed geminate_pair models start
from the initially excited singlet exciton,
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which then dissociates into a geminate
pair. In doing so, they mainly try to
answer the key question where the
necessary exciton dissociation energy
of 0.4 eV comes from. Favored at the
moment is a theory by Arkhipov et al.
that rests on the notion that thermal
excess energy after photo excitation is
temporally retained in a local heat bath,
which then promotes the singlet
dissociation into a charge carrier pair.”™
In this context dissociation is only
possible if the excess energy is at least
as large as the exciton binding energy,
which Arkhipov assumes at around
0.35eV for MeLPPP. This model is
further relevant for the present study as
it implies an intrachain dissociation
mechanism, the only one that will
isolated

anyway be possible for

molecules. Following Arkhipov’s
approach, the yield for geminate pair
formation, which would be directly
linked

fluorescence emission, is related to the

to any potential delayed
provided excess energy. Therefore,
studying the delayed fluorescence
intensity as a function of excitation
energy will show whether or not
Arkhipov’'s model is suited to account
for the origin of the DF1 emission.

Two absorption spectra of the fluorene
series, 2- and 1000-fluorene are shown
in Figure 6-10. For the oligomer
2-fluorene, excitation at 355 nm resulits
in an excess energy of ~ 0.1 eV, which
is much smaller than the generally
assumed exciton

binding energy,
















6 Nanosecond delayed emission of indirect intrachain excitons

site density in the former case. Similar
to the triplet exciton findings described
in 447,
accompanied by energy
within the DOS, which, due to the
higher number of sampled sites, is

this migration process is
relaxation

more pronounced in the solid-state.

In Figure 6-14 a range of time resolved
fluorescence spectra covering both the
PF and DF1 region of the green, low
temperature data set of Figure 6-13 is
shown on a common energy scale. In
this plot the continuous red shift of the
prompt fluorescence due to energy
relaxation is clearly observed, which
reaches its highest extent at about
three to four nanoseconds. In this time
period the luminescence of the longest
lived singlet exciton is observed, which
already shows some additional low
energy features of unknown origin.
Subsequently and coincident with the
the DF1
(compare Figure 6-13), the emission

beginning of emission
shifts back to the blue spectral region
and now takes an averaged energetic
position of the prompt fluorescence.
During the DF1 time domain no further
alternations of the emission spectrum
are observed. This is further proof for
the migration of the prompt singlet
exciton and the immobility of the DF1
state. Also visible in Figure 6-14 is the
change of the vibronic spectrum at the
turning point from prompt to delayed
fluorescence, i.e. at about 4 ns.
_Immediately at this point in time the

leading vibronic mode is relatively
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reduced as compared to the PF
but
alternations  of

spectrum, no subsequent
the spectrum are
observed.

Note again, a similar PF energy shift as
compared to Figure 6-14 does not
occur in dilute solutions due to the
suppressed singlet exciton migration.
Therefore PF and DF1 appear nearly
isoenergetic independent of the chosen

time-resolved PF spectrum.

6.3.7. The DF1 in solid-state: Energy
transfer studies

With the similarity of polymer and
oligomer results in mind as well as the
above copolymer findings it was
already concluded that migration is
neither decisive for the population nor
for the decay of the DF1

Assuming a fully immobile excited state

state.

for the DF1 emission, it should be

possible to employ a migration
activated fluorescence  quenching
channel and in such uncover the

otherwise buried DF1 contribution in the
solid state fluorescence. This approach
of selectively quenching the prompt
fluorescence indeed works, which is
shown in the present section by two
examples. These involve migration
activated singlet energy transfer to an
emissive guest molecule and to an
impurity site.

As a first example singlet energy
transfer to keto defect sites in
3-fluorene imbedded into zeonex is

pféséﬁtéd. The at;undant occurrence of
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any delayed fluorescence due to TTA,
since this bimolecular process scales
with the square of the singlet density.
For this heavily doped film the
remaining prompt fluorescence s
visible only in the initial 2 ns. At this
time the same spectral redistribution as
described above for dilute solution
occurs as the prompt fluorescence
turns into isoenergetic, monomolecular
DF1. Consistent with both the
copolymer and the 3-fluorene findings,
of DF1 in this

quenching experiment means that the

the observation

corresponding DF1 excitation is not
transferred to the guest molecule, and

therefore is much less mobile as
compared to the common singlet
exciton.

Note, the solid state decay curves of
Figure 6-12 (red) and Figure 6-19 (red)
are not in contradiction to each other,
because the doped curve is much lower
in intensity than any data point of
Figure 6-12. Therefore, DF1 (more
exactly its excited state) exists in solid
state as well but the absolute emission
intensity is lower as compared to dilute
solution.

Following the same procedures as
applied for 3-fluorene, from the doped
film (red dataset in Figure 6-19) for
1000-fluorene the
frequency was
t; = 18.5+0.2 ns.
agreement to the experimental data

inverse cut off
obtained as

Finally, very good

was obtained by fitting the dilute

solution fluorescence decay (black data
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set of Figure 6-19) to Equation 6-3 with
fixed parameters t;, ¢ = 2.1 ns (from
TCSPC) and b= 25. Again,
scaling the overall emission of Equation
6-3 to the quantum yield of 1000-
fluorene in dilute solution, 0.94, it is

after

possible to work out the selective DF1
emission quantum yield in solution,
QYDF1 = 0.004.

4

7 (ns) -b DF1*
(ns)
3-fluorene | 0.64 8.5 296 | 2E-4
1000-
2.1 185 |25 | 4E-3
fluorene
copolymer | ~0.73 | <3.5 | 2.86 | >2E-4

Table 6-2 Fitting parameters according
to Equation 6-3, which yield the green
solid lines shown in Figure 6-17 and
Figure 6-19, respectively.*In this column
the overall quantum yield of the DF1
emission in solution is given in absolute
numbers.

Table 6-2 shows the fitting parameters
according to Equation 6-3 for the two
fluorenes. The same procedures cannot
be applied for the copolymer, because
for the plateau time only a higher limit
can be discerned from the
corresponding solid state data of Figure
6-13, t; < 35 ns.

assuming an overall emission quantum

Nevertheless,

yield in solution of 50 %, a lower limit
for the copolymer DF1 quantum vyield in
solution would be QYpg4 > 0.0002.

To summarize the above experimental
results, the DF1 state is most likely an
intra chain and immobile excitation and
as such is neither affected by the
surrounding media such as the solvent
nor by neighboring chain segments.
Furthermore, thermal activation energy
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conditions (apart from the bias), i.e.
they are not normalized. Along with this
drop in the PF, the DF1 component is
quenched as well by about 50 %. The
interesting observation now is that the
DF1 is more strongly quenched than
the PF. This suggests a higher dipole
moment of the corresponding excited
state of the DF1 as compared to the
common singlet exciton. For the whole
the first time that
experimental conditions could actually
influence the DF1

independent of the PF. However, due to

study this is

emission

the close proximity of the PF and the
DF2 signal it is not clear if amplitude or
lifetime quenching of the DF1 signal
occurred. On account of the above
experimental findings the latter is the
more likely possibility and should cause
an accelerated decay slope.

It remains to clarify whether the
experimentally observed bias effect is a
pure electric field effect or if maybe
exciton polaron interactions, i.e. charge
carrier quenching, needs to be invoked.
To clarify this point, the decay kinetics
under forward and reverse applied bias,
i.e. with and without charge carriers
present in the active polymer layer,
were compared. In this context, within
the investigated 100 ns time frame the
emitted electro luminescence for + 15V
is negligible as compared to the photo
luminescence. However, for negative
and positive applied bias virtually
identical. decay. kinetics were obtained
and thus averaged to the single data
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6-20.
Consequently, a true electric field rather

set  shown in Figure
than a charge carrier quenching effect
has been observed.

6.4. Conclusions

To summarize, a new kind of generic
mono molecular fluorescence has been
observed in

conjugated  organic

systems that is distinct from the
common singlet emission by its non-
exponential, longer decay kinetics that
obey algebraic laws. In general the
decay exponents range between -1.5
and -4.1 while higher molecular weight
systems tend to exhibit more slowly
decaying delayed emission, which is
accompanied by

higher delayed

emission quantum yields. However,

even for the Ilatter materials the
emission quantum yields of the delayed
fluorescence are a fraction of a percent
only.

The corresponding excitation is an
immobile intrachain state and its
absorption directly matches that of the
normal singlet exciton, in other words

increasing the excess excitation energy

does not result in more delayed
emission relatve to the prompt
emission. The delayed emission

spectrum is isoenergetic to the prompt
fluorescence, which for energetic
reasons excludes the singlet exciton as
a potential precursor state. Consistent
with a directly excited and immobile
excitation, population and decay of this

state are independent of the provided
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thermal activation energy. A higher
dipole moment as compared to the
common singlet state is inferred from
electric field quenching experiments.

From these experimental observations
one concludes the existence of a new
type of singlet excited state that has
neither been experimentally described
nor theoretically been predicted so far.
What is the nature of this state on a
microscopic level? In view of the large
number of different materials, which all
showed the DF1 emission in solution, it
has to be something generic that is
intrinsically linked to the conjugation
between
be
excluded, mainly on account of the
the ladder-type
polymer MelLPPP, but also because

itself. Ring torsions

neighboring repeat units can

observed DF1 in

changes in the solution viscosity do not
affect the DF1 emission intensity or the
decay exponent. One might speculate
about a rare metastable generic
distortion of conjugated systems in the
first excited singlet configuration as a
result of the optical excitation. The
associated change of the overlap
integral between first excited and
ground state will then lead to the
observed distribution of longer singlet
lifetimes. In the style of the inorganic
semiconductor field such an excited
state could appositely be called an
indirect exciton.

Currently the potential existence of
such distorted excited singlet wave

functions is being tested for very simple
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molecules, such as anthracene, by

means of quantum mechanical

calculations. In common with similar
treatments, first the complete set of
wave functions is calculated with the
molecule in the energetically lowest
conformation. These energy levels
should be able to predict absorption
and fluorescence spectra but also the
triplet level. Given that this complete set
is correct, it would be easy to calculate
the wave function overlap of the
conformational relaxed excited state
with the ground state and in such
the

exponential fluorescence lifetime. The

predict excited state mono
final step, which is different from all
previous treatments, is then to involve
some conformation perturbation of the
ground state Hamiltonian, i.e. a bend or
torsion and redo the calculations. In this
way it might be possible to find some
distribution (perhaps parameterized in a
tilt bend

fluorescence lifetimes.

or angle) of longer
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7. General Conclusions

Devices based on light emitting small organic molecules or conjugated polymers have
great potential to replace in the very near future all current display technologies owing to
their superior emission properties combined with the unmatched versatility of organic
materials. From the current point of view, it is much more difficult to foresee which of the
two competing organic technologies, namely small organic molecules (OLEDs) versus
long polymers (polyLEDs), will finally be employed for large scale display applications. In
this context, the development of OLEDs is approximately ten years ahead of the
polyLED technologies, with OLEDs currently already entering the consumer markets. On
the other hand, large area polymer devices shall be based on the very cost effective ink-
jet printing technology. Furthermore, cross linked conjugated polymers may potentially
be used to engineer flexible displays that really withstand everyday use. It is also
conceivable that applications, which require only low quality devices such as disposable
electronic newspapers or large area lighting applications, may employ the cheap
polymer technology whereas high quality applications such as computer screens would
be fabricated using OLEDs.

However, several issues need to be solved before full-color polymer displays will really
be able to enter the consumer markets. One of them concerns the more than 75 % triplet
exciton fraction, which needs to be harvested in order to achieve sufficient device
efficiency. The currently employed strategy is based on phosphorescent dopants; thus
the population and depopulation mechanisms of such dopant-host systems need to be
studied and optimized. This, however, requires in the first place a thorough knowledge of
the triplet properties of the undoped host polymer. Here, the present work provides a
fundamental framework, which in detail characterizes the behavior of the triplet excitons
in thin solid films made of conjugated host materials. This then greatly helps to put other
work on the triplet exciton into the right perspective.

As a direct consequence of the naturally large energetic variance of conjugated
polymers, the triplet diffusion at early times after its formation and/or low temperature is
highly dispersive that is dependent on time. This initial time regime is accompanied by a
rapid loss of energy as the triplet exciton relaxes towards the low states of the density of
states distribution (DOS), which implies that the average triplet energy is time dependent
as well. All observed phosphorescence stems from energetically relaxed triplet excitons,
" “with the true centre of the DOS being about 100 meV higher in energy than the observed
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spectra. It is, however, the centre of the triplet DOS which determines whether or not
triplet energy transfer to phosphorescent dopants is exothermic or endothermic.
Recently, Baldo et al. have observed an efficient population of a certain phosphorescent
guest molecule albeit the host polymer phosphorescence level was slightly below that of
the guest triplet level.*® This was then interpreted as proof for endothermic triplet energy
transfer — which it is in fact not considering the true, energetically higher, centre of the
DOS rather than the phosphorescence energy.
Subsequent to the dispersive regime, classical, non dispersive triplet diffusion is
established, being characterized by a true diffusion constant and a time-independent
average triplet energy. During this classical diffusion the triplet excitons are efficiently
quenched by migration activated triplet-triplet annihilation, which also accounts for the
lack of any phosphorescence emission at room temperature. This has rather drastic
implications on the correct interpretation of many experimental situations that study the
triplet exciton. For example, there is no need to propose temperature dependent inter-
system crossing rates, which some authors do in order to explain the lack of long-lived
triplet excitons at room temperature. Also, the majority of researchers invoke mono-
exponential triplet lifetimes in order to interpret the triplet dynamics or the absolute triplet
| densities from quasi steady-state transient triplet absorption experiments. In fact, there is
no meaning for such unimolecular decay constant for the triplet exciton for temperatures
above 100 K. Here the triplet decay is generally dose and temperature dependent
following algebraic instead of exponential kinetics. Only true time resolved experiments
will unveil the triplet exciton dynamics.
The turnover times from dispersive to non dispersive diffusion are strongly temperature
dependent, ranging from typically a few hundred nanoseconds at room temperature to
about one second at 100 K. In consequence, the ftriplet energy transfer to the
phosphorescent dopant in an electroluminescent device should take no longer than
approximately 100 ns in order to avoid triplet exciton quenching by bimolecular
annihilation. Otherwise, there will be a competition between triplet energy transfer to the
guest and bimolecular annihilation leading to a loss of device efficiency.
Future work should now study triplet energy transfer in guest-host systems, with the
focus of population of the guest from the host and depopulation of the host to the guest.
The latter process, which has become known as triplet energy back transfer, will be of
uttermost importance when investigating blue phosphorescent guest host systems. Most
——likely-the goal; a highly efficient blue-emitter, cannot be-achieved without new materials
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possessing significantly lower singlet-triplet splittings than the currently studied
polymers.

Following several experimental attempts over the last years, the 25 % limit for the singlet
generation yield in electroluminescent devices has become questionable. However, it
follows from the present work that all measurements so far did not at all account for
triplet-triplet annihilation. In consequence, the triplet exciton density has been drastically
underestimated relative to the singlet density, leading to almost any possible value
between 50 and 95 % singlet yield. Compared to this previous work the present method
is improved twofold: firstly, the triplet density is measured relative to that of the singlet
and the electrical excitation experiments were measured relative to the optical one. No
absolute quantities except for the inter-system crossing rate are needed. Secondly,
bimolecular triplet annihilation has carefully been accounted for. To do so, the time
dependent triplet accumulation after continuous excitation limited by annihilation has
been simulated under the premise that the inhomogeneous excitation profile is
preserved during the experiment. Here, for the first time, one naturally gains a direct
measurement of the charge carrier recombination layer in working electroluminescent
devices. Regarding the singlet generation yield, the results clearly show that the
quantum statistical 1:3 limit is not violated at all. It is noteworthy that these results stem
from working electroluminescent devices based on pristine, undoped polymers that are
free of keto defect sites to the highest chemically possible level.
In conclusion, there is no fundamental advantage of using conjugated polymers for
device applications compared to small organic molecules, as both simply obey the
quantum statistical singlet generation limit. Thus, simple singlet emitters will not yield
sufficient quantum efficiency. Instead, one must harvest the triplet excitons as well and
guest-host systems are most likely the only way to achieve this.
Within this work, evidence is provided for a new kind of delayed fluorescence, which has
not been described in the literature so far. This luminescence has virtually identical
characteristics compared to the prompt fluorescence except for obeying algebraic decay
kinetics with material dependent exponents ranging from ~ 1.5 to -4.1. Beyond doubt,
common sources of delayed fluorescence such as bimolecular triplet annihilation or
delayed geminate or non-geminate pair recombination cannot explain the experimental
observation. Compared to the prompt fluorescence, this new emission is extraordinarily
———weak and one needs to sample at least 15 exponential lifetimes before the fluorescence
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decay turns into this slower decaying, algebraic regime. This is why it has escaped any
previous detection. The highly sensitive time resolved system employed here is essential
for the observation of such weak signals.

So far, this new kind of luminescence has been detected in a wide range of organic
materials including dye molecules, fluorene oligomers and several different conjugated
polymers. Future work should also look into luminescent inorganic semiconductor thin
films and quantum dots. At first glance, it seems too far-fetched to assume such a
universal nature of the non-exponential emission decay. However, there are indeed
theoretical predictions that, if applicable, would provide a conclusive explanation of the
experimental observations. Based on a rigorous quantum mechanical treatment of the
decay of metastable ensembles from first principles, as early as 1958 the Russian
physicist Khalfin proved mathematically that any luminescence decay, whose excited
state distribution is energetically bound from below, must asymptotically decay slower
than exponential, thereby featuring algebraic kinetics.®® Interestingly, this prediction
implies a memory effect for the excited state decay as an old ensemble of states decays
slower than a fresh one. Though this work has been theoretically confirmed numerous
times, up to now it has withstood any experimental verification. For organic materials the
excited state distribution is the DOS and the low energy boundary simply is the ground
state, zero energy. The turn over time from the exponential into the algebraic mode is
expected to occur earlier for systems with small energy release and wide excited state
distribution. Both these presumptions are naturally fulfiled for the organic materials
investigated here. Thus, there are strong indications that the observed algebraic
luminescence decay is indeed the long sought-after unimolecular non exponential

excited state decay.
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