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Chapter 1. General Introduction

Device
Performance

Organic electronics is a branch of electronics in which the devicelsaaesl on organic
semiconductor materials. Organic semiconductors have duct i ve propert i e
electron conjugation in the materialthe main advantage of organic semiconductors over
their inorganic counterparts is the variability of the chemicalicttire of conjugated
molecules and hence their semiconductor progerf@art from the chemical structure of
the molecules, their shapend arrangement, crystallinity, shodnd longrange order,
impurities and doping govern electrophysical and photsighY processes in an organic
semiconductor. Molecular packing is orfetlte key features that allows for fitening the
architecture othe organic semiconductor to gain new material properties. Control of the
molecular packing in organic semiconductocein improve their (opto)electronic
performance and extend their applidiy for electronics.

In this Chapter, the fundamental concegfterganic optoelectronic devices are reviewed.
The Chapter introduces highly ordered organic semiconductor struahdastiows that their
advantages are beneficial for emerging orgarmictednic devicesSpectroscopic approaches
for tracking the photopfsical and structural dynamics in the organic semiconductor
materials are introduced. Finally, the research goalectibgs, and the key findings of this
Thesis are formulated.



Chapter 1. General Introduction

1.1. Basics @& Organic Electronics

Developments in semiconductor technologies the driving force for progress in
science and technology. Following the discovery of semiconductor properties in th
middle of the nineteenth century, and the subsequent constructioa of
semiconductor transistor in 1947 by Brattain J. Bardeen, an&/. Shockley:?
acoustoelectronics, optoelectronics, and digital electronics, i.e., the key branches of
solid-state edctronics, emerged. This led to a consequent breakthrough in
radiophysts and telecommunication technologies, along with a significanttied
in computer size. The first computer prototype, ENIAC, built in 1946, was
modernized to the transistorized ctenpart, TX0, which was demonstrated at the
Massachusetts Institute dechnology in 1956. The first transistor was made with
silicon andgermanium, i.e., the Group IV elemeritstill the most widely used
elemental semiconductors. Binary semiconductasetd on Group HV elements
(gallium arsenide) were later found usefat high-speed electronic devices. In
addition to conventional imganic semiconductors, common organic insulators
become semiconducting when charge carriers are injected from thredd¢s), as
was discovered by H. Kallmann and M. Pope in the 1960s.

One decade laterthe first organic semiconductor device was inveraed
currently known asrganic solar cell (OSC)Due to the contribution by A. Heeger,
A. MacDiarmid, and H. Shirawa in the field of conducting polymers in the late
1970s> the polyme semiconductor researaiarted to expand rapidlySoonafter,
in 1983, the concept of an organic iiim transistor was proposédnd in 1987 an
organic lightemitting diode (OLED) was madeAll these discoveries led to rapid
developments in an intdisciplinary field of science combining semiconductor
physics, magrials science, and organic chemistry, thealéed organic electronics.
Nowadays, solid organic semiconductors are applied as active elements of numerous
electronic devices such as OLEMSCs, organic fielgffect transistors (OFETS),
and memoy cells®®

Organic electronics is a modern field of applied and basic research in which the
developments are based on organic semiconductor materials. Organic electronics
might be flexible, transgrent, stretchable, and lightweight, and its productimh a
utilization can be ecofriendly processé&4? which is not the case with silicon or
composite inorganic semiconductors. These advantages make organic
semiconductors attractive to many researclugs around the world.
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In the last decades, organic dteaics ha been significantly renovated: the
power conversion efficiency (PCE) of solar energy in organic solar cells has been
improved a hundredfold and reached the impressive levalf @o.* * OFETs
exhibit charge carrier mobilities up to 20 #m( Yt which is one order of
magnitude higher than in devices based on amorphous silicon. OLEDs for more than
a decade were prodedfor a particular market in which they were known for their
high cola-rendering index, excellent contrast ratio, and low poegsumpbn,
compared to their inorganic analogues, liquid crystal displays (LCDs).

Organic semiconductors have conductivity properties due to the presence of
electron conjugation in the moleeuli.e., overlapping op-orbitals along the
molecular bakbone. Eah unit in the molecular backbone is a carbon atom, and each
has three equivalentsp®-hybridized orbitals and onep,-orbital directed
perpendicularly tohe plane formed bgp*-hybridized abitals (Figure 11). Thesp-
orbitals are directed along the linesnnecting neighboring atoms, forming a
covalentl-bond. Eaclsp-hybridized electronitelectron) belongs only to a specific
pair of atoms. Severalp-hybridized carbon atoms represent a chain so thatgach
orbitd overlaps with a pair (sometimes three) of neighbors, and therefore the
corresponding lectron ( -electron) might not be attributed to a single pair (see
Figure 11). Such an effect is caltl conjugation (or “-conjugation), and the
corresponding electrorase delocalized electrons.

a) , b)

[

-

Figure 11. (a) A schematic fragment of the chemicalignglest semiconductor polymer,
polyacetyl ene. The bl ue and red -eleckane s s h
delocalization of the conjugated chain as a result of@wping ofp.-orbitals (shown as blue

andred figureof-eight shapes) of the carbon atrihe gray ovals illustrate equivalespt-

hybridized orbitals (three for each carbon); (b) energgmim of an organic semiconductor.

The black arrow indicates thaergy gap between energies of the HOMO and the LUMO as

an analogue of the band gap ioliganic semiconductos,.

= =UMO

HOMO

Due to electron delocalization along the molecular backbone, the electronic
properties of the conjugated molecule significantly depend orletigth of the

3
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conjugated chain: for example, the energy of the lowest electronic timansi
decreases with increasing the conjugation lefHyith some specific cases, physical
guantities #ributed to conjugated molecules were found to be nonlinearly dependent
on the conjugation lengthswell asthe energy of the lowest electronic traiasitor,

for example, optical susceptibility.The prese ¢ e -edettron” conjugation in a
polymer isusually necessary to obtain a high mobility of charges and hence,
electrical conductivity.

The energy states of theelectrons consist of the levels of electronically
occupied and unoccupied molecular orbi{alse Figure 1b). The energies of the
Highes Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO) are separated by an energy band gap. The width of the
energy band gap in organic semiconductors typically lies in the famgel to 4
eV. In conjugated materials, theelectron system is responsible fhe processes
of light absorption and luminescence, and charge carrier generation and their
transport. To construct a model of these processes, organic semiconductoksemight
considered as inorganic, so that HOMO migatassigned to the top of the valence
band Ev), and that LUMO might be assigned to the bottom of the conduction band
(Ec).x®

Nonetheless, despite conventional consideration of an organic semiconductor as
an inorganic one, there exists an essential diffee between organic and inorganic
semiconductors in their dielectric constartte delectric constant is much lower in
the organic semiconductol%$?® For lower dielectric constant materials, the
Coulomb ineraction between the holes and electronsranger, which enhances
attraction between them, compared to materials with a high dielectric constant. That
is why in an organic semiconductor, photon absorption leads to the formation of
bound states betweem &lectron and a hole, excitons’! with a kinding energy
ranging from 50 meV to > 1000 me¥2 At room temperature, the thermal energy
KT is 25.7 meV, therefore, thermal dissociation of excitons in organic
semiconductors is unlikely. In contrast, exngan inorganic semiconductors have a
bindingenergy ofkT or lower, which makes free electron and hole formation after
photoexcitation highly probable.

The main advantage of organic over inorganic semiconductors is the chemical
(and structural) variabilt which allows for creating semiconductor etddls with
specified properties. The most important parameters of organic semiconductor
materials include the energy band gap, the values of HOMO and LUMO energy
levels, the absorption spectrum, the extinctemefficient, the mobility of free
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charges, amthe stability in a device; all these parameters might be controlled at the
stages of chemical synthesis and film fabricatforVariation of molecular
conjugated building blocks (such as phenyl, thiophemanfiand carbazole) can be
organized very di#frently in the molecular structure, which ultimately leads to
countlesgpossible structures with unique properfiés.

The organic semiconductor structures are usually based on the following types of
molecules: conjugated polymers (CPs) and small molectleslatter also include
conjugated oligomers that consist of an alternating sequence of double and single
bonds (ofta including aromatic rings), so that thé conjugation extends over the
whole molecule?

CPs, orsemtonducting polymers, are polymevs t -électfon conjugation in
the ideal case, along all repeating monomer units. CPs have been among the most
studied organic semiconductors for solar power conversion to electrical energy in
organic photovoltaic devices (OPDs) for the last two dec&d€<® Moreover,as
discovered in 1990, CPs might demonstrate electroluminescence (EL), i.e., CP
based film lumiesce in response to an applied eleatticcent CPs attract high
interest to thesemiconductorstructures in the development of sedidte light
emitting devices.

I n addi t i o n-conjogat€tiPnslecules might be used as the basis for
organic semiconductor devices. For example, organic semiconductdightin
emitting device¥ar e ¢ o mmo ndonjugasedadletules. Unlike polymers
that contain long chia molecules with repeating elementary (monomer) units, small
molecules have fixed sizes. Optical, electrical, and physicochemical properties of
various small molecules depend on conjugated moieties (e.g., phenyl, thiophene, and
furan), the length and mdmplogy of the molecular backbone, and substituents.
Conjugated oligomers, as a broad class of small conjugated molecules, can form
highly ordered structures, acquiring important optoelectronic properties such as
efficient charge transpott,longrange exiton diffusion?® and strongly polarized
luminescencé®

All-in-all, CP and conjugated small molecules represent the basis for emerging
organic optoelectronic devices such as solar cells-¢ightting diodes andn the
longer term, lighemitting trangstors and injection lasets.313¢
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1.2. Bulk Heterojunction

A typical OPD consists of an active layer placed between two electrodes with
different valuesof work function (Figure 2a). The most studied active layer for
photovoltaic applications is a luheterojunction (BHJ) film that, in the simplest
case, is manoscale mixture of two components: the donor and accéptknown
25 37that the BHJ architecture allowshievinghighabsorpion required for catching
as much of the incoming light as possijbitile warranting the excitons teach the
interfae between the two materials where the charge separation odegpste the
limited diffusion lengthof the excitons

Light absorption ina BHJ active layer creates an excited state located at a
conjugated molecule or a molecular segment (Figuie) 2237 The excited state is
considered to be an exciton, or an electnote pair bound together by Coulombic
interaction. In OPDs, the excitscanbe separated into free charges, i.e., an electron
and a hole, by an effective field, which arises at the danoeptor interface of the
BHJ.I n a BHJ, excitons are br okheealectiorp at
acquires energetically favale pathway from the conduction band of the donor to
the conduction band of the acceptor (Figu2b)l.The electridield caused by the
difference in work functions of the electrodes (the anode and cathode) drives the free
charges towards the electrodes.

a) b)

cathode

Figure 12. OPD based on the BHJ. (a) The active layer is a mixture of a donor and an
acceptor placed betweemwd electrodes (cathode and anode); BHJ morphology is
schematically represented as a mesh of red and blue regions that correspond torthedion
acceptor materials, respectively. (b) A simplified energy diagram of an OPD (adapted from
Ref. 48). E- andx- axes in the graph are energies and spatial coordinates from anode to
cathode, respectivelfec andEv indicate the energy levels of the dowtion and valence
bands, respectively, of each material. A photon (the curved arrowi vathergy is absorbed

in the donor and generates an electnofe pair (an exciton). The exciton diffusés (s
diffusion length) to the doneaicceptor interface where the exciton splits to free charges: an
electron (g dot) and a hole (hcircle).
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To efficiently transport théree charges to the outer circuit, most of the charges
must find their pathways tohé¢ corresponding electrode through the BHJ (as
schematically represented in Figur@a). The BHJ morphology, i.e., the three
dimensional structure of the doratceptor miture, often requires optimization to
enhance the donor and acceptor phase orddpardlong continuous pathways for
free charges within the phases, and as a result, to improve the PCE of BHJ in an
OPD. Such an important optimization could be perforiogdhermal or solvent
annealing of the BHF$*! Polymerfullerene BHJshave beenhte focus of organic
photovoltaic research for more than twenty yéar¥: 4245 In particular, poly(3
hexylthiophene) (P3HT) with [6,§)henyl Gi butyric acid methyl éer (PGi1BM)
blends as an active layer are the most studied in the research fi@l@s The
P3HT:PG:BM blends development led to significant boost power conversion
efficiency of OPDs from ~1% up to ~6%5647

1.3. Light-Emitting Materials

Organic highy luminescent semiconductor materials are the basis for modern
electroluminescent d&es, such as ligkgmitting diodes inhigh-definition TV
screens, advanced smartphones, portable media players, and digital caimeras
tuning capability of organic semonductor properties through molecular design has
attracted intensive interest anaspired development of many intriguing features
such as lowtemperature processability, flexibility, and diverse colors, as well as
costeffective application& As mentimed above, OLED displays have inherent
advantages over conventional LCD screeng: Ifack state and a fast response time,
an ultrathin profile for flexibility, and a wide color gamut using a white light
emitting diode (WLED) as the backligttMoreover OLEDs are energgaving
products, which warrants their prominence in the future.

A current priority in organic optoelectronics is to creafgesspective class of
versatile semiconductors that possess the-igheration capability of OLEDs and
the eletrical switching capacity (for light generation) of OFER& organic light
emittingtransistor (OLETY** combines these features in a single device, for which
the operating principle might be simply represented as an OFET with an EL active
layer Figure1.3). An electron and a hole are injected from the device electrodes,
and then thewre transported within a conductive channel towards each other under
suitable bias condition&lectrorthole pair (exciton) formation likely occurs as the
electron and hel face each other in the channel. Radiative relaxations of excitons
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generate ghoton, i.e., electroluminescence. In addition to radiaketondecay,
excitons can diffuse within the semiconductrd may be annihilatedby other
excitons and get trappedy an impurity. The last two unwanted processes
compromise the efficiency okedices.

EL

Electrode Electrode
o 0 «=0g0g

QOrganic Semiconductor

Gate

Figure 13. A schematic concept of the electroluminescence process in alsipgteOLET.
Electrons (shown as the blue dots), and holes (as the red crosses) mogeonganic
semiconductor layer with a higtharge carrier density (a conductisleannel marked as the
darkened lane). The black oval showsekettrorhole pair formation (exciton), which, after
its diffusion (dash line), radiatively decays (the orangeveyr

To design emerging ligkemitting devices such as OLETs and electrically
pumped lasers, the materiakhich combineefficient charge transpodnd high
luminescence are considered the most promising.

Charge carrier mobilityis a key characteristic afrganic semiconductof$,and
" -electronoverlapping (Figure 1), electrosphonon coupling, and shallow or deep
trap concentration are essential parameters, which determine the charge carrier
transport efficiency in an organic semiconduéfoY. To achieve efficient charge
trangort, highly ordered organic semiconductors suchiagle crystals and self
assembled monolayers, are promising due to tight molecular packing (which ensures
strong intermolecular coupling) and the low density of defects in these structures.

TheinternalquantunphotduminescencéPL) efficiency, or quantum yield (QY)

of a materialis defined as®*0 & — ——, where0 is the number of

absorbed photons by the materzadd( is thenumberof emitted photonfollowing
the absorptiont andt arethe excied statenonradiative andadiative lifetimes,
respectively(see Figure 1.7b The power conversion efficiendyom electrical
power to optical poweof an optoelectronic devices fundamentally based dhe
external quatum efficiency (EQBEF *° of luminescenceThe EQE of fluorescece
that is a type of photoluminescence (PLjysically limited at the level of 25%at
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least 75% of exciton formations ariptets, which do not provide fluoresceften
organic semicondior materialsHowever, there are many successful efforts thase

on delayed fluorescence and phosphorescence to boost the limits of organic
S e mi c o n ldmirescencesmdiherefore tgrovide further enhancement of the
optoelectronic device performante®®l A rational device design, selection of
excellent mateals with high luminescence quantum yield, molecular doping of the
materials, careful manipulation of charge and exciton distributions, and optimization
of outcoupling techniques are the crliéa the commetialization of organic light
emitting device$?%°

1.4. Exciton Diffusion

Exciton diffusioncontrols the performance of organic photovoltaic and light
emitting devices. In BHJ photovoltaic devices, photogenerated excitons diffuse to a
heteropnction interfae, to dissociate into a free charge carridesteons, and holes,
and it is essential to match the exciton diffusion length and the phase separation
scale®®® In the light-emitting devicesbased on complex tandem or doped
structures, ta longrange exiton diffusion facilitates energy transport Wween the
functional segment¥

Exciton diffusion as the mechanism of a random hopping between molecules or
conjugated segments occurs by either difdijgole interactions or Dexter energy
transfer®® 7172 The exciton diffusion length is characterized the following
parameters: the (average) distance of each excitorihdlpe mean time of between
the hops (exciton hopping time), , and the exciton lifetimef . Thus, the

commonly used relation fdhe exciton diffusion lengthis & f7f 58773

In the pioneering studgy O. Simson’* singlet exciton diffusion across a thin
layer of anthracene was traced by the neighboring tetratmped (0.33%)
anthracene layer evaporated atttpeof the anthracene film and used as a quencher.
Assuming an isotropic medium, the diffusion ldngdf singlet excitons was
estimated as 46 nm. Presumably, the diffusion length is overestimated due to a
contribution fran triplet excitons (whose diffusidength is much longgf, which
are generated as a result of ultrafast siAglétiplet conversioa and subsequent
delayed tripleto-singlet conversioR® ¢

Fluorescence quenchifiised techniques are among the mosmmon
spectroscopic methods to évate the exciton diffusion lengff.” 72 In the volume
guenching technique, fluorescence is roead for various concentrations of
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guenching molecules. For accurate exciton diffusion lengiasurements,
guenchers oug to be homogeneously distributesler the material volume, and
therefore the quencher concentration should be low to avoid quemygregation.
In the case of luminescent quenchers, e.g., quantuni’ dotsmolecular seff
dopants? time-resolved and sptrally-resolved PL data are colked, allowing
distinguishing between host and quencher PL in the doped strudthieedinamics
of individual excitons are typically simulated by kinetic Monte Carlo (MC)
modeling”® (Figure 14a) of an exciton randomaik in a 3D cubic crystal grid (for
more details, see Chapter 3

The model presented above fmsiumberof built-in assumptionsFirg, the
exciton hoppingime, T, is consideredsotropic while for tight molecular packing
in a molecular crystal it should be in general anisotr&pié ’° Secondthe model
consides exciton hopping to the nearest neighbor dhlgreby negleatg the long
range interaction& " Third, the exciton is assumed to be localized at a single site
i.e. the coherence of tip@ssible ex¢obnic wavefunction isgnored’”: ®

a) ZQ@ 14 b)
ool | €& I:l Grid cell

) [\ & Quencher & i

(] Excitons
L= ©> Diffusion € >K
R Y- O Energy transfer
i - . "\ Forster Radius

_“T'o . —%— Annihilation

[ 2

[ S

X
o

e

X

Figure 14. Schematics of Monte Carlo simulations of exciton diffusiontf@ volume
guenching technique (a) atite excitorexciton annihilation method (b). Each gray matrix
represents a 2D projection of the 3D material grid. The notations of all symbols are shown
between of the panels. Purple circles indicate the removebesdiom tke grid resulting in
excitonPL quenching.

An alternative method to study exciton diffusion is exciéowiton
annihilation®® 8981 This technique is also based on PL quenching, where a moving
exciton meets another exciton, which results ireirthmutual estruction
(annihilation).The probability of the exciton annihilation is sharply enhanced by the
increase of exciton density in the system due to tipadfiicle origin of the process.
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1.5. Highly Ordered Semicondtior Structures

By increasing the excitation flux, i.e., increasing theitex: densiy, the acceleration

of PL decayis observed. The exciton diffusion length is then derived either directly
from the exciton density or more accurately from the Monte Carlo simulations
(Figure 14b). Despite the simplicity of the method, the éxciexcitonannihilation
method require carefully determined exciton density (i.e., incident light power,
excitation profile and material absorbance), whichgéneradly complicated to
measure.

Other, less conventional but nonetheless powerful methoelscabn difusion
length estimationsxést,®® 7172 such as microwave conductivity measurentféris
reaktime tracking of exciton harvesting with ultrafast transient absorpfith.
Exciton diffusion in molecularly setioped crystals is investigatedChapters and
4 of this Thesis.

1.5. Highly Ordered Semiconductor Structures

1.5.1. Polymer Films

In general, conjugated polymers fodisorder orpolycrystalline films, which are
less ordered than the films prepared from gonatallizing small molecule®.That

is why lowe mobilities of free chargearriers are normally observed in the
semiconductors based on polymers with respect to those based esryggiatizing
small molecule§> However, postieposition processing applied to polymer films
significantly improves thepolymer crystallinity makig the films attractive
especially for OPD$> 8 In addition, in the polymebased BHJs the polymer
crystallinity in the agast films might be largely disturbed by acceptor molecules
but further restored by poedeposition treaments under controlled cditions,
obtaining the desired BHJ morpholddy.

11
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T

cC

Figure 15. Polymer crystallization scheme @ded from Ref.102) from the amorphous
polymer phase corresponding to thermal annealing of the polfgierene bled. Ty is the
glass transition temperatuil;cis a temperature range at whald crystallizatioroperates,
and T, is the melting poinbf the polymer phas The polymer crystallinity dynamics is
represented by the black curve, which is continued agasle line after the melting point.

For instance, asast blends of P3HT with RBM initially possess a neaptimal
morphology that restd in theirpoor photovoltaic performance, specifically in low
PCE® The performance of the polymbased OPDs impr@s after thermal
annealing, which is usually applied as a mbeposition treatmerit' °* As shown in
Ref. 92, t he OPDOGs P G&ease o afer the thermak anmealing
begins. The highest PCE of the P3HTslBB blend was obtained after annieg|
at 1 P’CFurteC temperature increase might cause polymer melting, which
di sturbs the BHJ mor phol mangedecasmsdThus,h enc e
the optimal temperature of BHJ pafposition treatment has to be determined with
separate exgrimental runs before device fabrication. The flEgiosition protocol
optimizations in the polymeullerene blends have been reported rirany
expermental studies: wsitu atomic force microscop,UVi vis spectroscops? X-
ray diffraction3® 8¢ ellipsametry?¥°° scanning electron microscopy,and ultrafast
spectroscopyf? 919

In polymerbased BHJs, polymer chains become morererig.e., he polymer
crystallinity enhances) during thermal annealifige polymer phase crystallization
operates irthe temperature region from the glass transition temperagufe (the
lower limit) to the melting temperature of the crystalline phaséhe upgr limit),
and, therefore, is call eW%RKgark tb)i®a Col
thermally activated process, during which the polymer chains acquire mobility, and
the polymer phase partially crystallizeéSC is one of the crual processe that
determine the BHJ morphology and, hence, the BHJ photovoltaic progértiés.

104 Thus, trackingoolymer CC during annealing of BHJ film provides significant

12



1.5.2 SingleCrystals

information for an optimal annealing protocdPolymer & & during thermal
annealing of various BHJs is considered in detail in Chapter 2 of this Thesis.

1.5.2. SingleCrystals

More than 60 years ago,gamic semiconductor single crystals such as naphthalene
and anthracene single cryst&#%1 have been reported. Madays, weHordered
packing of conjugated molecules commonly provides efficient charge transport and
long-range exciton diffusio®> "2 For instance, single crystal rubrene figffect
transistors exhibit the record charge carrier mobility of 28 \¢rhs! competing

with theirinorganic counterparts: 1’ Due to the low density of defects in organic
single crystals, there are very few PL quenching centers and few charge carrier traps
in them. Moreover, organic single crystals have precise alignofimeir molecules

and the transition dipole moments, commonly resulting in strongly polarizé®d PL,
which might enhance Rautcoupling through the materiair interface’® 10810

The packing of organic small molecules in the crystal determines its
semiconducting and luminescent properties, such as the mobility of free charges and
PL anisotropy. Crystal packing variations (Figuré) oould be achieved by using
the molecule®f the same conjugation core but with various substituent groups. In
contrasto the simplest crystal packing motif with one molecule per unit cell (Z = 1)
showninFigure Ba, t kzeagfziagg r angement @©bfanddwo | a
mi ght ori gi dodtae |for amtfereaacd i ons bet ween
PL of the zig-zag arrangement crystals is isotropic. For Z > 1, the molecular
arrangement in crystal structure 6mi ght
d), i.e., the fac#o-edge alignment of the moleculE8The herringbone packing
usually demonstratedimin i s h-@edtron coupling as compared to fdodace
arrangement.

The molecular backbone can be inclined by an afigleith respect to the
molecular layer plane, and the inclination quantified as theeahglan also be
controlled by the functionaholecular substituents® Molecular aggregations with
the various angl e G c anriladdeimmmescasesottre v ar
angle close t@ Astrongly polarized Pbriginated from the thin crystal surfate!?

In this Thesis, differentrystal arrangements are investigated: Chapter 3 explores
crystals with zigzag and herringbone packing (Figuréd); Chapter 4 explores
crystals with herringbone packing (Figuréc); and Chapter 5 explores crystals with

a fae-on orientation of the metules with respect to the to the largest crystal face
(Figure 16c withiiof about O0A) .

13
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Z=1 a)| Zz=2 b)| Z=2 c)| Z=4 d)

Layer inclination @
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Figure 16. Schematic illustrations of 3itermolecular arrangements in organic single
crystals based on conjugated oligomers (adapted Ref.110).

In the last 70 years, doping of organic single crystals with highly luminescent
molecues has been successfully applied as one of the promising approaches to study,
control, and enhanceL of the crystal§® 1114 Organic crystal doping eid be
achieved by using the mixture of source material with dopants (similar sublimation
temperatues and crystal lattices are necessary) in a suitable ratio to the source
material before the crystal growth or by placing source and dopant material in two
separated zones of a furnace with the specific temperatéires.

Figure 17a plots a schematic illtration of PL in crystals doped by luminescent
dopants, where an exciton first diffuses in the crystal matrix (host), and then the
exciton energy is trangsfed to a dopant. In general, the overlap of the absorption
spectrum of the dopants (energy accépaod the PL spectrum of the host (energy
donor) all ows for F°rster resonant ene
acceptor (Figure ¥b).*'® The sinplest FRET model is based on the point dipole
approximation (PDA) so thaF RET occur s eri ratét’ 0t h e Fo
pj TO'Y T, whereUis the lifetime of the donor excitoris,i s t he F°r st e
of the pair of the donor and acceptor moleculesrasdhe distance between them.

The F°rster radius depe rharafractve indexhoétheP L g u
host,the orientational factor of the donor and acceptor molecaled the spectral

overlap of donor PL and acceptor absorptiérCalculatiors of the orientatioral

factorin molecular crystalseedio considetthelong-rangesurroundingof the given

dipole as FRETis intrinsically a long-rangeprocess As afirst approximation, in

Chapter 3, therientationalfactor wasassumed to b&/3 asdonor and acceptor
molecules ira crystal unit celiverecrosscrossoriented!® In Chapter 4, waiseda

more realistic approach that takes into account the real crystal straotdre

14



1.5.3 Monolayers

calculated the dipoldipole interaction energy between texeptorand two nearest
shells ofdonormolecules

F°r st er rggtsaosferm theé dogedrganic single crystals controls the
crystal PL propertie§®11° and the enhancement of PL efficiency will directly
depend on t I pdrtitulars dn ahe lifatimet ok the donor excitons
(usually on a nanosecond scafé)in this Thesis, thé®DA is used despite it can
overestimate or underestimate the FRE&E in dependence on the packing motif of
the extended dipolé$? However, FRET betweethe extended dipolesalls for
much more complicated (atomistic) mod&ls1?1®which are beyod the scope of
the current Thesis.

b)
E, eV FRET
\1\( Dopant
VW d
— | Sl
<
<Tar!Tdn
S
Ground LR

state

Figure 17. (a) The concept of PL of a molecularly doped crystal. Jé)lonskidiagram
illustrating FRET from the host (energy donotd the dopants (energy acceptors) with the
following processefthe detaik are gvenin Section 3.5.8)photoexcitation of the host (the
straight navy arrow); host PL (the curved blue arrevith the radiatively lifetimet ard
the nonradiative decay (the dablack arrow) with the nonradiatively lifetimet ; FRET
(the dahblack arrow)witht h e teFrateds dopant PL (the curved red arrow)th the
radiative lifetimet , and dopant nonradiative decay (therdbkck arrow) with the non
radiative lifetimet .°Y and"Y are the lowest singletxcited states of the host and dopant
respectively

1.5.3. Monolayers

OLETs are a promising class of optoelectronic devices combining the OFET
operating priniple (Figure 13) and the lightemission potential of OLED¥.%* In
conventionBOFETs (and in OLETs asell), the current flows within an ultrathin
layer, with a thickness less than 10 nm contacting the gate dielectric (Figut& 1.
This geometry motiates the fabrication of semiconductor monolayer films, i.e.,
whose thickness cesponds to the size ofie or a few moleculééi 12 The concept

of self-assembled monolayers (SAMs) was proposed in 134éd a weHordered
monolayer on the basis ofganic compounds was obtained in the 1979%° To
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form a semiconductor SAM, i@active group resporie for chemical bonding to

the substrate, a conjugated molecular core, and an aliphatic spacer for compensating
substrate roughness and facilitatintj séignment of the conjugated cores should be
present in the molecular structurFigure 18a)!?%128 This allows individual
molecules to form a crystalline layer.
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Figure 18. (a) Schematic representation of a seléembled monolayer structure; (b)
Langmuir isotherms and cartoons showing the most probable SAM molecular sgatture
different compressin stages for the first compression cycle. The figure is adapted from Ref.
128

It is known that organic compounds for SAM are also capable of formitegex
monolayers with the Langmuir meth&d?® one of the most robust and fast
techniques for prodileg monolayers with a wettontrolled structure. Following
seltassembly at the aiwater interface, a Langmuir monolayer might be transferred
to a sold substrate by two methods. In the Langrlwdget (LB) technique'?® a
substrate moves upwards veally from the water below the surface, and in the
LangmuirSchaefer (LS) technique, the substrate is placed parallel to the water
surface, touching thevater surface, and then the substrate is liffé@he strongest
advantage of the Langmuir methods limttthey allow complete covering of a
substrate by a monolayer with low defect concentration. To form a monolayer in the
Langmuir method, the surfacey& of SAMtype molecules with a hydrophilic
ancha group and a hydrophobic conjugated fragment (Fig8&), is compressed
on the water surface using barriéfsThe sequential isothermal compression
controls the monolayer film structure (Figur@d), which can be crystalline. The
attractive moleculesfor light-emitting Langmuir semiconductor layers are
chlorosilyl and disiloxane derivatives of thiophguteenylene canligomers (TPCOSs)
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1.6. Goalsand Objectives of the Thesis

because, in solid phase, they combine decent charge carrier traansgdiatight
PL.128’ 131135

Thus, Langmuir films bsuch molecules are prospective materials for proguci
highly luminescent semiconductor monolayers for optoelectronic applications. PL
properties of organic semiconductor monolayers are considered ite€Bay this
Thesis.

1.6. Goals and Objectives of tle Thesis

This Thesis concerns the understanding otgbioysics and morphology dynamics
in highly ordered organic semiconductor systems. It also provides the essential
connections between fast photophysind structural properties in such systems.

The Thesis aims to answer the following questions: How cdbkl polymer
crystallinity essential for efficient functioning of the organic photovoltaic devices be
efficiently restored in the asast bulk heterojurtion? What are the fundamental
dynamic processédhat determine exciton dynamics and energy transfisiezfcy
in doped organic single crystals? What are the differences in luminescent dynamics
of the highly ordered semiconductor monolayers and sing&tais?

To answer these questions, the followoigectives are posed:

1) To follow the polymer cold gstallization in real time in a series of polymer
based bulk heterojunction films and to optimize their jolegtosition treatment
protocoals;

2) To explén and control the PL quantum yield in moleculapdd semiconductor
single crystals;

3) To reveal thenergy transport processes in doped single crystals;

4) To understand anisotropic properties of PL in doped single crystals;

5) To elucidate the ultrasa PL dynamics in semiconductor monolayers.

To fulfill the objectives, irsitu Raman spectroscopy andralast polarization
resolved PL spectroscopy were used. These techniques will be briefly described in
the following section.

17
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1.7. Photoluminescence and Raan Microscopy

1.7.1. In-situ Raman Spectroscopy

Raman spctroscopy is a unique and effective tool to studyiliational transitions

o f -cohjugated (polymer) chains in the ground state. Raman scattering originating
from t he or gaonjugatonlevgt h -¢lactrog delocalization) is

of highintensity due to the large Raman cross secfivh® As a result, the signal

o f -conhjugated speciedominatedn the Raman spectrum of the material, and the
frequency, shape, and intensity of specific vibrational Raman bands become strongly
sensitive ta& h econjugation length and its interruption duevarious defect$3®

137, 139Thus, Raman spectroscopy can be also effectively used to probe the order of
"-conjugated species, e.g. in such a complicated system as BHJ, and follow its
morphology feature during their postleposition treatment processitg)This is
important to enhance photovoltaic properties of the BHJ.
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Figure 19. Raman band shift of the 13B@mmét@i C i n
C=C stretch) modes for the P3HT:#BM BHJ as a function of the thermal annealing
temperature @apted from Refl41). The numbers on the right side of the panel represent
temperatures of the BHJ in Kelvin scale.

Already the first Raman studié§**0f t he OPDG6s active | a
with P3HT as the donor component showed that the polyraglaime ring vibrations
(see Figure B) provide qualitative and quantitative information related to the device
performance. It was shown that the shapepasition of the corresponding Raman
bands arealated to the polymer crystallinity in BHJS! It is believed that the
thermal annealing of P3Hbased films leads to the optimal morphology of the
polymer phase with the enhanced order of the polymer chaimsh results in
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1.7.2 UltrafastPhotoluminescence Spectroscopy

i ncr eaestmudelocatation along the polymer chain (i.e., longer conjiarat
length)% The Raman band of the P3HT vibrational C=C stretching mode (Figure
1.9) might be decomposed to a sum of the ordered (crystalline) andiefisdr
(amorphous) P3HT phase contributidffs!* thereby providing information about
the share ofcrystalline polymer phase in the BHJ. Raman spectroscopy was
successfully used to study the polymer crystallinity of the P3H&ZBNC films
before and aftethermal annealingf®

1.7.2. Ultrafast Photoluminescence Spectroscopy

Ultrafast PL spectroscopy is a pafg tool for comprehensive study of transient
processes in organic semiconductors, such as exciton relaxations, annihilations,
energy transport, and trdosmations. Ultrafast PL spectroscopy provides
multidimensional information with picosecond time desion. The latter might be
easily realized with the use of a streak camera (Figdf.1n a simplified picture
of the strealcamera operation, the inpphotons are first spatially dispersed in one
direction (horizontal in Figuré.10) by a spectrometgnot shown). To obtain the
time delay between photons of different colors, the photons are initially converted
into the electrons. Then the electric diedpplied to deflection electrodes sweeps
elecron distribution into another direction (vertical ingre 110), providing the
time axis.

Trigger

signal: Deflection
2/80 MHz voltage
PL signal after n " I'I o VY.

the spectrometer

Energy Qe
\
<—T|me

Photosensitive Acceleration A
cathode voltage

Phosphor —

Energy

screen

Figure 110. Conventional operation principle of a streak camé&ha. figure is adapted from
Ref.145.
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Figure 111. Two-dimensional PL map (a) with spectral atemporal axes, which was
obtained by ultrafast PL sposcopy. The PL mean energy values for each time are shown
with a pink line in panels (a) and (Bxamplesof the PL data (bd) are extracted from the

PL map.

Optical properties resulting from tighmolecular packing in organic
semiconductors could mmprehensively studied by PL spectroscopy because the
molecular packing is usually anisotropic, affecting the PL polarizatfdf® As a
result, the effects of crystal packing, and moreover lumergsiopants (specifically,
their arrangement in andtaraction with the crystal matrix) could be identified by
analyzing polarizatiomesolved PL, i.e., at the different polarization gats using
polarized excitation and PL detection. The polarizatettepns are usually achieved
using two polarizers inhke excitation and PL detection channels. The microscope
configuration allows us to investigate timesolved PL from single crystal ohains
extracting distinct PL data. Moreover, PL collected in thefamal microscope
configuration and from the excitatimolume just underneath the sample surface is
minimally affected by PL reabsorption (i.e., absorption of alreaditted PL due to
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1.8 Findingsand Overview of the Thesis

theoverlap between the absorption and PL spectra). The confocabiglized with

two orthogonally oriented slits at thateances of the spectrometer and the streak
camera instead of a more traditional pinhole in the focal conjugated plane. This
providesefficient blocking of the extrafocal PL and therefore filtering Rthim the

depth of focus.

The result of the ultrafaflL spectroscopy with the streak camera detection is a
two-dimensional map (Figurellla) of PL intensity as a function of time and eyye
(wavelength). By integrating of the PL map over the time windb&/PL spectrum
(panel b) is obtained for a given tninterval. Integration of the PL map over the
spectral region provides the PL transient attributed to the given spectral regidn (pane
c). The PL transients represent the convolution of the actualigplalsand the
apparatus response function of typic&@iiy0 ps. Tracking the PL mean energy with
time, a transient redhift of PL (panel d) is revealed, which is useful to observe
energytransfer processes such as FRET or exciton downhill migration.

1.8. Findings and Overview of the Thesis

The current Thesisoncerns the optically detected dynamics in ordered organic
semiconductor structures: polycrystalline polymer films, single crystaild, a
monolayers. These dynamics are linked to structural featuresasubie chemical
structure of the molecules, and thairangements, crystallinity, molecular doping,
and impurities. Experimentally, the optically sensitive dynamics are probed by
Raman ad ultrafast photoluminescence spectroscopies. Such an extendiyénstu
various highly ordered organic structures aimasdevelop new approaches for
improving the performance of organic optoelectronic devices.

The main findings of this Thesis are thdduling:
1) In polymerbased bulk heterojunction films, the correatbetween polymer cold
crystallization dynamics angreparation conditions has been revealed, providing
valuable information for development of polymer bakterojunction fabrication
protocols;
2) The advanced concept of molecular -selping, i.e. erarging of a highly
luminescent dopant as a minute amoloyproduct of the source material synthesis,
has been confirmed by ultrafast PL spectroscopy in organic semiconductor crystals,
andused to control and improve their PL properties;
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3) Exciton diffuson length of 24 nm in organic semiconductor crystalsebl on
furarrcontaining oligomers has warranted the high PL quantum yield in the crystals
doped by highly luminescent molecules a$ @ ppm concentrations;

4) Strong PL anisotropy in the single dgls of thiophene phenylene-oigomers

with the faceon geometrywas explained as originated frayray and darlstates in

the crystal structure;

5) Langmuir mo n o | sarpdeiceds BL g@eDching tefficieccy u r e
compared to their bulk counterpart

The Thesis consists of six chapters, including theneral introduction
(Chaptenl).

In Chapter 2, Raman spectroscopy was applied to track the polymer crystallinity
in real timein BHJs upon thermal annealing. The polymer crystallinity was
calculated fom the share of the quasicrystalline polymer phaséhén Raman
spectrum of the carberarbon stretch modes. Cotaystallizationof the polymer
phase was suggested for BHJ films, based on different fullerene derivatives and cast
from different solventsThis allowed us to better understand BHJ preparation
conditions and postdeposition treahent protocols for optimizing organic
photovoltaic devices.

In Chapter 3, the concept of molecular siping with byproducts of the host
material synthesis was slied in various organic single crystals. To demonesitad
effect of selfdoping on PL poperties, time and spectrally resolved PL were
measured in the variously doped crystals. The PL data were fitted with the outcome
of the Monte Carlo modelling to disnt angl e the exciton di
resonant eergy transfer (FRET). We concludetthat molecular selfloping
combined with improved excitonic transport and FRET is an efficient approach to
control PL of organic single crystals.

Chapter 4 is devotedo the investigation of exciton diffusion in highly
luminescent single crystals, basedforan-containing ceoligomers. To realize the
volumequenching method of exciton diffusion length measurement, smooth
embedding of the dopants into the host crysttiicde was confirmed by molecular
dynamics simulationgJsing ultrafast PL spectroscopgrabined with Monte Carlo
simulations, an exciton diffusion of 24 nm was obtained. The exeioiton
annihilation experiments independently verified the obtainedt@xailiffusion
length. Due to the longange exciton diusion, high PL and efficient chge
transport, the doped furashenylene single crystals are promising candidates for
organic optoelectronic devices.
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In Chapter 5, timeesolved PL anisotropy of sirglcrystals witha faceon
orientation ofthiophene pheylene ceoligomers was studied. &ording to the
polarizationresolved PL measurements, PL is mainly polarized along the molecule
backbones, regardless of the excitation polarizatitmwever, PL indued by the
excitation orthogonally polarized with respeto the molecular backbones
unexpectedly exhibits much higher efficiency as compared to the parallel one. Blue
and red flanks of timeesolved PL clearly show the biexponential behawidrich
wasassigned to the presence of gray and dark states ingtieal bandgap of the
AC5-TMS crydal. We hypothesize that such stameight originate from the self
dopants andr the nearsurface defects; further anallyss clearly required to
establishtheir exact origin. Understandingnisotropic PL featurds the key factor
to achieve better performance of thelecularcrystals in optoelectronic devices.

Chapter 6 is devoted to ultrafast photophysics in the monolayer structures
deposited using LangmuBlodget and LangmuiShaffer methods, which lead to
different monolayer morphologies. PL properties significantly depend on the
monolayer film morphologies; for example, the LangnRlwdgett deposition
method results in higher PL intensity and longer PL fifetilt was also shown that
the PL quantum vyield is higr for monolayers as compared to bulk polycrystalline
3D structures. This result was explained by the higher structural order in the
monolayers. Thus, Langmuir films are promising for optoelectroniaatayer
devices.

Overall, the Thesis considers dynamrocesses in the highly ordered organic
systemsawith various structural features, and it proposes possible improvements to
their photovoltaic and luminescence performances for optimal functionality in
organic optoelectronic devices.

1.9. Personal contribution

The currenthesis is a result of close collaboration between several groups from
differentinstitutions While individual contributions aracknowledgedt the end of
each chapter, here the author Wblike to factorize his own contributigrinto the
research projectsThe author was directly involved in the formulation of tasks,
developing experimentand scientific discussions on the experimental resrifts.
author carried out all egpiments described in the thesis, including Raman
spectroscopy, timresolved photoluminescence spectroscopy, the polarization
resolved PL measurements, exciton annihilation experiments, atomic force
microscopy, and implementah of the MonteCarlo modeling and molecular
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dynamics simulations. The author also preparetynper:fullerene films and
implemented the redgilme Raman protocol.
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Chapter 2. RealTime Tracking of Polymer Crystallization
Dynamics in Bulk Heterojunctions by Raman Microscopy
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Stateof-the-art organic photovoltaic active layers typically undergo {@sttment such as
thermal or solvent vapor annealing to increase their performance hygttmé bulk
heterojunction morphology. The molecular stllinity is one of the key factors that
determine the morphology. Rethe tracking of the crystallinity during the pestatment
is strongly desired for understanding the physics of the crystadin process and for
optimizing the post treatment goool. Here, we eport on cold crystallization dynamics of
the polymer in the temperature range of 5& 0 inf@ymer:fullerene blends based on
poly(3-hexylthiophene) with various fulleresimsed aceptors (G, PGiBM, PC1BM,
bisPG1BM, HBIM, AIM8, and IrCso) in reattime by Raman microscopWe also reveal
how different solvents, fullerene acceptors, and temperatures affect cold crystallization
during thermal annealingWe further demonstrate a correlation between the fullerene
derivative weight and gpolymer crystdinity for the ascast flms, and also a correlation of
the polymer crystallinity before and after annealidgr findings aressential for developing
efficient strategies of morphology optimization in emerging organic photovoltaic device
with the realtime Raman microscopy treiog as a valuable tool.

This Chapter is based on the followipgblication
A.A. Mannanoy V.V. Bruevich, E.V. Feldman, V.A. TrukhanoM.S. Pshenichnikov and D.Yu.
Paraschuk]. Phys. Chem. (22(34):1928819297 2018
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Chager 2. Reallime Tracking of Polymer Crystallization Dynamics in Bulk Heterojunctions by Raman
Microscopy

2.1. Introduction

The most efficient organic photovoltaic devices (OPDs), e.g., solar cells and
photodetectors, are based on bulk heterojunctions (BHflsat are phase separated
blends & donor and accepr semiconductor matets*® For efficient OPDs, the
organic BHJs should have a specific morphology of the donor and acceptor separated
phases to provide efficient exciton dissociation, separation of free charges, and their
transport tahe device elecbdes> ’

Polymer:fulleene blends, as the most studied BHJs, have been in the focus of
research for the last two decad&s® In many cases, the charge generation and
transport in such blends are affected by polymer crystalliz&fiavhich can be
largely disturbed by fulleme acceptor moleculé$.The polymer:fullerene blend
morphology changes upon annealing have been probed by a number of experimental
techniques: irsitu atomic force microscopy, UVivis spectroscopy? X-ray
diffraction,® 12 ellipsometry!*# scanning ectron microscopy; and ultrafast
spectroscopy?!® For instance, asast poly(3hexylthiophene) (P3HT) with [6,6]
phenyl C61 butyric acid methyl ester (BM) blends usually show a nayptimal
morphology thateaults in their por photovoltaic performece, specifically in low
power conversion efficiencyPCE).1°

Thermal or solvent annealing are commonly used to optimize the BHJ
morphology*? 2°22 For annealing the polymer, the following two temperatures
definethe operationalindow: the glass transition temperatig?>? (the lower
limit) and the melting temperature of the crystalline phasdthe upper limit).
Between these two temperaturd® polymer chains acquire mobility, partially
crystallize and hece become more rdered 8 the process known as cold
crystallization (CC¥>2% In the P3HT:P&BM blends, CC results in an increase in
the optical absorption at the longer wavelengths, tleegehseparation efficiency
and carrier mobility; these all lead & significant loost in thePCE?!® 24 2728 For
instance, differential scanning calorimetry (DSC) studiesevealed that the
morphology of P3HT:P&BM blend films results from a dual atallization as the
crystallization of both donor and acceptoagds is hinderedy the other one during
thermal annealing.

Raman microscopy possesses a unique ability to distinguish crystalline and
amorphous domains in the BEPF! This ability is basé on the fact that the
frequency of delocalized carb@arbon stetching modes ischanged upon
crystallization due to interchain interactions. This approach was developed by Kim
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2.2 Materialsand Methods

and coworker® who demonstrated that the contributions of amorphous and-quasi
crystalline polymer phases to the Raman spectra of P3H:BRICblends can be
factorized®?3 In particular, they showed that the shifts of the frequency of the
Raman carbowgarbon band can be attributed to crystallization of the polymer phase
in the blen films during annealinéf: Here we refine the Raman method deped

in Ref.32to track the polymer crystallinitin real-time during CC of the polymer
phase and apply this technique to study thermal annealing in various P3HT:fullerene
blends.

Apart from the commonhused P&GBM acceptor, other fullereAeased
acceptors are activel studied to increase the OPD performance via increase of the
acceptor optical absorption, reduction of the acceptor electron affinity (to increase
the operating voltage of ED), and to optimize the donor:acceptor miscibility in
blend3>* Although it isknown that the acceptor molecules in the BHJ disturbs the
ordered polymer phaséthere is still a lack of understanding how strong its effect
is on the polymer phase cryHitaity in the BHJ with noARPCBM fullerene acceptors.

This undertanding is imporant for optimization of the posteposition treatment
protocols of such blends used as the OPD active layers.

In this Chapter we report the polymer crystallizatiolynamicstracked by the
reaktime Raman microscopy technique during tharamnealingn the BHJ blends
cast from different solvents and in the blends with various fullebased acceptors,
with P3HT as an archetypical examplmasting blends from the highboiling-point
solvent results in a larger content of the quasiciystaphase in asast films. We
show a correlation of the polymer crystallinity before and after the CC. We also
establish how different solvents, blend compositions, and temperatures induce
polymer mobility during thermal annealing. Thus, the+t@aé Ranan microscopy
technique provides an easy access to polymer crystallization dynamics of organic
photovoltaic active layers during their postprocessing.

2.2. Materials and Methods

2.2.1. Materials

Regioregular P3HT (RIR3HT) was purchased from Lumtec. The weiginiage
(Mw) and regoregularity are >45,000 kg/mol, >95%, respectively. Regiorandom
P3HT (RRaP3HT) was purchased from Riekéetals. The weighaverage
molecular weight (Mw) was 60,000 kg/mol. Different fullerenrbased acceptors
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were studied (Supplementanférmation, Sectin 2.4.1): Go, PG:BM, PC:BM, 1-
(3,5-di-tret-butyl-4-hydroxybenzy3-(3-cyclopropane[1,9](6-Ih)[5,6]fullerene
3-yl)-indolin-2-one (HBIM)/© 1-Tetradecy3-(3-cyclopropane[1,9](6s-
Ih)[5,6]fullerene3-yl)-indolin-2-one (AIM8);* exohedal metallocompla »{ d
Ce0)IrH(CO)[(+)-2,3-O-isopropylidene2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane] (k§,*? and [6,6}Dipheny+C62-bis(butyric acid
methyl ester) (BPGiBM)*. Ceo, PG1BM, bisPG:BM and PG:BM with purity

of >99.5%; >99.5%; >99%; >99%, respdively, were purchased from Solenne BV.
HBIM and AIM8 were obtained from Arbuzov Institute of Organic and Physical
Chemistry (Russian Academy of Sciences) whiltCsy was obtained from
Nesmeyanov Institute of Organoelement Compounds (Rus&cademy of
Sciences). Synthesis and characterization of HBIM, AIM8, angh In€re reported
elsewheré®*2 All the materials were used without additional purification.

2.2.2. Thin Films

Solutions for active layers were prepared by dissolving P3HT and fidleren
derivatives togther inorthadichlorobenzene (DCB) at a weight ratio of 1:1 and a
total concentration of 20 g/L. This ratio was chosen as optimal or close to optimal
for solr cells based on P3HT and the studied fullerene derivathvé¥: For the
P3HT:PG::BM and PHT:PC;:BM blends, chlorobenzene (CB) and chloroform (CF)

solvents were also used. The solutions were stirred at a magnetic stirrer for 5 hours

at 75 AnGuera spidcast alh 300 rpron a glass substrate. The resulted film
thicknessesneasured with aratomic force microscope (NTEGRA Spectra,-NT
MDT) were in the range of 8250 nm.

2.2.3. Raman Spectra

Raman spectra were recorded using a Renishaw inVia Raman romeosiXx,
NA=0.5 Nikon large working distance objective) in the confocal condigan. The
excitation laser wavelength was set at 488 nni [@ser line). It has been shown that
this (resonant) excitation wavelength provides high Raman sensitivity to P3HT
crystallization®? The excitation beam power on the sample was 0.25 mW toeensur
a linear excitdon regime (Section 2.4.2); the acquisition time of one Raman
spectrum with ~1 crhresolution was ~1 s. To avoid laseduced changes of the
sample (e.g. pitodegradation and laser heating) under {bmg exposure, the
Raman spectra wecollectedbys anni ng over the safple
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2.2.4 AnnealingProtocols

and then averaged (see Section 2.4.3 for detail$)e sample temperature was
controlled by a Linkam stage (THMI80) with nitrogen gas purging. Following
Ref3?, the Raman spectra were recatdad analyzed ithe spectral region from
1350 to 1500 cmcontaining the irplane ring vibrations of P3HT: symmetric C=C
stretch mode at 1450 chand G C intraring stretch mode at 1380 ¢igassigned in
Ref. 45), which are highly sensitive to the crafization of poymer chains in
resonant Raman conditions.

2.2.4. Annealing Protocols

Raman probing of polymer crystallization during thermal annealing was performed
using two thermal annealing protocols: the fast and slow ones. In the fast protocol,
annealing vasperformed undea constant elevated temperature to siteutammon
annealing protocols normally used to enhance the OPD perforrifafide
polymer:fullerene blend was first heated fast at the maximum heating rate
(100 AC/ mi 1séttemperaturees, 98, 1g5r1@ AC) and t hen a
this temperaturel'he Raman spectra of the sample were recorded during the constant
temperature phase of the experiment. This experiment was performedtimeetd

obtain the crystallization rat@ sity, i.e. during annealingin the slow annealing
protocol,theheatig r at e was set at a much } ower
static annealing’in the temperature range ofiZ07 0 A C.

2.2.5. Crystallinity Definition

The polymer crystallinity was calculated bytiig the Raman gectrum of the

sample by a linear combinatn of t he fAamorphouso and
spectra as was proposed by Tsoial3? (Section 2.4.2). However, important
difference of this study is that the spectral decomposition waspedadn real time

at the current temperature of the samjplke,(without having it cooled before the
Raman measurements). This approach required to obtain reference Raman spectra at
all temperatures used (see below). Raman spectra of the annealed RRSEHBEIT

and RRaP3HT:PG:BM (4:1 weight ratio to quench theolymer fluorescence)
samples were used as the references for the-guyasalline and amorphous phases,
respectively (Section 2.4.2). RPBHT does not crystalliZé whereas pristine RR

P3HT shows the highest e gr ee of cr yst al Isamplestwere v he
prepared as described in R&2.to facilitate direct comparison of the results.
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The polymer crystallinity in blend fil
cryst alPC)i Tie IPG/ value (was defined as a fraction of the FRHT
spectrum in the fit to the blend film spectrum, where the fit is constructed from a
superposition of both reference speétra:

o0 O Y O Y — 0 Y, (2.2

wherePrr and Prra are the fitting coefficients obtained as #spof the RRand
RR&aP3HT reference Raman spectra in the Raman spectrum of the blend (Section
2.4.2);Tis the temperatur@rr/rra= 1. 2 NO. 2 i s t h@edionat i o o«
of the rderence samples (Section 2.4.2). This ratio was obtained fromrRantha
Fouriertransform infrared (FTIR) absorption spectroscopy (Section 2.4.2). Unlike

the approach based on comparing visible absorption spectra proposed3i Ref.

method applied her benefits from direct measurement of the chromophore density

in the sample and hence should be more accurate for calculation of the relative
Raman crossectionsIPC=1 corresponds to the annealed pristineFRRIT film,

while IPC=0 correponds to the amg@hous polymer.

The Raman spectra of conjugated polymeéepend on temperature (Figure
S2.3a)*® %49 Therefore, we measured the reference Raman spectra at all
temperatures with a 1AC step andnoused
thelPC acwording to Equatior2.1. Note that the ratio of Raman cse®ctions of the
reference samples does not show any temperature dependence (Figure S2.3b).

2.3.Results and Discussion

2.3.1. RealTime Tracking of Polymer Crystallinity

Figure 2.1 shows pwiner crystallizaibon dynamics of P3HT:P&BM and
P3HT:PG:BM films for different annealing temperatures for the fast annealing
protocol . At high t elR@reaches 9% & s finalvdug , 12
faster than in 5 min and then levels off. lAtv temperature§ 7 5 , 9 0IPCAC) , t
dynamics exhibit dferent behavior: the initial crystallization rate is significantly

lower, which is assigned to lower mobility of polymer chains so thatRGadoes

not reach the maximum achieved at higher tempeys. Note thalPC=1 does not

imply that all RRP3HT isin the crystalline state, but only the fraction that can
crystallize; the share of this fraction was estimated as ~10% from the DS€ data.
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2.3.1 ReatTime Tracking of Polymer Crystallinity

As follows from Figure 2.1, the higher annealing tempeeaisults in fager|IPC
rising at the initial annealingtage for both PCBMs. However, the polymer
crystallization dynamics are somewhat differentIB@rising amplitude during the
first 2 minutes is lower for P&BM (panel a) than for PGBM (panel b) i.e. from
~0.43to ~0.65vs from ~0.49 to ~0.8. This flerence is explained by the effect of
PG:1BM and PG:BM on the polymer packing and will be discussed in detail in
Section 2.3.3.
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Figure 2.1. IPC dynamics in P3HT:RBM (a) and P3HT:P&BM (b) blend films prepaed

from dichlorobenzene (DCB) forthefas anneal i ng protocol (heat:i
the following annealing temperatures: 75 (b
arrows indicate the IPC values for thecast P3HTPCs:BM (~0.43) aad P3HT:PG:BM

(~0.49) blend films, resptively. At the initial stage of the heating proces4 (finute) the

sample temperature is not reliably established. The insets show the PCE vs. the final IPC in
P3HT:PG:BM (a) and P3HT:P&GBM (b) solar cells. Tk lines in insets are linear fits.

The CPD performance based on P3HTs®EM blend depends strongly on the
polymer crystallinity?® %! Polymer crystallization results in the higher external
guantum efficiency of the OPD and in the redtsifithe absorpbn spectrum, which
altogether lead to aignificant PCE increase® To investigate the effect of
crystallinity on thePCE, the photovoltaic performance of the solar cell samples was
exami ned ( Se cRCEshowed2excéllent gotagioruswitle thelPC for
both P3HT:P&BM and P3HT:P&BM blends (Figure 2.1, insets).

Thermal annealing optimizes the BHJ morphology by increasing the crystallinity
of the conjugated polymer chains in the active layer. This increases charge mobility
and r@luces the energyf the lowest electronic state therebyoddening the
absorption spectrum. All this leads to an increase in the-sinouit current and the
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PCE®2which is fully consistent with our results. Moreover, the obtained correlation
between théPC and thePCEis in line with the previous studies [miag the blend
morphology and photovoltaic performance. Direct structural studies on
P3HT:PG:BM and P3HT:P&BM blends indicate that thermal annealing improves

the polymer crystallinity resulting im PCE increas€® 5*>*Furthermore,such a

directly meaured morphological parameter as the crystal domain purity, which is
closely related to thBPC, clearly correlates with theRCEf or O wi de r ang
including highefficiency solar cell$®

2.3.2. Solvent Effect

To unravel the slow polymer crystallization dynics, an annealing protocol with a
significantly slower (quasistatic) temperature increase is requifexd was
established preously for the PSHT:P&BM blends3* dynamics of the C=C Raman

band shift of P3HT during annealing was similar for the heatitgsrof 5 and

10 AC/ min, indicating a quasistatic pt
protocol, we chose a heatingrafe 0o 5 AC/ min ( Section 2. 2)
guantitatively describe the impact of solvent and various fullerene derivatives
(Section 2.3.3) on the polymer crystallization.

Figure 2.2 showd?C dynamics at the slow annealing protocol for P3HE:BM
andP3HT:PGiBM blend films prepared from different solvents. The data in both
panels are subdivided into three areas: no evidDthange at temperature below
~50AC; efficient pol ymBQincreaseis theardnfeiokz at i
50i)110MC| evel ling off at temperatures ab
data in Ref29, the glass transition temperatufg, in P3HT:PG:BM 1:1 blends is
about 50 A CTy is well eorradated with the beginning of the efficient
annealing IPC increase).

Annealing significantly increases theC of the P3HT:P&BM blend cast from
CB, from 0. 31N0. (P vatues before Ant [fter adnkaling Brie e
similar to those reported in Re§2: 0.42 to 0.94 (anneal ed
respectively (te IPC are recalculated from the crystalline molar fraction reported in
Ref. 32). The difference in thdPC most probably aginates from different
approaches to evaluate tiig:/Urraratio, which in Ref32was reported as 0.6 (see
Supporting Information in Ref32). Using this value, we would obtain theC
ranging from 0.45N0. 04 to 0. &igeNWwhioh4d bef
is in better agreement with the vafuin Ref32.
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Figure22.Real i me | PC dynamics at the slow (5 AC/
of the annealing temperature (at the bottom) and of the annealing time (at the top) for
P3HT:PG:BM (a) and P3HT:P&BM (b) blends films prepareddm DCB (olive), CB

(navy) and CF (red). The coordinates of the rectangles corners represent the parameters
Y ,Y ,IPG, and IPG calculated from the curves and introduced further in Section

2.3.2 (for the list of the parameters, see Table S2.2).

Figure 1.5 shows a schematic representation of the observed crystallization
behavior ofa polymer:fullerene blend at quasjuilibrium heéing (i.e., slow
annealing protocol). The crystallization dynamics represented by the black curve is
similar to the measurdéC dynamics for the P3HT:RG@M blend film shown in
Figure S2.10a. According the cold crystallization (CC) theof§/CC occus above
the glass transition temperature at which the amorphous phase in a polymer system
can acquire mobility. In the temperature range betwigeand T, i.e., during the
CC process, the polymer chainsrr the amorphous phase of the blend tend to
crystdlize. The polymer crystallization dynamics are irreversible in the temperature
range of 501 10 AC in Figure 2.2 (Figure S2.¢
similar to that reported for the P3HT:RBM blend by Demiet al?3, who obtained
Tg= 36 A€ CCtengerature region of 2050 AC f r saanningh e r a
DSC. In our experiments, CC occurs at somewhat lower temperatures in the range
560110 AC. The apparent di f f de a&ssigned toi n t
different rates at which the sampl@s heated In the present experiments, the
heating rate was a factor of 100 slower than in the rsgaghining DSC so that the
slow annealing protocol used herein is much closer to the thermodynamic
equlibrium in the blend. Another reason of the mengd difference could be
assigned to the fact that the CC temperature depends on the film thitkness.
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The realtime Raman microscopy technique allowed us to identify and quantify
polymer crystallization ri the form of temperature dependence similar @t th
recorded in a DSC scan. Indeed, the slow heating protocol is similar to the one
routinely used in DSC. However, in contrast to DSC, the Raman technique benefits
from chemical selectivity of the Raman spream. Therefore, thH?C curves report
crystallization dynamics of the polymer chains in the blend, while the DSC curves
encompass features of all components in the blend including, e.g., fullerene
crystallization/melting?* Moreover, the reaiime Ramarmicroscopy technique can
be applied directly to #h OPD active layer at standard OPD pgosatment
conditionsd this is important a3y and the CC temperature range depend on the
film thickness?* % Finally, the data collection on thin films needs wfe Og o f
material (i.e., the amount needed for filpneparation), whereas DSC usually
requires special neaquilibrium conditions and several mg of matefiat®

To quantify the characteristic parameters of the blend film under annealing, we
define the flowing quantities: (1) théPC of the ascast blad film, IPCy, that is
an average value of theCb e | o w 5 IPC dk fig anneale) blend filnPCa,
that is an average value of tHeC within a 18degrees window around theC
maximum; (3) the inial IPC value which is provisionally defined as the latest value
above the 5% uncertainty margin of tHeCsc value: IPC, = IPCyxc + (IPCan T
IPC. AO. 05, and a temper atiRCy'¥ ,atovhiche€€€pondi
starts; (4) a temperaturewhich CC ends,Y , corresponding to the findPC,
IPCi=IPCs+ (IPCani IPC,) AO. 95. Thi s t e miheuppertlimitr e c o
of CC: all the polymer ltains that could crystallize have been crystallized. These
four parameters are preded in Figure 2.2 as the coordinates of the rectangles
corners (the parameter values are presented in Table S2.2). As followSidume
2.1, thelPC values before and after annealing are higher foiBMN, while Figure
2.2 demonstrates that tHeC in the P3HT:P@BM blend is always higher than that
in the P3HT:P&BM blend. The difference is assigned to the larger molecule size
of PG;1BM, which impedes mixing the fullerene derivative with the polymer chains
and, therefore, less perturbs the polymer plaagstallinity.

As follows from Figure 2.2, the initidPC values depend on the type of the
solvent. Increasing the solvent bogitemperature in series of CF, CB, DCB (boiling
temperatures are 61, 131, and tbmtind C, r e
of the liquid spincast films, which is determined by the solvent evaporation time,
and results in longer time availabter mobility of the polymer chains. This mobility
fosters the initial crystallization during the film solidification and tessin a clear
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correlation between tHEC, and the solvent boiling temperature (Table S2.Rpte

that P3HT solubilities are weclose in CF, CB, DCB (14.6 g/L), whereas P&BM
solubilities in these solvents are different (29, 60 and 42 g/L, resplgdil and do

not correlate with th&PC (Figure 2.2a). This could be explained by the fact that the
acceptor solubility largely &cts the aggregated acceptor phase but not the mixed
polymer:fullerene phase and hence the IPC.

Figure 2.2 indicates thahe higher boiling solvent DCB as compared to CF
results in increase of the CC temperature range (the horizontal size of the esgtang|
from501 0 0 ACiltlde BSAE a nld0 OfArCd Ti2add 56AC f sBM P3 HT:
and P3HT:P&BM, respectively. However, the Géast films show the samBCr
as those prepared from DCB. Meanwhile, thed@bt film exhibits the lowedPC
that does not achiewbe maximum after annealing as was observed for the other
solvents. Even though the initi&C of the CFcast and CR:ast films are very close,
the IPC in the annealed CEast film is significantly lower (Figure 2.2). This
indicates that the maxim#C value critically depends on the solvent type, and the
fullerene acceptor solubilitymight be & essential factor. Therefore, the particular
solvent used for blend preparation can increase Bt and IPC:. However,
casting blends from some solventgg(eCF) might negatively affect the polymer
phase crystallinity not allowing the higheB{C value even after thermal annealing
of the blend films. As the films prepared from DCB showed the highest crystallinity,
we decided to choose DCB as a solventterftirther study of blends of P3HT with
different fullerene acceptors.

2.3.3. Various Fullerene-BasedAcceptors

In the Raman technique, thBC exclusively accounts for the properties of the
polymer (donor) component in BHJ. As the acceptor component could béec
amorphous and crystalline phases of the blend, we studied how various fullerene
derivatives influence the polymer crystallization dynamics during annealing.

Figure 2.3 shows slow annealing dynamics for P3HT:fulledehélends spin
cast from DCBAII the blends demonstrate the three consecutive annealing phases
similar to P3HT:fullerene blends (Figure 2.2; BC dynamics of & with all three
annealing phases see Figure S2.10b).
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Figure 2.3. IPC for blend films ¢3HT with various fullerene dieatives (in panel a: Irgs,
AIM8, HBIM and Gsg; in panel b: bisP&BM, PC;:BM and PG:BM) as a function of the
annealing temperature/time. The coordinates of the rectangles corners represerity

IPCi, and IPG parametersalculated from the curves; for the list of the parameters see Table
S2.2.

Both initial and finalPCs vary significantly for the different fullerene derivatives.
While IrCso and AIM8 do not rduce much the polymer crystallinityPC, = 0.88
and 0.71, rgzectively), Go makes P3HT nearly amorphoutPC = 0.17).
Furthermore, Figure 2.3 shows that all the blends exhibit different temperatures
"Y  at which annealingtarts, from50t o 117 AC. I n contr ast
P3HT:PG:BM blends processed from various solvents (Figure 2.2), the difference
in Y  for the various blends is much higher.

The most important pameter in the CC thedfiis the ratio etween theveights
of the polymer species that can crystallize and the other blend components that are
unable to contribute in the crystalline phase. In the case of P3HT:fullerene blends,
this ratio highly dependsnothe portion of fullerene acceptor blendwith the
amorphous polymer phaséAccording to the published dath,PGi:BM can
intercalate into the polymer crystalline phase between the nearest polymer side
chains in poly(terthiophene):RBM and poly(2methoxy-5-(3,7-dimethyloxy)}p-
phenylene vinkene):PG:BM. Nevertheless, there is an insufficient space between
the sidechains of the ordered RR3HT to allow the fullerene intercalati&h.
Meanwhile, all investigated fullerene derivatives are miscible wBtHTPthat might
result in the amorphous R3:fullerere phasé® %43 AboveT,, the amorphous phase
gains mobility allowing CC to commence, and HR€ starts to grow. Therefore, the
CC temperature rangéY 1 Y is determined by the amorphous phase
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2.3.3 VariousFullereneBased Acceptors

composition, namely on thpolymer:fullerene weight rat®® and the fullerene
derivative type (Table S2.2).

To understand whether the chemical composition of the fullerene addecid af
the polymer phase crystallinity in the blend films, in Figure 2.4a we ploPtheas
a functon of the fullerene acceptor molar volume (tR€, vs the fullerene weight
is given in Figure S2.12ayhemolar volumes for P3HT ands6; PG:iBM, PC1BM,
bis-PG::.BM were taken from Refl4, and, for the other fullerene derivatives, were
calculated as aum of the van der Waals volumes of the fullerene cage and the
corresponding addend as described in R&3. (Ref. 60 for an Ir atom).
Approximately linearcorrelation between thE>C, in the blend and the fullerene
acceptor molar volume might be attributed to the P3HT:fullerene miscibility in the
polymer amorphous phase, i.e. the less fullerene acceptor volume affects more the
polymer phase leading to thewer|PC in ascast blends. bwever, the initialPC
does not show any clear correlation with the fullerene accsptability (Figure
S2.11). This is idine with the data from Re®1, which show that the fullerene
acceptor solubility albeit importans, not directly correlated wi thePCE. Similarly
to the fullerene acceptor solubility, tRE€CEgenerally increases with increase of the
IPC upon annealing, but this trend is not universal (Table S2.2).

1.0
a) 40f b)
| #liCqg
- 0o __~¥bisPCBM
PR 60 OF L~
L ~
oe ibisPCBM .- PC71BM, «AIM 8
TIANE. 08l PC71BM(CB) /
sl . PevmCsy/ *PC51BM
£ e HBIM, |/
L {PCzBM =07f /' mPCT1BM(CF)
1PCgBH /
0.4F 18 /
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Figure 2.4. IPC charts for blends of P3HT withiwas fullerene derivativesaj Initial IPC

(IPC) versus the molar volume of the fullerene derivatives. The dash line is a linear fit; (b)
Final IPC (IPG) versus the initial IPC (red symbols are for DCB, black symbols for CB and
blue symbols for CF). Theed and black lines are gaisl to the eye. The gray shaded area
corresponds to decrease of the IPC (i.eiIRCPC) upon annealing.

Figure 2.4b plots thB>Cr versus théPC, for all P3HT:fullerene blends studied.
TheselPCs show a positive correlationdicating that the lower lithof the IPCr is
determined by its initial valudRC;) . Note the apparent si
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solid film formation from solution (e.g., by spaasting): the mobility of polymer
chains at temperatures higher tAgis akin to the polymer fluidityn the liquid film
formed upon film casting. As a resupolymer crystallization occurs both during
film drying and thermal annealing the P3HT:fullerene blends. However, the room
for the increase of polymer crystallinity is limited: more the fullerenesptoc
disturbs the polymer crystallinity during filmydng (leading to lowetPC)), lower

the IPCk is after post processing (Figure 2.4b). This trend is in line with the CC
theory of polymer$® Note that “Y  does not show any clear correlation with the
fullerene acceptor volume nor its solubility nor tR€, (Figure S2.13).

2.4.Conclusions

In summary, we have demonstrated Raman microscopy to be a powerful tool to
probe polymer cold crystallizatiodynamics ineal time during thermal annealing.
The cold crystallization of polymer chains is shown to operate within the temperature
rangeof 501 50 AC in various PIBGDO:PBHTIPGRM e ne
and P3HT:P&GBM annealed blends show exagit correlationwith the power
conversion efficiency of organic solar cells based on the blends.

The refined Raman microscopy technique has allowed us to monitor the
dynamics of cold crystallization of P3HT:fullerene blend films in 4eaé at
subsecondimescales righduring temperature annealing. This technigue is similar
to DSC but, in contrast, can be applied directly to the solar cells active layer and
benefit from high chemical selectivity and spatial resolution. The results show that
the paramets important fo polymer crystallization in the bulk heterojunction are
the annealing temperature, solvent, and acceptor §pecifically, casting blend
from the higher boiling solvent results in larger guagstalline phase in asast
films. Furthermoe, we found &orrelation between the fullerene addend weight and
the polymer crystallinity for asast films, and also a correlation of the polymer
crystallinity at the start and end of the cold crystallization. Thetimsal Raman
microscopy technique ight be easily extended toin-situ study of cold
crystallization dynamics during another popular annealing technique, solvent vapor
annealing.

As Raman microscopy is chemically selective, it has the ability to clearly
distinguish the donor and acceptoraps in the bled and hence a high potential to
probe crystallization of either donor or acceptor component in BHJs separately.
From this point of view, it will be interesting to study crystallization of the acceptor
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component (be it a fullerene derivati¥@r another plymer or a smalmolecule
acceptd??), which could also contribute to charge photogeneration in organic solar
cells®3

The spatial resolution of standard Raman microscopy as used herein does not
suffice to probe the nanomorphology thaft a key impotance for the OPD
performancé? Radical increase of the spatial resolution to directly distinguish
donor/acceptor domains of a few tens of nm in size could be achieved with-the tip
enhanced Raman microscdpyindirect morphology retrievindpy timeresoled
Raman microscop§ is also in the horizon similarly to the earlgported pump
probe approacheé§!® This together with the ability of Raman microscopy to
distinguish crystalline and amorphous phases in vivo (as demonstrated in this
Chagper) of the dowr and acceptor components makes it a powerful tool for
optimization of the morphology in retime, which is hardly accessible to other
structural methods.

Author Contributions

VVB conceived the project; AAM participated in its further dev o p me nt . o A
performed the preparation of polymer:fullerene films and their Raman microscopy
study. AAM and VVB developed the regine protocol. EVF performed the Raman

study under the standard annealing protocol. VAT fabricated the solar cells and
evalated theiPCEs. DYuP and MSP supervised the development of the project.

2.5. Supplementary Information

2.5.1. Chemical Structures of the Fullerene Derivatives Studied

To unravel the effect of various fullerene acceptors on polymer crystallization
dynamics duringamealing, we prepared seven pol(8xylthiophene):fullerene
(P3HT:fullerene) blend compositions. Chemical structures of all fullerene
derivatives shown in Figure S2.1 differ by molecular weights and the addends.
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a) Ceo b) PCs:BM ¢) PC:1BM d) HBIM

e)AIM 8

Figure S2.1. Chemical structures of the fullerene derivatives studied.
2.5.2. Tracking Polymer Crystallinity

2.5.2.1 Linearity of the Raman Signal

Figure S2.2ashows Raman spectra of RBHT:PG:BM blend film at different
excitation powersFor the laser power <0.5 mW, the Raman signal intensity
increases linearly with the excitation powdfigure S2.B), while at higher
excitation powers it begins to saturate. Thus, the optimal laser power of 0.25 mwW
was sets operational for all experimisnn this work.
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2.5.2.2 Calculationof the Ratio of the Raman Cressctions between Crystalline and Amorphous P3HT phases

" 1800
a) 1.0k P3HT:PCy;BM | b)\
—~ Norm. to incident power <i_1600
c ——0.05mwW S [
> ——0.25 mwW :’MOO
g 05mwW S 12001
3 —25mwW g
205! £ 1000+
2 2 800
i) @
c g 600
p ot
@ £ 400
£l 5
go.oj £ 200
X . A K . . .
1000 1200 1400 .. 1600 1800 0.0 05 1.0 15 20 25
Wavenumber(cm™) Laser power (mW)

Figure S2.2(a) The Raman spectra of 1450-&nband of the P3HT:RgBM blend films
accumulated for 1 second at different incident laser powers. The spectra are normalized to
the laser power. (b) Integrated Raman signal as a functitreahcident laser power. The
wavelength of the excitation laser was 488 nm.

2.5.2.2 Calculation of the Ratio of the Raman Crosssections between
Crystalline and Amorphous P3HT phases

To perform decomposition of the Raman spectra of the samples onto the gpectra
crystalline and amorphous @es, one needs the relative cremstions of the two
phases. Raman intensity can be express&,as ¢ Q% wherel is the Raman
scattering crossectionnsis the density of scatterers, amhis the sample thicless.
Therefore, if we measure Ramspectra of two reference samples, the problem boils
down to finding the respective products of scatterer density over the thickness.
Unlike the approaches implemented befGré here we evaluate the relative cross
sedions explicitly from the Raman fensities estimating the chromophore density
from FTIR absorption spectroscopy in the regionsid® GC=C, and CH stretching
modes. The final expression for the Raman cross sections ratio becomes:

(S2.1)

where the indices ARRO and fARRao refer
and amorphous, respectivelprr and Arra are FTIR absorptizs (absorbance
integral); NrrandNgrraare numbers of H orfa r - @ n boods per one P3HT
repeated unit in the RR3HT and RR&3HT samples (see below), respectively.

Pristine RRP3HT and RR#&3HT:PG:BM samples were prepared on BaF
substrates (trapsrent in the IR spectral range) as the references foryhtakine
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and amorphous polymer phases, respectively:BNC was added to quench the

fluorescent background of the amorphous sample-IRR4T:PG:BM weight ratio

as low as 4:1 was chosen to avomhtaminations of the polymer Raman spectra

with the PG:BM ones. Th&RR-P3HTs a mp|l e was heated to 151

back to the room temperature (i.e., annealed) prior the Raman/FTIR measurements.
The Raman spectra of the reference samples are shoWwigure S2.3 IR

absorption spectra of the reference s@smn the regios of Q' H or carboncarbon

stretching modes are showrfigure S24. There were no observable changes in the

Raman spectra of the samples on Batel coverslip (used in all other measurements)

substrates.

T T T T T
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Figure S2.3Raman spectra of the annealed-RBHT and RRaP3HT:PG:BM samplesThe
wavelength of the excitation laser was 488 nm.
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Figure S24. Backgrounecorrected FTIR absorption spectritioe reference RRP3HT and

RRaP3HT:PGiBM samples in the regions of-& (a) and carbowarbon (b) stretching
modes. Integral absorptions around 1500 and 2900acmlisted ifTable S21. In panel (b),

the dashed lines indicate moagsignment?
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2.5.2.3 Reattime Tracking

Theparameters for calculation of the relative Raman scattering-seati®nsare
listed inTable S21. In the cas®f C-H modesthe ratio of the number of RR3HT
C-H bonds Ngrr) to the number of RRB3HT:PG:BM C-H bonds Nrrs
normalizedby the molar massd\y), is given as:

NS _ N " (RR: P3HT)
NS.S  N¢"(RRa P3HT)+0.258 N " (PCBM)3M ,(P3HT)/M ,(PCBM)

whereN“* is the number of &1 bonds in the polymer repeat unit ag(P3HT) is

the molar mass of the polymer. The calculations according to Equation S2.1 result

in Orr/Crra= 1.2N0.2

=095 (52.2)

Table S21. Parameters for calculation thfe relative Raman scattering crassctions of the
crystalline and amorphous P3HT phases. Tlaegof uncertainties are standard deviations
for 8 sets of measured data.

Raman intensity] IR absorbance| IR absorbance
Ref. Samole integral around | integral around| integral around %gﬁ.??gssg
- =amp 1450cnt 1500cnt? 2900cnT? ol (NCE)
(Irr/RRY, CNTt (ARr/RR], CNT! (Arr/RRY, CNT*
RR-P3HT 15. 2N0 0. 8NKNO. 0. 65N0 14
RRaP3HT: - N .
PCs1BM (4:1) 20. 2NO 1. 2NO. 1. 1NO. 14.7

In the case otarboncarbm stretch modes, RBM does not contribute to the
absorption due to the negligibly weaksorption of the PEBM fraction. This can
be verified by observing the RBM carbonyl mode around 1750 &ff which is
indistinguishable above the noise levellie experimental FTIR spectrurigure
S24b); other loweifrequency modes of PCBM (CH and CC) in the range 1400
1600 cm' have even lower absorptiétThe calculations according to Equation S2.1
yield the Raman crossections ratio a8rr/Crra= 1 . 1 ThBrefdre, the. ratios of
Urr/Urra Obtained by both methods are similar within experimental uncertainty; the
value 0f1.2N0.2 will be used further on.

2.5.2.3.Reaktime Tracking

The reference Raman specttange (albeit slightly) upon headj (Figure S25a);

therefore, it is imperative for decomposition to use the reference spectra at a given
temperature. To record reference Raman spectra of the crystalline and amorphous
P3HT phase at elevated temperatutee tslow annealing protocol (seeeth
experimental section in the manuscript)
were recorded per each temperature wii
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subsequently used for decomposition. Finally, we obtaiheddio of the Raman
cross sections different temperatureg-{gure S25b); no dependence was found.
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Figure S25. Temperatur@gependent Raman measurements. (a) Raman spectraRBIRR
(red/orange symbols) and RIR8HT:PG:BM (blue/cyan symbolsf i | ms at 23 Au
circl es) asaddsquar@p Fha spéctrd are normalized to the maxima for ease of
comparison (b) Normalized (at RGCtemperature dependence of the ratiche Raman
crosssections.

2.5.3. Decomposition of Raman Spectra

Temperaturaependent Raman spectra of the investiy®@eHT:fullerene samples

were recorded at the rate of one spectrum per second. In the slow annealing protocol,
12 spectra were recorded peAland averaged. Each spectrum at temperature

was decomposed to a supesition of the two references spectraRR-P3HT
(crystalline phase) and RHARBHT:PG:BM (amorphous phase) at the given
temperaturd:

YO 6 0 Y 0 YO 8 (S23)
where Prr and Prra are the leastquaredeviation ft parameters (weights);
YO & RYD & RYOD & are Raman spectra of the refereRfe

P3HT, RRaP3HT:PG::BM samples and investigated sample, respectibure
S2.6shows two representative exdew of such decomposition. Finally, thHeC
value was calculated according to Equation®2The uncertainty of the procedure
mainly originaés from the uncertainty the Raman cross sections and amounts to
~0.04.
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2.5.4 ExcitationAssisted Laser Annealing
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Figure S26. Examples of the spectrdecomposition oP3HT Raman spectra for-aast (a)
and anneal ed at gBMZilnd Fhe Cirolgs sHo\8 tHEr meRsGred data; the
black lines are thsuperposition of the reference FIRBHT (red) and RRER3HT:PG:BM
(blue) spectra according (equation S2.2)The carespondindPC values are shown in each
panel.

As mentioned in Section 2.2.5 of the TheB¥; does not quantify the percentage
of aggregted polymer chains. As introduced by Tswi al,*? the IPC can be
calibrated with the use of more direct technicioesvaluate the polymer crystallinity
such adlifferential scanning calorimetffDSC) so thatPC=1 corresponds to the
polymer crystalliniy | AL0D.

2.5.4. Excitation AssistedLaser Annealing

Excitation laser power deposited into the focal region might affect the polymer phase
crystallinity due to sample phottegradation or simply heating. Assuming the
steadystate thermal regime (i.e., thermajudibrium with the bath of infinite heat

capatt y), the relative heating is esti mat
mWwW, | aser spot of ~10 em, sampl e absc
conductivity® of ~0.07 WmLK™) probably resulting inthermal annealing.
Therefore, care should be&én to avoid possible lasassisted thermal annealing or

sample photalegradation.
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Figure S27. IPC of a P3HT:P@BM blend (prepared from DCB) as a function of the
exposition time at different powers ofetlexcitation laser and temperatures. The etioita

spot position on the sample was fixed. The solid lines are linear fits to the experimental data
the nullslope of the lines would signify no lasassisted annealing.

To evaluate the importance of thigeet, we continuously obtained a sequence
of Raman spectra from one spot in the sample without moving it, and then calculated
the resultedPC (Figure S27) as a function of the exposition tim&t the excitation
laser power of 0.25 mW and 0.5 mW, the gés of thelPC dynamics at all
temperatures are similar and do not exceed 0'0&hich is well within thelPC
uncertainty marginsTherefore, if the excitation spot is moved once per second, no
laserassisted annealifdegradation takes place. Such moeaiwas embedded in
the datacollection protocol.

2.5.5. Correlation betweenPCE and IPC

Figure S2.8 demonstrates tREE (for measurement details see R&) and final
(annealed)PC as a function of the annealing temperature in P3Hg:BM (black)

and P3HT:P&BM (red) solar cells. ThEPC in P3HT:PG:BM and P3HT:P&BM
blends is well correlated with tHeCE; therefore, thdPC is a critical parameter
affecting the device performanddote that according to the previous studies, the
maximumPCEis achieved atveight ratios of P3HT and fullerene derivatives of 1:1
for PG:BM,?” and 1:0.5 for PGBM.** This could explainvhy here thePCE of
P3HT:PG:BM blend is higher than the that oc8RT:PG:BM blend

54



2.5.6 SupportingData of the Slow Annealing Protocol
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Figure S28. PCE (dash) and finalPC values (solid) otained from Figure 2.1 as functions

of annealing temperature in P3HT:£BM (a) and P3HT:P&BM (b) blends.

2.5.6. Supporting Data of the Slow Annealing Protocol

2.5.6.1.Various Fullerene Derivatives

Table S2. Slow annealing protocol parameters (i'&. h"Y RIPC,, and IPCf) for
P3HT:fullerene blends cast from different solvents,R@&s of the corresponded solar cells.

P3HT-fullerene IPC Y , A PCE% IPCr "Y , 4 PCE%
(solvent) As-cast fim Annealed film

PG:1BM (DCB) 0.43 56 0.92 0.77 115 3.15
PCs1BM (CB) 0.31 52 - 0.74 114 -
PCs1BM (CF) 0.25 50 - 0.59 100 -
PC1BM (DCB) 0.49 61 0.54 0.83 117 2.67
PC1BM (CB) 0.35 50 - 0.80 104 -
PCr1BM (CF) 0.32 44 - 0.68 98 -
HBIM (DCB) 0.31 76 1.7%0 0.70 147 2.0
AIM 8 (DCB) 0.71 65 1.39% 0.83 106 1.14%
IrCso (DCB) 0.88 50 0.68" 0.94 112 1.15°
Cso (DCB) 0.17 117 0.017 0.60 175 0.054
zijsgngM 0.74 70 2,255 0.92 132 2.476

Table S2.2 lists the”Y h"Y hIPC, and IPC:

P3HT:fullerene blends together with availaBIEE

parameters for the
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2.5.6.2.Irreversibility of the Annealing Process in P3HT:PGiBM Blend

Figure S2.9 demonstratieseversibility of polymer crystallizatiom P3HT:PG:BM

blend above . The slow annealing protocol at the first stage (1) was used. During
retaining the sample temper atiRQskghtlpgt 1 30C
increases which most probably indicates extremely slow dynamics of CQigDuri

the cooling process (3)PC also somewhat increases, which might be assigned to
continuing weak CC as long as the sample temperature is highdi;tidrerefore,

the slow annealing protocol captures most of CC dynamics and therefore could be
regardedhs quassteadys t a t goodiapproXdmation.
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Figure S29. Irreversibility of thelPCdynamics( 1) sl ow anneal ing prot
min from 20 to 130AC (red curve),; (2) the s
(shaded area); (3)aw cooling protocol,i.ei5 AC per min from 130 to

2.5.6.3.IPC Dynamics in the Extendel Temperature Range

To observe the four consecutive annealing phases (three of them are described in
Section 2.3.2 and the fourth one is melting) forRB&IT:fullerene blend filmdpPC

in the extended temperature range (including the melting temperature region) 20
170A C rR3HT:PG:BM and 30220A C HR3HT.Gowas recorded (Figure S2.10).

The IPC dynamics are well correlated with the crystallizatioerszio proposed
(Figure 1.5 in the Thesisbds introducti o
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2.5.7.IPCand TCC Charts for P3HT Blends with Various Fullerene Acceptors
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Figure S210. Reattime IPC dynamics of P3HT:P&BM (a) andP3HT: Gy (b) blend film
(purple and orange, respectively). The lines are guides to the eye. Shaded areas represent the
sample meltingegion?®

2.5.7. IPC and Tcc Charts for P3HT Blends with Various Fullerene
Acceptors
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Figure S211. IPC, in P3HT:fullerene (Go,”” HBIM,* PCs:BM,%r PG:BM,%t AIM 8,4
IrCe0,”® bisPG:BM in DCB®) blends as a function of fullerene acceptor solubilityCB
except bisP&BM, which was prepared from DCB.
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Figure S212. Initial IPC versus the fullerene deritrée weight (a) and finalPC versus the
molar volume of the fullerene derivative. The red line in panel (a) is a linear fit. The dash
line in panelb) is a guide to eye.
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Chapter 3. Molecular SeltDoping Controls Luminescence of
Pure Organic Single Crystals

SELF-DOPING

Organic optoelectrong calls for materials combining bright luminescence and efficient
charge transport. The former is readily achieved in isolated molecules, Wwhilatter

requires strong molecular aggregation, which usually quenches luminescence. This hurdle is
generallyresolved by doping the host material with highly luminescent molecules collecting
the excitation energy f r omcondep of madesularselHer e,
doping in which a higher luminescent dopant emerges as a rsimgant byproduct ding

the host material synthesis. As a @tage process, salbping is more advantageous than
widely used external doping. The concept is proeedhiophengphenylene caligomers

(TPCO) consisting of four (host) and six (dopant) conjugated rings. We tblad <1% seH

doping doubles the photoluminescence in the TPCO single crystals, while not affecting much
their charge transport properties. Théonte-Carlo modelling of photoluminescence
dynamics revealed that hedtpant energy transfer is controlledtgth excitonic transport

in the host and hosto pan't Ferster resonadoping comcept igy t r ¢
further broadened to a varietf conjugated oligomers synthesized via Suzuki, Kumada, and
Stille crosscoupling reactions. We conclude thsgl-doping combined with improved
excitonic transport and hedbpant energy transfer is a promising route to highly luminescent
semiconductingrganic single crystals for optoelectronics.

This Chapteiis based on the following publication

0O.D. Paashchuk*A.A. MannanoV, V.G. Konstaninov, D.l. Dominskiy, N.M. Surin, O.V. Borshchev,
S.A. Ponomarenko, M.S. Pshenichnikov, and D.Yu. Parasétulvk Funct. Mater.28, 18001162018
*These authors contrilbed equally to this work.
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Chapter 3. Molecular Seboping Controls Luminescence of Pure @i Single Crystals

3.1.Introduction

Emerging organic lighemitting devices, e.g., aagic lightemitting transistors
(OLETs) and electricaljpumped lasers, need materials combining high
luminescence and efficient chargansport:* The latter requires tight molecular
packing, which usually results in luminescence quenching. One dfelcge ways

to control and enhancthe lightemitting properties of organic semiconducting
materials is their doping by highly lumirant molecules as commonly used in
organic light emitting diodes. For example, if the dopant absorption spectrum
overlags with the fluorescence spectrum of the host material, thadhosp ant F°r s
resonant energy transfer (FRET) can be used to congrdlithinescence efficiency

and spectra of the doped host matéerfal.

The most attractive materials for OLET and organjection lasers are organic
semiconducting single crystéit$;**which can also be doped by highly luminescent
molecules to improve heir luminescence properties via hdspant energy
transfert”® Despite the FRET effect is well understood in varidasoracceptor
systems? its detailed study in organic crystals (donor) doped by luminescent
molecular acceptors has not been doneAldtough color tuning via doneacceptor
energy transfer was demonstrated in molecularly doped single cAfssaish
important issues as doping level optimization and exciton diffusion, which can be
harnessed to enhance the hidgpant energy transfefficiency and hence the device
performance, have not been addressed.

Vaporgrown organic semiconducting single crystaith dopantcontrolled and
dopantenhanced fluorescence have already been demonstrated where the host and
dopant molecules were syn#lieed separately, their powders were milled and mixed,
and finally the crystals were grown from the mixture of the ¥/8.0n the other
hand, during the host material synthesis small amounts of various byproducts are
usually producedf one of them ishighly luminescent and has a lower optical
energy gap than the host, it could serve as a dopant controlling the lusnicesé
the material via exciton transport in the host material and consecutive FRET to the
dopant. As a result, molecular sdlfping d the host by the energy acceptor is
realized thereby removing the necessity to synthesize the dopant separately.
Moreover, in this manner one avoids complicated purification of the host organic
semiconductor from the dopant; accordingly, the overall abte material could
be substantially reduced. This approach radically differs from both physical self
doping used eddr to dope the amorphous phase of polyfluourene Hyilsase’?
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3.2 Materialsand Methods

and seldoping by charges recently demonstrated within one molgpakylene
diimide) by amine substituents.

In this work, we introduce the concept of molecular-delfing as a novel
approach to control the luminescence of nominally chemically pure (>99%)
conjugated organic materials. For this purpose, we used thiephenylene co
oligomer (TPCO) single crystals that combine pronounced luminescence and
efficient charge transpoft?® As the host material, we synthesized TPCO with the
mol ecul ar -Es@-(trimethylsilylphedyl}25, NiitiNpphene (TMSP2TR
TMS)2* where P and T stand for iphynelene and 2;thiophene, respectively;
TMS is trimethylsilyl group. We found that A onger T PoEG, 5, 5
(trimethylsilyl)phenyl}2 , 2 Nj: 5 NjuaeNiipphendNTNETNNMS) that
emerges in minute amour{tsl%) as a byproduct during the host synthesis acts as
an efficient energy acceptor of the host excitation energy iortrstal. To identify
and quantify such a minute amount of dopant that is chemically very similar to the
host, weapplieda photoluminesent (PL) method with sensitivity to dopant down to
100 ppm level at the presence of the host\ery similar moleculastructure. The
optimal doping doubles the PL quantum vyield (QY) of the solugimwn TPCO
single crystals while retaining the effitit charge transport properties. Motarlo
modelling of the PL tima&esolved spectra recorded in variously doped dy/stas
used to reveal the interplay between exciton diffusion in the host material and FRET
to the dopant. We further broadened thepscof the selfloping concept onto other
molecular crystals, which were grown from various conjugated oligomers
synthesied via different chemical routes. Our findings clearly demonstrate that
molecular sekdoping combined with enhanced excitonic transpad hostdopant
energy transfer paves the way to highly luminescent semiconducting organic crystals
for optoelectronicsipplications.

3.2.Materials and Methods

TMS-P2TRTMS and TMSP4TRTMS characterization, ublimation methods,
doping and crystal growth, amarganic fieldeffect transistors performances are
presented in ReR7.

Photoluminescenc®L spectra and QY of the TBP2TRTMS and TMSP4TR
TMS solutions and solid samples aresented in ReR7.

Timeresolved PLunder 106fs, 408nm excitation was measured by a streak
camera (C5680, Hamamatsu) combined with a polychromator (for the details of
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Chapter 3. Molecular Seboping Controls Luminescence of Pure Organic Single Crystals

polarizationresolved, oom and low temperature measurements see Sectimts 3.
35.5).

MonCar | o sisMonte@atlo (MC) simulations were performed as a
random walk of excitons in a 3D cubic crystal grid with a subsequent FRET to the
dopants (Section 8.6).

3.3.Results and Discussion

The detailed syntheses routes of slelped TMSP2TRTMS material (ho§ and
their seltdopant, i.e. a longer TPCOJS,5NjbigM-(trimethylsilyl)phenyl}
2,2Nj: 5 Nj, ZydiithiGpheNg TRISIPNINRTMS) are presented in ReX7.

Figure 31 shows host and dopant optical spectra, which demonstrate a noticeable
overlapbetween the two (marked asagrarea) thereby promisingfficient energy
transfer of the host excitation via, e.g., FRi6The dopant. The dopant PL QY in
solution was measuredinRéffas 4 4 N2 %, which i s a factoc
of the host (28 2 %Tjhis makes it feasible to tune the luminescemeesum and
enhance QY in the doped host crystal utilizing tdmgtant energy transfer via
exciton diffusion in the host matrix with consecuthestdopant FRET.
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Figure 31. Implementation of thee#f-doping concept. lllustration of the feasibilityle® r st e r

resonant energy transfer (FRET) in TNM@TRTMS crystals selloped by TMSPATR

TMS. As the PL spectrum of the donor (host), PL of the grinded 0.01% doped crystal is

shown by the blue line; grding was used to decrease the PL reabsorption. Thanckd

orange lines demonstrate PL excitation spectra of 1% and 0.01% doped crystals, respectively

(for details, se&l| of Ref.27), where the band at ~2.55 eV is attributed to donor (dopant)

absorptionThe inset illustrates FRET in the doped host. Tlag grea indicates the spectral

overlap between host PL and dopant absorption required for FRET.
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3.3 Resultsand Discussion

Figure 32a shows PL spectra of the sdlfped crystals at three representative
doping levelstogether with the reference host and dopant spectra (marked as the
shaded aread)pon increase of the doping level, the PL spectra shift to the red from
one reference spectrum to another, which is attributed to the increased share of the
redshifteddopan PL (for the complete set of host and dopant PL spectra, see Ref.
27). As direct dopant excitation at 400 nm is negligible due to low dopant
concentration, the observed PL featuass assigned to hedbpant energy transfer.
Host and dopant PL exhibitedtical polarization propertigSection3.5.2), which
suggestsha the dopant molecules substitute the host sites in the doped crystals as
was earlier reported for other doped TPCO crystathough the dopant molecule
has a similar shape but a ger length as compared to the host ones, it could
substitute the rsi one with some deformations of dopant and adjacent host
molecules, which is illustrated by molecular dynamics simulation (Se8tma).

As it has been demonstrated in R&f, we wee unable to attain the purity of the
host material from the dopantolecues better than 99.99%, which also suggests
that the dopant molecules are firmly embedded in the host matrix.

To prove the energy transfer between the host and dopants, we recbrded P
transients at the blue and red flanks of PL spe&igufe 3.23 which correspond
mainly to host and dopant PL, respectiveijg(re 3.2kc). Decay of the host PL
(Figure 3.2b) accelerates from ~0.4 to ~0.1 ns with increasing the doping level.
Correspadingly, dopant PL (Figure 3.2c) acquiresa@singcomponent withthe
time that is similar to the bleféank decay (0.0i70.2 ns;Section3.5.4). Shortening
of decay times of the bleigank transients with doping and the corresponding rise in
the redflank transients are fully consistent with hdepant energy transfeFinally,

PL at the red flank decays considerable longer as compared to the blu®flank (
0.8vs.0.07 0.4ns) again confirming its origin from the dopant.

Another convenient way to characterize the energy transport process in the
crystals is to arlgze thedynamical red shift of the mean PL energy (Figure 3.2d and
Section3.55). For the lowest doping lel; PL originates mostly from the host
excitons (mean energy of ~2.55 eV), with a weak PL shift to the red due to energy
transfer to the dopant#\t the dojng level of 0.2% and higher, the majority of
excitons in the crystal are transferred to the lowergy levels with the redhifted
PL energy of ~2.3 eV, which corresponds to the dopant PL (the red line in Figure
S3.6a). The lowemperaturerainsient PLdata demonstrate that ti@stdopant
energy transfes weakly temperaturdependent (Sectidh5.5), which is consistent
with FRET domination over exciton diffusion.
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Figure 3.2. PL data of the doped crystals. (a) PL spectra in a fexdoged crysta after
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400-nm excitation (lines), obtained from the stremmera PL maps integrated over thie 0

ns time window, in the microscopic configuration (for the PL maps, see Figudg T8e

cyan and red shaded spectra represent, respecthveigferencemectra of the grinded 0.01%
doped crystal (the host PL spectrum) at-f@%excitation and the % doped crystal at 465
nm excitation, where mostly the dopant is excitbdc) PL transients extracted from the PL
maps at the blue and redl Bpectral flank (indicated in (a) by the blue and red rectangles)
originated mostly from host and dopant Péspectively. Dots are the experimental data; the

nes

ar e
and simulated PL intesities is preserved. For the 0.7% doped crystal, dopant PL begins to

the out come

of

the Mg si mul

ati

dominate at long times, wtth leads to the kexponential decay of the transient. (d)
Experimental (circles) and MC simulated (solid lines) dynamical red shifts of the Piea

energy. Sall lines depict the MC simulated mean energy values with the following output

par amet erstesradius df 86 nmcnd the exciton diffusion length of 2.5 nm (Section

3.57).

The strong PL reabsorption affects not only the PL spagtasgrown cryséals

on

(Figure 3.2c¢) but also results in underestimation of the PL QY values. To correct the

PL QY of asgrown crystals for PL reabsorption, two methods were applied in Ref.

27. Parke 6 s imbased on deconvolution of the experimeRtakpectrum into a
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3.3 Resultsand Discussion

linear combination of the reabsorptifree PL spectra of the host crystal and the
dopant in host crystal, which are represented by cyan and red shaded spectra in
Figure 3.2a, respéively. The second PL reabsorption correction methbdsed on
comparisorof the PL spectra of the @gown and mechanical grinded cryst&ig®

30

Both methods gave very close values of the reabsorption P R&absorption
corrected PL QYs calcwlaed by Par ker 6s method are
function of the dopingével. In the 0.7% doped (referred further on as an optimally
doped) crystal, PL QY climaxes at almost 40%, which is close to that of the dopant
in solution (the red line in Figui&2d). In the lowest doped crystal (0.01%), PL QY
of ~20% is equal to thatfahe host molecule in solution (the violet line in Figure
3.2d). This fully corroborates the timmesolved data where the optimally doped
crystals show the fastest host PL dedmet(Figure S3.7a). In the crystals doped
at >1%, PL QYdecreases, and thestdopant energy transfer becomes less efficient
(Figure S3.7a and S3.9b). This is explained by aggregation of dopant molecules,
which also results in the visible defects in tlighly doped samples (demonstrated
in Ref. 27). Accordingto Ref.27 the PL Qr data as well as PL spectral data are
virtually identical for the selfand externally doped samples; therefore, the two
doping techniques result in the optically indistinguisbatslstals.

To support the FRET mechanism of hdspantenergy transfer anginravel the
balance between exciton diffusion and FRET in {uogtant energy transfer, we
performed MC simulations of the energy transport in the host matrix with randomly
distributed dopants (Section8.56). The simulated data sieribe well the
experimatal PL transients and red shifts (Figure 232tand the experimental PL
QY (Figure 3.3) at the doping levels up to the optimal one. At the higher doping
levels, the obviousisicrepancy between simulated and experimental PL QYs is
explained by the fact #t the dopant aggregation was not included in the MC
simulations.

From the MC simulation (see Sectio856-8), theF°r st erRowasadi us
obtained as 3/ 0 nr2, which coroborates the value @0 nm calculated directly
fromthe F°rster ailyseetSecnol.51(0f)o r wvdnhegliffugonc i t on
length amountstbg= 2. 5N0. 4 nm, which is at the
diffusion lengths of ~610 nm inamorphous organic film8. This is ascribed to
weak interméecular interaction in the hosirystal as the couplg between the
transition dipole moments of the nearest molecules corresponds to weak J
aggregation (see Figure S3 in R@B). Weak Jaggregat-type coupling also
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Chapter 3. Molecular Seboping Controls Luminescence of Pure Organic Single Crystals

explains why the host crystal PL QY edsito that of diluted host maleles. In the

optimaly doped crystal, about 90% of the initial host excitons transfer their energy

to the dopants mostly via FRET, i.e., the majority of the heositans are already
generated wit hi n the dopantkfér thesintezptayetweedFRETS f r o
and excibn diffusion, see Sectich58).
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Figure 3.3. Experimental (symbols) and MC simulated (the purple line) PL QY values as
functions of thedoping level. The blue open dots and navy stars show thdatagxternally

and seldoped crytls, respectivgl The experimental PL QYs are corrected for PL
reabsorptiort! The horizontal lines demonstrate the host and dopant PL QYs in solution, the
experimental accuracy is depicted by hatching. The upperiaxid) shows an average
distance beteen the dopanis the host crystals (Secti@51).

Here we have harnessed the byproduct of Suzuki reactions to synthesize a doped
organic semiconductor with enhanced luminescence. However, formation of
byproducs due to ligand exchange within the argemetalliccaalytic cycle is
known not only for Suzukbut also for other Rdatalyzed crossoupling reactions
used for synthesis of conjugat material$? To demonstrate that the molecular self
doping is not limied to a single aforementioned case, stadied different
conjugated oligoarylenesynthesizedia Suzuki, Kumada, and Stille cressupling
reactions: TPCOs(Chapters 3 and 5 of thi§hesis) oligophenylene and
furan/phenylene coligomer (Chapter 4 of tis Thesis)with various conjugated
lengths and termial substituents (see R&t7). All these reactions produce self
dopants with longer conjugation leng#éms minor byproducts. There-resolved PL
data on crystals of these oligomers clearly indicate pr@nh energy transfer from
the host totie selfdoparts (see Ref27) which broadens the scope of the gkiping
approach.
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3.3 Resultsand Discussion

As the accuracy o$tandardtechniques used to prove theripu of organic
materials (NMR, HPLC, GPC, elemental analysis and fapsstroscopy)might
miss such minor bypraats, we bebBve that the effect of these thaynount
molecular seHdopants on the luminescent properties of the nominally chemically
pure magrials has been largely overlooked in the pasour view, the selfiopant
molecules are embedded in host taysnatrix sistituting the host sites as was
demonstrated above for TMRTRTMS/TMS-PATRTMS, i.e., the host and
dopant form cecrystal$®. Despite much less solubility of the sdifpants in organic
solvents as aopared to the host, the selbpant doesot precipiate during self
doping, but it is incorporated in the host crystal. This can be explained by complex
formation between the dopaamd host molecules already in solution as both have
the similar rodike molecular structures so that they stidgether withtheir
molecular axes having nearly the same orientation. These complexes survive in the
course of further processing including ewystallization so that the dopant
substitutes the host sites in thethaystal lattice. As a resultpmpletepurification
of the host from the dopant is a complicated task.

It might well be possible that unintentional doping by longer oligomers also
occurred in numerous earlier luminescent studies in nominally chemjmadéy
(>99%) solid samples of conjugatedigomers sythesized via metalatalyzed
crosscoupling reactionsAs shown herein, the luminescent dopant even at low
content (<1%) irthe host material could strongly affect its luminescent properties.
This may le one of the reasons for poor undersiiagof the luninescent properties
of conjugated materials as a very minute amount of dopants can be sufficient to
drastically change theuminescence in hogfuest systems based on conjugated
oligomers* For example if the selfdopant is lowemissive, itmay quench
luminescence of the material via hdsipant energy transfer limiting the exciton
diffusion length and resulting in neadiaive losses of excitation energy.
Accordingly, molecular selfloping can be demental in materials for organic
photowltaics, whee long exciton diffusion length is a prerequisite for high
performance of organic solar ceifs$® On the other hand, by filing an appropriate
route for the host material synthesis, moleculardeiffing could be applied to a vast
variety ofconjugated ligomers as a means to control their luminescence by a minute
amount of dopant. Agreeably, the control of the-deffing leel is an important
issue for applications. In the TMRTP-TMS/TMS-PATRTMS hostdopant system,
the synthesized crugemwder had aeproducible doping level of about 1%, which
accidently was very close to the optimal doping level needed for applications.
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Nonetheless, in the TMB2TP-TMS/TMS-PATRTMS system the setloping level

is readily controlled via vacuum sublimat&nn othematerials (see ReR7), the
selfdoping level can be also controlled during solution processing, which is more
promising fa practical applications. Basically, solution processing in the course of
chenical synthesis grants a plenty of oppoities to catrol the selfdoping level

as the host and the selbpant have similar but different molecular structures and,
therefore, rach or less different physical and chemical properties. For example,
using thestrong difference in solubility of the Ifelopant ad host molecules, one
could control the selfloping level during the chemical synthesis by using
appropriate solvents andheerature.

3.4.Conclusion

To summarize, we have introduced the moleculardmging concept as a novel
approach to comlling theluminescence in single crystals prepared from nominally
chemically pure conjugated oligomers via excitonic transport antidopsnt
energy transfer. We have demonstrated that moleculaidsgiig opeates in
various conjugated oligomers syatlized viaifferent Pdcatalyzed crossoupling
reactions so that their luminescence in setite is strongly affected by the self
dopants. Sefoping offers a number of attractive benefits as compared to more
conventional external molecular dopingrsE, the lyproducts produced during the
host synthesis could be shorter or longer than the host oligomers. The former are
easily removd by standard purification, while the latter remain due to their lower
solubility, ensuring the reghifted dopant absption speatum, which is necessary

for efficient hostdopant FRET. Second, molecular sadiping provides suitable
dopant oligomers irity amount immediately in the host powder; therefore, there is
no need to syhesize and process the dopant separatblghnlowersthe costs of

the chemical synthesis and purification. Finally, the longer dopant is typically less
soluble that rises the lsility issues for external doping but not so critical for self
doping, wherethe host molecules probably impede dopaggregatio. The
moderate but still detrimental effect of doping on the charge trarspomnfor the
crystal inRef. 27) can be redoed by exciton transport optimization, which would
lead to even lower dopingVels to facilitate highly efficient hoslopant engyy
transfer. In a broader context, the molecular-deffing concept is deemed as a
promising route for designing the persipex organic optoelectronic materials
compatible with solutiofbased technologs of organic electronics.
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3.5, Supplementarynformation

Author Contri butions

SAP developed the synthetic routes, and OVB synthesized the materials. ODP and
VGK grew the crystals and measured their stestdte PL. NMS measured the
steadystate PL in solutions. DID assembled the OR&mMples and measured their
characteristis . ¢ Arformed the timagesolved PL measurements and Mente
Carlo simulations; these were designed and supervised by MSP. DYuP conceived
the project which was further developed with M®AM and ODP contributed
equally to this work.

3.5.Supplementary Inform ation

3.5.1. Average Distance between the Dopant Molecules in the Crystal

Assuming that dopant molecules are uniformly distributed in the doped crystal, the
average distancel, between dopant molecules in crystals viltk molar doping
level, ng, was calalatedas:

(o J— (3.1)
whereM = 4 6 2 'igthemost (TMSP2TRTMS) molarmass, E. 18 2 g~ ¢cm
is the host crystal densit§N, is the Avogadro number.

3.5.2. Polarization-Resolved PL Data and Molecular Dynamics
Simulations of the Dopant in the Host Matrix

To estimate the mutual orientations of the dopant and host molecules in the crystal,
the polarizatiorresolved PL data were collected. The excitation beam polarization
was set parallel to one of theystal sides (i.e. oriented along the crystallographic
axisa or b), and the polarization of PL was analyzed with a polarizer placed before
the polychromator. Figure S3.1 shows the polarizattsolved PL data at the 450

nm and 550 nm PL bands, which bajain the host crystal and the dopants in the
host crystal, respectively (Figure 3.2a). PL from both the host crystal (the blue line
in Figure S3.1) and the dopants (the red line in Figure S3.1) is weakly polarized,
with the similar polarization extinctiocoefficient of” 1@ 1. This suggests
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that the dopant molecules (having a similar shape but a longer length as compared
to the host one) substitute the host sites in the doped crystals.
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Figure S31. Angular polarization dependences of intensities of two PL spéctral for the

0.05% doped crystal (450 nm, blue dots; 550 nm, red dots). The solid lines are fits by the
functiond Qv é i— — &, where d is the angl e theet ween
excitation beam, witthe fitting parameter8 =0 . 1 8 80 an d 06.=103 [806.N005.,0 5 a
0. 44N0=51,0A and 10N15A, f or 4 BlOnteasityoftfte5 0 n m
450-nm band is normalized to unity-at — 1. Thepolarization exiiction coefficients

for each PL baedds ¢Ff0 wvoe The excitatiorcwavelerigth was set

at 400 nm.

Figure S3.2 illustrates possible dopant substitution of a host molecule in the
TMS-P2TRTMS crystal structure, where the pristine hagstal molecular packing
is taken from the xay diffraction dat&; and the atoms rearrangements are simulated
using molecular dynamics by Avogadro: an ogearce molecular builder and
visualization tool” The substitution results mainly in bending o thearest TMS
groups (Figure S3.2) and small torsidhahding deformations of the dopant and
adjacent host conjugated cores.
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3.5.3 Time-ResolvedPL Maps for the Doped Crystals

Figure S2. Model of doped TMSP2TRTMS crystalline aggregate simulated for 21
molecules (7 for each layer), where the central host molecule is substituted by a dopant one.
The grea dash lines show the distance between the Si atoms of the TMS groups of the host
andthe dopant, which are maximally displaced as compared to their initial positions. The
white arrows show their rearrangement directions. For clarity, the methyl greupsigted,

and only 18 molecules are shown.

3.5.3. Time-Resolved PL Maps for the Doped Crgtals

Time-resolved PL data were collected by the streaera (C5680, Hamamatsu)
equipped with a polychromator. The excitation pulses (400 nm, 100 fs) were
produced bythe doubled output of a Ti:sapphire laser (Coherent Mira). The laser
repetition ratewas reduced to 1.9 MHz by an external pulse picker (Coherent) to
exclude excitegtate population accumulation. The tingsolved PL spectra of the

crystals at the room igperature were collected by an inverted microscope (Zeiss
Axiovert 100) witha 10x, R =0. 25 obj ecti ve; the excite
diameter. The apparatus response function was ~10 ps in duration.
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Figure S33. Each panel shows the PL mapsr(ier), timeintegrated PL spectra (top) and
frequencyintegrated time-resolved PL transients (left) collected the microscopic
configuration for variously doped crystals (the doping level is shown in the panels). The
mean energy value at each time iswh by black lines in the maps. The PL mean energy
does not coinde with the PL maximum due to asymmetry of the PL spectra. For the S/E
indices, refer to selfexternal sekdoping (for details see Reéf7). The excitation wavelength

was set at 400 nm.
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3.5.4 Analysisof PL Maps

Figure S3.3 plots PL maps, tinmgegrated spectra, transients imetgd over the
whole spectral region, and mean energy values at each tindy(thmical red shift
of the mean PL energ¥)of the crystals doped in the range of 0.8%. Brief
inspection ofthe PL maps shows that, with increase of the doping level, Ris shi
more to the red, and the dynamical red shift accelerates. This is assigned to FRET
from the host (blushifted spectrum) to the dopant (rslifted spectrum), most
probably, preceded e exciton diffusion in the host material.

3.5.4. Analysis of PL Maps

Signakto-noise ratio and dynamical range Figure S3.4lots the PL transients in

a 16ns time window for the 0.01% (lowest) and the 1.4% doped crystals. Panel (a)
shows that in the bluedhk (2.6 2.9 eV) the signals are overwhelmed by the CCD
readoutoise after 2 ns. Panel (b) demonstrates that in the red flank 2118eV)

the readout noise becomes dominant after ~5 ns; before this time the decaying part
of the transients is clearljonoexponential. Therefore, as a compromise between
the signatto-noise ratio and time resolution (a longer time base of the streak camera
decreases the time resolution), we choose the tine window for all transients.

1, T T T T T 1, T T T T T T T
a) Blue flank of PL b) Red flank of PL —— 0.01%
- .4 N 0.1 _ngproe ] ~ N B —1.4061 (
5 o1 .15 N e—14ms{ 5 ot . ' : Vo0
g g N O
S . s
2001 . 20.01s 3
2 1 SR ‘ 24
Q —al- - - A LR N --v-4 2
—10.001; *\ . * Readout noise level § —0.001] o
o . o .

0 1L 2 3 4 5 6 7 8 9 10 0 1L 2 3 4 5 6 7 8 9 10

Delay Time (ns) Delay time (ns)

Figure S34. PL transients othe 0.01% and 1.4% doped crystals (dots) recorded-ims10

time window. The solid lines are the men@n a) and bi (in b) exponential fits with their

time constants shown next to the fits. The dash lines show the CCD noise level calculated as
a root mearsquare value of the data in the negatie5i O ns) time windw. The scaling
between the experimental PL intensities is preserved. The excitation wavelength was set at
400 nm.

A closer inspection of the blue flank PL transients reveasiall but noteable
deviation of the transi esmgleekponerttidldecal . 4 %

at ~1 ns. This effect will be discussed later in this Section.
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Chapter 3. Molecular Seboping Controls Luminescence of Pure Organic Single Crystals

Spectrally-resolved transients and transient spectraFigure S3.8,b shows PL
transients from Figurd.2b,c and the corresponding exponential fits (lines) with the

fit parameters summarized in Figure S3.5c. In the 0.01% doped crystal, the blue
flank decay time (blue, Figure Sa)3s only slightly faster than the lifetimaf host
excitons,(} (0. 4N@s1 Onss5N0. 05 ns shown as cy:
indicating quite inefficient hostopant energy transfef his also warrants the usage

of the 0.01% doped crystal as a representative for the spectroscopic prop#nges of
pristine host crystal. Inhe 0.7% doped crystal, the rédnk PL decay time (red,

Figure S3.8) is similar to the lifetime of dopant excitatiorig, (shown as orange

line in Figure S3.6b), indicating dominant contribution of dopant PL.
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FigureS35. PL transients from Figure 3.2b,c (dots). The lines are the monoexponential fits
in panel (a) and mon@nd biexponential fits in panel (b). Scadjin (a) and (b) between the
experimental PL intensities is preserved. The corresponding decay tonepdnel (a) are
shown in panel (c) as the blue dots, while the decay and rise times (for 0.2% and 0.7% doping
levels) from panel (b) are shown as theegr and red dots, respectively. The vertical bars in

(c) indicate the error margins of the fits. Theitation wavelength was set at 400 nm.

Figure S3.6a plots the PL spectra in such a way, which highlights the PL features
of the pristine host crystal ambpant molecules in the crystals. The PL map of the
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3.5.4 Analysisof PL Maps

lowest doped 0.01% crystal was integrated overstiwt G 0.1 ns time window
where the host contribution is the most pronounced (Figure S3.3a). This reproduces
the PL spectrum of the pristine host caystblue line, Figure S3.6a). The PL
spectrum of the 0.7% E doped crystal was tintegrated over thiong 1.52.0 ns

time window; this reproduces the PL spectrum of the dopant (red line, Figure S3.6a).
From these two spectra, the mean end&gyf the dgant PL and the hoslopant
energy gapp E(defined as the difference between the host and dopant Ph mea
energies)were obtained @® ¢& T8¢V andpw O T& L T8t V. Note

that the PL spectra of crystals collected with the streak camera in thesecoigio
configuration are slightly affected by reabsorption of host PL as follows from the
decreased inteites of the band at ~2.8 eV as compared to PL spectra of the grinded
host crystals (shown in Ret7).

a ‘ ‘ b) 1
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Figure S36. Timeresolved PL spectra atdhnsients corresponding to the pristine host and

the dopant in host crystal. (a) PL spectra of the 0.01% (blue line) and 0.7%E (red line) doped
crystals resulted from timimtegrating the PL maps over the shoiitq ns) ad long (1.5

2.0 ns) time window, respectively. (b) The transients were obtained by integrating over
2.652.9 eV (cyan dots) and 1.83.1 eV (orange dots) PL spectral regions (shown in panel

(a) by the color bars) of the lowest (0.01%) and the 0.786tedcrystals, respectively. The
orange and cyan solid lines are monoexponential fits convoluted with the apparatus response
of ~10 ps. The corresponding PL decay times are shown next to the fits. The excitation
wavelength was set at 400 nm.

Figure S3.6b shosvPL transients assigned to fhrstine host and the dopant in
the host crystal. To obtain the pristine host PL transients, PL integration over the
2.65 2.9 eV spectral region of the map for the lowest doped 0.01% crystal (Figure
S3.3a) was used (the cydrar in Figure S3.6a), becauskis region is not
contaminated by the dopant PL (red line in Figure S3.6a). Similarly, to obtain the PL
transients of the dopant in the host crystal, thei285eV spectral region of the PL
map for the 0.7% E doped crys(gigure S3.3e) was used (thewnge bar in Figure
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Chapter 3. Molecular Seboping Gntrols Luminescence of Pure Organic Single Crystals

S3.6a). Fitting these transients with a monoexponential function resulted in the
lifetimes of the host excitond( ™8 v T8t W1S) and dopant excitatiorf$
@ T ns). The four parameters, i.€@, 0O, T andt , will be used as the
input forthe MonteCarlo (MC) simulations (Sectidh56).

To evaluate how fast the hedbpant energy transfer occurs in the variously
doped crystals, Figure S3.7 depicts the blue flank and red flank PL titarfsieRL
maps 6 all samples. Figure S3.9b summarizes the stime decay and rise times
obtained from the monoexponential fits of the blue flank PL transients and
biexponential fits of the red flank PL transients in Figure S3.7a,b, respectively.
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Figure S37. Spectrlly integrated PL transients for PL maps of all samples (the doping levels
are shown next to the transients). The PL transients in panels (a) and (b) were obtained by
integrating PL maps over the 289 eV (PL blue flank) and the 1.31 eV (PL red flank)
spectral regions, respectively. The solid lines in (a) and (b) are mono angbbhential fits,
respectively, convoluted with an apparatus response p$10he corresponding decay times
obtained from the fits in panels (a) and (bhjlaise times obtaed fom the fits in panel (b)

are shown in Figure S3.9b by blue, olive and red dots, respectively. All transients are
vertically-shifted (normalized) for clarity. The excitation wavelength was set at 400 nm.

Here we would like to commeénon an apparent dmtion from the
monoexponential behavior of the blue flank transients for the OFf§aré S3.8)
and 1.4% figure S3.4) doped crystals at long timéshe blue flank of PL also
contains a contribution from the dopant PL, which is ueobably weak for the
low dopant concentrations but becomes visible afi @.2% doping levels.
Dopant PL has a longer lifetime as compared to the host PL, which explains the
longer tail of PL in the 0.7% and 1.4% doped crystal (i.e., when the dopant PL
becanes dominant). Thigffect is readily captured by MC simulations (see
Section3.56).

To demonstrate that solvent molecules that potentially might be incorporated in
our solutiongrown crystals do not affect the PL transients, we recorded the PL
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3.5.4 Analysisof PL Maps

transients for host crydtagrown by PVT technique, which should completely

remove the solvemholeculesFigure S3.&hows that there is no difference between
the transients for the solution and vagoown crystals (the doping level for both

0.01%). As a result, we suggest ttie¢ solent molecules do not affect the crystal
structure or do not gembedded into it.
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Figure S38. PL transients of the 0.01% doped solution and vapown crystals. The solid
lines are the monoexponential fits. The experimental PL intensitiesafized to the unity.
The corresponding decay times are shown nexhe fit lines. The excitation wavelength
was set at 400 nm.

Dynamical red shift. Another convenient way to characterize the energy transport
process in the crystals is to analyze dyeamicéred shift of the mean PL energy
(Figure S3.9a). For the lowedoping level, PL originates mostly from the host
excitons (mean energy of ~2.55 eV), with a weak PL shift to the red due to energy
transfer to the dopants. At the doping level of 0.286 hider, the majority of
excitons in the crystal are transferredhe lower energy levels with the rstifted

PL energy of ~2.3 eV, which corresponds to the dopant PL (the red line in Figure
S3.6a).

Figure S3.8 summarizes the characteristic timeghe d/namical red shifts
obtained from the exponential fifdotted in Figure S3.9a. In the lowest doped
crystal, the characteristic time of the dynamicalshkilts is much longer than the
host excitons lifetime (6 ngs.0.45 ns) indicating low probdity of the hostdopant
enggy transfer. With the doping level increase, substantial acceleration of the
dynamical red shift is observed, which is quantitatively similar to the delay/raise
times of the transients at the blaad red flanks of PL (Figurg3.9b).
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Figure S39. Dynanical red shifts (a) of the mean PL energy for the PL maps of all samples
(the doping levels are shown next to the transients), and the characteristic times (b) extracted
from exponential fits in panel (a) and Figure S3.7. Téehdine in (a) are monoexmential

fits by the functiorlO O @ OXQ @ n 6Ft , with the mean energy of the dopant®L

¢® 18t eV and the hostlopant energy gap O 1& v T8T eV obtained earlier in this
Section. The times of the dynamicat shits, T, obtained from thdits are shown in panel

(b) by the black line (magenta dots and black stars for aetf externally doped crystals,
respectively). The blue, olive and red dots in panel (b) show the decay times of tliarikue
and redflank andthe rise times of reflank PL (the PL transients are plotted in Figure S3.7),
respectively. The overlapping data points in (b) were slightly shifted horizontally for
presentation purposes. The vertical bars in (b) show the error margins ofsth&h
excitation wavelength waset at 400 nm.

In the 1% and 3% doped crystals, the characteristic times of dynamical red shifts
as well as the blulank PL decay times become longer than the ones at the 0.7%
doping level, which could be explained bygeggation of dopant molecules irolt
matrix resulting also in defects observed in the highly doped samples. Therefore, the
0.7% doping level appears as optimal as, on the one hand, this dopant concentration
allows efficient hostlopant energy transfer, dnon tre other hand, the lowefect
structure of the doped crystals is still maintained.

3.5.5. Time-Resolved PL Spectroscopy at Low Temperatures

Both exciton diffusion in the host material and hadgpant FRET explain host
dopant energy transfer. The dynano€&RETare weakly dependent cegnhperature,
in sharp contrast with exciton diffusidhTo reveal the contributions of the tywse
analyzedthe timeresolved PL data in the lowe€1.01%) and optimally (0.7%S)
dopedcrystals at 77 and 293 K (Figure S3.10
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3.5.5 Time-ResolvedPL Spectroscopy at Low Temperatures
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Figure S310. Experimentald ot s) and Md& si mul3&1ferthe detailech e s ;
description) PL transients at 77 K and 293 K for 0.01% and 0.7% S doped crystals. (a, b) PL
transients extracted from the PL maps at the blue and red PL spectral flanks (229, &6
andl1.8 2.1 eV spectral regions indicated in Figi83.6a), which originate mostly from host

and dopant PL, respectively. Scaling between the experimental PL intensities is preserved.
The corresponding decay times attributed to stione blue flank PL @nsents in (a), the

rise and decay times attribdteo red flank PL transients in (b) obtained from the
monoexponential and {gixponential fits, respectively, are shown next to the transients. (c)
The dynamical red shifts of the mean PL energy are shgwadband orange dots for 293

K, and by blue and @n dots for 77 K. The solid lines are monoexponential fits to the function

0O O wOMXwnort,withthe mean energy of the dopant®L ¢& T8t eV and
hostdopantenergyga@'® 7& 18t LeV. The latter value is slightly lower than the one
obtained in the microscopic configuration (Figure S3.6a) due to increased reabsorption in the

90A PL collection geometry. From the fits,
0.01%dopdcry st al at 77 K and 293 K wesfrespectitely;ai ned
for the 0.7% S doped crystal, they are 0.
wavelength was set at 400 nm.

For the temperaturdependent timeesolved PL data mearanents, the samples
were placed in a liquid nitrogen cryos{@xford), and the timeesolved PL were
collected in a 90A geometry with respe
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Chapter 3. Molecular Seboping Controls Lunmiescence of Pure Organic Single Crystals

excitation spot size was ~5dhceéwmoutsidec aus e
the cryostat. The apparatus response funetias ~10 ps in duration.

Figure S3.18,b shows that PL decays are slower at 7Ble(and cyan) than at
293 K (red and orangejyhich we take as an indication of suppressednadrative
pathways(which most probably are thermalfctivated) for the hostrystal and the
dopant. Suppression of the n@adiative pathways is more pronounced for the-blue
flank PL (Figure S3.18), i.e., for the host crystal Pln contrast, the rise times of
the redflank PL transients, which are the most sensitive to-tloptt energy
transfer, are similar at 77 and 293(Rigure S3.10b)This indicates that thdost
dopant energy transfareakly depends on the temperature.

Figure S3.10c shows the dynamical séifts of the mean PL energy. In tBe01%
doped crystal, the Pdynamical reekhift is slightly slower at 77 K than at 293 K,
which is assigned to the slowed exciton diffusiomthe 0.7%doped crystal, the
dynamical red shifts are similar for both temperes, which suggests that exciton
diffusion is of limited impeotance for the hosiopant energy transfer. Therefore, we
conclude that exciton diffusion contributes to the fdzgiant energy transfer mainly
in the weaklydoped crystals, while in the optithedoped ones the FRET process
takes over.

To performMC simulations for thdow temperature conditionsve need to
know the norradiative lifetimes of the host excitors and the dopant
excitationt  at 77 K.These can be calcutat from PL QY at 77 K, which in turn
can be directly related td_.RQY at 293 K by integrating the relevant PL maps. For
the host PL QY, we integrated PL maps of the 0.01%ed crystal at the two
temperatures over thd ® ns time window and 2.62.9 eV spetral region, i.e.,
where the dopant does not produce PL (thdinedin Figure S3.6a). This resulted
in the ratio of QYs at 77 K and 293 Kas 10 & ¢. For the dopant QY,
we integrated PL maps of the 0.7% doped crystal overithe$ time window and
1.85 2.1 eV spectral range, i.e., where the host almhoss not produce PL (the blue
line in Figure S3.6a), to obtain & 0 & p®. Finally, assuming that the
radiative lifetime does not change with temperature, theradiative lifetimes of
the host excitonand the dopant excitatiomere catulatedast p®H 1@ ns
and t p& 1@ ns, respectively.
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3.5.6 MC Simulation

3.5.6. MC Simulation

Hostdopant energy transfer in the crystals was modelled as exciton hopping in the
host matrix followed by F°rster resona
(Figure S3.11)° 3D cubic crystal grid was generated with tel volume that

equals tahe average volume per host molecule in the host crystals lattice (Figure
S3.11). The dopants were randomly placed into grid cells with concentnafieal

dots in Figure S3.11). The host excitons were randomly placed ingpitheells in

such a waylttat they avoided the grid cells occupied by the dopants (navy dots in
Figure S3.11). The exciton density was maintained low enough (one exciton per 200
unit cells) to avoid excitomxciton annihilation.

1. Exciton hopping 2. Host exciton 3. FRET 4. Dopant excitation
a) 4 b) emission/decay C) d) emission/decay
v ol | o | L L o
l” o
r _‘_\. hv, ’f .1‘ by ) ‘ﬁ‘ hv, "‘“(l'; ; 5
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Figure S311. Schematis of one time step in the ® simulations. Each purple matrix
represents a 2D projection of the 3D host grid at one time step of the MC simulation, where
one of the four possibilitis for the generated exciton is realized. The notations of all symbols
are siown below the matrixes.

At each time step, one of the following three possibilities for the generated
exciton is realized (Figure S3.1t#

1) Exciton hopping (Figure S3.11a): the exciton hops between the neighboring
cells with the hopping tim& . The periodic boundamgonditions are applied, i.e.,
if the exciton crosses the border it emerges at the other side. The exciton hopping
time,T ,was considered as a global parameter (i.e., identical for all samples).

2) Exciton emission/decayFigure S3.11b): the hostxciton decays either
radiatively with the lifetimet or nonradiatively with the lifetimet . In the
former case,lte exciton emits a photon (Figuté’b, blue curved arrow) with the
mean energy d®  w {calaulated before in Sectidh5.4b). The lifetimes  and
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t were calculated from the following equatiop3t  pft pFt ;0 &
Tt Tt T, wherethe exciton lifetime of the host, , was extracteddm the
time-resolved PL masuements (SectioB.54b), andd &is the measured host PL
QY in dilute solutior?’

3) FRET (Figure S3.11c): Isotropic FRET (Figdréb, graydasharrows) occurs
to one of the dop#®nts with the F°rster

O pjt OYH (3.2)

wherer is the distance between the exciton and the dopantyands t he F©° r ¢
radius, which is considered as a global parameter.

For the dopant, the following only possibility is available:

4) Dopant excitation emsgon/decay (Figure S3.11d)he domnt excitation
decays either radiatively with the lifetimie or nonradiatively with the lifetime
T . In the first case, the emitted photon (Figdréh red curved arrow) has the
mean energy oD . Thelifetimest andt were calculated from the following
equationspft pft pft ;0O t Tt T , wherethe exciton
lifetime of the dopant in the host matrilx,, was extracted from thente-resolved
PL measurementtSection 3.54b), and0 & is the measured dopant PL QY in
diluted solutior?’

The exciton diffusion lengtd was calculated a8 t o T T,

whered  @3DAFW 7 s the unitcell size in the simulate®tD crystalgrid (~0.9
nm; the unit cell parametess b, ¢ andZ for the host crystal were taken from Ref.
24). The host and dopant PL transients were plottéed a8 ¥ 0 6 0 o and
O 00 o0 O O functions resgctively, where0 o and0 0 are the
number of photons emitted by the dopant and the host, respeclieedgcount for
imperfect filteringoff dopant PL at the blue flank of the integration spectral range a
small anount of dopant PL was adiléo the hostransients (1% for the 0.7&oped
crystal, which was scaled proportionally to the dopant concentration for the other
crystals). Theimulated PL Q¥was calculated by integratilig 6 0 0 over
time anddividing by the initial nunber of exdions. The average energy of the
emited photondO 0 was calculated for each time stt@sO0 'O 0D
06 670 0 U O .

Each MC simulation consisted of 100 runs. Each run startsawigw set of 5000
randomlyplaced excins, and after each 10 runs the dopants areonalyd
redistributed over the grid.
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3.5.7. Parameters of MonteCarlo Simulations

Table S3.1. Global parameters (input, free, and output) of the Mearte simulatiorfor the

four crystals 0.01%, 0.05%0.2%, 0.7% dping levels)at 293 K and for the two crystals
cooled to 77 K@.01% and 0.7% doping levelgjhe error margins for the input parameters

are given according to the accuracy of the measured data. The error marghs fiee
parameters werebtained acording tot h e?minimization procedure (Seoti 3.59).

Parameter (units) Value at 293K | Value at77K Type (Source)

Mean host photon energfo + 2.55 N 0. Input (Sectior8.54b)
(eV)

Mean dopant phton energyEo (eV) 2. .ON Input (SectiorB.54b)

Hostdopant energy gapp HeV) 0.25 N O Input (SectiorB.54b)

Host radiative lifetimeld (ns) 2.0 N 0. 2 Input(Sectior8.54b)

Dopant radiative lifetime(d (ns) 1.9 N 0. 2 Input(Section3.54b)

Hostnonradiative lifetime U (ns) 05N 0. 1.6 N Input (Section

_ _ 3.54b3.55)

Dopant norradiative lifetime,Un (ns) 1.45 N 1.8 N Input (Section

3.54b3.55)

Exciton lifetime in host matrix(} (ns) 0.45 N/ 0.9 N Input (Section

3.54b3.55)

Excitation lifetime of dpants,(d (ns) 0.8 N 0.9 N Input (Section

3.54b3.55)

PL QY of host matrixQYs (%) 20 N 44 N Input (Figure 3.2d

Section3.55)

PL QY of domnts,QY4 (%) 44 N 48 N Input (Sectior8.55)

FPrsteR@mMmpdius, 3.6 N| 4.0 @N Free at 293K/

Output at 77K

Hopping time,lop (NS) 0.05 N/ 0.25 | Free

Diffusion length,La (nm) 2.5 N 1.7 N Output

A the scaling fator of 0 & F0 &

All parameters in the MC siatation, excluding the doping level;, were the global

T is ~1.12.(see Equation 3)

parameters, i.e., identical for all crystals (Table S3.1). Most of these parameters were
directly extracted from the expemnie n t a |

only free parameters ateh e
Afreed 1in

Tabl

e

dat a

t hese

(mar ked has
F ° r sR§andrthe hopping tinl., (marked as
S3.1);
experimental dat&or the four crystals witlthe following doping levels: 0.01%,
0.05%, 0.29%0.7%. The data for the highetped crystals were not included i th
global fit as in these crystals the hesiergy transfer becomes less efficient due to
defects in the cryska Note that the FRET pralbility is conserved upon cooling to

wer e
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Chapter 3. Molecular Seboping Controls Luminescence of Pure Organic Single Crystals

77 K (see 8ction3.55), because the increase in tfie value is compensed by

the host exciton lifetime increase (Equation 3.2),Y.e¥t x p. TheUo, was kept
as a fregarameter for both temperatures (Table S3.1).

3.5.8. Distributions of the Energy Transport Length
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Figure S312. Energytransport length distribigns in variously doped crystals, for the
excitons in the host matrix without FRED.s: (blue), and for the excitons transferred to
dopants,Lpepant (red). The distribution of the shortest excidopant distanced, excoop
(olive), is also shown for eoparison. The doping levels and respective averaged energy
transport lengths are shown next to the histograms.

In the MC simulations, the energy traost is realized via exciton diffusion in the
host matrix and subsequent hdepant FRET. Figure S3.12hshows the calculated
length (i.e., the distance between the initial and final positions) distributions for two
types of excitons: the excitons that dot leave the host matrix.s: (blue), and the
excitons that are eventualisansferred to the doparitsepant (red). For comparison,
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3.5.8 Distributionsof the Energy Transport Length

distributions of the shortest distance between the exciton and the (nearest) dopant
Lexcpop IS a@lso shown (olive). Athe lowest doping level (Figure S3.12B)s: iS
close to the exciton diffusgnlength of 2.5 nm in theeat crystalLpopantOf ~4.6 nm
is longer than the F°rster radius of 3.
small fraction of the initial excitts that were lucky to have a dopant molecule in
their close proximity. In conaist, for the optimal doparevel of 0.7% (Figure
S3.12d),Lost diminishes to ~1.2 nm with a very few excitons diffused over this
distance because it becomes more energetjpafitable for an exciton to be FRET
transferred to the dopant. Of coursestigidue to the fact thtie Lexcpop histogram
peaks well bel ow the F°rster radius.
Figure S3.13 plots the averaged energy transport lelngttiefined as a distance
betweenthe initial and final exciton positions (be it in the host or in the dopant).
Apparently, the longedtr is reached with competitive contributions from exciton
diffusion and FRET. However, this does not necessarily warrant the highest PL QY
because it apjes more advantageous for an exciton to end up at the dopant with its
higher PLQY as soon as possiblen the optimally doped crystal, the averaged
shortest excitowopant distance (~2.5 nm, Figure S&l)lis shorter than the Forster
radius, which ensuramnost excitons be transferred to the dopants.

Average distance between dopants {(nm)
5218 12 8

~
T

Oty
o ey
?neat exc-dop

w

Transport length {(nm)
N

N
T

o

0" oot 0.1
Daoping level (%)

Figure S3.13Averaged enesgtransport lengthd,r, as a function of the doping level. The
top axis shows the average distance between the dopants in host crystal GS&2jiptihe
vertical bars stand the error margins of MC simulations, andrithere S3.2 data labels
indicate the data points extractiedm the corresponding panels.

Figure S3.14 depicts the quantum efficiency of energy transfer defined as the
ratio of the &citons transferred to dopants number to the initial number of excitons
in the crystals. The energy tister efficiency increases Wwithe doping level to reach
impressive ~90% in the optimally doped crystal (0.7%). This value could further be
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increased byptimizing the exciton diffusion to provide a pathway towards more
sparse dopants.
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Figure S314. Energy transfer efficiency in ariously doped crystals. Vertical bars
demonstrate the error margins of MC simulations. The upper axis shows the avetayedi
between the dopants in host crystal (Secld&R).

3.5.9. Stability of the MC Simulationswithres pect t o t he F©°r
and the Exciton Hopping Time

The F°rster radius is one of the two gl
the bestagreements with the experimental data. Figure S3.15 shows the results of
MC simul ati ons eviradibsY dwhérd the seaond frde °globalt
parameter (hopping timélo) was adjusted until the best agreement with the
experimental data is obtad. ForY o nm, the MC simulation do not reproduce

the transients at high doping levels (0.2% @ &7% S dped crystals, Figure

S3.15a). Foly T nm, the MC simulation miss the low (0.05%) doped crystals

(Figure S15b) . T he 'Yob oé hnm pravide$ the beste r r
reproduction of all the experimental data.
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3.59 Stabiityof t he MC Si mul ations with respect to the F
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Figure S315. Experimenté(circles) and MC simulated (solid lines) dynamical red shifts of

the mean PL energy for the representative doping levels: 0.01% (blue), 0.05% (c2&t

(olive), 0.7% (red), for the setfoped crystals at 293 K. Solid lines depict the MCusated
meanener gy values with the F°rster radius tal
dash lines are monoexponential fits from Figure S3.9a; Sagements are shown by the

gray regions.

To highlight stability of the MC results, we testedrfiess othe fit by theleast
squaredieviation as a criterion:

? koBB 0O 0 O o (3.3)
whereO 0 is the experimental value of the mean PL enetdhe time moment
0,0 0 isthe coresponded M valug mis number of data pointsjs the crystal
index (1, 2, 3, 4 stand for the 0.01%, 0.05%, 0.2%, and 0.7% doping levels,
respectively), and is the normalization coefficient (~1/é\V Figure S3.16 shows
that the MC simulations are bla with respect to simultaneous variations in the

Ferster radius and the hopping time, an
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Figure S316. map of thdeast squared deviations between the MC calculations and
experimental data for the selbpedcrys al s as a functi ¥patthd t he
vertical axis) and hopping tim&, , (at the horizontal axis) at 293 K. The global minimum
vaued 62 and its width determine t helobalal ues
paraneters asy o® T& nm andf T8tu T8 Qns.

3510F°r st er Radius Cal cul ati ons

As the dopant extinction coefficient cannot be directly measured in the cryssal, ph
wecal cul ated the F°rster -PRT®RUMSYasd aéceptor t h e
(dopant, TMSP4TRTMS) molecules dissolveth a mediumwith the refractive
indexn= 2 according t8 the F°rster formul:
. 2 00 2 0
Y 55 5 - (3.4)

where 0 @ ¢ 1 bis the donor PL QY in the absence of the acceptor
(dopant)- ' s the extinction spectrum of dopant in solution-sbdfted by ~0.04
eV to coincide with the lovenergy edge of PL excitation spextr of the srongly
doped crystal, an®© ' is the PL spectrum of the donor (for which the PL spectrum
of the lowest dped crystal was used from REf: AT1O zo AT10D
AT1O , wherg is the angle betven the diretion of the transition dipole
moments of the donor and acceptor moleciilesnd]  are the angles between the
vector connectinghe centers of the acceptor and donor molecules and their
transition dipole moments. The coefficignt was talen as 2/3 assuminthe
orientationallyscrambled transition dipole moments.

There are a number of approximations and uncertainties builEaquation 3.4.
First, this equation is valid for a diluted solution but not for a crystal thereby
neglecting densgacking of the donor. Second, the overlap integral in Equation 3.4
contains inaccuracies due to the unknown dopant absorption spectrumtah. crys
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3.5.11 OtherSeltDoped Crystals

Third, the point dipole approximation is questionable for the dopant {P¥IE?

TMS) in the host kystal (TMSP2TRTMS) as both are rolike conjugated

mol ecul es. Neverthel ess, the calcul at e
agreement with thene obtained from the MC simulatior® ( 6 in).0 . 2

3.5.11.0ther Self-Doped Crystals

Solution-grown

Crystal |

C) d) =

Figure S317. Microscope images of TM8P-TMS (ab) andHex-TTPTT-Hex (c, d) crystals.

The crystals shown in panel b were grown from vapor, others were grown from solution. The
Hex-TTPTT-Hex crystals were grown from different batches of the same synthetixcpts,

ard labeled by | and II.

To demonstrate that the proposed -selied concept holds true for other
luminescent organic semiconducting materials, we chose four different conjugated
oligoarenes synthesized through widely used&dlyzed crossougding reacions

d Suzuki, Kumada, and Stilfé& 4 4 | bis{fNgNgthylsilyl)-1 , 1 Nj: 4 Nj, 1 NjNj:
quaterphenyl (TMSIP-TMS), 1,4bis{5-[4-(trimethylsilyl)phenyl]thiopher2-
yl}benzene, i.e AC5-TMS (source material for the crystals in Chapter 5 of this
Thesis);! 1,4-bis( Ehékyl2 |, -ldtiNgne5-yl)benzene (HexTTPTT-Hex)*? and1,4
bis(5-phenylfuran2-yl)benzene, FP¥(source material for the crystals in Chapter 4

of this Thesis) These oligomers include 4 or 5 conjugated rings (phenylenes,
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thiophenes, furans) and have various terminal substituents (&4$l, H). The
correspoding synthetic routes and possible ways of formation ofdsgitints with
longer conjugated length during the crossipling reactions are presented in Ref.
27.

Crystal images.Crystals based on the materials with different-deffing levels
were grown a shown in Ref27 The crystals of TMSIP-TMS, TMSPTPTRTMS
(detailed PL data are shown in Chapter 5 of this Thesis), and FP5 (detailed PL data
are shown in Chapter 4 of this Thesis) images are shown in Figure S3.17.

Wavelength (nm) Wavelength (nm)
450 450

650 600 550 _ 500 ‘ 400 b) 650 600 550 _ 500 ‘ 400
a) 1ok Time-integrated over 0-0.1 ns ] 1ok Time-integrated over 1.5-2 ns
TMS-4P-TMS crystals
0.8- Exc. @300 nm ] 0.8-

Vapor-grown
*°[ —— Solution-grown

=]
o
o
o
T

PL intensity (arb. un.)
o
=

PL intensity (arb. un.)
o
»

0.2+ 0.2+
0.0F------ gt =0 - oY 0.0f------
) ) _ Red flank Blue flank ) ) __ Redflank
18 20 22 24 26 28 30 32 34 18 20 22 24 26 28 30 32 34
Energy (eV) Energy (eV)
Wavelength (nm) Wavelength (nm)
C) 650 600 550 500 450 400 650 600 550 500 450 400
10 ime-integrated over 0-0.1 ns d) Time-integrated over 1.5-2 ns

Hex-TTPTT-Hex cr. n
= 0.8 Exc. @400nm 1 —~0.8
5 Crystal | S i
2 0.6; —— Crystal Il 1 506
g g
g 8
£ 0.4 _‘?0.4
5 2
§ 0.2 %0.2
3 £
o 0.0pAf------------ -4 FO00F------------

Red flank ~ Blue flank
18 20 22 24 26 28
Energy (eV) Energy (eV)

30 32 34 18 20 22 2. 26 28 30 32 34

Figure S318. Timeresolved PL spectra ofFMS-4P-TMS and HexTTPTT-Hex crystals
integrated over 0.1 ns (left column) and 1.2 ns (right column) timevindows. The

experimental PL intensities are normalized to unithie excitation wavelength for each
crystal is shown in the panels.

Time-resolved PL dataFigure S3.18 compares PL spectra integrated av@d0
ns (left column) and 1i2 ns (right columnjime windows for pairs of crystals of
each oligomer (TM8P-TMS and HexXTTPTT-Hex), which were grown from
vapor (green) and solution (red), except a pair of solgiomwn HexTTPTT-HEX
crystals (panels c, d). The spectra within each pair are differ¢ne ishort dand

long-time windows, which is assigned to haotpant energy transfer of different
efficiency (see below).
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Figure S3.19 Spectrallyintegrated PL transients (left and middle column) and dynamical
red shifts of the mean PL energy (right column) of the vapor (olive) and solution grown (red)
TMS-4P-TMS crystals and crystal | (red) and Il (olive) of HEXPTT-Hex. The PL
trangents in the left and middle columns were obtained by integrating PL cxduk and

the red flanks of PL, respectively, as indicate@igure S3.18The solid lines are mono and
bi-exponential fits convoluted with an apparatus response p$§.1Dhe caesponding decay

and rise times obtained from the fits are shown nextddrdmsients. Scaling between the
experimental PL intensities is preserved. The solid lines in the right column are
monoexponential fits by the functidd O @ CQ w R oFt , with the fit parameters
given in Table S3.2. The excitation wavelengtaswset at 300 nm for the TM8B-TMS
crystals and 400 nm for the H&X PTT-Hex crystals.

Within each vapor/solutiegrown crystal pairs, one crystal shalwa faster PL
decay at the bkispectral flank and a pronounced PL rise at the red flank. These PL
features are characteristic for the hdsipantenergy transfer as was described in
detail for the TMSP2TRTMS crystals. For instance, Figure S b compees the
PL transients at thdue (a) and red flank (b) for the vapor and solugipown TMS
4P-TMS crystals. The bluélank PL decay time for the vapgrown crystal is
shorter than that of the solutigmown one (a). On the other hand, the-fladk PL
of the vapoigrown crystaraises with a time constant close to that of the ik
decay (b). In cotrast, the solutiogrown crystal shows the same dynamics at the
red and blue flanks. Finally, the TM8>-TMS vaporgrown crystal demonstrates
the pronainced dynamical red shift dfi¢ mean PL energy (Figure S3.19c¢), while
there is not such shift for theporgrown counterpart. Therefore, the vajgoown
TMS-4P-TMS crystal demonstrates efficient hatpant energy transfer, whereas
the solutioagrown onedoes not. Thus, we concludet the vapegrown TMS4P-
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TMS crystals are setloped, while the solutiegrown ones are not, which we assign
to extremely low solubility of the dopant (TM&@>-TMS) in toluene.

Similar behavior of the timeesolved PL was ab observed for the HEXTPTT-
Hex crystals (Figure S3.89), which is attributed to energy transfeorfin the host
to the selfdopant (the selflopants are described in Secti@®®l11a). The vaper
grown crystals demonstrate less pronounced dynamigatifeas compared to the
solutiongrown ones (Table S3.2). We assign this difference to less effloost
dopant energy transfer, which results mainly from the lowerdsgling lewel in the
crystals.

Table S3.2. Fitting parameters for the functon 'O @ Q wf oft of the dynamical
red shift of the mean PL energy, wheis the mean energy of the dopant PL an@s the
hostdopant energy gap estimated from time-resolved PL spectra (Figure S3)18

. . Solution-grown Vaporgrown
\ V o "
Crystals O.e w Qe (crystal )Uns | (crystal 1)U ns
TMS-4P-TMS C& w T8 T g T8I ~0.7 >>10
Hex- TTPTT-Hex ¢ ¢ T8I G T® U T8 G ~0.05 ~0.4

Amongst all the crystals studied, the shortest time of the dynamical red shift in
observed in the HeTTPTT-Hex crystal | (~50 ps, Table S3.2), which indicates the
most efficient hostopant energy transfer. The different behavior of the -time
resolved PLn the HexTTPTT-Hex crystals (both solutiegrown, Figure S3.18f)
is explained by different setfoping levels of samples | and Il, presumably due to
uncontrollable factors during the synthesis. More detailed account on the PL
properties of this and otheeltdoped crystals will be reported elsewhere.
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Chapter 4. Long-Range Exciton Transport in Brightly
Fluoresant Furan/Phenylene Ceoligomer Crystals

K=

Design of brightemitting crystalline organic semiconductors for optoelectronic applications
requires thorough understanding of the singlet exciton transport process. In this work we
show that singlet exciton diffon length in a promising semiconductor crystal based on
furan/phenylene coligomers, amounts to 24 nm. To do so, we employed the
photoluminescence quenching technique with a specially synthesized quencher, a longer
furan/ghenylene cenligomer, which wa smodhly implanted into the host crystal lattice.
Extensive MonteCarlo simulations, exciteexciton annihilation experiments and numerical
modelling fully supported our findings. We further demonstrated high potentialeof th
furan/phenylene coligomercrystds for light-emitting applications by fabricating solution
processed organic light emitting transistois.

This Chapter is based dhe following publication

A.A. Mannanoy M.S. Kazantsev, A.D. Kuimov, V.G. Konstantinov, D.l. Dominskiy, V.A. Trukhanov,
D.S. Anisimov, N.V. Gultikov, V.V. Bruevich, I.P. Koskin, A.ASonina, T.V. Rybaloz, |.K.
Shundrina, E.A. Mstovich, D.Yu. Paraschuk and M.S. PshenichnjkbwWMater. Giem. G 7, 6068,
2019
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4.1. Introduction

Organic highlyluminescent semiconductor materials stand as the basis for
modern organic electhaminescent devices such aghi-enitting diodes and, in a
longer term, lightemitting transistors and injection lasé&fsThe most attractive
organic optoelectronic materials combine high luminescence with efficient charge
transport?®? Along with the charge transport, exciton difion is an important
fundamental process controlling the performance of organic-digtitting and
photovoltaic devices. For instance, in bulk heterojunction photovoltaic devices,
photogenerated excitons diffuse to a hetercijion interface in order toigbociate
into a free charge carriers, electrons and higs.

An efficient approach to control and enhance luminescence in modern organic
light-emitting devicesd material doping by highly fluorescent molecudfé$ &
relies on exciton diffusion to prase erergy transport from the host crystal to the
dopant molecule. Higher dopant concentrations generally lead to enhancement of
hostdopant energy transfét?! while low doping levels are required for retaining
high chargecarriers mobility??* Long-range eciton diffusion in minimally doped
organic semiconductors materials paves the way to resolving these mutually
exclusive requirements to achieve widely tunable fluorescent prop€rties.

Heteroarylcontaining ceoligomer$® 25 have demonstrated higbotertial for
organic optoelectronics due to unique combination of efficient charge transport and
high fluorescence efficiency. Particularly, a furan/phenylereligpmer 1,4bis(5
phenylfuran2-yl)benzene (hereafter FP5) svaiecently demonstrated to pess
higher solubility, charge carrier mobility and fluorescence efficiency as compared to
its thiophene analogufé.Furthermore, organic lighkgmitted transistors (OLETS)
based on single crystals vagmown from a furarincorporated
thiophene/phenylendigomes have recently been demonstratédl. these put the
exciton transport in FP5 single crystals in the research spotlight as a decisive player
between the photons absorbed by the host crystal and emitted by the implanted
dopants.

In this work, we stdy exdton diffusion length in furan/phenylene-octigomer
FP5 single crystals by timesolved photoluminescence (PL) volume quenching
technique. For the quencher, we synthesized a new highly fluorescent moleeule 5,5'
bis(4(5-phenylfuran2-yl)phenyl}2,2-bifuran (FP8), which smoothly embeds into
the host crystal lattice and provides efficientkgpst e nc her F°r st er er
Experimental PL transients and the spectral red shift at different quencher
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4.2 Materialsand Methods

concentrations wersuccessfully modelled by Mam€Carlo (MC) simulations from
which the exciton diffusion | ength of 2
with the results of exciteaxciton annihilation experiments. A high potential of

doped FP5 crystals for optoefemics is demonstrated by theefficient charge

transport and functionality in solutieprocessed OLETS.

4.2. Materials and Methods

FP5 synthesis and purification, steadgite optical spectroscopy, crystal growth and
OLET devices are representedorresponde®ef. (A.A. Mannanov, eal., J. Mater.
Chem. C.2019; DOI: 10.1039/C8TC04151B

Timeresolved photoluminescencEme-resolved PL was recorded by a streak
camera (C5680, Hamamatsu) combined with a polychromator. The excitation pulses
were geerated by the doubled output of asBaphire laser (Coherent Mira); their
central wavelength was set at 375 nm. Fimsolved PL spectra of the crystals at
the room temperature were collected in an inverted microscope (Zeiss Axiovert 100)
with a 10x, NA=025 objective. The laser beam wasadatedto a diameter oD15
em at the crystal surface to avoid poss
in the samples (for details, see Section 4.5.12). In all cases, the apparatus response
was ~20 ps (Gaussi sd width).

Monte Carlo simulationsMonte-Carlo (MC) simuétions were performed as a
random wal k of excitons in a 3D cubic
resonant energy transfer (FRET) to the quenchers; the details are reporte@in Ref.

The &citon-exciton annihilation was modetleasfollows: if the dstance between
two excitons becomes shorter than the exciton annihilation radius, one of them
immediately disappears (annihilates).

4.3. Results and Discussion

4.3.1. Choice of QuenchingTechnique and Quencher Molecule

PL quenchingbased teahiques are among theast common spectroscopic methods
for obtaining exciton diffusion length.2%2¢ Here molecular quenchers are added to
the initial material at different concentrations; the heslidependence of either
time-resolved PL or PL QY (dooth) on the averagenierquencher distance allows
retrieval of the diffusion length. For the volume PL quenching, a prospective
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guencher should: (i) be readily embedded into the host crystal witimali
distortions of its structure, and (ii) provideiefént quenching of th host excitons

via e.g. FRET. Efficient PL from the quencher is a convenient extra as it allows
matching the accelerating decay of host PL with the delayed quencket Eatlier

we speculatedthat such a prosperous quenche Bfgure 4.1a), wouldbe a sel

dopant of FP5, i.e. a byroduct emerging in minute amount at the last step of the
FP5 synthesis (see Refl). FP80 a | onger t hcnmugatel moletuien e ar
0 should have a reshifted absorption spectrum, which is beneficial for efficient
FRET from FP5 to FP8. Moreover, as FP8 and FP5 have similar molecular
structures with alternating furan and phengleimgs, FP8 might corystallize with

FP5 resulting in hmogeneously doped FP5 crystals so that the quencher is dispersed
in the host crystal at the molecular level. For these reasons, we decided to focus our
attention at FP8 as a promising quencher & PP.

4.3.2. Optical Properties of Host and Quencher Molecules
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Figure 41. a) Molecular structure of FP5 and FP8. b) FP5 (host) PL spectrum (red) and FP8
(quencher) extinction spectrum (blue) in THF solutions. Thg grea represents the product

of the PLspectrum of the host (FP5) and absorption spectrum of the quencher (FP8) required
for FRET estimationgSection 4.5.1).
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4.3.3 Dopingof the Host Single Crystals

FP8 was synthesized in a separate experiment by a combination of oxidative
homocoupling reactiorfollowed by the borylation and Suzukirasscoupling
reactions (the synthesis has been performed by Evgeny A. Mostovich).

To reveal the potential of FP8 as a suitable quencher, we recorded optical
absorption of FP8 and PL spectra of FP5 in diluted saistifFigure 4lb).
Substantiaspectral @erlap of the two spectra provides a good indication that FRET
might potentially occur between the host excitons in FP5 crystal and FP8 quenchers.
From the spectral overl ap of std&f Rdiusimnd FI
crystal was estimatedds. 9 NO. 5 mMmB.).( Secti on

4.3.3. Doping of the Host Single Crystals

Raw FP5 material was selbped with FP8 at concentration of ~0.2% as measured
by PL spectroscopy, which has been done by Anatoly D. Kuimov. Tonotbiisi
value, the raw FP5 powder wasstitved in CHCI, (10°M), and the PL spectrum

of the solution was recorded under excitation at 460 nm; the concentration of FP8
was then straightforwardly obtained from its molar extinction, UV and PL spectra
measued in CHCI, (10°M). The residual FP8oncentration in the purified FP5
powder (Section 4.5.3) was estimated as lower than 0.002% (i.e. 20Tpsvalue

was obtained from the minimum intensity of the FP8 PL that could still be clearly
distinguished athe background FP5 PL.

We used the pifred FP5 powder to grow doped FP5 single crystals by adding
FP8 with the prescribed molar ratio; the microscope images of the FP5 crystals are
shown in Section 4.5.2. As the lowest controlled quencher concentrasion
dictated by the presence of minut®(002%) seldopant content (presumably FP8),
the lowest concentration of intentional doping with FP8 was set as 0.01%.

Timer esol ved PL spectroscopy combined w
revealed that theypified crystals are setfoped with concentration of ~0.002%
(assuming only FP8 as the sdtpant), in accord with the PL data.

For accurate determination ofetlexciton diffusion length in FP5 single crystal
we needed a reference crystal that is evearghan the purified crystals. This was
achieved by growing FP5 single crystals from the purified FP5 powder by the PVT
method (referred below as PVT crystalp dstimate based on timnesolved PL data
and MC simulations yielded the selbping level 010 ppm (Section 4.5.3).

To demonstrate smooth embedding of FP8 molecules into the FP5 host matrix,
X-ray measurements were performed on the single crystaltioserown from the
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purified and 0.1% doped FP5. Their crystal lattice parameters appealss to
identical; they also corroborate the previously published data on FP5 crystal
structure?® Moreover, molecular dynamics simulations (Sectidn4) demonstratl

that two heado-tail host molecules in the FP5 crystal structure can be substituted
by oneFP8 molecule. This substitution results mainly in small torsional/bending
deformations and adjustments of FP8, whereas the adjacent host conjugated cores
maintan their original positions. The timeand polarizatioresolved PL data
(Section 4.5.5) are fiy consistent with these conclusions. All these data support
our idea that the FP8 molecules are molecularly dispersed in the FP5 crystal matrix
without noticeale distortion ofthe FP5 crystal structure.
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Figure 4.2 PL spectra of the PVT (a) afid1% doped (b) FP5 crystals obtained from time
integrating PL data over thé 0.05 ns (blue line) and 20 ns (red line) time windows. Cyan
and orange dashed lines panels (a) and (b) represent a foand threeGaussians fit,
respectively, to the expaniental spectra.

Figure 42 shows timeresolved PL spectra of the PVT and O-titped FP5
crystals at short and long times. The P&Vstal spectrum almost does notiobe
with time (Figure 4.2a). In contrast, PL of the O-fi#ped crystals experiences a
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4.3.4 HostPL Quenching

consgderable spectral shift (Figure 4.2b), from a spectrum similar to the one of the
PVT crystal at short times, to an entirely different spectrum at long times. Our
working hypothesis is that the excitation energy is transferred from the host lattice
to the gquienchers via FRET. Therefore, we assign the gshoe PVT PL spectrum

to the host and the lorgne 0.1%doped crystal PL spectrum to the quencher.

4.3.4. Host PL Quending

Figure 4.2 shows that the host and quenchers spectra strongly overlap (especially at
the red flank), which indicates that the PL transients bear both host and quencher
contributions. To factorize their shares, we performed decomposition of the BL map
for each doped crystal into a linear combination of the PVT and quencher spectra at
each delay time (Section 4.5.8). The reconstructed maps (Figure S4.7) fully
reproduce the experimental ones which corroborates our hypothesis of the host
dopant energy ainsfer.

Host PL Quencher PL
) b)
1

i _ PVTerystal ]
T e 0.01% et

" lo.o1%

0.025%

0.1%

2 3 4 5 6 7
Delay time (ns)

0o 1

2 3 4
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Figure 43. Experimental (dots) and MC simulated (lines) PL transients for thieugly

doped FP5 crystals. The experimental PL transients were extracted from decomposition of
the PL maps into the host (a) and quencher (b) PL reference spgattaatid orange dashed

lines in Figure 4.2a, b, respectively). Each PL transient-gcaed by a factor of 4 with
respect to the previous oMlevel withaespect tb thei nes
corresponding maximum of the PL transient. Quencloecentrations are shown next the
respected transients.

Figure 4.3 shows the shares of tiwst (a) and quencher (b) PL obtained from
the PL maps decomposition, as functions of time delay for variously doped FP5
single crystalsDecay of the host PL accedes from ~2.9 to ~0.25 ns with the
doping increaseHigure 4.4); respectively, the queneh PL acquires a raising
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component, whose rise time shortens from 0.45 to 0.25 ns. Shortening of the decay
times of the bludlank transients and the correspondirigerin the redlank
transients with doping are fully consistent with the desxxeptor eergy transfer

from the host to quenchers in the crystals. Furthermore, the crystals doped higher
than 0.01% demonstrate similar#/ed ank PL dec ays, whicmaes o f
considerably shorter than that Qére t he
attributed to the PL lifetime of the quencher. This is also in line with the transient
redshifts of PL mean energy, i.e. energy transfer dynamics from thetddise
guenchers (Section 4.5.3).
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Figure 44. Characteristic PL times for variously doped FP5 crystals. The decay times (the
fastest times in the case of the biexponential behavior, i.e. for the blue flank PL transient of
the 0.1% crystal) of exponeal fits from Figure 4.3a are depicted as theetdiots, while the
decay and rise times of-bikponential fits from Figure 4.3b are shown as the green and red
dots, respectively. The vertical bars indicate the uncertainty margins of the exponential fits.
The upper axis shows the mean distance betweamcheaes in the host crystal (for details

see Section 4.5.7).

The characteristic times obtained from meomw bi-exponential fits of the
experimental transients are summarizedrigure 4.4. The blueflank decay time
(blue dots) shortens with the increagg@encher concentration, which is consistent
withthe crososver regime from unquenched (I if
quenched host PL. At high doping levels, the Hlaek decay time (blue dots)
approaches to the refthnk rise times (red dots)elbausePL quenching begins to
fully determinethe hostexcitation lifetime. The reflank decay (green dots) levels
off with the doping increase, which reflects dominance of the quencher PL.
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4.3.5 ExcitonDiffusion Length

4.3.5. Exciton Diffusion Length

The host and quencher PL transientsiried from Monte Carlo (MC) simulations

are shown in Figure 3as solid linesthe simulated and experimental PL transients

are in excellent agreement (f oexcitdC par
diffusion length amountto Lp = 24N4 nm as directly cal
distributions of exciton diffusion lengths (Secti®10); this value corresponds to

the exciton diffusion coefficient dd = Lp?/ T = 2.9: *@nv/s (wheref=2.9 ns$

the excion lifetime). Note that a commonlysed relatiod & TIT 152728

(wherelo= 0.77 nm is the unit cell size in the modék,= 1.5 ps is the exciton
hopping time) yields the exciton diffusion length of ~40 nm,it overestimatehé
diffusion length by a factor 13 Diffusion lengths for the doped crystals calculated
from the host exciton lifetime (Figure 4.4) are also systematically overestimated
(Section 4.5.10). To mitigate this problem, the exciton lifetimes should be taken a
the ~062level rather than at the conventionak6.37 level.

Singlet exciton diffusion amongst molecules or polymer conjugated segments is
controlled by either dipolelipole or Dexter energy transfers® Typically, Lo is
longer for systems with @ll-ordered, tight molecular packing with low energetic
disorder®®3! For single crystals, a large spread.efranging from 2.5 to 60 nm for
singlet excitons were reportéd *33 with the maximum for anthraceig(for the
list of the singlet excitowliffusion lengths in organic crystals see Section 4.5.11).
Note that ultrafast singlgo-triplet conversion in anthracel{e®*®¢ challenges the
latter value as attributed solely to singlet exciton diffusion. Therefore xtimwe
diffusion length in tle FP5 crystal lies at the longest side of the distribution of exciton
diffusion lengths for organic semiconductor single crystals, and successfully
competes with that in such weltudied single crystals as naphthalene, angimac
and tetracene. One padiar argument for explaining the long exciton diffusion
length in a FP5 crystal is its intrinsically high torsional rigidity, which results is much
lower reorganization energy for exciton transfer as compared to its thiophene
analogue’8

4.3.6. Exciton-Exciton Annihilation

A complimentary method to study exciton diffusion is exciowiton
annihilation# 3%4° This technique is based on creating such high exciton density so
that the probability of two diffusing excitons to maéer some time is not negible.
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If such an event occurs, a doulebecited electronic state is formed that quickly
relaxes back to the singhxciton state. As a result, one exciton is lost for PL
(typically, via nonradiative channel), and therefore Rlecay accelerates. The
exciton annihilation approach does not require any PL quenchers; however, it
necessitates the exact knowledge of the exciton density (i.e. the light power,
excitation profile, and material absorption), which becomes the main sofirce
(systematic) uncertaintyrisuch experiments.

Experimental PL transients in FP5 crystals for the excitation flux varied in the
range of 0.5 5 0  OAXfbr thenexcitation flux estimation see Section 4.5.12) are
shown in Figurel.5a. With the increasef excitation flux, the trarent decay times
increase, which is ascribed to exciexciton annihilation. The share of annihilated
excitons is shown in Figurd5b as a function of initial mean excit@xciton
distance. The share is calculated as a mdxihayield (i.e. the time irggral over
the transient) wit hou#ifluxaminus theiPL gidldiaban (i
given intensity, with the difference normalized to the maximal PL yield. At the
strongest excitation flux, the share of annihilgecitons becomes as high~-&9H%.
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Figure4.5. Experimental PL transients (a) and the share of annihilated excitons (b) under
various excitation fluxes in the PVT crystal. The lines in panel (a) resulted from a global fit
to Equation 4.1. The details ohlculation of the excitonahsity and the mean distance
between the excitons are given in Section 4.5.13. The thin lines in panel (b) show the results
of the MonteCarlo simulations. The shaded area in (b) show&ghencertainty region.

It is not straightforward to calculate thex@ton diffusion length directly from
Figure 45b as excitorexciton annihilation, being a bimolecular process, depends
nonlinearly on the exciton populatiofherefore, the experimental PL transients at
different excitatbn intensities in Figurd.5a wereglobally fitted to the solution of
the kinetic rate equatiof{ 4
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4.3.6 Exciton-Exciton Annihilation

E0 Q7TFp &€ J2p Q7 (4.1)
wheren(t) is the timedependent exciton ocaentration,ny is the initial exciton
concentration (Section 4.5.18), 1“ JY 3 Ttis the singlet annihilation rate,
andR; is the annihilation radius. The annihilation rate was found to be, which is a
factor of three lower than the singlet anhidit i on rate in fTetrac
cmPs?)#2, and a factor of six lower than anthracene crystals (10m? s%)*. For the
value of the annihilation radius we followed R&2 where the singlet annihilation
radius was taken as an average exditgpping distance, i.&Y 1@ Xm for the
FP5 single crystal. Thus, the excitdn f f usi on | ength i s <cal
which matches very well the value derived from the volume PL quenching technique.

Alternatively, the diffusion length can be dilg obtained from MC simulations
in which the excitorexciton annihilation was gorporated (see Section 4.5.14).

From the diffusion lengths distribution (Figure S4.13), the average diffusion length
was obtained asp= 23 N 5 n m,consistent avith the galud obthineq
from the analytical approach.

4.4.Conclusions

In conclusion we have measured singlet exciton diffusion length inbisée
phenylfuran2-yl)benzene (FP5) single crystals and demonstrated their- light
emitting applications. W identified a suitable quencher molecule, fuyparnylene

5,5 bis(4(5-phenylfuran2-yl)phenyl)2,2-bifuran (FP8), synthesized it separately

and demonstrated its smooth embedding into the FP5 structureqtdity FP5

single crystals doped by FP8 up 0.1% were grown. Using ultrafast PL
spectroscopy combined with Monte Carlo simulations, ebtained the singlet
exciton diffusion | ength in FP5 single
the top values for organic semiconductor crystals. Thidtresas independently
verified in the excitorexciton annihilation experiments. Remarkaldbng exciton

di ffusion |l ength allowed us to harvest
ppm doping levels and thereby to minimize the determinant effelse @fdpants on

charge transport. Finally, we fabricated solujmocessed organic liglemitting
transistors based on FP5 crystals molecularly doped by FP8. All these findings
clearly demonstrathigh potential of molecular crystals based on ferzantaining
oligomers for organic photonics and optoelectronics.

Author Contributions
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MSK, DYuP andMSP concei ved, devel oped and s
performed the time and polarizatiosresolved PL measurements, exciton
annihilation experiments, Montgarlo and molecular dynamics simulations. MSK,
ADK grew the crystals from solutioffiabricated,and measured the OFETs. ADK
performed the purification of materials by PVT and measurements of their optical
properties and doping with the use of optical spectgdn solutions. VGK
obtained the PL spectra and QYs in the crystals. DID grew the P\$TalsyVAT

and DSAassembled and studied the OLET devices. NVG and VVB performed
photothermal absorption spectroscopy. IPK performed quantum chemical
calculations. AS and TVR performed the-pay diffraction experiments. IKS
performed thermal analysis. EA8ynthesized and characterized the materials.

4.5. Supporting Information

451. F°rster Radius Cal cul ati ons

The FP8 (quencher) extinction coefficient could not have been accurately measured
in the doped FP5 crystals due to their high background absorption (¢hiseba
relatively shown by Nikita V. Gultikov with photothermal deflection spectroscopy;
the absolw optical extinctiorspectrum of the FP5 crystal is shown in Figure S9 of
Ref.44) . Therefor e, the F°rster radi8s for
guencher) was estimated for two isolated molecules, i.e. their optical spectra and PL
QY were talen from diluted solutions.

The donor PL spectruni® ’ , and the acceptor extinction spectrum,
measured in THF solutions are showrrigure 41b. The former was normalized in
such a way that the integral of PL spectrum equals to unity considering wavelengths
in centimeters to enableitsusagefdt r st er r ‘A(dsiit was démonstrated a
above in SectioB.510), whered & w p ks PL QY of the donor molecule diluted
in acetonitrilesolvent®, N\i s Avogadr o0 98 is thencsigntational;
factor (see Section 4.5.10); n is the refractive index of a medium was taken as 2. The
resulted F°rste&r@Fthmdi us amounts to
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4.5.2 Microscopelmages of FP5 Crystals

4.5.2. Microscope Images of FP5 Crystals

PVT crystal

0.025%,

Figure 1.1 Microscopy images of the vapgrown (PVT) and variously doped solution
grown FP5 crystals. The prescribed doping levels for sohgiomwn crystal are indicated in

the images. The crystallographaxes @-,c-) orientations with respect to the crystal
orientation are shown as green and blue arrows for the PVT and 0.1% doped crystals,
respectively, according to the XRD d&ta

4.5.3. Transient Red-Shift of Mean PL Energy

A convenient way to characteriznegy transport(as compared to spectrally
resolved transients, Figude3) is to analyze the transient red shift of the mean PL
energy’®*’ the respective data are shown in Figude2SFor the PVT crystal, the
excitons largely retain their initial ergyr aound 2.59 ¥. Nevertheless, a small red
shift of 0.02 eV indicates residual contamination of the FP5 host with small amounts
of FP8 (or possibly with other side products of the chemical synthesis). At the doping
level of 0.025% and higher, the majgrif excitons ae transferred to the quencher
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(FP8) within the first nanosecond as evident from the-tong redshifted PL,
which is mostly attributed to the quencher PL spectral region (see Section 4.3.3).

Energy (eV)

2.45} I ] 0.1%

2 3 4 5 6 7
Delay time (ns)

Figure 2.2 Experimental (circles) and M@nsulated (lines}ransient reeshifts of the mean

PL energy for the representative doping levels: PVT (black), purified (purple), 0.01% (blue),
0.025% (olive), 0.05% (orange) and 0.1% (red) crystals. For the PVT (black) and purified
crystal (purple) the cgncler concenttai ons were retrieved®y MC
and 0.002%, respectively.

To retrieve the unknown quencher concentrations in the PVT and purified
crystals (see discussion in Section 4.3.3), we simulated their transient red shifts with
concentrations adit parameters (Figure4s2, black and purple, respectively). The
best agreement with the experimental data was achieved for 0%Q@856T crystal)
and 0.002% (purified crystal) concentrations of FP8. Note that these values should
be takae with caution a they rely on the model used.

4.5.4. Molecular Dynamics Simulations of FP8 in FP5 Crystal Structure

Figure 3.3 illustrates how ond-P8 molecule substitutes two (headail) host
molecules in the FP5 crystal structure. The pristine host (ESal molecula

packing was taken from theray diffraction dat&® and the atoms rearrangements
were simulated wusing mol ecul ar -sadirgen a mi ¢
mol ecul ar bui | de r*®Tasmsdbstiutios resultsimairdytinialh n t o ©
torsional/bending deformations and adjustments of FP8, whereas the adjacent the
FP5 conjugated cores maintain their initial positions (Fig4dr8 S
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4.5.5 PolarizationResolvedPL Data

Crystal surface plane

Figure 3.3 Model of an FP5 crystalline aggregate simulatad28 molecules (7 for each

layer), wrerethe two central (heatb-tail) host molecules are substituted by FP8. Red, green

and blue arrows are the crystallographich- andc- axes, respectively, of the FP5 crystal

26For better visibility, the orientaton i n panel ( bndtecestadlographie d by
a-axis with respect to panel (a). Gray plane in (b) shows the orientation of the FP5 crystal
surface plane (100).

4 .5.5. Polarization-Resolved PL Data

The results of the MD simulations weverified by polarizatiorsensitive time
resolvedmeasurements in the following way. According to R26, the FP5(host)

and FP8 (quencher) transition dipole moments are directed from the meta position
carbon atom of an outer phenylene to the oppositeFigerg S1.4a). The projection

of these dipole momens onto the 100 plane of FP5 crystal structure (this plane
coincides with the surfaces of the crystal plates) to which the excitation beam is
orthogonal and from which PL is collected, are shown in Fig4drdb by yellow
arrows. The projections of thé®b ransition dipole moment to the crystallographic

b- andc- axes are almost equal (their ratio is ~0.93) while the projection of the FP8
transition dipole moment onto the crystallograpbiaxis is approximately three
times longer than its projection teaxis (~2.9). This brings us to the following
conclusion: PL originated from the FP5 (host) should be weakly polarizedhsith
polarization ratio (similar to the corresponding parameteoditiced in Ref49) of

§ oo T& ¢ while FP8 (quenchie) PL should be polarized along the
crystallographic-axis with” UL TP ¢
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Figure 3.4, Transition dipole moments of FP5 and FP8 (yellow and pink arrows,
respectivel\3® (a) and the \@w of the FP&loped FP5 crystal structure (Figure 4dong

aaxis (b). The yellow and pink arrows in (b) show the projections of the FP5 and FP8
transition dipole moments on the b and ¢ axes, respectively. The FP8 molecule in the center
is surrounded byl4 FP5 molecules in the herringbone arrangement;tferease of
presentation only 6 of them are shown.

The results of polarizatierand timeresolved PL measurements on the PVT and
0.1% doped crystals are shown in Figu#e5Sthe figure orientation iglentical to
Figure S1.4b. First, we established thAaL polarization for the PVT crystal does not
depend on the polarization of the excitation radiation in agreement with the
herringbone packing of FP5 molecules in the crystal struétufeerefore, for
practical reasons (ease of alignment) the excitatieam polarization was set
parall el to one of t hed5cToyprove the cordrase s ( @
of PL anisotropic properties of the host crystal and the quenchers in the host crystal,
we followed the logics of Figurd.2 and discussion arod it. Namely, PL of the
PVT and 0.1% doped crystals were obtained in the time windowislai®and 15
ns, respectively. The short timé& (Ons) PL decay is due to (yet) rRguenched host
PL of the PVTcrystal, and the long time (% ns) window correspas D the
guencher PL in the 0.1% doped crystal (Figure Séd®),
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456 Calculatonof t he orientation factc

a) ry =0.45+005

300

270

90

240 120
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180 180

Figure 81.5. Polarizatiorresolved PL for the PVT crystal in the Dns (a) and 0.1% doped
crystal in the 15 ns time window (b)The crystallographic axds andc- (olive and blue
arrows, respectively) correspond to those in Figure S4.4b. The maximum PL intensity is
normalized to unity. The solid lines are fits by the funcboBd ¢ i— — &, wheredis

the angle between polarizations of PL and the crystallbigapaxis, while 6, 6 and— are

the fitting parametersThe polarization ratio} for host and quencher PL bands were
calculated a8 0670 0§ .* The excitation wavelength was set at 375 nm.

Host PL (Figure 8.53) is nearly notpolarized { T 1), whichisin line
with the results of MD simulations (Figure.8b). FP8 quenchers PL in the doped
crystals (Figure &5b) shows a notable anisotropy with the preferential direction
along thec-axis and the polarization ratio’6f 1@ v T8t VLAgain,this result is
consistent with the MD simulations albeit the experimental anisotropy is somewhat
higher than theoreticallgredicted, which might be due to polarization scrambling
in the microscopebjective. All in all, the polarizationesolved measuresnts
confirm the model in Figure S4.3 thereby giving credit to the supposition of smooth
embedding of the FP8 quencher into the FP5 host lattice.

456. Cal cul ati ons of t he oradiusntation f

With MD simulations of the molecular structure in the doped crystals (Section 4.5.4)
at hand, we are in a position to evaluate the orientation faciom F~ r st er r
equation (Section 4.5.1). Fthis, we calculated the dipetBpole interation energy
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between the quencher and two nearest shells of host molecules (14 and 24 molecules
are in the first and second shells, respectivély):

0 x 1 O wéfi zo T wéfi O h  (4.1)
wherebpa is the angle between the direction of the transition dipole moments of the
donor and acceptor molecules located at the distarfzeand by are the angles
between the line connecting tleentersof the acceptor and donor molecules,
respectively, and thefransition dipole moments. Figure S4.6 shows the distribution
of these interaction energies from whick»&was estimated as ~1.5.

38 host molecules

50
< 9 2.5
40t
S
> 30|
[&]
c
g
3 20|
O
O
10H

0 1 1 1 1 1 1 1 1 1 1
00 02 04 06 08 10 12 14 16
Coupling energy, g&r  (nm™®)

Figure S4.6. Distribution of the dipetiipole interaction engies for a quencher (FP8)
surrounded by 38 host (FP5) maldes.

4.5.7. QuencherQuencher Mean Distance

Assuming that the quencher molecules are homogeneously distributed in the doped
crystal, the mean distandebetween the nearest quenchers in the crystakstingt
molar doping levehy was calculated as:

Q  — : X Yinm], (4.2

whereM = 3 7 0 *ig therhodt (FP5) molar mags, E. 3 1 67 isgtie dost
crystal density®
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4.5.8 Photoluminescenamaps

4.5.8. Photoluminescence maps
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Figure S4.7. Experimental (letolumn) andreconstructed (right column) PL maps of
variously doped FP5 single crystals (the quencher concentration is shown in the panels). The
reconstructed PL maps are obtained as the weighted sum of the reference host and quencher
spectra (shown inigure 4.2) foreach time step of 1 ps. Note the logarithmic scale of the

color-coding. The excitation wavelength was set at 375 nm. The resulted shares of both
spectra are depicted in Figure 4.3.
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4.5.9. MC Simulations Parameters

Table S4.1. Global parametersgin, free, anautput) of the MonteCarlo simulation for the

four crystals (0.01%, 0.025%, 0.05%, 0.1% doping levels). The uncertainty margins for the
input parameters are given according to the accuracy of the measured data. The error margins
obtai ned %minonizatichipreagdure.o

for the freeparameters we e

t he

Parameter (units) Value at 293 K Type (Source)
Mean host photon energkp + p EeV) 2.6 N Input (Figure 4.2
Mean quencher photon enerdss (eV) 2.46 N Input (Figure 4.2
Donor-accepto energy gapep EeV) 0.14 N Input (Figure 4.2
Exciton lifetime in host matrix{J(ns) 2.9 N Input (Figure 44a)
Excitation lifetime of quencherg} (ns) 1.4 N Input (Figure 44a)
PL QY of host matrixQYh (%) 50 N Input (V.Konstantino s
= integrating sphere
PL QY of quenchersQYs (%) 70 N measurements at Lomonosoy
Moscow State Universijy
Host radiative lifetimelJ (ns) 5.8 N Obtained fromJand QY
Quencher radiative lifetimejr (ns) 1.5 N Obtained fromd and QY4
Hosgt nonradiative lifetime,G (ns) 5.6 N Obtained fromJand QY
Quencher nonadiative lifetime,ln 4.5 N Obtained fromd and QYq
(ns)
ForsterRmMadi us, 4. 98 Input (Sectiord.5.1)
Hopping time,Uop (ps) . 5N 0 Free
Diffusion lengh, Lo (nm) 24N 4 Output

Table S4.1 lists the parameters used in MC simulatimoest of them are directly

extracted from

only free

doped crystals.

t he

par ameter

prior

e X pbherS4.1ndmet a |
( mar k e ng tiraediop iihich e e 0
was obtained from the best approximation of the experimental data for the full set of

To evaluate the stability of MC results, we testedghedness of the fit by tHeast

squaredeviation as a criterion:

? ko BB 0O
whereO
00

0

O
0 is the experimental value of the mean PL enatdie time moment
0 is the corresponded M@lug mis number of data pointsjs the crystal

0

(4.3)

index ( = 1, 2, 3, 4 sind for the0.01%, 0.025%, 0.05%, 0.1%oping levels,
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4.5.10 Distributionsof the Exciton Propagation Distances for the Gaing Volume Method

respectively), and is the normalization coefficient (~1/évchosen in such a way

to normalize theminimal ¢ value to unity.Figure S4.8shows that the MC
simulations are stable with respect to &tans in the exciton diffusion length (the

output parameter of the MC simulations) and the host PL QY. We fixed the ratio of
QYs of the host and quencher the experimental value of 0.7 because the
measurements of the relative QYs are much more acchamté¢heir absolute values.

As evident from Figure S4.8, the 62 val
is sharply dependent on the exciton diffusiendth thereby demonstrating good
convergence finesse of the MC simulations.

c2

o

60

PRENWAO0E
ohmn~hoN

Host PL QY (%)
n
o

30

15 20 Lo (nm) 25

Figure 9.8 & map d theleast squaredieviations between the MC calculations and
experimental data for the FP5 crystals as a function of the host PL QY and exciton diffusion
length,Lp. The0 &0 =0.7 ratiowas fixed. The global minimum value &fand its width
determine the values and uncertainties, respectively, of the global paraniaier as2 4 N 4
nm

4.5.10.Distributions of the Exciton Propagation Distances for the
Quenching Volume Method

Figure S4.9 shows the exciton displacement (i.e. the diskerteeen the itial and

final positions) distributions for all excitons in the host matrix. Initially, the excitons
(one exci t5BP5 mgleeules; for. d8tdild, €ee Section 4.5.12 are randomly
distributed over the crystal matrix in such a way #raexciton is aver placed on

the cell which is already occupied by another exciton (or a quencher). The final
exciton position is the one where the exciton ceases to exist (i.e. it either decays
radiatively or norradiatively, or is transferred to the oqoher). The exton
diffusion lengths are directly calculated from the distributions as their mean values.
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a) 20k 0.00% Excitons b) 20t 0.01% Excitons
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Figure 3.9. Distributions of exciton diffusion lengths in variously doped crystals in the
guenching volume method. The quencher concentrationsyaad exciton ifusion lengths

Lp are shown in the respected panels. Red curves: excitons transferred to the quenchers via
FRET (the final FRET step is not included); blue curves: radiatively decaying excitons; black
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curves: norradiatively decaying exans.

FigureS4.10. Exciton diffusion length as derived from MC simulations (black) and from host
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exciton lifetime (blueflank decay) for variously doped FP5 single crystals.
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4.5.11 Singletexciton diffusion length in various organic single crystals

4.5.11.Singlet exciton diffusion length in various organic single crystals

Table S4.2 Singlet excion diffusion length in various organic single crystals
measured via PL methods

Crystalline structure Lp, nm Reference Technique
Naphthalene 50 Galluset al.5° Surface PL quenching
Anthracene 607 Mulder4 Surface PL quenching
Phenanthrene 8 Gillus_et al.5! Surface PL quenching
Tetracene 12 Vaubelet al.3? Exciton-exciton annihilation
and surface PL quenching
PTCDA 25°) Luntet al.3! Volume PL quenching with
QY measurements
TMS-P2TP-TMS 2.5 Parashchulet al.?! Time-resolved volume PL
querching

3 shere might be a contribution from triplet excitons due to the ultrafast stogleplet conversion
and subsequent delayed triptetsinglet conversiof? 3536
b) The data were measured for polycrystalline fiemsl extrapolated for singteystals.

4.5.12 Excitation Intensity

For long exciton diffusion lengths, excitexciton annihilatioff presents a serious
challenge as the excitation intensity should be attenuated to the values where the
probability of two excitons to meet becomes negligibly. Therefore, we carefully
investigated PL decays in the PVT crystal (where the exciton diffisibe longest)

in a broad range of excitation fluxes of 650  O2Ji/e.qpeak power was ranged

in 0.6257 62.5 W). To achieve such fluxes, we placee riicroscope objective
focus (~4 Om i n?irddrea)mght ato the crydtal suBaded@m
excitation spot size was measured by imaging the laser beam focused on a silicon
wafer placed in the objective focus.
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Figure $1.11 Experimental (dts) PL transients (a) and PL lifetimes (b) under various
excitation flux in the PVT crystal. The solid lines in panel (a) are the monoexponential fit of
the PL transients. PL lifetimes shown in panel (b) are extractedtfefits. Thedash line
represets the PL lifetime of the host (2.9 ns). The excitation wavelength was set at 375 nm.

The respective transients with exponential fits (Figure S4.11a) show clear
evidence of excitomxciton annihilation (in a separate experiment we estedd
that this isnot caused by sample photodegradation). The decay times obtained from
the monoexponential fits are summarized in Figure S4.11b as a function of excitation
intensity. With the decrease of excitation flux, PL lifetime increases indictténg
reductionofegi t on anni hil ation. At t*’thede@mxci t a
time converges to ~2.9 ns, which is the host exciton lifetime, where the exciton
annihilation becomes negligible. Accordingly, all other experiments were performed
at he excitationintess t y of2 1 O0J/ cm

4 5.13.Calculations of the Mean Distance between the Excitons in the
Annihilation Experiments

The density of excitations for the excitation flux lof O 3, /iscestimated as
~1. %ent*0t he crystal t thesakplealsssrbe@df OD-A5 Om a
at the excitation wavelength 375 nm). Thusthatexcitation flux ol O 3 dne m
exciton exists in the ~40x40x40 Arolume, i.ethe mean distance between the
excitonsis dee=40 nm.

For MC simulations on annihilation, we need to knowrtheber of excitons per
one unit cell. The density of molecules in the FP5 crifsigl 2 12'ré® which
results in theaveraged crystal wunit cell sipé ~0.77 nm, or
oneexcitonperl . 3°EPS5@nokcules fotthe excitation fluxofl. O3/ ¢ m
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