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Santrauka

Organin¢ elektronika pastaruoju metu yra viena sparciausiai besiplétojanciy
puslaidininkiy prietaisy krypéiy. Si kryptis labai sparéiai vystoma dél nuolat kuriamy
naujy organiniy junginiy ir tobul¢janciy inzinerijos galimybiy. Modernios organinés
elektronikos medZiagos yra daugiafunkcinés — tai leidZia ne tik pagerinti medZiagos
savybes, bet ir supaprastinti prietaisy gamybos technologija. Siame darbe didZiausias
démesys skiriamas daugiafunkciniy organiniy spinduoliy fotofizikiniy savybiy valdymui.

Pagrindinis Sios disertacijos tikslas — istirti daugiafunkciniy molekuliniy spinduoliy
agregacijos nulemtus reiSkinius ir jy valdymo galimybes optimizuojant sluoksnio
funkcines savybes tokias kaip plévédaros savybés, kriivio pernaSa, emisijos naSumas,
spalvinés savybés, sustiprintos savaiminés spinduliuotés slenkstis ir kt. Molekuliy
struktiira-funkcija savybiy supratimas ir spinduoliy tolesnio  optimizavimo
rekomendacijy formulavimas yra vienas svarbiausiy Sio darbo uzdaviniy.

Disertacija yra sudaryta i§ trijy skyriy, suskirstyty 1 smulkesnius poskyrius.
Pirmasis skyrius yra skirtas jvadui, kuriame pateikti darbo tikslai ir uzdaviniai, darbo
naujumas ir ginamieji teiginiai. Disertacijos pradzioje yra disertanto kartu su
bendraautoriais publikuoty moksliniy straipsniy (tiek jtraukty, tiek nejtraukty i
disertacijg), taip pat praneSimy konferencijose, kuriose pristatyti disertacijoje pateikti
moksliniai tyrimai, sgrasas.

Antrajame disertacijos skyriuje trumpai aprasomi tyrimy metodai ir bandiniy
paruo$imo technologijos.

Treciasis skyrius yra sudarytas i§ dviejy daliy. Pirmoje dalyje supazindinama su
agregacijos isSauktu fluorescencijos iSaugimo reiskiniu ir jo taikymu fluoresceciniams
jutikliams. Pradzioje apzvelgiama literatiira fluorescuojanéiy organiniy nanoagregaty
(FON) tema, toliau pateikiami spektroskopiniai fenilendiacetonitrilo junginiy FON
tyrimo rezultatai ir Siy dariniy galimas panaudojimas organiniy tirpikliy gary
fluoresceciniam jutikliui. Sio skyriaus rezultatai detaliai aprasyti [S1, S2, S7] darbuose.
Antrasis poskyris skirtas poliniy naftalenimido ir trifenilamino junginiy optiniam
charakterizavimui ir $iy junginiy galimam temperatiros-laiko fluorescecinio jutiklio

taikymui. Sio skyriaus rezultatai yra publikuoti [S8, S10, S11] darbuose.



Antroji treCio skyriaus dalis apraso molekuliy agregacijos nulemto fluorescencijos
gesinimo valdymo problemas lazerinése sistemose. Si dalis yra suskirstyta j keturis
skirsnius. Pirmame skirsnyje pateikiama organiniy lazeriniy sistemy ir jy medziagy
apzvalga. Antrame skirsnyje pateikiami perileno diimido junginiy su pakaitais jlankos
vietoje optiniy savybiy tyrimai ir sustiprintos savaiminés spinduliuotés slenkscio
jvertinimas. Sio skyriaus rezultatai yra publikuoti [S3] darbe. Toliau pateikiami DCM
tipo dazaly lazeriniams taikymams spektroskopiniai tyrimai. Sio skirsnio rezultatai yra
publikuoti [S5, S6] darbuose. Paskutinis skirsnis skirtas fluoreno, karbazolo ir pireno
dariniy optiniam charakterizavimui ir sustiprintos savaiminés spinduliuotés slenks¢io
jvertinimui. Sio skirsnio rezultatai detaliai aprasyti [S4] darbe.

Kiekvieno skyriaus pabaigoje yra pateikiami pagrindiniai rezultatai ir iSvados. Taip
pat yra pateikiamos rekomendacijos tolesniam junginiy tobulinimui ir medziagy
pritaikymui. Bendras visuose skyriuose cituotos literatiiros sarasas yra pateikiamas darbo

pabaigoje.



Introduction

Currently, organic electronics is one of the most expanding technology of
semiconductor devices. This direction is rapidly developing due to the constant synthesis
of new organic compounds and sophisticated advances in device engineering. Currently,
organic materials are used in organic light-emitting diodes (OLEDs), organic thin-film
transistors, solar cells and sensors. Low-cost manufacturing techniques such as wet
casting or inkjet printing enable organic materials use in large-area and flexible
electronic devices.

Until now, organic optoelectronic devices were based on multi-layer structures and
rather simple molecules, where each layer of device was performing its own function -
such as the charge carrier injection, transport, emission and others. The optimization of
device was performed by optimization of multilayer structure itself. Modern organic
electronic materials are multifunctional — this enables not only to improve the material
properties, but also to simplify the device architecture. However, the complexity of the
molecular structure rises up new problems associated with complex phenomena of the
new multifunctional molecules -such as the formation of aggregates, intramolecular
charge transfer, intramolecular torsion and others. Therefore, the control of the features
of new multifunctional molecules is the main task of organic electronics technology.

This work focuses on the control of photophysical characteristics of multifunctional
organic emitters. Since molecules in organic electronic devices are used in the solid
state, control of the aggregation related phenomena is one of the biggest problems.
Aggregation usually results in decrease of luminescence efficiency due to enhanced
exciton migration. Therefore, the most important task in development of efficient
organic emitters is reduction of fluorescence concentration quenching. Recently the
opposite phenomenon was discovered in certain materials, when in the solution
luminescence quantum vyield is low, and in the aggregate state emission efficiency
increases significantly. Aggregation-induced emission (AIE) effect enables to use these
materials in organic luminophore technology and to develop various fluorescent sensors.
In this work, we examine the fluorescence characteristics of new multifunctional
emitters upon their aggregation and analyse the impact of functional groups on optical

properties of the films.



Work goals and objectives

Exploitation of complex molecular systems sets new tasks for chemical synthesis as
well as for understanding of their physical properties. Increased number of degrees of
freedom makes control of molecular system properties much more complex. Possibility
of different molecular conformations, structural disorder, intramolecular charge transfer,
variation in the strength of electronic and vibronic system coupling and complexity of
the system itself make this control hardly predictable. Having in mind infinite diversity
of organic structures, common criteria for selection of particular molecular systems are
not formulated yet. In practice, research of some particular molecular systems reveals
tendencies towards controlling possibilities only for those particular molecule classes.
Therefore understanding of excitation dynamics in complex molecular systems and
control of the multifunctional system properties is a hot topic in organic electronics and,
more generally, of nanoscience.

In this work, we study aggregation induced emission and quenching of
multifunctional molecular emitters and the possibilities to control these phenomena by
optimizing functional properties of the solid layers such as film forming properties,
charge transfer, the emission efficiency, color features, amplified spontaneous emission
threshold and others.

All molecular systems investigated in this work are new. Understanding of
structure-property-function  relations of the molecules and formulation of
recommendations for further optimization of emitters is one of the most important goals
of this work.

Dealing with aggregation related phenomena the research objectives are dual. On
the one hand, we will investigate optical properties of multifunctional molecules,
particularly focusing on the aggregation induced fluorescence changes, such as
fluorescence enhancement or pronounced color changes, which we will apply for
formation of sensor systems. On the other hand we will try to avoid a negative impact of
aggregation quenching by optimizing multifunctional laser emitters aiming to form more

effective emissive layer.



Main objectives:

* To investigate optical properties and fluorescence enhancement by forming the
molecular aggregates in aqueous solution of new multifragment phenylenediacetonitrile
compounds and to form fluorescent ON-OFF sensors; and to investigate optical
characteristics of polar naphthalenimide and triphenyamine derivatives in different
environments and by forming molecular aggregates and to utilise these compounds for
the fluorescent temperature-time sensing layers.

» To investigate the aggregation characteristics and fluorescence concentration
quenching by optimizing the amplified spontaneous emission properties of
multifunctional lasing systems based on perylene diimide, pyrene and DCM core.
Novelty

In this work, we study new multifragment multifunction emitters and for the first
time describe their photophysical properties. The main new results are as follows:

* phenylenediacetonitrile derivatives shows AIE effect due to the steric hindrance
of nitrile groups, this effect is controlled by a different size and polarity of the end
groups of the molecule;

» singly-bonded triphenylamine and naphthalenimide derivatives show pronounced
solvatochromic effect both in solutions (up to 205 nm) and in the solid state in nonpolar
surrounding by increase of the dye concentration (up to 91 nm);

* electron-withdrawing bay substituents of the new perylene diimide compounds
enable tuning the color of the emission (from 550 to 660 nm) with reasonable
fluorescence quantum vyield of 50%. At the same time these substituents allowed to
increase the concentration of molecules in the polymer matrix, thereby reducing the
fluorescence concentration quenching and keeping low the amplified spontaneous
emission thresholds; optimal concentration of molecules for lasing layer formation was
identified to be 0.5-3 wt %;

 impact of intramolecular twisting on emission properties of singly-bonded
pyrene-carbazole/fluorene dyads and triads was revealed for the first time.

Statements to defend:
1. Fluorescent organic nanoparticles formed by re-precipitation method from sterically
hindered phenylenediacetonitrile derivatives are suitable for fluorescent organic

vapor sensors with fluorescence ON-OFF switching ratio of 38. The nanoparticle size
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tuning (from 55 to 360 nm) was achieved by controlling tetrahydrofuran/water
mixture ratio with the water concentration in the solution varied from 60 to 90%.

. Triphenylamine and naphthalimide derivatives show high fluorescence quantum
yield up to 70% in solution and up to 60% in polystyrene matrix and due to dipolar
character demonstrate pronounced solvatochromic changes in solutions from 548 nm
in non-polar solvent to 754 nm in polar solvent and in solid state by changing
molecule concentration in non-polar medium (polystyrene) from 542 nm at 0.06% wt
to 633 nm at 10% wt. The time-temperature fluorescent sensing layers based on the
temperature induced reverse color change, from emission at 610 nm typical for
aggregate state to 570 nm typical for single molecule, was demonstrated by thermal
treatment at 200°C for 24h.

. Bulk substituents at bay position of perylene diimide compounds allow changing the
fluorescence color (from 550 to 660 nm), significantly reduce the excitonic coupling
and thus fluorescence concentration quenching. Bromo-substituted and 2,4-
di (trifluoromethyl) phenyl-substituted perylene diimide compounds dispersed in
polystyrene matrix form amorphous states, which allows to reach amplified
spontaneous emission threshold of 70-200 kW/cm? at doping concentration of 0.25 to
2 wt % with high photostability better than in similar systems (with bay substituted
phenoxi groups).

. Intramolecular twisting of singly-bonded pyrene and fluorene/carbazole di-
substituted derivatives allows to increase the fluorescence quantum vyield up to
n=0.82, and reduce the fluorescence lifetime up to 1ns, compared to
monosubstituted compounds. This leads to a low (20 kW/cm?) amplified spontaneous
emission threshold at high doping concentrations (up to 5wt %). The sterically
hindered dihexyl groups allowed significant reduction of the concentration quenching
and achievement of a high emission efficiency (» up to 0.63) in the unencapsulated
neat films.

10



Layout of the thesis

The thesis consists of three chapters and reference list (143 titles). The text is
written in Lithuanian language on 116 pages with illustrations presented in 52 figures
and 10 tables.

An introduction, main goals and statements to defend as well as the articles and
conference contributions of the author together with co-authors are listed at the first
chapter of the thesis.

The experimental techniques, sample preparation and measurement instrumentation
are briefly described in chapter 2. In this work, we investigated the molecular systems
in different environments: dilute solutions, when molecules were diluted in spectroscopic
grade solvents with different polarity, and solid state when molecules were embedded in
rigid polymer matrix to reveal possible conformational changes upon photoexcitation, as
well as in the neat films to study the excitonic effects. Also fluorescent organic
nanoparticles (FON) were formed by re-precipitation method.

All original results are presented in chapter 3. They represent extended study of
optical properties of new multifunctional fluorescent emitters with special emphasis on
aggregation related phenomena. In the first part, we describe the fluorescence changes
induced by aggregation and demonstrate the applicability of the materials for
fluorescence sensing systems. In the second part, we analyse the aggregation caused

quenching (ACQ) and optimise emitting layers suitable for lasing systems.
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3. Control of fluorescence properties by aggregate formation

3.1. Aggregation induced emission and color changes

3.1.1. Formation of fluorescent organic nanoparticles and their applications

Low dimensionality accompanied with the fascinating optical, electronic, chemical
and mechanical properties, different from those of isolated molecules or bulk material,
enabled organic nanoparticles to penetrate the application areas of photovoltaics [1],
light-emitting devices [2,3], field-effect transistors [4], biological and fluorescent
labels [5], photocatalysis [6], bio- and chemo-sensors [7—9]. While still in the premature
stage, the research area covering organic nanoparticles technology mainly focuses on the
structure-properties relationships of the aggregate nanostructures and their constituent
molecules in attempt to build high-performance nanodimensional structures for organic
optoelectronic applications [10]. Among the variety of nanoparticle fabrication methods
such as mechanical milling [11] or laser ablation [12] of microcrystalline powders,
vapor-driven self-assembly of molecules in polymer matrix [13] and others, the aqueous-
solution-based methods like emulsion [1,14] and repricipitation [14,15] are the most
popular and frequently used. The advantages of the repricipitation approach lie in the
simplicity of nanoparticle preparation, purity of obtained nanoparticle suspensions
carrying no surfactants/additives (these are persistently used in miniemulsion process),
aqueous processability and easy tunability of the nanoparticle size by adjusting solute
concentration, solvent/nonsolvent ratio, temperature etc.

Fluorescent organic nanoparticles (FONs) distinguished by high fluorescence
efficiency are particularly attractive for organic light-emitting diodes, labeling and
sensing applications due to their high brightness and long-term stability [15,16].
Formation of the FONs involves a certain type of molecules exhibiting unusual
fluorescence turn-on in the aggregated form, so called aggregation-induced emission
(AIE) phenomenon. The fluorescence turn-on in the solid phase is very uncommon,
since usually, intermolecular interactions enhance nonradiative deactivation resulting in

emission quenching. AIE is known to be driven by the specific molecular packing along
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with the restricted intramolecular rotational/vibrational motions [15,17,18]. The emission
enhancement of several orders in magnitude is possible [15]. Although the processes of
intramolecular conformational changes and charge-tranfer reaction leading to significant
alteration of emission color and intensity were already known [19]. It is claimed that AIE
feature was first unveiled in siloles [20] possessing rotating peripheral aromatic rings
and later on also observed in 1-cyano-trans- 1,2- bis (4- methylbiphenyl) ethylene [15],
diphenyldistyryl- benzenes [21], fumaronitriles [22], triarylethenes [23],
azobenzenes [24], diphenyl- dibenzofulvenes [17] and some other compounds.
Typically, these molecules are completely non-fluorescent in a solution because of the
intramolecular torsions effectively contributing to the non-radiative relaxation pathway.
However, aggregation-induced blockage of the molecular conformations occurring on a
femtosecond-time-scale closes the non-radiative deactivation channel, and thus, strongly
enhances emission in the aggregates [21]. If targeting aggregates with AIE property,
special attention must be paid to the molecular structure, which apart from the torsional
motions is also responsible for the molecule arrangement in the aggregates, and therefore
determines strength and character of intermolecular interactions. More planar and rigid
molecules tend to form densely (face-to-face) packed aggregates, which facilitate
intermolecular coupling and exciton delocalization, often resulting in the emission
guenching. On the other hand, molecules bearing nonplanar structure or rotational side-
units can effectively reduce intermolecular interactions by arranging themselves into
edge-to-face structures [15,21] or amorphous-like aggregates [25,26], which in either
case can promote emission enhancement.

Here, formation of FONs based on novel p-phenylenediacetonitrile derivatives by
re-precipitation method in aqueous solutions is demonstrated. The exceptionality of the
derivatives employed is manifested by nitrile groups-induced steric hindrance effects
inhibiting concentration quenching of emission. Consisting of different size and polarity
end-groups, phenyl groups in one compound and hexyl-carbazolyl in another, the
derivatives were examined and compared in regard to nanoparticle formation
morphology, size tunability, spectral signatures, and fluorescence turn-on efficiency.

Figure 1a illustrates the dependence of the shape of M2 photoluminescence (PL)
spectrum on the water content in the solution. The spectrum at 0% of water exhibits

well-resolved vibronic structure with dominating zeroth vibronic transition (at 470 nm),
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which are typical to those of isolated molecules. The spectral shape remains unchanged

by addition of up to 50% of water indicating persistent monomolecular character of
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Figure 1. (a) Fluorescence spectra and (b) fluorescence quantum yield of M2 in THF/water
mixtures with different volume percent (v/v %) of water. M2 concentration in THF/water
mixtures was kept constant (1 x 10” M). The spectra are vertically shifted for clarity. Dashed
lines mark PL data of the neat amorphous film.

fluorescence. A sudden change in the spectral shape occurring just above 50% of water
clearly demonstrates formation of the new state with the dominant transition at 535 nm.
In accordance with the spectral signature the state persists up to 90% of water fraction.
Importantly, the PL band corresponding to this state is not present in the PL spectrum of
the neat amorphous film of M2 (Figure 1a). This indicates that the new state originates
from the aggregates with different molecular packing as compared to that in amorphous
film. The evolution of the photoluminescence quantum yield (PL QY) of M2 solutions
with increasing water content clearly displays fluorescence turn-on feature at a water
fraction of 60% (Figure 1b). The same point also marked the appearance of the new state
in the PL spectra due to formation of aggregates. The fluorescence turn-on with
increasing non-solvent content has been also reported by others [15,17,20,27], where this
feature was attributed to aggregation-induced emission. An increase of water content up
to 50% does not alter PL QY of M2, which is very low (~1%) in a dilute solution and is
totally determined by emission efficiency of non-interacting molecules as evidenced by
monomolecular spectrum. The low QY for sterically hindered molecules in dilute

solutions is known to be caused by the rotating groups-induced torsional deactivation of
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the excited state [28,29]. The increase of the PL QY followed by continuously increasing
water content above 50% is promoted by specific aggregation of the M2 molecules
present inside THF droplets. Taking into account complete water miscibility of THF,
increasing water content unavoidably reduces size of the THF droplets, and
consequently, average intermolecular separation of the M2 molecules inside the droplets
thus forcing them to aggregate. Essentially, the enhancement of PL QY is directly related
to the diminishing number of free molecules and growing number/volume of aggregates.
Since both free molecules and aggregates are capable of absorbing excitation energy, but
only aggregates produce efficient emission, the increasing number of the later is thus
responsible for the PL QY enhancement. The maximum PL QY achieved in the M2
aggregates is 38%, what determines the maximum fluorescence on/off ratio of 38. For
comparison, 2-fold lower PL QY is obtained in the amorphous film of M2,

The visualization of the
phenylenediacetonitrile nanoparticles
formed at different THF/water ratios and
casted on the aluminum foil was
accomplished by using field-emission
scanning electron microscopy (Figure 2).
FE-SEM images mainly indicate a
spherical shape of M2 and M4
nanoparticles, which in the case of M2
for 60% of water become slightly
elongated (Figure 2a). The images clearly
evidence reduction of the nanoparticle

sizes with increasing water content in the

Figure 2. FE-SEM images of M2 (a), (b), (C) THF/W&teI‘ mixture. The mean dlametel‘s
and M4 (d), (e), (f) nanoparticles formed in
THF/water mixtures with 60 (a), (d), 75 (b),

(e) and 90 (c), (f) volume percent of water. ~ averaging over the large ensemble
The solute concentration in the mixture was

kept constant (1 x 10° M).
for 90 and 60 volume percent of water, respectively, whereas for M4 nanoparticles the

of the M2 nanoparticles obtained by

attained the values of 55 nm and 360 nm

mean diameter ranged from 60 nm to 280 nm. FE-SEM results on nanoparticle sizes are

in an excellent agreement with those obtained by dynamic light scattering technique.
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Taking into account the constant M2 and M4 concentration maintained in the THF/water
mixtures irrespective of the solvent/nonsolvent ratio, descending nanoparticle size with
increasing water content indicates increasing local concentration of the molecules in the
THF droplets as well as in the casted nanoparticles. More dense packing of the
molecules in the nanoparticles and diminishing number of free molecules with increasing
water content is responsible for the steady enhancement of the PL QY and PL decay
time.

The exposure to different organic
vapors of THF, dichloromethane or
methanol produced fairly similar result
with comparable minute time-scale

quenching rate. This demonstration

shows the potential of implementation of

Figure 3.  Fluorescence images of M2
nanoparticle film spin-casted on the glass the phenylenediacetonitrile nanoparticle
substrate (a) before and (b) after exposure to ) ) )
THF vapors for 3 min. The photos are taken films for sensing of various organic
under UV excitation.

vapors.

3.1.2. Color changes determined by aggregation of naphthalimide and

triphenylamine compounds

In this chapter, we summarise results on emission color changes of donor-acceptor
molecules of singly-bonded triphenylamine and naphthalimide upon aggregation and
formation of time-temperature sensing layers.

Dipolar triphenylamine and naphthalimide derivatives showed high fluorescence
quantum yield (up to 80%) and high of electron and hole mobility values (> 10 cm?/Vs)
[S8,5S10]. Here we focus on solvatochromic behaviour of the compounds. We chose four
solvents with different polarity: non-polar toluene (dipole moment — 0.36D), chloroform
(1.04D), acetone (2.88D) and polar DMSO (3.96D). Absorbance and fluorescence
spectra of M5-M7 molecules in those solvents are presented in figure 4. The shape of
absorbance spectra do not change while changing solvent polarity, only the peak of
lowest energy band shifts by 15-24 nm by increasing solvent polarity. Also it was

observed the increase of extinction coefficient by increasing the number of
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naphthalimide arms [S8, S10]. In contrast the PL spectra show pronounced changes with
polarity, they are broadened and red-shifted up to 206 nm for M7 molecule. This is
typical when the dipole moment is enhancing in the excited state. CT origin of the
excited states was also confirmed by DFT modelling [S8, S10]. The fluorescence
quantum vyields of dilute solutions strongly depend on the solvent polarity (Figure 4).
The largest PL QY of 0.70 was observed for compounds M6 and M7 with larger number
of 1,8- naphthalimide arms in nonpolar solvent toluene. The compounds show significant

decrease of the PL QY down to 0.01 in polar solvent dimethylsulfoxide.
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The componds show intriguing emission color changes upon aggregation in
nonpolar surrounding (polystyrene). Fluorescence pictures of M5-M7 derivatives
dispersed in a polystyrene (PS) matrix and neat films excited by UV-LED (365 nm) are
presented in table 1. Pictures show that fluorescence spectra gradually changes from
green colour in the lowest concentration polymer film to orange in 10wt %. The
spectrum of neat film is even more red-shifted. We attribute these color changes to solid

state solvation processes.
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Table 1 Fluorescence pictures of M5-M7 derivatives embedded with different concentrations in
polystyrene matrix and neat films. Excitation: 365 nm UV-LED.
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Figure5. Peak positions of films

annealed at different temperature of M7
embedded with different concentrations in

polystyrene matrix.

4 wt % 10 wt % Neat film

The biggest spectral change exhibited
molecule M7 was chosen to demonstrate the
operation of temperature sensor. M7 molecule
was dispersed in PS matrix, casted on glass
substrates and annealed at 100, 150 and 200°C
temperature for 24h.

The peak positions of fluorescence
spectra of the films are depicted in figure 5.
Films annealed at 200°C exhibited blue-shifted

spectra with peak positions shifted from 11 to

38 nm. Fluorescence microscopy studies revealed that annealing, as well as increase in

dye concentration, leads to enhancement in the nanoaggregate size. However the

fluorescence shifts from that typical of aggregate emission to that typical for single

molecules, upon annealing. This reverse color change is rather unusual, since typically

annealing leads to formation of aggregates and results in significant redshift due to self-

trapped exciton formation [30-34]. The red-shift can rationalised by taking into account

excitation energy transfer processes from monomer to aggregate species. Thermal

treatment results in diffusion of molecules and formation of larger size aggregates,

however this also results in enhancement in average distance between single molecules

and aggregates. This causes reduced excitation energy transfer and stronger emission of

single molecules, thus the blueshift in emission.
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3.2. Control of fluorescence concentration quenching

The investigations of solutions have made great input to the major understanding of
luminescence processes at molecular level. The assumptions made from the dilute
solution data, however, cannot usually be extended to the concentrated solutions.
Certainly, many organic chromophores demonstrate very different light-emitting
behaviours in dilute and concentrated solutions. For instance, emission is often
weakened or quenched at high concentrations, a phenomenon known as concentration
quenching [35]. A main reason for the quenching process is associated with the
formation of aggregates [35].

In the second part of experimental results, we discuss an opposite case, when
fluorescence of the film is quenched by formation of molecular aggregates. The
aggregation caused quenching (ACQ) is important for OLED layers fabrication [35, 36].
But it is even more important to organic lasers where the concentration of chromophores
could be very high to achieve low stimulated emission thresholds [37,38]. Here we
summarize the peculiarities of aggregation induced fluorescence quenching phenomenon
in functionalised lasing systems such as perylene diimide, pyrene and DCM laser dye

systems.

3.2.2. Bay substituted perylene diimides for laser applications

Perylene tetracarboxylic acid diimide, in short perylenediimide (PDI) derivatives
constitute one of the most widely studied molecular system, which, owing to unique
combination of physical properties found applications in almost all directions of organic
optoelectronics. Based on their high stability, optical and redox properties PDI
derivatives are employed in electrophotography (xerographic photoreceptors) [39] and
photovoltaics [40]. High electron affinity of rylene diimide dyes and close chromophore
packing in the solid state make them one of the best organic electron-transporting
materials for thin film transistor applications [41,42]. Recently, air-stable thin film
transistors have been demonstrated [43]. Additionally, extended n-conjugation and rigid

molecular structure of the PDI core results in a high PL QY, thus making PDI
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derivatives attracting as laser dyes [44,45], e.g. famous perylene orange and red dyes,
fluorescent light collectors and labels [22,23], fluorescence sensors [46] as well as
emitters in organic light emitting diodes (OLED) [47]. It is important to note that PDIs
are among the most photostable organic electronic materials reported in literature what is
advantageous for optoelectronic applications, in particular for laser applications [48]. If
considering PDI derivatives studied in this work, the later application is at our primary
focus.

Origin of the excited states. Polymer

o) 0
\_\_zNN films doped with PDI dye molecules constitute
o} Q O 0_2_\_\ nontrivial objects with optical properties

PDIO varying from those of molecular-like to
R crystal-like depending on doping
0] 0]
concentration [48-50]. Strong concentration
Hz5C12-N O‘O N-Cq2Hzs [ ] g
o Q ' o effects might occur as a result of various
R excitation energy-transfer processes that can be
PDIL: R= Br critical for the dye performance in a
F5;C
’ device [51,52]. To disclose molecular and
PDI2: R= CF3
exitonic spectral properties of the PDI-doped
PDI5: R= CN polymer films, absorbance and fluorescence
Figure 6. Chemical structures of the PDI spectra of the PDIO/PS, PDI1/PS, PDI2/PS and
derivatives. PDI5/PS (Fig. 6) films at relatively low 0.06-

0.5 wt % and high 8 wt % doping concentrations were investigated (Fig. 7). 0.06 wt %
doped PDIO/PS film exhibits spectral behaviour typical of single perylenediimide
molecules, which have a narrow 0-0 absorption band at 531 nm accompanied by well-
resolved set of vibrational satellites (spaced by 0.17 eV) originating from several internal
breathing modes [53]. Corresponding fluorescence bands appear as a mirror-image of the
absorption bands and are Stokes-shifted by only 5 nm. This indicates high rigidity of the
PDI molecular structure. Similarly, absorption spectra of the PDI1/PS, PDI2/PS and
PDI5/PS films doped with the bay-substituted PDIs at low concentration closely
resemble those obtained for dilute THF solutions with non-interacting PDI

molecules [54]. Small red shift (of about 5 nm) of the PDI/PS spectra in respect to the
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PDI solution spectra can be attributed to the
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different surrounding media of the PDI

molecules. Generally, the bay substitution with

| (b) PDI1 content |
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electron-withdrawing groups causes only slight

modifications to the spectral properties of

isolated PDI molecules, and consequently, only

minor reduction of photoluminescence QY in
dilute solutions [54,55]. On the other hand, the

bay substitution was reported to have dramatic

L(c) PDI2 content -
| -~ 0.25wt %]

—8Wt%

Absorbance (arb. units)
PL Intensity (arb. units)
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PDIS content - effect on the spectral properties of the PDIs in a

state [55].  Indeed,
fluorescence spectra of highly doped PDI1-5/PS

solid absorbance and
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films (solid lines in Fig.7) demonstrate

Figure 7. Normalized absorption and remarkable modifications of the spectral profiles

fluorescence spectra of a) PDIO/PS
films, b) PDI1/PS films, c¢) PDI2/PS
films and d) PDI5/PS films with
relatively low 0.06-0.5 wt % (dashed
lines) and high 8 wt % (solid lines) PDI-
doping concentrations.

and maxima positions. The modifications of the
excitonic properties are mainly related to
different molecular packing caused by the steric

hindrance effects. The substitution at the bay

position induces two major changes to the planar geometry of the unsubstituted PDI. The
first is a twisting of the perylene core by 14-36 degrees depending on a bay-substituent,
which generally reduces intermolecular interaction [55], whereas the second geometry
modification, i.e. large torsions of the bay substituents in respect to the core, arises from
the steric hindrance at the bay regions. Large torsion angles (~70°) between the planes of
the perylene core and aromatic bay substituents revealed by DFT calculations inhibit
close packing of the PDI2 and PDI5 molecules thus also diminishing intermolecular
coupling in a solid state [54]. Meanwhile, owing to the planar geometry of PDIO, the
highly doped PDIO/PS film shows very broad absorption spectrum with strongly
redshifted lowest energy band at about 625 nm indicating strong excitonic coupling. We
attribute this band to J-like (Jelley-Scheibe) aggregates in accordance with the previous
reports, where the absorption band located in the range of 621-629 nm for similar PDI

derivatives with ethyl-heptyl groups at the imide nitrogen position were attributed to the
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J aggregates [56]. Similarly to changes in absorption, fluorescence spectrum of the
PDIO/PS film also exhibits pronounced redshift of the emission maximum from 536 nm
to 652 nm followed by increase in the chromophore concentration from 0.06 to 8 wt %
confirming strong excitonic coupling. Emission spectrum is Stokes-shifted by 27 nm and
shows well-expressed vibronic structure typical for excitonic spectrum. It is well-known
that the bay substitution of PDIs leads to significant transformation of the excitonic
interaction. Incorporation of bromine at 1,7 position of the PDI (compound PDI1) was
shown to result in the core twisting by about 24 degrees and reduction of excitonic
coupling [54,55]. This is evidenced from the less broadened absorption spectrum and
blueshifted lowest-energy absorption band (at about 585 nm) as compared to that due to
aggregates of planar PDIO (see Fig. 7a,b). Bulky 2,4-di(trifluoromethyl)phenyl bay
substituents in the PDI2 give rise to both geometrical modifications (PDI core twisting
and torsions of the bay-substituents) of the molecule resulting in even stronger
suppression of the excitonic interaction. Absorption spectrum of highly doped PDI2/PS
film is similar to the molecular spectrum obtained at low chromophore concentration and
shows just a slight broadening (Fig. 7c¢). Correspondingly, the main fluorescence band of
highly doped PDI-2/PS film experiences much smaller red shift in respect to the lightly
doped PDI-2/PS film as compared to the red shifts of the rest films and a continuous
trend of fluorescence band shifting from 625 nm (for PDI0/PS) to 589 nm (for PDI2/PS)
can be observed (see solid lines in Fig. 7a-c). Increase of the doping concentration in
PDI5/PS film with dopant PDI5 having less polar 4-pyridyl bay substituents also causes
a slight broadening of the absorption spectrum with the lowest-energy band at about
560 nm (Fig. 7d), which is attributed to the face-to-face or rotationally displaced face-to-
face molecular packing (H-type aggregates) [55]. Fluorescence spectrum of highly doped
PDI5/PS film is strongly Stokes-shifted and features broad unstructured band at about
659 nm. This signifies remarkable lattice reorganisation leading to exciton self-trapping,
which is commonly observed for face-to-face packing of large aromatic
molecules [53,57].
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Figure 8. Fluorescence quantum yield
of the PDIO/PS films (dots), PDI1/PS

films (rectangles), PDI2/PS films
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concentration. Lines are guides for the
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Fluorescence quenching. Increase in the
PDI concentration causes formation of aggregates
leading to remarkable fluorescence quenching of
the PDI/PS films. Fluorescence QY dependences
of the PDIO/PS, PDI1/PS, PDI2/PS and PDI5/PS
films on the PDI content for the 0.06 — 8 wt %
in Fig.8. At low PDI
concentration the reference film PDIO/PS attains
QY of 96% that is similar to the value obtained

range are depicted

for non-interacting PDIO molecules in dilute
solutions. On the other hand, the films doped with
the bay-substituted PDIs (PDI1, PDI2 and PDI5)
at low concentration express somewhat lower QY
values as compared to those obtained in their

solutions. Note that the QY values ranging from

73% to 47% were obtained for the PDI1-PDI5
compounds, respectively, in their dilute solutions [54] and the values from 56% to 26%
were estimated for the same compounds in PS films at low doping concentration (Fig. 8).
This discrepancy of the QY values in solution and polymer film at low doping level
might be attributed to the sensitivity of the bay-substituted PDIs to the polarity of the
surrounding media as was reported for bromine bay-substituent [58]. Generally, the
reduction of fluorescence QY with incorporation of bay-substitutents in dilute media is
known to originate from intramolecular charge-transfer induced by the difference in a
polarity of the PDI core and the bay-substituents [54,58].

All the studied PDI derivatives dispersed in polymer matrix at high concentration
display very low PL QY (2-8%) (Fig. 8). This decrease of PL QY with increase of the
doping concentration suggests formation of aggregate states acting as molecular
emission quenchers. Obviously, fluorescence quenching is dependent on the bay-
substituents, which govern molecule arrangement in solids via the steric hindrance
effects. As it can be seen from the inset of Fig. 8 half of the fluorescence intensity of the
unsubstituted planar PDI0 molecules quenches already at 0.24 wt % doping content,

whereas fluorescence concentration quenching for the bay-substituted non-planar PDI1,
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PDI2 and PDI5 compounds occurs at about 0.5 wt %, 0.6 wt % and 0.9 wt % doping
content, respectively. The quenching at the 3-4 times higher doping levels for the
polymer films doped with the bay-substituted PDIs is a result of reduced intermolecular
interaction due to the less tight packing of the films.

Table 2 Optical properties of the bay-substituted PDI derivatives (PDI1, PD2 and PDI5) and

unsubstituted reference PDI compound (PDIO) dispersed in polystyrene film at low and high
doping concentration

PDI content in PDI content in
PDI/PS film PDI/PS film |t t
0.06 — 0.5 wt % 8 wt % QY max ASE 5| (pum O.Yulses)
Aabs | Aem T Trad | Tnrad A (nm) Aem Tavg (kW/Cm ) pump p
(nm) |(hm)| (ns) | (ns) | (ns) | " (nm) | (ns)

495, 1537, 474, 508, 20@0.03 120x10°
PDIO 531 | 579 49 | 5.1 (123.3 560, 605 650 [11.51| 0.96 Wt % @40 KW/em?
494, | 547, 496, 534, | 552, 69@0.25 120x10°
PDI1 532 | 585 6.6 [13.4]12.9 580 619 3.10 | 0.49 Wt % @200 KW/cm?
493, | 545, 589, 166@0.5 [25x10°
PDI2 526 | 581 6.1 |11.0| 13.4 | 495, 528 628 293 | 055 Wt % @300 KW/cm?
510, 816@0.5 [10x10°
PDI5 545 579 | 6.7 [27.0| 9.0 [517,552| 662 [16.88| 0.25 Wt % @1600 KW/cm?2

To reveal the dominating excited state relaxation processes and to support
fluorescence QY decrease due to concentration quenching effects, fluorescence
transients of the PDI/PS films at various PDI concentrations were measured. At low PDI
doping concentrations (<0.5 wt %) the transients could be fairly well approximated by
using single-exponential decay model, whereas at high PDI concentration at least two
decay components were required to fit the data. Correspondingly, only the average
fluorescence lifetime (tayg) for high PDI content of 8 wt % is given in Table 2. Based on
measured fluorescence lifetime and QY results radiative (tq) and nonradiative (Tpraq)
decay time constants for the PS films with low PDI content were evaluated.
Fluorescence lifetimes of the bay substituted PDI1-PDI5 compounds embedded in a PS
matrix were found to be slightly longer (see Table 2) as those obtained for the same
compounds in THF solution [54]. The radiative relaxation rate was clearly dominant for
the isolated molecules of the reference PDIO compound and this rate determined the
character of the excitation relaxation processes in the bay-substituted PDI/PS films at
low PDI concentration. At high doping concentration fluorescence lifetime is affected by

the nature of exciton-vibronic coupling and exciton transfer processes. Interestingly, an
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increase in the PDI-doping concentration resulted in the 2-fold shortening of the
fluorescence lifetime for the PDI1/PS and PDI2/PS films, meanwhile in more than 2-fold
extension of the lifetime for PDIO/PS and PDI5/PS films. The result can be clarified by
the differences in molecular packing of the aggregates indicating the presence of self-
trapped excitons in more tightly packed PDI0/PS and PDI5/PS films as it was previously
revealed from the excitonic spectral features (see Fig. 7).

Amplified spontaneous emission. Alteration in intermolecular coupling caused by
the electron-withdrawing bay-substituents of the PDI compounds severely influences
amplified spontaneous emission (ASE) properties of the PDI/PS films. Figure 9 depicts
excitation power dynamics of the edge emission of PDIO-PDIS5/PS films in the “thin-
stripe” geometry [59]. All the PDI/PS films demonstrate broad spontaneous emission
spectra structured with vibronic modes, particularly well-resolved for PDO/PS film, at
the lowest pump density. Note that the maxima of spontaneous emission spectra
measured from the edge are located at the first vibronic replica if compared with the
spectral maxima peaked at the zeroth vibronic mode, which are measured in usual
backscattering configuration. This is caused by the reabsorption of the short-wavelength
tail of the emission band. Increase in the excitation power density of the PDI/PS films at
a certain point results in the emission band narrowing indicating an onset of ASE. The
ASE band emerges at the spectral position of the first vibronic replica, i.e. at the
emission band maximum, which is a typical situation for PDI derivatives since
absorption in the spectral region of the zeroth vibronic replica is relatively strong [48].
All of the studied bay-substituted PDI derivatives demonstrate pronounced ASE
behavior. Substitution at the bay position enables tuning of the ASE wavelength from
581 nm (for unsubstituted PDIO) to 624 nm (for PDI5). Additionally, some tuning of the
ASE peak can be accomplished by changing the dye concentration in the PDI/PS films.
For example, variation in the PDI5 content from 0.06 wt % to 4 wt % can shift the ASE
peak from 596 nm to 626 nm.

The onset of the ASE can also be verified from the integrated fluorescence intensity
dependence on the pump density (see insets of Fig. 9). A sudden change in the intensity
dependence from linear to superlinear clearly signifies the onset of the ASE and enables

estimation of the excitation intensity threshold values (1}, ) of the ASE for each PDI/PS
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film at various doping concentrations. 1}.. value are important parameter describing the

feasibility of the material to be employed in lasing systems as an active media.

Evidently, an active material featuring lower 13, will require lower operating current

density, which is critical for the device formation [37,60].
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Figure 9. Excitation power dependence of the edge emission spectra of (a) PDIO/PS film, (b)

PDI1/PS film, (c) PDI2/PS film and (d) PDI5/PS film doped with 0.125, 0.5, 0.5 and 0.5 wt %

of the PDI, respectively. Insets show integrated fluorescence intensities as functions of

excitation power densities. The arrows indicate onset of ASE.

Since molecule arrangement plays a major role in obtaining high fluorescence QY
and stimulated emission in a solid state, detailed investigations of the ASE performance
as a function of the concentration of the active material is of great importance.
Moreover, these investigations are indispensable for determination of the optimal
concentration for laser operation [48]. Essentially, the ASE performance of the PDI
derivatives is rather sensitive to the chromophore concentration. PDI derivatives
substituted at the imide nitrogen position was reported to show ASE for concentrations
ranging from 0.25 to 5 wt % [48,61], whereas the derivatives additionally substituted at
the bay position by tert-butylphenoxy or tert-octylphenoxy groups expressed ASE for

concentrations ranging from 1.5 to 3 wt % [62,63].
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higher fluorescence QY as compared with that of their solids, the onset of ASE initially
occurs for the single molecular states. This is also confirmed by the ASE spectral
behaviour observed in the PDI/PS films with low PDI content (Fig. 10). Increasing PDI
content reduces intermolecular separation and thus diminishes optical losses causing
lowering of the 1%... However, further increase in the PDI concentration results in the
formation of aggregated states with absorption in the emissive region of single PDI
molecules. As it was shown in Fig. 8, aggregates of the PDI0-PDI5 derivatives also act
as quenchers of molecular emission, and consequently, leads to an increase of the 1}, .
This implies presence of some optimal chromophore concentration range in the PDIO-

PDI5/PS films, where favourable conditions for ASE and minimal 1%, value can be

attained. This optimal concentration range for the reference compound PDIO was
determined to be between 0.01 and 0.25 wt %, whereas the minimal 1%, value was
estimated to be as low as 20 kW/cm? Note that similar ASE threshold value

(15 kW/cm?) has been reported for the PDI substituted at the imide nitrogen [48].
Although the bay-substituted PDI1-PDI5 derivatives demonstrate remarkably higher

I%.. values, they also feature wider concentration range (0.06 — 4 wt %) favourable for
ASE observation, which is shifted by more than one order of magnitude to higher
concentrations (see Fig. 10). The minimal 1% values of 70 kW/cm?, 165 kW/cm® and
860 kW/cm?® were obtained for PDI1/PS film doped with 0.25 wt % of bromo-substituted

PDI dopant, PDI2/PS film doped with 0.5wt% of 2,4-di(trifluoromethyl)phenyl-
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substituted PDI dopant and PDI5/PS film doped with 0.25 wt % of 4-pyridyl-substituted

PDI dopant, respectively. I, values estimated in previous ASE studies were

300 kW/cm? for tert-butylphenoxy and 1500 kW/cm? for tert-octylphenoxy bay-
substituted PDIs dispersed in polystyrene [48,62,63]. It is worth noticing that the
obtained ASE threshold values of PDI1 and PDI2 compounds are among the lowest ones

observed for the bay-substituted PDIs. Although the minimal 1% is significantly lower

for the unsubstituted reference compound PDIO, the ASE is rapidly quenched for the
chromophore concentration exceeding 0.25wt %. 2,4-di(trifluoromethyl)phenyl-
substituted perylenediimide derivative (PDI2) can be distinguished by the smallest
intermolecular coupling due to the bulky bay-substituents resulting in the greatly
extended range of doping concentrations (0.06 —4 wt %) favourable for the ASE

observation. The latter result infers realization of spontaneous emission amplification in
the PDI2/PS films for the PDI2 concentrations up to 2 wt % at reasonably low 1%,
values of 200-300 kW/cm?. High doping levels are required for efficient lasers where

dye-doped organic matrices are used as gain medium.
. Photostability. One of the most

=
o

attractive properties of perylenediimides is
their unique photostability [62].  This
property is especially important for

practical lasing applications,  where

Norm. ASE Intensity
o
[e0]

sufficiently high photon flux must be
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PDI5S/PS films was investigated by

Number of pump pulses (x103)

. _ _ _ recording the integral ASE intensity as a
Figure 11. Normalized ASE intensity

dependence on the number of pump pulses function of the number of pump pulses at
for PS films doped with PDIO, PDI1, PDI2
and PDI5 at optimal doping concentration
of 003, 025 05 and 025wWit%, Twice as high pump intensity as the
respectively. The excitation power densities

were 40, 200, 300, and 1600 kW/cm? minimal 1. for each of the PDI/PS film

respectively.

constant pump intensity (see Fig. 11).

was used in the  photostability
measurements. A general tendency of the photodegradation evidenced from a decrease
of the total ASE output was observed for all the PDI/PS films. To compare the stability
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of lasing PDI/PS films it was defined as the number of pump pulses at which the ASE
intensity decayed by 30% of its initial (maximal) value. Very good stability lifetime (t ;)
of 120x10° pump pulses was obtained for the reference compound PDIO as well as for
the bromo-substituted PDI1 compound. These results are comparable to those obtained
for commercially available perylene orange laser dye dispersed in various matrices, like
organically modified silica (ORMOSIL) [64] or PMMA [65]. On the other hand,
PDI2/PS and PDI5/PS films with the bay-substituted PDI dopants degraded remarkably
faster with to; of 25x10° and 10x10° respectively, mainly because of the considerably
larger ASE thresholds (see Table 2). Despite of the weaker photostability, our bay-
substituted PDI derivatives (PDI1 and PDI2) demonstrate at least an order of magnitude
higher photostability as compared to various other organic compounds including other
bay-substituted PDIs such as phenoxy-substituted PDlIs [62,63].

3.2.4. Fluorene, carbazole and pyrene derivatives for laser applications

One of the most exploited aromatic units constituting the multichromophoric
systems are carbazole and fluorene, which, in fact, by proper substitution are capable of
delivering multifunctional properties. For instance, carbazoles, known as classic hole-
transporters are also utilized as light-emitting materials [66,67]. Meanwhile fluorenes,
which are famous for high fluorescence efficiency, easy wavelength-tunability and
therefore employed as an active media in OLEDs [68] and organic lasers [69], have been
also employed in photovoltaic devices [70].

Previously hardly achievable due to inefficient synthesis routes, carbazole
substitution at the 2,7- positions results in a more symmetrical elongated molecule shape,
which is beneficial for the preparation of parallel-to-a-substrate oriented molecule layers
facilitating light outcoupling from an OLED structure [71,72] and enabling a reduction
of amplified spontaneous emission threshold [73].

Integration of the pyrene functional unit into the unified conjugated structure with
the fluorene and carbazole chromophores at 2- and 2,7- positions is based on the
following arguments. Pyrene moiety has long been known as fluorescent label and probe

owing to its tendency of excimer formation, long-lived excited states, high fluorescence
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efficiency, and sensitivity of these features to microenvironmental changes [74].
However, it is only recently that pyrene was started to be used as organic semiconductor
for advanced applications in materials science and organic electronics. Pyrene-based
low-molecular-weight compounds and polymers have been employed as active
components in OTFTs [75] and solar cells [74]. Theoretical and experimental findings
indicated that suppression of pyrene aggregation by bulky substitutents can result in high
solid-state fluorescence quantum efficiencies [76]. Both vacuum deposited [77] and
solution-processed [78] layers of fluorene compounds substituted with pyrene at 2-,7-
positions were used as efficient blue-emitters in OLEDs. Pyrene-modified
oligocarbazoles at 3- and 6- positions were demonstrated to express higher fluorescence
quantum efficiencies than the analogous oligomers without pyrene [79]. It is worth
noting that there is a lack of reports on the carbazoles substituted with pyrenes at 2,- or
2,7- positions. More recently, pyrene-cored 9,9-dialkylfluorene starbursts were utilized
as an optical gain media for low threshold organic semiconductor laser application [80].

Theoretical calculations. As in the case of FP and KP dyads, PFP and PKP triads
also expressed very similar energy spectra and oscillator strengths for the So, S; and S,
states. In principle, the description of the dyads twisted at various angles between pyrene
core and fluorine/carbazole in S, state is also applicable to triads, since their total
energies follow the same trend (Fig. 12). The triads, however, show even wider angular
distribution of the corresponding subunits causing So— S; transition to be of
comparable strength as that of S; — S, at large (or small) dihedral angles. Similarly to
the dyads, S, state in the triads also expressed energy minima in respect to the twist
angle. However, the minima appeared to be slightly deeper and at the larger twist angles
(122 deg and 58 deg). The revealed difference between the dyads and triads can be
possibly experimentally detected through the intensity variations of the lowest
absorption bands corresponding to these transitions.

Electron density in HOMO and LUMO of the PFP as well as PKP triad is
delocalized over the central fluorene(carbazole) and both pyrene subunits in case the
subunits are not orthogonal (Fig. 12). Since the triads in the ground state can possess
various twist angles (60-120 deg) such the distribution of electron density is highly
probable.
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Figure 12. Calculated total energies of the ground state Sp and the first two excited states
S1, S; (a) and oscillator strengths of the singlet transitions So — S;, So— S; (b) as a
function of dihedral angle for the PFP triad. HOMO and LUMO of the PFP triad calculated
at a dihedral angle of 120 deg using the B3LYP/6-311G (d,p) basis set.

Summarizing the DFT calculation results it is evident that both S;, — S; and
So — S, transitions contribute to the optical spectra of fluorene and carbazole derivatives
substituted with pyrene at 2-, 2,7- positions, which is in agreement with other reports on
1-substituted pyrene compounds [81]. A novel result is the low activation energy for the
intramolecular twisting of the large singly-bonded chromophores causing the enhanced
contribution of the S; — S; transition at the large twisting angles (above 120 deg or
below 60 deg). Importantly, the triads display conformers with larger twist angles than
those of the dyads, and thus, greater impact of the S, state, which determines emission
properties, the main subject of the present study.

Intramolecular twisting in the excited state. Intramolecular twisting of singly-
bonded sterically hindered groups is a frequently observed phenomenon for
multifragment compounds [19]. Excited state decay transients of the compounds
molecularly dispersed in PS host at concentrations ranging from 1 wt % to 10 wt % were
measured and reliably described by double exponential decay model with the dominant
decay component having a fractional intensity of over 83%. The estimated dominant
lifetimes (1) for the compounds in PS matrix at low chromophore concentration were

found to be 30% longer as to those obtained for the dilute solutions. This provides an

31



additional prove of the intramolecular twisting in the excited state. The DFT calculations
show potential energy minima in the excited states of the dyads and, in particular, of the
triads in the vicinity of 120 deg (60 deg) twist angle (Fig. 12a). Possibly, the minima
could be more pronounced if the solvation-shell effects were included in the calculations.
Since the ground state has the flat potential minimum allowing for a wide distribution of
the twist angles, excitation creates differently twisted conformers. In a solution, the
excitation migrates to the potential minimum resulting in 120 deg twisted conformers
and yielding remarkable shortening of the excited state decay time (down to 1 ns for the
triads). Whereas in a rigid PS matrix the intramolecular twisting is restricted implying
smaller average twist angle causing emission from the differently twisted conformers
and resulting in the observed emission blue shift, nonexponential decay and enhanced
average decay time.

Extended  spectroscopic  study  of

-
o
w

fluorescence concentration quenching and
amplified stimulated emission of the perylene
derivatives was performed similar to the data

presented for PDI componds in the previous

section [S4]. Concentration dependencies of
for FP, KP, PFP and PKP molecularly

triads l.

ASE threshold (kW/cm?)
o

I th
ASE

0.1 1 10 i i i i i
Concentration in PS (wt %) dispersed in PS matrix are illustrated in

—
O_n

Figure 13. All the compounds demonstrate

Figure 13. ASE threshold as a function rather sensitive ASE performance in respect to

of FP (hollow squares), KP (filled i
circles), PFP (filled squares) and PKp the chromophore concentration. At low

(empty circles) concentration in PS
matrix. Lines are guides for the eye.

concentration it increases implying some optimal chromophore concentration, for which

concentration 1. decreases, whereas at higher

I is the lowest. Since the non-interacting molecules of pyrene-functionalized fluorene

and carbazole compounds exhibit higher fluorescence quantum efficiencies as compared
to those of their solids and molecularly doped PS with chromophore concentration above
1 wt %, the ASE occurs for the single molecule states. An increase of the chromophore
concentration (up to 3 — 5 wt % for our compounds) reduces intermolecular distance and

thus diminishes optical losses lowering the 15.. However, further increase in the
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concentration causes molecule agglomeration to play a decisive role resulting in the
aggregation-induced absorption in the spectral region of the amplified emission. This,
consequently, enlarges optical losses and rapidly increases 1. (Fig. 13).

In accordance with Einstein’s B coefficient for stimulated transitions
B « (c3/8mhvd)kg, which is inversely proportional to the 1., the lowest ASE
threshold implies the highest radiative decay rate kg (kg = #/7). Here c is the velocity of
light, w - the frequency of light and h - Planck’s constant. This allows us to rate the
compounds according to kg value, expecting the best ASE performance with the lowest
ASE threshold to be demonstrated by the compounds featuring the highest kg [73]. The
calculated kg for FP, KP, PFP and PKP molecularly dispersed in PS matrix at optimal

concentration are presented in Table 3. Indeed, as predicted from kg estimations, PFP

featuring the highest kg (3.8x10° s™') demonstrates the lowest I (20 kW/cm?), whereas
KP expressing the lowest kg (1.1x10% s™) shows the highest 1% (100 kW/cm?). The

obtained lowest 1%, of the pyrene-functionalized fluorene and carbazole derivatives
compare well with the ASE threshold values of other classes of small molecule
compounds [62] and also with the best ASE threshold values (15-20 kW/cm?) achieved
for 100% emissive perylene derivatives measured in analogous conditions with the

compounds dispersed in the inert polymer host [51, S3].

Table 3. ASE properties of the pyrene-functionalized fluorene and carbazole compounds FP,
KP, PFP and PKP molecularly dispersed in PS matrix at the optimal concentrration.

Copt ® JASE ®) | th FWHM © ks @

(wt %) (nm) (kw?f:fnz) (nm) x10° (s)
FP 5 424 60 9 1.7
KP 3 424 100 19 1.1
PFP 5 435 20 5 3.8
PKP 3 437 35 13 2.5

(a) Optimal concentration for which IK‘SE is the lowest; (b) ASE peak wavelength; (c) Minimal full width at half
maximum of the ASE band; (d) Radiative decay rate.

Importantly, the PFP and PKP triads exhibit lower ASE thresholds than the FP
and KP dyads, which again can be understood via more complex three-dimensional
conformations of the triads obstructing closer molecule packing, and thus, diminishing
intermolecular coupling and nonradiative decay processes. On the other hand, FP and
PFP bearing bulky dixehyl substituent at fluorene C9 position exhibit lower 1}, than
KP and PKP containing less bulky ethylhexyl chain at carbazole N9 position, which is
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also a consequence of suppressed intermolecular coupling. These ASE results are
consistent with the fluorescence spectral and concentration quenching data and suggest
that multichromophoric compounds with the larger number of highly-emissive singly-
bonded chromophores, owing to their higher emission quantum efficiencies, shorter
fluorescence lifetimes and more pronounced steric hindrance effects, are more favorable
for application in light-emitting device active layers. Incorporation of optically inactive
bulky aliphatic groups into the compounds is advantageous, in particular, for solution-

processed thin film layers where they prevent detrimental molecule aggregation.
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