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1 Introduction

Mostly composed of carbon atoms organic materials have
almost unlimited possibilities for tunability of their electrical and optical
properties through chemical engineering.! Moreover, molecular structure
of organic compounds predetermines their intermolecular interactions
and thus distinctive molecular packing in the solid state resulting in
unique mechanical properties. These properties allow producing
lightweight, flexible, stretchable, thin, transparent, large area and
potentially cheap optoelectronic devices, which in fact boosted the
existing popularity of organic semiconductors.23 Solution processability of
organic materials enables implementation of a variety of printing
technologies, such as inkjet printing or stamping, and thus allows
fabricating large area devices from roll to roll at low cost. The synergy of
electrical and mechanical properties led to the development of unique
organic devices, in many aspects outperforming inorganic semiconductor-
based analogs. The spectrum of such devices is very broad and covers
multiple areas of potential applications e.g. integrated circuits,* general
lighting,> displays,® sensing,” xerography,® solar harvesting® and many
others.1® However, a large variety of potential applications does not
guarantee a successful commercialization, on the contrary, it requires
extensive research to make organic electronic devices competitive on the
market. Although intensions to reduce the consumption of fossil fuel and
steadily increasing world’s energy demand intensely pushes the
development of organic photovoltaics, relatively low durability and
efficiency of OSCs are serious issues remaining to be solved.!!

The solar energy harvesting in OSCs is ensured by a series of
cascading processes, i.e. absorption of solar light, exciton generation,
exciton diffusion to the donor-acceptor interface, exciton dissociation into

free carriers, drift of the electrons and holes towards the electrodes as



well as carrier extraction from the material. Since all of these processes
occur sequentially, the efficiency of each process must be maximized to
achieve the highest possible device performance. It has been
demonstrated that power conversion efficiency of OSC directly correlates
with exciton diffusion length in donor material, since it is one of the
primary processes in operation of solar cell.1? Exciton diffusion length in
disordered organic materials usually does not exceed 10 nm, while the
absorption depth of the solar light in donor and acceptor materials is
typically higher than 100 nm. This implies exciton relaxation before
reaching donor-acceptor interface, where it could dissociate and further
contribute to the photocurrent. To this end, the research of materials
possessing long exciton diffusion length and the ways of enlarging it by
chemical engineering are of great importance.

Another important factor determining efficiency of OSCs is the
capability to harvest full spectrum of solar radiation. Since the solar
spectrum is broad, extending from visible to infrared region, it is virtually
impossible to create organic compound capable of absorbing all of the
sunlight. One possible way is to combine several organic materials
possessing different bandgaps and stack them in tandem solar cells. An
alternative approach is to exploit light upconversion phenomenon, which
enables conversion of low energy photons to higher energy ones, thus
ensuring utilization of broader spectral range of solar radiation for OSC.13
Light upconversion has the advantage over tandem OSC that it does not
require diligent adjustment of the layers in the cells to keep balanced
photocurrent and avoid potential barriers for charge carriers. The light
upconversion mediated by triplet-triplet annihilation (TTA-UC) in organic
semiconductors can be achieved under incoherent excitation and at
relatively low excitation power densities (~10 mW/cm?), which are
directly available from the sun.1* The quantum yield of TTA-UC in solution

or liquid medium exceed 26%,!> however for practical applications solid



state materials are preferred, which, demonstrate one order of magnitude
lower @uc.l® The reduced efficiency in the solid films compared to
solutions is typically ascribed to insufficient triplet exciton diffusion.
However, no systematic studies of triplet exciton diffusion in the solid

upconverting films have been carried out so far.

1.1 Aim and objectives of the dissertation

The dissertation is aimed at achieving tunability of exciton

diffusion in organic solid films of triphenylamine (TPA) and 9,10-

diphenylanthracene (DPA) compounds, and thereby enhancing their

performance for organic optoelectronic applications like solar cells, light
upconverters etc. To achieve the goal the following tasks were formulated:

1. To perform photophysical measurements of phenylethenyl-
substituted TPA compounds and determine the photophysical
processes ongoing in these compounds in various environments as a
function of number and type of phenylethenyl sidearms.

2. To quantitatively evaluate exciton diffusion in the TPA films by time-
resolved fluorescence bulk-quenching technique followed by Monte
Carlo simulations as a function of the number of different
phenylethenyl and naphthalimide sidearms.

3. To determine fluorescence concentration quenching, energy transfer
efficiency, emission quantum yield in light upconverting DPA
polymeric films as a function of emitter concentration.

4. To estimate singlet and triplet exciton diffusion in light upconverting
DPA polymeric films as a function of emitter concentration.

5. To assess the influence of concentration of triplet exciton sensitizer
to the TTA-UC quantum yield.

6. To evaluate potential of singlet exciton sink approach for enhancing

TTA-UC in the solid films.
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1.2 Novelty and relevance

In the dissertation the photophysical properties and energy
transfer studies of the new phenylethenyl-substituted TPA derivatives are
described. It is found that in solid films of branched TPA derivatives a
dense network of the sidearms is formed, which results in prolonged
exciton diffusion length. Such effect has not been observed before.
Research disclosing materials with long diffusion length is very important
for the development of efficient solar cells or other optoelectronic devices.

The film formation technology by melt-processing followed by
rapid cooling allows achieving high concentrations (up to 40 wt%) of DPA
in the polymer matrix with low fluorescence quenching (up to 65% of the
initial efficiency). Films with such high DPA concentrations and small
aggregation were not demonstrated before. A large concentration of the
emitter ensures efficient exciton diffusion and relatively high light
upconversion efficiency in the solid state. Moreover, time-resolved
emission bulk-quenching method was applied to determine triplet exciton
diffusion length by utilizing light upconversion signal as a probe for the
first time. Triplet and singlet exciton diffusion length measurements in the
light upconverting solid films were performed and their impact on the
light upconversion efficiency was assessed. Such exciton diffusion
experiments in light upconverting films have not been carried out before
and are new. A possibility to enhance TTA-UC quantum yield by utilizing
singlet exciton sink approach, which allows achieving record high
upconversion efficiency in the amorphous solid films was also
demonstrated. High TTA-UC efficiency is exceptionally relevant to the
practical applications of light upconverting TTA-UC films for enhancing
performance of the solar cells and other TTA-UC based optoelectronic

devices.
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1.3

1.4

Statements of the dissertation

Tuning of singlet exciton diffusion length in the films of TPA
compounds can be accomplished via incorporation of different
number and type of phenylethenyl or naphthalimide sidearms, which
form a dense network of exciton hopping sites in the amorphous
TPA films and facilitate exciton diffusion.

Triplet exciton diffusion length in DPA polymeric films increases
(from 22 to 60 nm) with emitter content (from 20 to 35 wt%) and is
not the main limiting factor of TTA-UC efficiency. Lowered TTA-UC
performance is caused by energy back-transfer of singlet excitons
from emitter to sensitizer and diffusion-enhanced non-radiative
decay of triplet excitons at higher DPA loadings (>25 wt%).

UC signal originating from TTA can be used as a probe for
quantitative evaluation of triplet exciton diffusion.

Singlet exciton sink approach is suitable for enhancing green to blue

TTA-UC efficiency in sensitized DPA polymeric films.

Publications related to the dissertation
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Kazlauskas, S. Jursenas, V. Jankauskas, A. Reina, Synthesis and
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compounds, Dyes and Pigments, 115, 135-142 (2015).

S. Raisys, K. Kazlauskas, M. Daskeviciene, T. Malinauskas, V. Getautis,
S. Jursenas, Exciton diffusion enhancement in triphenylamines via
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Chemistry C, 2,4792-4798 (2014).
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1.5
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1.9 Layout of the dissertation

The dissertation is organized as follows. In Chapter 1 the
introduction of the dissertation is presented, in which the importance of

exciton diffusion in organic optoelectronic materials is emphasized,
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followed by the aim and objectives of the dissertation, novelty and
relevance, statements of the dissertation, list of publications related to the
dissertation, other publications, list of presentations in the conferences,
participation in scientific projects and internships and author’s
contribution to the dissertation.

In Chapter 2 an overview of the methods of exciton diffusion
measurements is presented, highlighting the three main methods used in
the dissertation.

Chapter 3 describes preparation of samples and experimental
techniques in detail. These include fluorescence, delayed fluorescence and
phosphorescence spectroscopy, emission quantum yield measurements as
well as emission transients using variable optical window method and
time correlated single photon counting.

Chapter 4 presents experimental results and discussion with
two main sections. Section1 begins with the overview of the TPA
derivatives used in the optoelectronic devices, followed by the
photophysical properties of the three groups of phenylethenyl-substituted
TPA derivatives. Thereafter, the exciton diffusion measurements,
simulations and theoretical calculations of the three groups of TPA
compounds (phenylethenyl-substituted TPA monomers and dimers, and
naphthalimide-substituted triphenylamines) are presented. Section is
completed with the summary of Section 1. Section 2 starts with the
overview of the latest achievements of the TTA based light upconversion.
Here follows fluorescence concentration quenching measurement of the
PMMA films with heavily doped DPA. Thereafter, the triplet-triplet energy
transfer efficiency of light upconverting PMMA films as well as TTA-UC
quantum yield measurements is presented. Further, triplet exciton
diffusion length is determined in the DPA/PtOEP/PMMA films with
increasing DPA concentration. Also the upconversion quenching by the

triplet exciton sensitizer is analyzed in great detail, followed by singlet

17



exciton diffusion measurement by Monte Carlo and Stern-Volmer
methods. Finally, the way to increase light upconversion efficiency by
utilizing fluorescent singlet exciton sink is demonstrated. Section is
completed with the summary of Section 2.

In Chapter 5 conclusions of the dissertation are formulated.
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2 Methods for evaluation of exciton diffusion

Excitons in disordered organic medium travel by a random walk
and during their lifetime can diffuse only a certain distance. That distance
can be expressed as an average diffusion length

Lp = VZDr, (1)
where D is the diffusion coefficient, T is the exciton lifetime, and Z is
dimensionality constant, which can be 1, 2 or 3 for one-dimensional, two-
dimensional and three-dimensional diffusion, respectively.

There are several methods for the determination of exciton
diffusion length. These methods include fluorescence surface
quenching,1217 time-resolved fluorescence bulk-quenching,819 exciton-
exciton annihilation,20 photocurrent modeling,2122  time-resolved
microwave conductivity,23 direct imaging of exciton migration24 and
Forster resonance energy transfer calculation?s. Each of them has its own
advantages and drawbacks, e.g. sample preparation, performance of
experiments or data analysis, etc.26

Surface quenching method is based on fluorescence quenching
by a thin layer of quencher on top of the organic material. Excitons
generated in the organic material diffuse toward quenching surface where
they are quenched by the charge or energy transfer into the quencher. The
exciton quenching efficiency of the samples with different thickness of
organic layer can be determined by either steady-state or time-resolved
fluorescence measurements. For the steady-state measurement the
amount of absorbed light and the optical interference effects should be
taken into account, whereas for the time-resolved method these could be
ignored. In both cases, efficient quencher, the sharp interface between
quencher and organic material and precise film thickness is necessary for
the accurate determination of exciton diffusion length. The following

diffusion equation is used for the determination of D:
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a% - k[E]x,t - kq [E]x,tr (2)

where [E]x: is exciton concentration depending on the distance x from the
quenching surface and time ¢, Gxt is the exciton generation rate, k is the
intrinsic exciton decay rate measured in the film of the same thickness
without quenching surface and kq is the surface quenching rate.
Exciton-exciton annihilation method allows determining Lp by
measuring time-resolved emission at variable excitation power densities.
At the certain excitation fluence excitons experience diffusion limited
collision and annihilation. Exciton-exciton annihilation dominates at high
exciton densities therefore high excitation power densities are required
for experiments. Concentration of excitons changes over time according to

kinematic equation:

d|E|y
[dg - = Gx,t - k[E]x,t - V[E]x,tZ; (3)

where y is annihilation rate. For the time-independent annihilation the

rate is expressed as follows:
Yy =4nR,D, (4)

where R, is radius at which annihilation between excitons occurs. The
annihilation takes place in bulk organic material therefore three-
dimensional diffusion is assessed.

Photocurrent modeling takes into account that in OSCs charges
are generated after diffusion of excitons to a heterojunction. In a planar
heterojunction solar cell, the excitons created further than diffusion length
from heterojunction will not be able to participate in photocurrent
generation. In this case the photocurrent of the device is linked to exciton
diffusion length. By changing the film thickness and excitation wavelength
the exciton diffusion length can be estimated.21.22

Using time-resolved microwave conductivity the exciton

diffusion in non-fluorescent materials can be evaluated. The planar
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heterojunction is used for charge carriers’ generation and a microwave
probe to measure the conductivity increase in the sensing layer when
excitons reach heterojunction and the charges are injected. Only excitons
within a diffusion length of the heterojunction can contribute to
photoconductivity, therefore Lp can be determined.23

Direct imaging of excitons is rather simple method wherein the
organic material is excited with a focused laser beam and the images of
resulting fluorescence at different delay times after excitation are
captured. Experimental realization of this method is quite complicated as
excitation laser beam spot in many cases is larger than exciton diffusion
length, therefore it has been applied only for materials with long Lp such
as organic crystals.

Bulk (or volume) quenching method similar to surface
quenching method is also based on fluorescence quenching, but instead of
quenching surface the homogeneously distributed quenchers in organic
material are used. Exciton quenching efficiency versus quencher
concentration in the blend films is measured. For the accurate
determination of Lp the homogeneous distribution of quencher should be
ensured, otherwise Lp might be underestimated. The emission quenching
data can be analyzed by a Monte Carlo simulation!8 or using Stern-Volmer
analysis?.

In Forster resonance energy transfer (FRET) theory the exciton
energy is transferred through the Coulomb coupling between transition
dipole moments of neighboring molecules. Exciton diffusion coefficient is
calculated from the Forster radius and the distance between interacting
molecules. FRET enables relatively easy estimation of Lp, however, this
method requires a number of specific parameters, such as the average
dipole orientation, intermolecular distance and index of refraction which

are often difficult to obtain experimentally.26
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Fluorescence bulk-quenching analyzed by a Monte Carlo
simulation and the Stern-Volmer theory and FRET calculations will be
explained in more detail as these methods will be used in this dissertation

for diffusion length determination.

2.1 Monte Carlo simulations

The method allows to determine exciton diffusion length in
organic materials by blending them with a low concentration of [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM), which has low laying
singlet (lowest absorption band at 697 nm) ant triplet energy levels and
acts as an efficient exciton quencher (Fig. 1).1827 Experimentally measured
photoluminescence (PL) decays of blends then are modeled using a Monte
Carlo simulation of 3D exciton diffusion. The measured decay of organic
material and PCBM blends with increasing PCBM concentration shows
accelerated PL decay. The reduction of the PL decay time is a result of the

diffusion limited exciton quenching by the PCBM quencher. When the
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Fig. 1. Absorption spectrum of PCBM in poly(methyl methacrylate) and its

molecular structure.
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average distance between PCBM molecules is similar to the exciton
diffusion length significant quenching is observed. In this case the
measured PL decay time represents the average diffusion time to
quenchers, rather than the natural decay time. It is very important to
assure that PCBM molecules do not aggregate and form clusters in the
organic material, otherwise PL decay will show slower quenching due to
reduced effective quenching. Fortunately, for the conduction of
experiments low PCBM concentrations (0 - 2 wt%) were sufficient, which
consequently lowered probability of PCBM aggregation. However, this
method is not very suitable for the crystalline or polycrystalline organic
materials. According to Monte Carlo simulation non-interacting excitons
undergo a random walk in the medium and decay non-radiatively if they
reach a quencher during their lifetime. In the simulations the input
parameters are fluorescence decay time of the pristine film and relative
quenching efficiency (Q) at a given PCBM concentration in the blend. The Q

is calculated from the following equation:

_ fPL(blend)dt
fPL(pristine)dt

Here PLplendy and PLpristine) is photoluminescence transients at a certain

Q= (5)

and 0 wt% PCBM concentration, respectively.

As an output the PL decay, i.e. the number of radiatively decayed
excitons versus time is obtained. The simulation is repeated with the
adjusted exciton diffusion coefficient, which is the only one fitting
parameter, until the simulated and experimental PL decay curves
converge.

The simulation is performed in a cubic box in which PCBM
quenchers are placed. This simulation box has the edge length of 50 nm
and periodic boundary conditions. PCBM molecules are assumed to be
spheres with the radius of 0.5 nm. The size of the excitons is assumed to

be equal to the size of PCBM molecules.18

23



At room temperature exciton hopping in organic material can be
described by normal diffusion equation:28

a[E]x,t _ D az[E]x,t
at = 9x?

- k[E]x,t! (6)

where [E]x: is exciton concentration as a function of the distance x and
time t, D is diffusion coefficient, k is the intrinsic exciton decay rate.
According to the Einstein’s theory of random walks the normal diffusion
can be described as a random walk with constant step size.18 Exciton is
moved in a random direction by a fixed distance &8s after time interval &t.
The latter is related to the diffusion coefficient D by:

5s?

D

The Lp then can be calculated using equation 1. The &t should be short
enough in order for 6s would be several times smaller than the quencher
size. In the simulation the exciton is quenched if its position overlaps with
quencher site. Radiative relaxation of the exciton is assumed if an exciton
after time ¢ did not reach quencher. For this ¢; is fixed at the beginning of
the simulation by:
t; = —tIn(wy), (8)

where wj is a random number between 0 and 1.

This fluorescence bulk-quenching method is rather simple,
requires no special sample preparation and complicated modeling with
many fitting parameters, therefore is convenient for the estimation of D

and Lp.18
2.2 Forster resonance energy transfer calculations

FRET calculations can be employed to estimate Lp. For this
analytical method the absorption and fluorescence spectra, as well as
fluorescence quantum yield, fluorescence lifetime, molecular orientation

factor, intermolecular distance and refraction index of a single pristine
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film should be measured. According to the Forster’s theory, the rate of
energy transfer (kr) between two weakly coupled dipoles is expressed
as:2?

=28’

where 7 is the exciton lifetime and d is the intermolecular distance. The
Forster radius for energy transfer (Ro), which shows the distance where
the energy transfer efficiency is 50%, is expressed as:

6 _ 9¢FK2

R 9¢FK
O 128 r5n*t

j My Wop(dd = — 2 J ), (10)

where @, is the fluorescence quantum yield, k is dipole orientation factor,
n is the refraction index, A is the wavelength, Fp is the normalized

fluorescence spectrum, oa is absorption cross-section, and J(A) is spectral

overlap integral. The k is often assumed to be 0.845\/2_/3 for amorphous
film with randomly oriented dipoles.3° Exciton diffusion length can be
defined in terms of kr as:31.32

L% = AZtd?ky, (11)
where A is a constant, which accounts for the distribution of molecular
separation in an amorphous film and Z - describes dimensionality of the
diffusion process. Combining equations (9), (10) and (11) Lp can be

written as follows:

_ = 12
Lp = VAZ gl - (12)

RS VAZ | 9®px?
FEE

2.3 Stern-Volmer quenching analysis for determination of triplet

exciton diffusion via TTA-UC

In Stern-Volmer approach!933 emission transients of a
photophysical intermolecular deactivation processes are analyzed with a
presence of emission quencher. This quenching process follows the

reaction scheme:
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M +Qc > M+Qc (13)
where M is molecule, Q¢ is emission quencher and * designates an excited
state. The kinetics of this process follows the Stern-Volmer relationship:

Iy

= 1+ Ksy[Qcl, (14)
a

here Iy is the emission intensity without a quencher, I; is the intensity with
a quencher, Ksv is Stern-Volmer constant and [Qc] is quencher
concentration. Instead of emission intensity the emission quantum yield
or lifetime can be used. In the case when only a fraction (fi) of the
molecules M is accessible to the quencher due to its aggregation at higher
concentrations the “hindered access model” is applied.1® Then quenching
efficiency can be expressed as follows:

Iy—1g t—19 fa

Iy T =h- 1+ KsylQcT

(15)

Stern-Volmer constant is quenching rate coefficient (kq)
multiplied by exciton lifetime (7):

Ksy = kq. (16)
The exciton quenching rate is proportional to the probability (P) that a
quenching reaction will occur when exciton collides with the quencher
and the frequency (F) of these collisions:

kq = PF. (17)
The collision frequency is directly proportional to diffusion constant D:

F = 4ntrDN,, (18)
where r is the reaction radius of the two colliding species and Na is
Avogadro’s number.

It has been demonstrated that Stern-Volmer quenching theory
can be applied for both singlet and triplet excitons,1926 however triplet
excitons unlike singlets are very weakly emissive, therefore fulfillment of
the experiments for triplet exciton diffusion length measurement using

Stern-Volmer approach is often complicated. When molecules exhibit
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efficient TTA, the upconversion signal can be used in Stern-Volmer
analysis to estimate triplet exciton diffusion.

Taking into account that the TTA-UC is bimolecular process, i.e.
that the delayed UC emission originates from TTA4, its intensity Iyc is
proportional to the square of the concentration of emitter triplets ([T],):34

dy/! d[T],
cliltC(t) x Eit] = —k[T]. — YI[TI}, (19)

where k is the first-order decay constant, which is a combination of the

intrinsic radiative and non-radiative decay of the triplet excitons and
other possible quenching processes, whereas y is the second-order decay
constant originating from the triplet exciton depopulation via TTA process
only. Thus, by measuring delayed Iyc from the singlet state at later times
when Iyc over time is proportional to the double lifetime of triplet excitons
it is possible to probe indirectly triplet exciton dynamics. 35 In such a way
triplet exciton quenching efficiency (Q) can be evaluated by using the
following relation:
1 J JIucdt
[ Tycdt

here Iuciq and luc stand for UC transients measured with and without

Q= (20)

quencher, respectively.
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3 Experimental setup

3.1 Sample preparation

For the measurements of photophysical properties of dilute
solutions of the investigated TPA compounds they were dissolved in
spectral grade organic solvents (acetone, acetonitrile, chloroform,
cyclohexane, tetrahydrofuran and toluene) at 10#* or 10°M
concentrations. PS films with 0.1 wt% concentration of investigated
compound were prepared by mixing the dissolved compound and PS in
toluene at the appropriate ratio and casting the solutions on pre-cleaned
quartz substrates under ambient conditions. Drop casting from toluene or
THF solutions (10-3 M) was also employed to prepare neat films of the
compounds.

For the singlet exciton diffusion measurements the blends of
TPA compounds with different concentration of PCBM quenchers were
prepared from chlorobenzene solutions (1.75x10-2 M) by drop-casting
method on pre-cleaned glass substrates to produce ~1 pum thick
amorphous films. The TPA:PCBM blends were prepared under nitrogen
atmosphere inside the glovebox and encapsulated by using an epoxy resin
and another glass plate on top. The encapsulation was essential for
protecting films from ambient, and especially from oxygen, which is an
effective excitation quencher. No post-annealing of the blends has been
carried out.

The preparation procedure of the light upconverting films by
melt processing was the following: PMMA (30 mg), DPA (0 - 40 wt%) and
PtOEP (0-13.5wt%) were dissolved at the appropriate ratio in
chlorobenzene solvent (300 pL) by stirring for 4 h at 65°C. For evaluation
of triplet exciton diffusion in DPA/PtOEP/PMMA films, varying amounts of

PCBM quencher (0 - 2 wt%) were additionally introduced. The mixture of
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all the compounds was drop casted on pre-cleaned 150 pm thick glass
substrate at 200°C and left for half an hour to evaporate solvent.
Thereafter the samples were covered with second glass substrate and hot-
pressed with Carver press at 240°C under the pressure of ~100 kg/cm?
for 5 min. After the hot-pressing samples were immediately cooled down

in the ice-bath.

3.2 Spectroscopic characterization

Absorption spectra of the compound dilute solutions, PS, PMMA
and neat films were recorded on a UV-vis-NIR spectrophotometer Lambda
950 (Perkin-Elmer).

Steady state fluorescence measurements of the investigated
compounds dilute solutions, PS, PMMA and neat films were performed by
exciting them with a 365 nm light emitting diode (Nichia), 405 nm and
532 nm wavelength semiconductor laser diodes or Xenon lamp coupled to
a monochromator and measured by using a back-thinned charge-coupled
device (CCD) spectrophotometer PMA-11 (Hamamatsu).

The &r. of the solutions were estimated by comparing
wavelength-integrated photoluminescence intensity of the compound
solutions to that of quinine sulfate in a 0.1 M aqueous solution of H2S04,
which served as a reference (®r. =53 * 2.3).36 Optical densities of the
reference and sample solutions were kept below 0.05 to avoid
reabsorption effects. @r. of the neat and PS films were estimated by using
the integrated-sphere method.3?

Fluorescence nanosecond transients of the samples were
measured by using a time-correlated single-photon-counting system
PicoHarp 300 (Pico- Quant), which utilizes a pulsed semiconductor laser

diode (repetition rate - 1 MHz, pulse duration - 70 ps, Aemission — 375 nm)
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or light-emitting diode (repetition rate - 1 MHz, pulse duration 500 ps,
Aemission — 330 nm) as an excitation source.

Delayed fluorescence and phosphorescence transients were
recorded using time-gated intensified CCD camera New iStar DH340T
(Andor) coupled with spectrograph SR-303i (Shamrock), while frequency-
doubled (532 nm) Nd3+:YAG laser (EKSPLA) with a pulse duration of 25 ps
and a repetition rate of 10 Hz served as an excitation source.
Phosphorescence measurements at 10 K temperature were performed
using closed cycle helium cryostat 204N (Cryo Industries) with sample in

helium exchange gas.
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4 Experimental results and discussion

4.1 Photophysical properties and singlet exciton diffusion in TPAs

TPA derivatives represent one of the largest and one of the most
widely studied classes of organic electroactive materials.38-40 They were
successfully employed as hole-transporting layers*! and as hosts of the
triplet-emitting layers in OLEDs,*2 electrophotographic photoreceptors,8
electrochromic devices,*3 organic field-effect transistors#4 as well as in
bulk-heterojunction,*> dye-sensitized¢ and perovskite-based?*? solar cells.

TPA compounds presented in this chapter are exceptional in
that they demonstrate superior hole drift mobilities (up to
0.017 cm2 V-1s1) in the amorphous films, are solution-processable, and
moreover, feature simple one-step synthesis route from inexpensive
commercial starting materials.48-53 These features expand the possibilities
for exploitation of these TPA derivatives in organic optoelectronic devices,
as in a vast majority of the applications the ability to transport charges is
necessary. However, to comply with all parameters required for the
practical applications thorough knowledge of the photophysical
properties of the TPA derivatives is required and therefore, detailed
photophysical characterization of this class of organic materials is of great
importance.

Exciton diffusion is one of the key photophysical parameters
and plays an essential role in the operation of various optoelectronic
devices. For example, in OSCs it determines the fraction of excitons that
reach donor - acceptor (D-A) interface and subsequently split into
electron-hole pairs, which later contribute to the extracted photocurrent,
and so to the photoconversion efficiency of the solar cells.?182554-59
Typical exciton diffusion lengths (Lp) in the amorphous films of organic

semiconductors are one order of magnitude shorter than the optical
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absorption length (~100 nm). Since only excitons generated within the
diffusion length of the interface provide photocurrent, short Lp in the
donor restricts exciton migration to the dissociating D-A interface, and
thus, hampers performance of OSCs.>> Although the problem was solved to
a greater extent by introducing bulk heterojunction solar cells containing
interpenetrating D-A networks,?255460 for the blends like P3HT:fullerene
charge generation still remained largely dependent on exciton diffusion in
the polymer.61.62 Generally in bulk heterojunction solar cells, short Lp
defines the slow part of charge generation, which extends to 100 ps6tL63
and sets limits on the acceptable length scale of D-A phase-separated
regions.®* Obviously, enhanced Lp could permit use of coarser blends with
enhanced charge collection®> and would also make simple planar
heterojunction solar cells more efficient.25

The ability to control Lp was also recognized to offer new
opportunities in the design of organic light emitting diodes.6667 For
example, the management of singlet and triplet exciton diffusion was
found to be important for white OLEDs composed of fluorescent blue and
phosphorescent green and red dopants.®7 As in the case of charge mobility,
the exciton diffusion length was demonstrated to improve with the extent
of crystallinity.66

In this chapter the photophysical properties for the series
of TPA derivatives with the special emphasis on exciton diffusion will

be presented.

4.1.1 Photophysical properties of phenylethenyl-substituted TPA

derivatives

Propeller shape-like structure of the TPA core with highly
twisted (~50°) phenyls around C-N bonds implies effective C-N stretching

vibrations and phenyl torsions, which greatly affect nz conjugation, and
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Fig. 2. Chemical structure of the series of nine TPA compounds with different
number (one, two and three) and different type of sidearms (MPE, DPE and
DMPE).

thus, spectroscopic properties of the TPA and TPA-derived
compounds.t86 On the other hand, the non-planar TPA geometry
predefines intricate molecular packing in the solid state resulting in non-
trivial optical properties of the TPA compounds. Generally, the attachment
of phenylethenyl sidearms to the phenyl groups of TPA core is expected to
hinder phenyl vibrations/torsions, and consequently, by systematically
varying the number and type of the sidearms, tune optical properties of
the compounds (Fig.2). To differentiate between the intramolecular
motions and intermolecular effects the TPA compounds were investigated
in different media (solution, rigid polymer matrix and neat film).

Figure 3 displays absorption and fluorescence spectra of the
structurally modified TPA derivatives with one, two and three
phenylethenyl (stilbene-like) sidearms. The optical properties of the
compounds are summarized in Table 1. Even in the presence of one
stilbene-like sidearm (compound 1-MPE-TPA), the lowest-energy

absorption band with a maximum at ~350 nm is considerably redshifted
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Fig. 3. Absorption and fluorescence spectra of different number of phenylethenyl
sidearms containing TPA derivatives (a) 1-MPE-TPA, (b) 2-MPE-TPA and (c) 3-
MPE-TPA in 105 M toluene solutions (thin solid line), PS matrixes at 0.1 wt%
concentration (dashed line) and neat films (thick solid line). Fluorescence
quantum yield values indicated. Absorption spectra of the compounds in PS
matrixes and neat films are normalized to the spectra of compound solutions,

which are presented in absolute values.

conjugation over the core and sidearm, which becomes more prominent
with increasing number of MPE sidearms. To compare, the redshift for the
three sidearms containing compound 3-MPE-TPA is 16 nm larger than for

the compound 1-MPE-TPA possessing only one sidearm. An increase in the
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number of sidearms is also followed by enhanced absorbance, i.e. a factor
of 1.2 and 1.9 enhancement for compounds 2-MPE-TPA and 3-MPE-TPA,
respectively, as compared to the absorbance of 1-MPE-TPA. Since two-fold
and three-fold enhancement of absorbance as a result of doubling and
tripling the number of MPE sidearms is only possible for decoupled side-
chromophores, the considerably smaller enhancement demonstrates that
the conjugation between the twisted MPE sidearms in the ground state is
indeed maintained through the TPA core. The absorption spectra of the
MPE-TPA compounds dispersed in different media (toluene solution,
polystyrene (PS) matrix and neat film) are very similar. Small spectral
shifts observed may be induced by different polarity of the surrounding
media.

In contrast to the absorption spectra dynamics, the fluorescence
band maximum of the TPA derivatives 1-MPE-TPA - 3-MPE-TPA is found
to be independent of the number of MPE sidearms and is located at
~426 nm. Nearly identical spectra of the compound solutions and those of
the compounds dispersed in PS matrixes point out that planarization of
the non-interacting molecules 1-MPE-TPA - 3-MPE-TPA in the solution in
the excited state is unlikely.”! Bearing out-of-plane twisted MPE sidearms,
likewise the phenyl moieties in the propeller-shaped unsubstituted TPA
molecule, the TPA derivatives can undergo planarization in a solution,
which otherwise is suppressed in a rigid polymer matrix. Since the
planarization is accompanied by an extension of the m-conjugation,
experimentally evidenced as a spectral shift to longer wavelengths, the
absence of this shift in the fluorescence spectra of the compound solutions
indicates that the planarization is improbable. Similar argumentation
rules out possible altering in the electron-vibron coupling with increasing
number of MPE sidearms.

In spite of the similar fluorescence spectra, fluorescence

quantum yield (®r.) of the TPA compounds in dilute solutions increases
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Table 1. Optical characteristics of the TPA derivatives

Solution 0.1wt% PS film Neat film
maxa)
A?[Sb] ARAX[C] gy, zldl AEE Amex Tl AT AR PR zld]
nm
Compd. (M1 cm-1) nm % ns nm nm % ns nm nm % ns
0.30 [24%]
- - 0, 0,
1%\’1[31'3 348 424 16 ggé [9[;()?]] 349 422 47 1'82 Fj;ﬂ 349 446 23 1.06 [61%]
(2.62x104) ' 0 ' 0 4.08 [15%]
0.15 [55%]
- - 0,
2-MPE 358 424 44 125 |357 422 63 YOOD3MNlIasa 445 11 052 [39%]
TPA (326x104) 1.80 [66%] 2.03 [6%]
0.10 [62%]
- - 0, 0,
3%\’1[31'3 364 428 48 2‘1‘5 %é(ﬂ 367 424 58 1'53 [?go//"]] 366 455 5 0.56 [30%]
(4.96x10%) ' 0 ' 0 2.05 [8%]
L-DPE- 0.01 [74%)] 0.55 [3%] 0.20 [56%]
TPA 374 476 1 1.69 [5%]|380 453 45 1.92[60%]|377 478 11 0.67 [41%]
(4.25x10%) 5.05 [21%] 2.87 [37%] 2.72 [3%]
> DPE. 0.02 [68%)] 0.23 [3%] 0.08 [85%]
TPA 393 469 5 0.21[23%]|394 457 53 1.49[30%]|396 480 8 0.35[13%]
(4.45x104) 2.10 [9%] 2.29 [67%] 2.68 [2%]
0.07 [84%]
- - 0, 0,
3-DPE 396 474 10 927 [810/"] 401 461 54 133 [240”’] 395 481 4 0.40 [13%]
TPA (697x10%) 2.34 [19%] 2.28 [76%] 3.00 [3%]
0.52 [2%] 0.19 [49%]
- - 0,
LM 371477 s 017 [9[50//"]] 377 451 62 197[68%]|374 479 18 0.80 [45%)]
(4.02x104) ' 0 3.03 [30%] 3.40 [6%]
2 DMPE.- 0.03 [21%] 0.80 [6%] 0.12 [70%]
TPA 384 464 12 0.47([72%]|382 451 62 1.97 [87%]|384 479 12 0.49 [26%]
(3.97x10%) 2.63 [7%] 3.39 [7%] 2.84 [4%]
3-DMPE.- 0.08 [14%)] 0.19 [3%] 0.10 [75%]
TPA 382 462 13 0.51[79%]|383 451 55 1.68[65%]|382 480 6 0.46[21%]
(5.77x10%) 2.19 [7%] 2.63 [32%] 2.82 [4%]

[a] Absorption band maximum measured in 10-* M THF solution.
[b] Absorption intensity at A7,%*.

abs

[c] Fluorescence band maximum in 10-5> M toluene solution.

[d] Fluorescence lifetime measured at A7;**. Fractional contribution to the total

fluorescence intensity is given in the parentheses.

with the number of sidearms from 16% for the compound 1-MPE-TPA
with one sidearm to 48% for the compound 3-MPE-TPA with three
sidearms (Fig. 4a). Evidently, the enhancement of ®r. is evoked by the
sidearms hindering vibrations/torsions of the phenyls constituting the
TPA core, and thus, considerably reducing torsion-activated non-radiative
relaxation pathway. This result is confirmed by high ®r. obtained for the
compounds 1-MPE-TPA - 3-MPE-TPA in rigid PS matrixes, where
intramolecular vibrational/torsional motions of the phenyls are

suppressed irrespectively of the presence of adjoining sidearms (Fig. 4b).
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Fig. 4. Fluorescence quantum yield of the TPA derivatives vs number of TPA
sidearms in (a) 10>M toluene solutions, (b) PS matrixes at 0.1 wt%

concentration and (c) neat films.

Consequently, ®r. varies insignificantly (47-63%) in respect to the
number of MPE sidearms attached. However, at least one sidearm is
required for attaining such high ®r, since the unsubstituted TPA
molecules incorporated in PS matrix exhibit @r1, of only ~4%.
Fluorescence spectra of the neat films of the TPA derivatives 1-
MPE-TPA - 3-MPE-TPA are broadened and redshifted as compared to
those of the compound solutions, which is in correspondence with
enhanced intermolecular interaction in a solid state (Fig.3). These
features are the most pronounced for the compound 3-MPE-TPA bearing
three sidearms, what suggests MPE sidearms to play a major role in the

molecular packing leading to increased intermolecular interaction. Unlike
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in solutions, increasing number of the sidearms diminishes @®r. in the
MPE-TPA neat films (Fig. 4c). @r. continuously decreases from 23% in the
compound 1-MPE-TPA to 5% in the compound 3-MPE-TPA. Intuitively, the
incorporation of more branches into the TPA molecule is supposed to
prevent molecule aggregation in the solid state resulting in enhanced ®r,
however, in this particular case, MPE sidearms most likely arrange in a
densely overlapping pattern, which facilitates exciton migration and
migration induced relaxation at non-radiative decay sites. Similar trends
of the optical properties versus the number of sidearms were also
observed for the rest of the TPA compound series DPE-TPAs and DMPE-
TPAs. Introduction of the second phenyl into the stilbene-like sidearm
(DPE-TPA compounds) resulted in the redshifted absorption and
fluorescence bands by 20-50 nm. A similar behavior was also observed for
diphenylethenyl sidearms with methoxy groups (DMPE-TPA compounds),
which indicated an extension of m-conjugation caused by the second
phenyl group (Fig. 5). Although extended conjugation conditioned nearly
2-fold enhanced absorbance, additional phenyl moiety detrimentally
affected @r. of the DPE-TPA and DMPE-TPA compounds in solution
(Fig. 4a). For the compounds with one sidearm @®r;, dropped from 16%
down to 1% for 1-DPE-TPA and to 5% for 1-DMPE-TPA. This drastic
reduction of @p. is attributed to the second phenyl induced steric
hindrance effect, which activates phenyl vibrations/torsions, and thus,
promotes radiationless decay.’? The reduction of ®r. for the DMPE-TPA
compounds is smaller than for DPE-TPAs, since the phenyl motions are
somewhat impeded by the presence of methoxy moieties. Likewise in
MPE-TPAs, increasing number of the sidearms in DPE-TPA and DMPE-TPA
compounds increased @, (Fig. 4a). However, in contrast to the MPE-TPA
compounds, the fluorescence spectra of the DPE-TPA and DMPE-TPA
compounds dispersed in PS matrixes are blueshifted in respect to the

spectra of the compound solutions (Table 2). This result points out that
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Fig. 5. Absorption and fluorescence spectra of the one sidearm containing TPA
derivatives 1-MPE-TPA, 1-DPE-TPA and 1-DMPE-TPA in 105M toluene

solutions. Fluorescence quantum yield values are indicated.

the additional phenyl group in diphenylethenyl sidearms provokes
planarization of the molecules in the excited state.®® Incorporation of the
DPE-TPA and DMPE-TPA compounds in PS matrixes strongly diminished
non-radiative relaxation rate by suppressing phenyl torsions, and
therefore, boosting ®@rL up to 45-54% and 55-62%, respectively. These @rL
values are very similar to those obtained for the MPE-TPA compounds
bearing stilbene-like sidearms and are roughly independent of the number
of sidearms attached (Fig. 4b).

Fluorescence spectra of the neat films of DPE-TPAs and DMPE-
TPAs were found to be slightly redshifted as compared to those of the
compounds in solutions or PS matrixes, however the spectral shape
remained unchanged and contained no traces of vibronic structure, thus
verifying an amorphous character of the films formed. Likewise in the
series MPE-TPA, a monotonous decrease of @r. from 11% to 4% and from
18% to 6% in the neat films of DPE-TPAs and DMPE-TPAs, respectively,

with increasing number of the sidearms highlighted the key role of
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diphenylethenyl sidearms in facilitating exciton migration and migration-
induced non-radiative deactivation at quenching sites (distortions, defects
etc.) (Fig. 4c).

Interestingly, that measured fluorescence spectra of the
compounds with different number of sidearms in various media do not
show any steady spectral shifts, contrary to absorption spectra, which
constantly redshift while increasing number of sidearms. Clarifying such
spectral dynamics, absorption and fluorescence spectroscopy of all nine
TPA compounds in a different polarity solvent was performed. The
fluorescence spectra of MPE-TPAs in different solvents are displayed in
Figure 6. The obtained data indicate negligible changes of the absorption
spectra and significant redshift of the fluorescence spectra with increasing
polarity of the solvent. Similar spectral shifts also were observed for DPE-
TPA and DMPE-TPA compounds. To quantify solvent polarity induced
changes, the estimated Stokes shift was plotted against orientation
polarizability (Af):

te—1 n?-1

Af = - ,
f 2¢+1 2n?2+1
which characterizes solvent by its refractive index (n) and dielectric

(21)

constant (&). According to Lippert-Mataga equation, the Stokes shift
(VA — Vg) can be expressed as a function of Af and the change in the dipole
moments (Au) of excited and ground states, ug and g, respectively,

_ 2 (ug — pg)?
Vo — Vg = EAfT

(22)

Here v, and v are absorption and fluorescence maxima in cm, h is
Planck’s constant, ¢ - speed of light, a is the radius of the cavity in which
the fluorophore resides. The plots of Stokes shift versus Af are presented
in Figure 7. It is worth mentioning that compounds 3-MPE-TPA, 3-DPE-
TPA and 3-DMPE-TPA possess symmetrical chemical structure and

therefore the dipole moment of these compounds should be small or even

close to zero. Figure 7 illustrates that the slopes of the plots, which are

40



——————
1-MPE-TPA

1.0

0.5

R
2-MPE-TPA
1.0
cyclohexane
toluene
chloroform
THF
acetone
acetonitrile

0.5

1.0

Norm. fluorescence intensity, arb. units

Normalized absorption intensity, arb. units

0.5

() N\

300 400 500 600 700
Wavelength, nm

Fig. 6 Absorption and fluorescence spectra of the compounds (a) 1-MPE-TPA, (b)
2-MPE-TPA, (c) 3-MPE-TPA in different polarity solvents.

proportional to Au? (according to equation 22) are very similar for the
TPA compounds bearing the same type but different number of sidearms.
This is only possible for the compounds exhibiting similar dipole
moments, and thus, for these compounds can be achieved if the excited
state is localized on one of the sidearms. To compare, relatively small
spectral shifts vs solvent polarity, and thus minimal slope have been
obtained for the unsubstituted TPA (Fig.7a, Fig.8). The continuous
redshift of the absorption band and almost unaffected fluorescence band
with increasing number of the sidearms in the dilute solutions of the MPE-

TPA, DPE-TPA and DMPE-TPA compounds can be explained by treating
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Fig. 7. Stokes shift as a function of orientation polarizability for the TPA
compounds as well as for the unsubstituted TPA. Slopes and R? are indicated. R?

shows the accuracy of the linear fit (R?=1 indicates perfect fit).

the absorbing state as delocalized Frenkel exciton state and the emitting
state as localized on one of the sidearms in agreement with the analogous
behavior reported for structurally similar TPA compounds.”374 According
to the proposed localization model, multidimensional intramolecular
charge transfer (CT) takes place from the donating TPA moiety to the

periphery of the branched molecules upon excitation, while fluorescence
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stems from an excited state localized on one of the sidearms in the TPA

compounds.”3
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Fig. 8. Absorption and fluorescence spectra of the unsubstituted TPA in different

polarity solvents.

Assumption of the increasing/decreasing a with increasing the
number of sidearms is improbable, since this would result in the
enhanced/reduced conjugation, and thus, in the fluorescence spectrum
shift, which was not observed (Fig. 3).

Generally, the fluorescence transients of the TPA derivatives
with MPE sidearms (Fig.9) as well as of DPE-TPAs and DMPE-TPAs
demonstrate multi-exponential decays resulting from various molecular
conformations, which are feasible due to the labile phenyl groups. For a
quantitative comparison of decay rates of multi-exponential transients the
dominant decay time component with the largest fractional intensity was
used. The transients fairly well reflected the tendencies of ®r. evaluated in
different media (dilute solution, PS or neat film) as a function of the
number and type of phenylethenyl sidearms. Increasing number of the
sidearms caused prolonged 7 in compound solutions in agreement with

enhanced ®rL, implying suppression of the phenyl torsions in the TPA core.
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Fig. 9 Fluorescence transients of different number of phenylethenyl sidearms
containing TPA derivatives (a) 1-MPE-TPA, (b) 2-MPE-TPA and (c) 3-MPE-
TPA in 10> M toluene solutions (unfilled circles), PS matrixes at 0.1 wt%
concentration (grey points) and neat films (black points). Lines mark single and
double exponential fits to the experimental data. Fluorescence decay time

constants indicated.

The increase of 7 with the number of sidearms was observed
irrespectively of the type of phenylethenyl sidearms attached, though the
presence of the second phenyl in diphenylethenyl moieties (DPE-TPA and
DMPE-TPA compounds) strongly activated phenyl torsions, and thus,
torsion-induced non-radiative decay thereby reduced 7 considerably. The

reduction of 7 from 0.6 ns (in 1-MPE-TPA) to <0.07 ns (in 1-DPE-TPA) for
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one sidearm containing compounds is evidenced in Figure 10. Initial
fluorescence decay of the compounds 1-DPE-TPA and 1-DMPE-TPA having
sterically hindered phenyl groups is so rapid that it approaches the
temporal resolution (0.07 ns) of experimental setup. On other hand,
suppression of phenyl torsions by incorporating the TPA derivatives in
rigid PS matrixes significantly increases rup to 1.7-2.4 ns regardless of the
number and type of the sidearms used (Fig. 9 and Table 1). This behavior
again perfectly correlates with the enhanced @®r. observed upon the
incorporation of the derivatives in PS matrixes and also with the
independence of this enhancement on the type and number of
phenylethenyl sidearms (Fig. 4b).

In the neat films of the MPE-TPA, DPE-TPA and DMPE-TPA
compounds fluorescence transients become very fast and for the two- and
three-sidearms containing compounds they are close to the instrument

response function (IRF) of the experimental setup. Likewise in dilute
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g i = 4.6 ns [9%]
RGP 1-DPE-TPA
z 10 F It <0.1ns [74%]
‘@ E 1
S L t,= 1.7 ns [5%]
+— L
.E | ’53= 5.1ns [21%] 1-DMPE-TPA
3 ©.=0.2 ns [93%]
O 2 1
g 10 3 = . T,= 4.7 ns [7%]
b - TR
() L
—
5 i
> L
= 1

10

Fig. 10 Fluorescence transients of the single sidearm containing TPA derivatives
1-MPE-TPA, 1-DPE-TPA and 1-DMPE-TPA in 10-5M toluene solutions. IRF -
instrument response function. Lines mark double exponential fits to the

experimental data. Fluorescence decay time constants indicated.
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(0.1 wt%) PS matrixes, the phenyl torsions are severely inhibited in the
neat films of the compounds, however, as opposed to the polymer matrix,
the condensed phase enables exciton migration, which facilitates exciton
quenching at non-radiative decay sites. This is the main cause of the fast
excited state decay observed in the compound neat films. Moreover, a
general tendency of the shortening of 7 with increasing number of
phenylethenyl sidearms, irrespectively of their type, indicates more
favorable arrangement of the molecules with more sidearms resulting in
more efficient exciton migration. The latter result is in agreement with
decrease of @r. observed in the compound neat films with increasing

number of the sidearms due to enhanced exciton migration (Fig. 4c).

4.1.2 Photophysical properties of methoxy-substituted TPA

derivatives with phenylethenyl sidearms

In previous section it was demonstrated that less likely exciton
quenching is observed in the neat films of the compounds containing
diphenylethenyl sidearms with methoxy groups at para-position.
However, it was also demonstrated that methoxy groups attached at the
para-position may induce better electronic coupling of methoxy-
substituted TPA compounds as compared to the non-substituted one
resulting in lower ionization potential and enhanced hole drift mobility.7>
Therefore, a series of phenylethenyl-substituted TPA compounds with
methoxy groups attached at the TPA core were designed and investigated.
A series of TPA compounds with one or two methoxy groups at TPA core
are presented in Figure 11.

Optical and photophysical properties of the methoxy-TPA
derivatives possessing different number (none, one and two) and different
type MPE and DPE of sidearms (Fig.11) were investigated in different

media, i.e. dilute solution, rigid polymer matrix, and in the form of neat
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Fig. 11. Chemical structure of methoxy-substituted TPA compounds with

different number (none, one and two) of MPE or DPE sidearms.

films in order to differentiate between the intramolecular and
intermolecular effects, and thus, to assess molecular and solid state
properties of these compounds. Figure 12a-d displays absorption and
fluorescence spectra of the investigated compounds. The optical and
photophysical characteristics of the compounds are summarized in
Table 2. Introduction of additional phenylethenyl groups to the parent
mTPA and dmTPA compounds causes redshift of the lowest-energy
absorption bands indicating increased m-conjugation (cf. 2-MPE-mTPA
with 1-MPE-dmTPA and 2-DPE-mTPA with 1-DPE-dmTPA). However,
30 nm larger redshifts induced by the DPE sidearms as compared to the
MPE sidearms signify a higher impact of the former sidearms to the
extension of conjugation. The introduction of the second phenylethenyl
substituent into the TPA core is also followed by 1.6-fold enhanced
absorbance of the disubstituted compounds 2-MPE-mTPA and 2-DPE-
mTPA as compared to that of monosubstituted compounds 1-MPE-dmTPA
and 1-DPE-dmTPA. The absorption spectra of the methoxy-TPA
derivatives dispersed in different media (toluene solution, PS matrix) are

similar to those of the neat films (Fig. 12a-d). Slight modifications of the
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Fig. 12. Absorption and fluorescence spectra (a-d) and fluorescence transients
(e-h) of dilute (10-5 M) solutions in toluene (thin solid lines), low concentration
(0.1 wt%) PS films (dashed lines) and neat films (thick solid lines) of the
methoxy-TPA derivatives: 1-MPE-dmTPA (a, €), 2-MPE-mTPA (b, f), 1-DPE-
dmTPA (c, g) and 2-DPE-mTPA (d, h). Fluorescence quantum yield values are
indicated. Absorption spectra of the compounds in PS matrixes and of the neat
films are normalized to the spectra of compound solutions, which are presented
in absolute values. Lines at fluorescence transients mark exponential fits to the

experimental data. Fluorescence decay time constants are indicated.
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spectra may be related to the changes of intermolecular interaction due to
the different surrounding media.

In contrast to the enhanced redshifting of the absorption bands
of the TPA derivatives with increasing conjugation, the fluorescence bands
exhibit completely different behavior. An increase in the number of either
MPE or DPE groups does not result in the redshift of fluorescence spectra.
Conversely, it causes blueshifting of the fluorescence bands, which
amounts to ~13 nm for the dilute solutions and neat films, and up to 7 nm
for the in PS films. To explain this observation one has to take into account
that compounds 2-MPE-mTPA and 2-DPE-mTPA bearing two
phenylethenyl sidearms have one methoxy group, while compounds 1-
MPE-dmTPA and 1-DPE-dmTPA having one phenylethenyl group contain
two methoxy groups. The presence and the number of electron-donating
methoxy moieties apparently play a decisive role in the electron charge
redistribution in the excited state.>3 The importance of polar methoxy
groups in the spectral shifts of fluorescence bands is evidenced by
comparing the wavelengths of fluorescence band maxima of mTPA
containing one methoxy group to dmTPA having two methoxy groups
(Table 2).

The incorporation of phenylethenyl-substituted methoxy-TPA
compounds into rigid PS matrixes at low concentration causes the
fluorescence bands to appear at ~463 nm for compounds 1-DPE-dmTPA
and 2-DPE-mTPA, and at ~433 nm for 1-MPE-dmTPA and 2-MPE-mTPA
(Fig. 12a-d). The bands are blueshifted as compared to those observed for
dilute solutions. This blueshift, or the corresponding redshift of the
fluorescence bands observed for solutions, is likely to be caused by
intramolecular twisting effects.”! Possessing twisted geometry the TPA
derivatives can exhibit geometry changes directed towards planarization
upon excitation in a solution, which is suppressed in a rigid polymer

matrix.
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Fluorescence quantum yield of the monosubstituted methoxy-
TPA derivative 1-MPE-dmTPA in dilute solution was estimated to be 41%
(Fig. 12a). The replacement of methyl substituent by phenyl moiety in
ethenyl group led to the drastic reduction of @r from 41% for 1-MPE-
dmTPA down to 1% for 1-DPE-dmTPA, which can be attributed to the
steric hindrance effect induced by the second phenyl group strongly
activating phenyl vibrations/torsions, and thus, promoting radiationless
decay.’? The incorporation of the second MPE or DPE sidearm into
methoxy-TPA core increased ®r. to 48% and 6%, respectively as
compared to those of their single-sidearmed counterparts. The
enhancement of @g is apparently caused by the increased number of the
substituents impeding vibrations/ torsions of the phenyl groups

constituting the TPA core, and thus, considerably reducing torsion

Table 2. Optical properties of methoxy-TPA derivatives.

10-5 Toluene solution 0.1 wt% PS film Neat film

AMGX[E] JMAX(lpy gl | AMOX[] AMAXBI by gl | AMOX[E] AMAXDbI by 7l

Comp. (M_lnxncl'm_l] nm % ns,[%] | nm nm % ns nm nm % ns
1.54 [84] 0.05 [8] 0.03 [23]
mTPA 299 373 3 3.75[16]| 301 369 6 1.89[41]| 303 373 3 1.52[60]
(22300) 383 6.07 [51] 2.89 [17]
1.54 [73] 0.01 [29] 1.07 [20]
dmTPA 300 387 3 4.23[27]| 300 386 7 1.82[24]| 302 393 3 2.66[43]
(26800) 5.79 [47] 417 6.48 [37]
1-MPE- 1.97 [87] 0.29 [36]
dmTPA 347 448 41 2.00 349 436 48 535[13]| 351 466 15 1.39[51]
(22890) 6.15 [13]
2-MPE- 1.55 [89] 0.13 [58]
T TPA 364 435 48 1.50 368 429 54 2.58[11]| 366 452 6 0.69[33]
(29625) 4.88 [9]
1-DPE- 0.03 [48] 1.47 [28] 0.27 [42]
dmTPA 376 489 1 0.13[46]| 378 464 57 294[72]| 377 499 14 1.16[50]
(27930) 3.01 [6] 5.71 [8]
2-DPE- 0.02 [12] 2.02 [81] 0.18 [66]
MTPA 397 477 6 0.22[82]| 402 462 58 2.66[19]| 399 487 7 0.97[26]
(37575) 2.89 [6] 6.02 [8]

[a] Absorption band maximum.

bl Fluorescence band maximum; for compounds mTPA and dmTPA excitation
wavelength of 305 nm was used; for the rest of compounds - 365 nm.

[c] Fluorescence lifetime measured at A7}**. Fractional contribution to the total

fluorescence intensity is given in the parentheses.
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activated non-radiative relaxation pathway. These results are confirmed
by high ®r (48-58%) obtained for the TPA compounds dispersed in rigid
PS matrixes, where intramolecular vibrational/torsional motions of the
phenyl moieties are suppressed irrespectively of the substitution pattern
(Fig. 12).

Fluorescence spectra of the neat films of phenylethenyl-
substituted methoxy-TPA compounds are somewhat broadened and
redshifted as compared to those of the dilute solutions, which is in
correspondence with enhanced intermolecular interaction in a solid state
(Fig. 12). Despite that a shape of the spectra remains unchanged and
contains no traces of vibronic structure, thus verifying an amorphous
character of the films formed. @r. for the amorphous films of the
compounds is found to range from 6% to 15% with ca. 2 times higher
values for the monosubstituted compounds as compared to disubsituted
counterparts (Table 2). Fluorescence transients of the dilute solutions of
the MPE-substituted methoxy-TPA derivatives demonstrate single-
exponential decay profiles with excited state decay time constants () of
2.0 and 1.5ns, respectively (Fig.12e,(f). In sharp contrast, the
diphenylethenyl-substituted compounds 1-DPE-dmTPA and 2-DPE-mTPA
demonstrate multi-exponential decay profiles with extremely fast
(20-30 ps) initial relaxation (Fig. 12g,h). This dramatic reduction of initial
T is apparently caused by the presence of the second phenyl moiety in the
substituents, which strongly activates intramolecular torsions, and thus,
torsion-induced non-radiative decay channel. For a quantitative
comparison of the decay rates of multi-exponential transients, the
dominant T component with the largest fractional intensity can be used
(Table 2). Incorporation of the methoxy-TPA derivatives into the rigid PS
matrixes suppressed torsional motions of the phenyl groups located both
in the TPA core as well as in the substituents and caused a remarkable

increase of T (up to 2.0-2.9 ns) for the DPE-substituted compounds and
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only a slight increase (up to 1.6-2.0 ns) for MPE-substituted compounds.
The comparable t estimated for the methoxy-TPA derivatives regardless
of the number and type of the substituents used (Figure 12 and Table 2)
again well correlates with the enhancement of @, observed upon the
incorporation of the derivatives into PS matrixes and also with the
independence of this enhancement on the type and number of
phenylethenyl substituents (Fig. 12).

In the neat TPA films, likewise in low concentration (0.1 wt%)
PS films, the phenyl vibrations/torsions are severely inhibited, however,
unlike in the polymer matrix the condensed phase enables exciton
migration, which facilitates exciton quenching at non-radiative decay sites.
This is apparently the main reason of the fast initial excited state decay
observed for the neat films of the compounds (Fig. 12e-h). Generally,
highly non-exponential transients observed for the neat films are a
signature of dispersive exciton hopping through the localized states in the
disordered media.’¢ The faster decay profiles observed for the
disubstituted methoxy-TPA derivatives as compared to those of the
monosubstituted derivatives (cf. transient of 2-MPE-mTPA with that of 1-
MPE-dmTPA and transient of 2-DPE-mTPA with that of 1-DPE-dmTPA)
indicate phenylethenyl sidearms assisted enhanced exciton migration (or

diffusion) and migration induced quenching.

4.1.3 Photophysical properties of TPA dendrimers

In the previous sections (4.1.1 and 4.1.2) dependence of
photophysical parameters on the number (1—>3) and different type
(MPE, DPE or DMPE) of sidearms has been assessed. It has been
demonstrated that photophysical properties such as ®r;, and 7 strongly
depend on the number of sidearms, as well as on the intramolecular

distance between the molecules in the solid films. The attachment of
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different number of slightly different chemical structure possessing
phenylethenyl sidearms results in altered intermolecular distance,
however, simultaneously the conjugation of the compounds are also
modified. To assess the influence only of intramolecular separation to the
photophysical properties, the phenylethenyl-substituted TPA derivatives
with different length of non-conjugated alkoxy chains were chosen and are

presented in this section (Fig. 13).
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Fig. 13 Chemical structure of dendritic TPA compounds with different length of
alkoxy chains of the phenylethenyl sidearms: 3-120PE-TPA with dodecyloxy
groups, 3-100PE-TPA with decyloxy, 3-20PE-TPA with ethoxy groups and 3-

10PE-TPA possessing single methoxy group at para-position.

Absorption and fluorescence spectra of dendritic TPA
derivatives 3-120PE-TPA, 3-100PE-TPA, 3-20PE-TPA and 3-10PE-TPA are
shown in Figure 14a-d. The obtained optical properties of the derivatives
are summarized in Table 3.

All the studied compounds were found to exhibit similar
absorption spectra in 105 M THF solutions, which are typical for

phenylethenyl-substituted TPA derivatives (section 4.1.1 and 4.1.2)
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(Fig. 14). Since the compounds have identical backbone and different (yet
non-conjugated) alkoxy end-groups, the lowest energy absorption band
maxima is located at 392-393 nm. Owing to highly twisted and labile
molecular structure of the dendritic TPA compounds, they demonstrate
unstructured fluorescence spectra in THF solutions with the band maxima
peaked at ~455 nm. As it was expected, fluorescence quantum yield of the
compounds in dilute solutions was estimated to be almost independent of

the alkoxy end-groups and ranged from 49% to 52% (Table 3).

Table 3. Photophysical properties of compounds 3-120PE-TPA, 3-100PE-
TPA, 3-20PE-TPA and 3-10PE-TPA.

10-> M THF Solution Film
Aznbasx [a] ,1’13]Lax [b] pilel ldl filel <7>1fl A%ch [a] A;ZlLax [b] @plel tldl filel <g>[f]
nm nm % ns % ns nm nm % ns % ns
3-120PE- 311 319 0.25 25
392 456 52 19 100 190 | 391 453 33 1.01 51 1.12
TPA
2.27 24
3-100PE- 311 316 0.20 36
TPA 392 456 50 054 4 1.73| 394 456 20 0.79 48 0.84
1.78 96 245 16
3-20PE- 311 0.20 50
0 393 457 49 1.79 100 1.79 | 398 477 8 1.12 17 4.46
TPA
12.6 33
302 0.02 74
3-10PE-
TPA 393 453 49 055 6 1.67 | 396 555 4 1.05 14 0.63
1.74 94 3.93 12

[a] Absorption band maximum.

[b] Fluorescence band maximum.

[c] Fluorescence quantum yield.

[4] Fluorescence lifetime measured at A7,

[e] Fractional contribution to the total fluorescence intensity.
[fl Average fluorescence lifetime calculated by < t >= Y\ 7; - f;.

Unlike in dilute solutions the absorption spectra of the TPA
derivatives in the neat films continuously redshifted and broadened with
decreasing the size of alkoxy chains. For the compounds with long
decyloxy and dodecyloxy chains (compounds 3-120PE-TPA and 3-100PE-
TPA) absorption spectra closely resemble those of dilute solutions.

Obviously, bunches of long alkoxy chains prevent close packing of the
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molecules, thus weakening their intermolecular interactions in the solid
state. On the other hand, short ethoxy groups (compound 3-20PE-TPA) are
unable to suppress this interaction resulting in broadened and redshifted
(by ~5 nm) absorption spectrum with respect to that of solution. Upon
replacement of the long tris(alkoxy) end-moieties with single methoxy
group at the para positions of the phenyls (compound 3-10PE-TPA)
intermolecular interactions are enhanced even more causing much
stronger broadening of the band (Fig. 14d).

Similar to the absorption spectra of neat films of compounds 3-
120PE-TPA, 3-100PE-TPA, 3-20PE-TPA and 3-10PE-TPA, fluorescence
spectra also showed constant redshift as the size of alkoxy chains is being
reduced. Due to the weak intermolecular interaction caused by sufficiently
long alkoxy end-groups fluorescence spectra of the neat films of
compounds 3-120PE-TPA and 3-100PE-TPA demonstrate negligible
redshift as compared to those of solutions. Interestingly, vibronic
structure in the spectra of 3-120PE-TPA and 3-100PE-TPA can be noticed,
which might suggest molecular ordering in the films caused by the
formation of liquid-crystalline phase at room temperature.5! The relatively
short ethoxy groups (compound 3-20PE-TPA) already cause noticeable
redshift of the fluorescence spectrum (by 20 nm) as compared to that in
solution. Since the fluorescence spectrum of neat film of 3-20PE-TPA
contains no traces of vibronic replica and maintains the shape like in
solutions, it is likely dominated by amorphous character. Fluorescence
spectrum of the neat film of compound 3-10PE-TPA is found to be
radically different in respect to those of the rest TPA derivatives. The
methoxy groups are too small to impede tight molecule packing inducing
dimer state formation via enhanced molecular interactions. Thus, a new
significantly redshifted (by 74 nm) and unstructured band at 555 nm is
formed due to the dimer states. Interestingly, a small band at the shorter

wavelengths (~460 nm) of compound 3-10PE-TPA similar to those
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Fig. 14. Absorption and fluorescence spectra (a-d) and fluorescence transients
(e-h) of the TPA derivatives 3-120PE-TPA (a, €), 3-100PE-TPA (b, f) 3-20PE-
TPA (c, g) and 3-10PE-TPA (d, h) in 10> M THF solutions (grey lines and
points) and neat films (black lines and points). Fluorescence quantum yield
values are indicated. Lines at fluorescence transients mark exponential fits to the
experimental data. Instrument response function (IRF) and fluorescence

lifetimes are indicated.
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observed in the neat films of compounds 3-120PE-TPA, 3-100PE-TPA and
3-20PE-TPA can be also detected, which likely originates from the areas
featuring weakly interacting molecular species.

®r;, of the neat films of the compounds was found to be
considerably reduced (down to an order of magnitude) as compared to
those of solutions. @r. of 33%, 20%, 8% and 4% were obtained for the
compounds 3-120PE-TPA, 3-100PE-TPA, 3-20PE-TPA and 3-10PE-TPA,
respectively. The most pronounced reduction of @rL occurred for the TPA
compounds with shorter alkoxy end-groups, and this corresponded well to
the stronger redshift of absorption and fluorescence spectra in the neat
solid films. This reduction in @, confirmed enhanced intermolecular
interactions, and moreover, suggested migration-induced exciton
quenching at non-radiative decay sites to be the main excited-state
deactivation channel. Additionally, the significant reduction of ®r, which
is particularly well pronounced in compound 3-10PE-TPA and partly also
in compound 3-20PE-TPA, can be attributed to the appearance of long-
lived dimer states. This is because long-lived states are naturally more
susceptible to trapping by quenching sites such as lattice distortions,
impurity traps and other defects.

Fluorescence transients of these methoxy-TPA derivatives in
dilute solutions demonstrate single exponential decay profiles with
fluorescence lifetime varying from 1.7 ns to 1.9 ns (Fig. 14e-h). Very
similar 7 of the compounds perfectly correlates with the similar
fluorescence quantum yield data. Unlike in solutions, fluorescence
transients in the compound neat films are clearly non-exponential
indicating dispersive exciton hopping through the localized states in the
disordered media.’¢ Each transient consists of the very fast (sub-
nanosecond) and slower nanosecond-time-scale components, which
contribute unequally to the overall excited state decay. The slower

component (t 2 1ns) dominates in compounds 3-120PE-TPA and 3-
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100PE-TPA featuring long alkoxy end-groups, whereas the fast one
prevails in compounds 3-20PE-TPA and 3-10PE-TPA with much shorter
end-moieties. Since the latter two compounds suffer from strong emission
quenching in the neat films (stronger than observed in compounds 3-
120PE-TPA and 3-100PE-TPA) due to exciton migration facilitated non-
radiative decay, it is natural to associate the initial fast decay in the
transients to migration induced exciton quenching.’t77 Thus, the
transients of the neat films directly support ®@r. data and unambiguously
indicate the importance of the long alkoxy chains for suppressing exciton
migration to non-radiative decay sites. The long peripheral moieties are
assumed to prevent molecule agglomeration in the solid state due to steric
hindrance effects. Much slower decay components (7 > 4 ns) present only
in the transients of compounds 3-20PE-TPA and 3-10PE-TPA can be
explained by long-lived dimer states revealed in the fluorescence spectra

of the compounds neat films.

4.1.4 Exciton diffusion in phenylethenyl-substituted TPAs

4.1.4.1 Monte Carlo simulations

Exciton diffusion of the TPA derivatives possessing different
number (one, two and three) and different type MPE, DPE and DMPE of
sidearms (Fig. 2; Section 4.1.1) was investigated by employing the volume
quenching method with combination of Monte Carlo simulation.

For the determination of singlet exciton diffusion length the
series of TPA derivatives with different PCBM concentrations were
fabricated and fluorescence decays were measured. Typical measured
fluorescence transients for 3-DPE-TPA:PCBM blends with various PCBM
concentrations are shown in Figure15. An increase in PCBM
concentration obviously shortens fluorescence decay time, which is a

result of the diffusion limited exciton quenching at the TPA:PCBM
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interface. Considerable quenching sets in as the average distance
betweenPCBM molecules becomes comparable to the exciton diffusion
length in the investigated compound. The fluorescence decay time also
depends on the nanocomposition of the blend. At a certain PCBM

concentration the largest quenching surface and consequently the shortest

3-DPE-TPA

Fluorescence intensity, arb. units

00 05

Fig. 15. Fluorescence transients of pristine 3-DPE-TPA film and the films doped
with PCBM at different concentrations (indicated). Experimental data - points,

Monte Carlo simulations - green lines, exponential fit - white line.

fluorescence decay time is achieved for PCBM molecularly dispersed in the
investigated material. In the case of clusterization of the quencher
molecules, fluorescence transients should show a slower decay due to the
reduced quenching surface. Thus knowledge about the distribution of
PCBM in the blend is important and has to be taken into account while
simulating exciton diffusion. In Figure 15 simulated fluorescence
transients assuming no PCBM clusterization in the 3-DPE-TPA:PCBM
blends are shown. Evidently, the modeling gives good agreement with the
experimental data, thereby enabling quantitative evaluation of exciton

diffusion parameters. For the estimation of PCBM concentration in the
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Fig. 16. Relative quenching efficiency vs molar PCBM concentration in the blends
with mono-substituted TPA (a, d, g), di-substituted TPA (b, e, h) and tri-
substituted TPA (c, f, i) with different sidearms: MPE (a, b, c), DPE (d, e, f) and
DMPE (g, h, i). Points and lines depict experimental and modelled results,

respectively.

TPA:PCBM blends, which is required for the evaluation of D, density of the
TPA derivatives was assumed to be equal to 1.15 g/cm3 in accordance
with the densities of arylamine compounds possessing similar chemical
structure.’® The densities of the structurally similar arylamines differed by
no more than #0.1 g/cm3 implying variation in Lp up to 0.8 nm, which is
below 10% of the determined Lp value. The exciton diffusion coefficient of
4x10-*cm?/s corresponding to the diffusion length of 11.1+#0.9 nm was
obtained for 3-DPE-TPA film from Monte Carlo simulations. The obtained
Lp value compares well with those found in most small-molecule5559.32.79
or polymers5-57.80.81 compounds exhibiting excellent performance in OSCs.
To elucidate the morphology of the TPA:PCBM blends at the

nanoscale, relative quenching efficiency (Q) was estimated for all the
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investigated TPA derivatives as a function of PCBM fraction. Close to zero
Q values indicate that the exciton quenching is insignificant, which is
typical for low concentrations of quenchers, whereas nearly unity values
of Q at high PCBM concentrations accompanied by considerable lifetime
shortening signify very effective quenching.

Figure 16 displays the measured and modeled quenching
efficiencies of the DPE-TPA:PCBM blends with increasing PCBM
concentration. The solid lines were modeled using Monte Carlo
simulations by setting previously calculated exciton diffusion coefficient
for each TPA film and assuming the blend morphology as an intimate
mixture. Evidently, the simulated curves perfectly fit the measured data in
all the studied range of PCBM concentration (0.01 - 1 wt%), which shows
that the aggregation of the quenching molecules is unlikely. Good
agreement between experimental and simulated Q dependences was also
obtained for the MPE-TPA:PCBM and DMPE-TPA:PCBM blends (Fig. 16)
indicating the absence of PCBM clusters. Otherwise, in the case of
formation of phase separated domains reduced quenching efficiency as
compared to the simulation results should immediately manifest at higher
PCBM concentrations.1®8 Additionally, the studied TPA compounds are
known to form glassy state implying intimate mixture of PCBM and TPA
molecules indeed very probable.*?

It is worth mentioning that energy transfer rate, i.e. diffusion,
strongly depends on the distribution of energy states of the material. Non-
coherent exciton diffusion proceeds as series of hops from one molecule to
another. In a material with a broad distribution of energy states an exciton
that is created on a high energy site at first will be able to hop to any of its
neighboring molecules. Over time, excitons are likely to hop to more
favorable lower energy sites and consequently the exciton hopping rate to
slightly higher states eventually slows down. This is known as dispersive

diffusion, which can be described with time-dependent diffusion
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coefficient.82-84 In materials such as amorphous TPA derivatives, the
exciton diffusion coefficient measured using measurement techniques that
do not allow to estimate the time-depended diffusion mostly represents
time-averaged exciton diffusion.8>

Estimated exciton diffusion coefficient of the TPA compounds
featuring the different type (MPE, DPE and DMPE) and different number of
the sidearms is shown in Figure 17a. A clear tendency of increasing D with
increasing the number and decreasing the size of the sidearms is
observed. Experimentally obtained <7> as a function of the number of
sidearms is depicted in Figure 17b. Interestingly, <z> shows different
behavior for the compounds with the different type of the sidearms. For
compounds with MPE and DMPE sidearms it decreases down to 3 times,
whereas for DPE-TPA compounds it slightly increases from 0.70 ns to
1.04 ns as the number of sidearms increases from 1 to 3. Although <7>
decreases with increasing the number of MPE and DMPE sidearms
(Fig. 17b), the concomitant enhancement of diffusion coefficient is
stronger resulting in an overall increase of the diffusion length (Fig. 17c).
The greatest increase of Lp is observed for the DPE sidearms containing
compounds, Lp increases from 4.8 nm up to 11.1 nm. The 2-fold and 1.4-
fold increase is also observed as the number of MPE and DMPE sidearms
increases from 1 to 3, respectively (Fig.17c). This result clearly
demonstrates importance of phenylethenyl sidearms in facilitating exciton
diffusion. The largest D is obtained for the smallest sidearms containing
MPE-TPA compounds, meanwhile attachment of additional phenyl ring in
the DPE or methoxyphenyl in DMPE sidearms considerably reduces
diffusion coefficient. Methoxyphenyl groups were found to have the most
profound effect in the suppression of exciton diffusion (Fig. 17a). One of
the plausible reasons for the diminished D in the DPE-TPA, and especially,
DMPE-TPA compounds could be less dense molecular packing in the solid

state caused by the additional out-of-plane twisted phenyl ring
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Fig. 17. Exciton diffusion coefficient (a), average fluorescence lifetime (b) and

exciton diffusion length (c) as a function of the number of TPA sidearms.

and methoxy group in their sidearms. Since energy transfer is very
sensitive to the intermolecular distance (~1/d¢), more bulky sidearms are

likely to lower exciton diffusion in the TPA films.29
4.1.4.2 Forster energy transfer calculations

Intuitively, incorporation of the larger number of the sidearms
into the core, and thus making TPA molecular structures branchier should
also cause a decrease in exciton diffusion coefficient. However, an opposite
effect was observed, ie. exciton diffusion was actually enhanced with
increasing the number of the sidearms irrespectively of their type. To
determine the origin of the enhancement, Forster energy transfer rates for
the series of MPE-TPA, DPE-TPA and DMPE-TPA derivatives were
calculated.2?

In contrast to the study carried out on phthalocyanine and
rubrene derivatives by R.]. Holmes group,25 where significant gains in
D and Lp were revealed to originate from increased Ro (via enhanced
®r1) as a result of the optimized intermolecular distance, no @

enhancement in the pristine TPA films with increasing the number of
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Table 4. Optical properties of the TPA compounds.

10-5 M THF solution Encapsulated pristine film

nEw o |AmEe e en e SRS gu

Compound nm cm? nm nm % ps cm-! nm

1-MPE-TPA 348 1.00x10-1¢| 353 435 23 1434490[[1825)@3] 5340 1.02

2-MPE-TPA 358 1.25x10-16| 362 449 34 gg; Eégﬂ 5353 0.88

3-MPE-TPA 364 1.89x10-16| 370 462 22 ggg {2322} 5382 0.82

1-DPE-TPA 374 1.62x10-16| 379 482 21 2(2); Eggﬂ 5638 1.08

2-DPE-TPA 393 1.70x10-1¢| 397 480 18 1504711[[27910@3] 4356 0.95

3-DPE-TPA 396 2.67x10-16| 401 483 21 132; {Sfﬁ)’i}] 4234 0.90

1-DMPE-TPA 371 1.54x10-16]| 374 477 33 1587134[[18550@] 5774 1.12
2-DMPE-TPA 384 1.52x10-16| 384 478 23 1302576[[2746033] 5121 1.01
3-DMPE-TPA 382 2.21x10-16| 383 481 19 ggi Eggjﬂ 5320 0.96

[a] Absorption band maximum.
[b] Absorption cross-section at 4
[c] Fluorescence band maximum.

[d] Fluorescence lifetime measured at A7**. Fractional contribution to the total
fluorescence intensity is given in the parentheses.

[e] Intermolecular distance between the sidearms.

max
abs *

phenyletehenyl sidearms was observed (Table 4). Conversely, ®ri.
had either remained almost unchanged (in the case of MPE-TPA and
DPE-TPA) or even decreased slightly (in the case of DMPE-TPA) with
the increasing number of the sidearms. This confirms that
phenyletehenyl sidearms act not as some kind of spacers increasing
molecular separation, but rather as exciton migration promoters,
which can even cause fluorescence quenching. Spectral overlap
integral J(A) (Fig. 18 inset) in equation (12) was determined by
measuring fluorescence spectrum and absorption cross-section
(Table 4, Fig. 19). J(A) is observed to increase with the larger number

of sidearms reflecting a corresponding increase in absorbance and
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Fig. 18. Spectral overlap of absorption and fluorescence spectra of the neat
films of TPA compounds MPE-TPA (a), DPE-TPA (b) and DMPE-TPA (c).
Inset shows spectral overlap integral as a function of the number of

phenylethenyl sidearms.

reduced Stokes shift of the neat films of TPA compounds (Fig. 18).4
The reduced Stokes shift to a greater extent can be accounted for by
the redshifting absorption band as opposed to the fluorescence band,
which is almost independent of the number of sidearms (Fig. 19). An
exception is pristine MPE-TPA films, for which noticeable
fluorescence redshift of 17 nm is observed due to the formation of
dimer states. Intermolecular distance, entering the equation (12) for

Lp, was used as an average distance between the sidearms of two
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Fig. 19. Normalized absorption and fluorescence spectra of the neat films

of TPA compounds bearing MPE (a), DPE (b) and DMPE (c) sidearms.

neighboring molecules, since it was shown before that in these
compounds exciton is localized on one of the sidearms (section
4.1.1). The intermolecular distance estimated from the volume
averaged molecular radius evidently decreases with increasing the
number (or the density) of the sidearms (Table 4). The distance also
decreases for the TPA compounds bearing smaller sidearms such as
MPE. Index of refraction for the studied TPA compounds was set to

1.7, i.e. to an average value obtained by averaging over refractive
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Fig. 20. Exciton diffusion length in MPE-TPA (a), DPE-TPA (b) and DMPE-
TPA (c) films as a function of the number of sidearms attached calculated

by Forster theory, lines serve as the guides for the eyes.

indices of various similar TPA derivatives.87 The value of A=1,
comparable to those reported previously was utilized.258889

In Figure 20, exciton diffusion lengths calculated using
Forster’s theory are displayed. The results clearly demonstrate that
Lp can be roughly tripled by increasing the number (from one to
three) of MPE or DPE sidearms linked to the TPA core. The maximal
attainable Lp value is around 11 nm, which is rather high and
compares well with that of the well-known small-molecule (CuPc,5%79
Alqs,5> NPD,55 CBP,55 PTCDAS32) or polymer (P3HT,2080 PPV,5681
PCPDTBT!8) compounds widely used for fabrication of OSCs.
Although attachment of more DMPE sidearms increases Lp as well,
the enhancement is less obvious (Fig.17c, Fig. 20). A fairly good
agreement between the diffusion lengths determined by both models

supports the idea that the incorporation of the larger number of
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phenylethenyl sidearms improves exciton diffusion in the TPA
compounds. According to the Forster’s theory this improvement
occurs as a result of the enhanced overlap of the emission and
absorption spectra (reduced Stokes shift), increased extinction
coefficient, and also increased density of the sidearms in the TPA
films allowing for more efficient exciton hopping through the
neighboring molecules. In other words, increasing number of
phenylethenyl sidearms forms a dense network of exciton hopping
sites in the amorphous TPA films that facilitate exciton diffusion.
Such control of exciton diffusion in the TPA films achieved via
incorporation of the phenylethenyl sidearms acting as hopping sites
is an alternative approach as that proposed by R. J. Holmes group,258¢
where covalently-linked peripheral groups or wide bandgap host
were utilized to increase intermolecular separation in order to avoid

fluorescence quenching, and thus, to keep Forster transfer rates high.

4.1.5 Exciton diffusion in diphenylethenyl-substituted TPA dimers

In the previous section exciton diffusion enhancement has been
demonstrated in the films of TPA derivatives with increasing number of
phenylethenyl sidearms. Since molecular structure of the TPA features C3
radial symmetry the effect for the TPA-cored compounds containing only
up to three sidearms could be tested. To verify the reported diffusion
enhancement for a larger number of sidearms, TPA dimer (TPD) featuring
four sidearms was studied. TPD and its structurally modified counterparts
are well known compounds and are frequently exploited in various
optoelectronic devices.3%40 However, exciton diffusion length in these
compounds is rarely studied. Therefore, the two TPD compounds
substituted with DPE sidearms, exhibiting the most prominent Lp

enlargement (section 4.1.4), were chosen for evaluation and verification of
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Fig. 21. Chemical structure of the TPA dimers with two and four DPE sidearms.

the importance of phenylethenyl sidearms to singlet exciton diffusion. The
chemical structure of TPD derivatives possessing two and four DPE

sidearms is shown in Figure 21.
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Fig. 22. Fluorescence transients of 2-DPE-TPD (a) and 4-DPE-TPD (b) films
doped with PCBM quencher at different concentrations (0 - 4 wt%). IRF -

instrumental response function.

69



For the determination of Lp, 2-DPE-TPD and 4-DPE-TPD films
containing different PCBM quencher concentration have been fabricated.
The measured fluorescence transients are displayed in Figure 22. The top
curves in Figure 22 represent transient of the neat films of 2-DPE-TPD and
4-DPE-TPD without PCBM quencher and feature multi-exponential decays
with the average decay time of 0.91 and 0.92 ns, respectively. Obviously,
the presence of the quencher significantly accelerates fluorescence decay
and the films with 4 wt% of PCBM exhibit very fast transients, which
practically echoes IRF suggesting very efficient fluorescence quenching by

PCBM. From the fluorescence transients relative quenching efficiency was
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Fig. 23. Relative quenching efficiency vs PCBM molar concentration in 2-DPE-
TPD (a) and 4-DPE-TPD blends. Points and lines depict experimental and

modelled data, respectively.

70



[T T T ]
12
E L
c 9
\:D -
6 [ © TPA core
i J TPD core
3 | | | |
1 2 3 4

Number of DPE sidearms

Fig. 24. Exciton diffusion length as a function of the number of DPE sidearms in

TPA and TPD compounds.

calculated according to equation (5) and is depicted in Figure 23. The best
agreement between Monte Carlo simulated and experimentally
determined Q values vs quencher concentration was found in the case
when exciton diffusion coefficient was set to 3.1x10-4cm?/s and
5.5x10%* cm?/s for 2-DPE-TPD and 4-DPE-TPD compounds, respectively
(Fig. 23). All the necessary parameters for the exciton diffusion simulation
e.g. density of the material, exciton radius, was used the same as described
in previous section 4.1.5. The simulated D then can be used for the
calculation of three-dimensional exciton diffusion length in DPE-
substituted TPD derivatives and is shown in Figure 24. Here, Lp of the
same DPE sidearms possessing TPA and TPD compounds is compared.
Both TPA and TPD compounds with two DPE sidearms demonstrate very
similar Lp of 9.2 nm. Importantly, the incorporation of four DPE sidearms
into TPD enlarges Lp up to 12.3 nm. This finding confirms that the
increased number of DPE sidearms is capable of forming the dense

network of hopping sites with enhanced singlet exciton diffusion.
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Interesting, that intermolecular distance between sidearms in
the neat films of 2-DPE-TPD and 4-DPE-TPD is 1.06 and 0.95 nm, which is
very close to intermolecular distance for TPA compounds 1-DPE-TPA and
2-DPE-TPA (Table 4). Identical intermolecular distance signifies that the
density of sidearms in the TPD films is also the same as compared with
one and two sidearm-substituted TPA derivatives. However, higher Lp
measured in the TPD derivatives unambiguously suggests the importance
of the core. One possible explanation might be that enhancement of
exciton diffusion in TPD derivatives as compared to TPA, is achieved as a
result of intramolecular exciton transfer. Due to prolonged molecular
structure, the packing in the neat film might be organized in more
favorable fashion for exciton diffusion, e.g. induced twisting at the TPA

units might improve dipole orientation factor.

1 —(a) 2-DPE-TPD

4-DPE-TPD—

Absorption, arb. units
o
Fluorescence intensity, arb. units

300 400 500 600 700

Wavelength, nm

Fig. 25. Normalized absorption and fluorescence spectra of the TPD

compounds with two (a) and four (b) DPE sidearms.
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Measured absorption and fluorescence spectra of encapsulated
neat films of 2-DPE-TPD and 4-DPE-TPD are shown in Figure 25. 2-DPE-
TPD and 4-DPE-TPD feature absorption with the maximum at 396 and
394 nm, respectively, and fluorescence with the maximum at 480 nm of
both compounds. The spectral positions of these TPD compounds are very
similar to those of TPA monomers with the same DPE sidearms (4.1.1).
The absence of spectral shifts in absorption and fluorescence bands after
significant enlargement of molecular structure by additional DPE units in
TPD derivatives suggest that in these compounds the exciton localization

on one of the sidearms is also taking place.

4.1.6 Exciton diffusion in 1,8-naphthalimide-substituted TPAs

Singlet exciton diffusion in the neat films of phenylethenyl-

substituted triphenylamines and even triphenylamine dimers is

sidearm
sidearm
sidearm

1-sidearm-TPA 2-sidearm-TPA 3-sidearm-TPA

sidearm M

Fig. 26. Chemical structure TPA compounds with different number (one, two and
three) and different type of sidearms: N-(2-ethylhexyl)-1,8-naphthalimide (IM)
and (N-(2-ethylhexyl)-1,8-naphthalimid-4-yl)-ethenyl (IME).
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significantly enhanced when higher number of phenylethenyl sidearms is
attached to TPA or TPD core. However, it is still unclear whether the
attachment of other than phenylethenyl sidearms would still results in
enhancement of Lp. For this reason, the measurements of Lp in the neat
films of TPA derivatives possessing different number (from one to three)
of naphthalimide (IM) sidearms were conducted. One series of
naphthalimide substituted TPA derivatives consisted of single-bonded IM

sidearms (IM-TPA compounds), whereas in another series ethenyl linking
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Fig. 27. Relative quenching efficiency vs PCBM molar concentration in TPA:PCBM
blends of IM-TPA derivatives with one (a), two (b) and three (c) IM sidearms and
IME-TPA derivatives with one (d), two (e) and three (f) IME sidearms. Points and

lines depict experimental and modelled results, respectively.
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groups (IME-TPA compounds) were employed (Fig.26). For the
determination of Lp, films containing IM-TPD and IME-TPD compounds
with variable concentration of PCBM were fabricated under nitrogen
atmosphere and fluorescence transients were measured. From the
obtained data relative quenching efficiency was calculated and its
dependence on molar quencher concentration is depicted in Figure 27.
Monte Carlo simulations allowed evaluating exciton diffusion
coefficient, which is shown in Figure 28. Additionally, relative quenching
efficiency versus PCBM quencher concentration was modeled using
previously determined D (Fig.27). Fairly good agreement between
simulations and experimental data again demonstrates intimate mixture
of naphthalimide-substituted TPA derivatives and PCBM quencher, and
thus, hints on reliable determination of exciton diffusion coefficient.
Homogenous quencher distribution in these IM-TPA and IME-TPA
compounds is rather probable as compounds form molecular glasses with
glass transition temperature between 45 and 107°C.5253 Similarly to the
phenylethnely sidearms, increasing number of IM sidearms also increased
D for both IM-TPA and IME-TPA compounds. Interestingly, that D for IME-

TPA compounds was found to be almost one order of magnitude to that of
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Fig. 28. Exciton diffusion coefficient (a), average fluorescence lifetime (b) and

exciton diffusion length (c) as a function of the number of IM and IME sidearms

of TPA derivatives.
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IM-TPA, despite the fact that the molecular structure of the IM-TPA
compounds is smaller as compared to IME-TPAs featuring additional
ethenyl linkers. To understand such a large difference of D, it is necessary
to analyze photophysical properties of these compounds.

Fluorescence transients of the encapsulated films of IM-TPAs
were found to express multi-exponential transients with average decay
time ranging from 10.4 ns to 13.4 ns, which slightly increased with the
number of IM sidearms. Whereas, IME-TPAs showed opposite trend with
increasing number of IME sidearms. <> of 4.8 ns for 1-IME-TPA was
determined, which is more than 2 times shorter as compared to 1-IM-TPA.
2-IME-TPA and 3-IME-TPA exhibited fluorescence lifetime of 4.2 and
3.7 ns, respectively (Fig.29). These differences might be related to
different extension of charge transfer states. Earlier reports showed that
dihedral angle between naphthalimide and TPA core for IM-TPAs is ~53°,
whereas for IME-TPA compounds this angle is significantly smaller
~29°5253 Generally, higher dihedral angle between the donor and
acceptor in such type of molecules facilitates CT character. Moreover it
was demonstrated that HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) orbitals are localized
predominantly on the donor and acceptor moieties for both IM-TPA and
IME-TPA compounds, respectively. However, it is likely that for IM-TPA
compounds the separation of HOMO and LUMO orbitals due to larger
dihedral angle is higher.5253 Effective separation of HOMO and LUMO
orbitals forms CT states, which typically have lower oscillator strength.
Again, for IM-TPAs oscillator strength (f) was found to range from 0.15 to
0.30, whereas for IME-TPA compound it was significantly higher - from
0.6 to 1.1, depending on the number of sidearms attached.5253 Increased f
well correlated with the increased absorption intensity, which for IM-
TPAs is 1.4x10% - 3.2x10% Lxmol-1xcm- and is roughly 2 times smaller as

compared to IME-TPAs (3.5x10¢% - 7.1x10% Lxmol!lxcm1).5253
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Furthermore, stronger character of charge transfer confirms that the
Stokes shift in the neat films of IM-TPAs is ~100 meV larger as compared
to that of IME-TPAs, which is 0.72 eV and 0.63 eV for IM-TPA and IME-TPA
compounds, respectively. Very likely that stronger nature of CT in IM-TPA
compounds is responsible for the 10-fold lower exciton diffusion

coefficient as compared with IME-TPA compounds (Fig.28a).
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Fig. 29. Fluorescence transients of the neat films of IM-TPA (a) and IME-TPA (b)
derivatives. White lines - exponential fit; average fluorescence lifetimes are

indicated.

Nevertheless, the increase in exciton diffusion coefficient is still observed
for both IM-TPA and IME-TPA compounds with maximum values of
6.5%106 and 4.6x10-5 cm?/s for three IM sidearms possessing 3-IM-TPA
and 3-IME-TPA compounds, respectively (Fig.28a). The Lp with higher
number of sidearms increases from 2.9 to 5.1 nm and from 6.6 to 7.1 nm,
for IM-TPA and IME-TPA compounds, respectively (Fig. 28c). Generally,
the incorporation of higher number of naphthalimide sidearms into TPA
core improves exciton diffusion in the films of IM-TPA and IME-TPA
compounds, however, due to donor-acceptor type of the molecules the

increase in absolute value of Lp is small, not exceeding 7.1 nm.
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4.1.7 Summary

Photophysical measurements revealed that increase in the
number of 2-methyl-2-phenylethenyl, 2,2-diphenylethenyl and 2,2-di(4-
methoxyphenyl)ethenyl of sidearms effectively suppresses intramolecular
motions of the TPA core and causes significant enhancement (up to 10
times) of fluorescence quantum yield of the TPA compounds in dilute
solutions. Almost complete suppression of intramolecular motions
achieved by dispersing triphenylamine derivatives in a rigid polymer
matrix at low concentration resulted in increased fluorescence quantum
yield 47 - 63% and fluorescence lifetimes of about 2 ns, which were found
to be roughly independent of the number and type of phenylethenyl
sidearms attached.

It has been shown that spectral shifts of absorption spectra and
almost independent fluorescence spectra of phenylethenyl-substituted
TPA derivatives can be explained in terms of exciton localization onto one
of the sidearm.

Although, in the solid state intramolecular torsions of the TPA
core are also effectively suppressed, however the dense network of the
sidearms formed facilitates exciton migration and migration induced
fluorescence quenching at the non-radiative sites. In turn, enhanced
exciton migration reduces fluorescence quantum yield up to 5 times in the
neat films followed by accelerated fluorescence lifetime.

Phenylethenyl-substituted TPA derivatives containing flexible
alkoxy chains showed virtually identical photophysical properties in dilute
solutions, whereas in the neat films shortening of alkoxy chains resulted in
prominently enhanced intermolecular interactions, which was evident by
redshifted emission. Moreover, shortening of the alkoxy chains reduced
fluorescence quantum yield by a factor of 8, what indicates migration-

induced exciton quenching at non-radiative decay sites.
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For the determination of exciton diffusion length fluorescence
quenching efficiency in the neat films of TPA derivatives with randomly
distributed exciton quenchers were estimated. Monte Carlo simulations of
the fluorescence transients in TPA:quencher blends with different
quencher concentration (0 - 1 wt%) were performed for the evaluation of
Lp. An increase of the number of phenylethenyl sidearms from one to
three, irrespectively of their type, was shown to cause the considerable
enhancement of the exciton diffusivity accompanied with the 3-fold
increase of Lp for MPE and DPE sidearms. The largest exciton diffusion
coefficient D=5.4x10*cm2/s and diffusion length Lp=11nm were
obtained for the TPA compounds bearing three MPE and DPE sidearms,
respectively. Exciton diffusion measurements performed for TPA dimers
possessing two and four DPE sidearms revealed that incorporation of four
DPE sidearms allows enlarging Lp from 9 nm to 12 nm. The exciton
diffusion enhancement with increasing the number of sidearms was
attributed to the increased Forster energy transfer rate caused by the
enhanced overlap of the emission and absorption spectra (reduced Stokes
shift), increased extinction coefficient, and also increased density of the
sidearms in the TPA films allowing for more efficient exciton hopping
through the neighboring molecules.

The attachment of higher number of naphthalimide sidearms
into TPA core also resulted in up to 2-fold enhanced exciton diffusion
coefficient. It was found that incorporation of ethenyl linker between the
sidearm and TPA core slightly reduced charge transfer character in these
donor - acceptor type molecules what stimulated 10-fold increase in
exciton diffusion coefficient. The higher exciton diffusion coefficient of
4.6x10->cm?/s and diffusion length of 7 nm was obtained for the TPA
compounds with three IME sidearms. Unfortunately, donor - acceptor
molecular structure determines small absolute value of the diffusion

coefficient and therefore exciton diffusion length does not exceed 7 nm.
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4.2 Light upconversion in sensitized DPA/PMMA films

Fueled by the many opportunities that it offers in terms of
enhancement of solar harvesting,2091 photocatalysis,?? light emission?394
or bioimaging?>9 for instance, sensitized light upconversion (UC)
mediated by triplet-triplet annihilation (TTA) has attracted increasing
attention in the past decade.?7.98 TTA-UC presents two obvious advantages
over alternative UC schemes, namely the abilities to operate at subsolar
irradiance power densities (~10 mW/cm?2) and with noncoherent light.14
For comparison, widely used UC via generation of high harmonics requires
not only coherent excitation, but also needs to fulfill stringent constraint
of phase matching. Briefly, TTA-UC relies on a cascade of photophysical
events whereby lower-energy photons are harvested by a sensitizer
molecules, followed by intersystem crossing and triplet-triplet energy
transfer (TTET) to emitter molecules. These triplet excitons then diffuse
until they encounter each other such that a singlet excited emitter is
formed by means of TTA and blueshifted light is eventually emitted
(Fig. 30). Such TTA-UC scheme, exploiting strong oscillator strength of
singlet manifold for absorption and emission with long-lived triplet state
for intermediate energy storage, also surpasses lanthanoid-based UC
scheme in terms of efficiency. Lanthanoid-based upconverting phosphors
use the same electronic manifold for all the processes leading to low
absorptivity and inherent competition of non-radiative losses with the UC
emission.13,98

There have been numerous reports demonstrating TTA-UC in
conjugated oligomeric thin-films,%9100 elastomeric (rubbery) doped-
matrices,101-103  gels,104105  compositesi0, nanoparticles10? or glassy
materials such as polymer films.108-113 Undoubtedly the latter offer
multiple advantages in terms of transparency, mechanical stability and are

much more attractive from a device point of view, however, maximum
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Fig. 30. TTA-UC energy diagram showing the various energy transfers between
the platinum octaethylporphyrin and the 9,10-diphenylanthracene: intersystem
crossing (ISC), triplet-triplet energy transfer (TTET), triplet exciton diffusion
(TED) and triplet-triplet annihilation (TTA).

quantum efficiency of TTA-UC achieved is an order of magnitude lower as
compared to that found in solution or liquid medium (~26%).1> The main
factors limiting upconversion efficiency in disordered glassy films are not
fully understood,!!! still they are believed to be mainly related to
aggregation of the emitter molecules, inefficient diffusion of the triplet

excitons and their non-radiative relaxation in emitter molecules.

PtOEP DPA

Fig. 31. Molecular structures of PtOEP sensitizer and DPA emitter.

A dye pair (Fig.31) consisting of 9,10-diphenylanthracene
(DPA) as an emitter and platinum octaethylporphyrin (PtOEP) as a triplet

sensitizer was chosen due to its high reported solution upconversion
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efficiency and widespread use, making it an excellent model system. The
absorption and emission spectra of these dyes are shown in Figure 32.
Poly(methyl methacrylate) (PMMA) polymer was used as a matrix to

attain homogeneous glassy films with high DPA concentration.
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Fig. 32. Normalized absorption and emission spectra of melt-processed

PtOEP/PMMA (cpioep = 0.05 wt%) and DPA/PMMA (cppa = 0.25 wt%) films.

The photophysical processes ongoing in these solid DPA/PtOEP/PMMA
films were investigated in great detail to evaluate the limiting factors of
upconversion efficiency. Identification of such factors is essential to
understand the loss mechanisms and reduce their impact to overall

upconversion quantum efficiency.

4.2.1 Fluorescence concentration quenching in DPA/PMMA films

Concentration effects that could originate from inhomogeneous
DPA distribution in upconverting PMMA films due to high DPA loadings
were assessed from fluorescence spectra and fluorescence quantum yield
measurements. Figure 33a depicts fluorescence spectra of DPA/PMMA

films with different DPA content measured after excitation with 365 nm.
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No noticeable emission shift was observed, just a clear tendency of
decreasing Oth vibronic peak of DPA emission with higher DPA load which
is attributed to reabsorption effect. Measured emission ®r, showed
monotonous decrease from 87% to 57% with increasing DPA
concentration from 15 wt% to 40 wt% (Fig. 33b). 1.5-fold decrease of @y
indicates moderate fluorescence quenching and even distribution of DPA

throughout the polymer matrix at such high DPA concentrations.
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Fig. 33. Fluorescence spectra (a) (Aex = 365 nm) and fluorescence quantum
yield (b) of melt-processed DPA/PMMA films at different DPA content
(Aex = 405 nm).

This is attributed to the melt-processing route followed by rapid cooling,
which were used for the preparation of polymer films. Massive
aggregation would have otherwise resulted in significantly higher

concentration quenching which was not observed in this sample set.115

4.2.2 Triplet energy transfer in DPA/PtOEP/PMMA films

Since triplet energy transfer from the photoexcited PtOEP to

DPA is one of the first events in the cascade processes of UC, it must have
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high enough rate to ensure efficient overall TTA-UC process. The TTET
efficiency was evaluated by analyzing phosphorescence intensity decays at
different DPA concentrations. Figure 34a shows an emission of
DPA/PtOEP/PMMA films in a semi-logarithmic plot as a function of
emitter concentration with 0.05 wt% of PtOEP excited at the Q band of the
sensitizer (532 nm) with a 30 mW power green laser diode. At each
concentration two distinct signals can be observed on either side of the

excitation band: a blueshifted emission at ~440 nm, corresponding to the
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Fig. 34. (a) Emission spectra of DPA/PtOEP/PMMA films excited at 532 nm as a
function of DPA concentration. Note that the vertical axis has a logarithmic scale.
(b) A picture of green-to-blue upconversion in the polymer film. (c) Emission

intensity of DPA band.
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upconverted light and a red-shifted peak at 647 nm, corresponding to
residual phosphorescence from the triplet exciton sensitizer (Fig. 34a).
The spectra region in the vicinity of excitation wavelength (532 nm) was
cut off for the films with 35 wt% and 40 wt% of DPA due to immense
signal caused by enhanced scattering of excitation light (Fig. 34a). A bright
blue UC signal could be observed readily with the naked eye by irradiating
the film containing 25 wt% of DPA under the same experimental
conditions (Fig.34b). As expected, a monotonous decrease of PtOEP
phosphorescence intensity is observed with increasing DPA concentration
(Fig. 34a), which is consistent with enhanced TTET to DPA. The UC
intensity increases with DPA concentration up to 25 wt% of DPA, and then
decreases as the DPA concentration further increases. The non-
monotonous behavior of UC can be clearly observed from Figure 34c,
where the peak maximum intensity of DPA emission band is displayed as a
function of DPA concentration. While this is not an absolute measurement
of the quantum yield of the process, it provides a good qualitative
indication of the overall UC efficiency at each concentration given the
identical processing conditions and PtOEP concentration. The initial
increase of UC intensity with the DPA load could be attributed to the
increased triplet exciton concentration in the DPA due to the enhanced
triplet energy transfer from PtOEP. The reduction of UC intensity to a
small extent could potentially be ascribed to the concentration quenching
of singlet excitons in DPA (Fig. 33b). However, as will be described further,
additional non-radiative decay phenomena of the DPA triplet excitons
must be at play to account for the significant UC intensity decrease at
higher DPA contents.

Figure 35a shows the accelerated decay in PtOEP
phosphorescence transients with increasing DPA loadings, which further
supports the fact that TTET from sensitizer to emitter is in fact quite

efficient. These transients were obtained using a variable optical window
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method, which allowed at different delays and exposure times to measure
optical signal, 116 thus enabling to probe time evolutions ranging from
100 ns to 10 ms. A reference film of PtOEP embedded in a PMMA matrix
was shown to possess an intrinsic phosphorescent decay time constant of
ca. 100 ps (Fig. 35a). Several orders of magnitude lower intensity long-

lived decay component observed in the transients on a
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Fig. 35. (a) Phosphorescence transients of DPA/PtOEP/PMMA (Cptokp =
0.05 wt%) films with different DPA loadings (Aex =532 nm). (b) Triplet energy
transfer rate from PtOEP to DPA. The dashed line corresponds to Dexter-type

energy transfer fit of experimental data, where n is the DPA concentration.

millisecond time-scale (Fig. 35a), and which is missing in the transient of
the reference sample, is attributed to the back-energy-transfer from DPA
to PtOEP triplet. Similar observations were previously reported for blue
phosphorescence materials.!?7 The intrinsic phosphorescence lifetime of
PtOEP evidently shortens rapidly with the introduction of additional DPA
into the polymeric matrix. In order to estimate the efficiency of the TTET
step (nrrer), the following relation was used:

_ S Towppa(©)dt — [ Ixguppa (t)dt
et S Toyppa (B)dt ,

(23)
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where Ixyppa(t) corresponds to the transient obtained at X wt% of DPA. As
expected, nrrer increases monotonously with increasing DPA
concentration and exceeds 75% for DPA content above 25 wt% implying

TTET process to be highly efficient (Fig. 35b).

4.2.3 TTA-UC quantum yield vs DPA concentration

Light upconversion mediated by TTA is a bimolecular process
(eq. 19) and its efficiency depends on the excitation power density.
Therefore, prior to estimating TTA-UC quantum yield (®uc) in
DPA/PtOEP/PMMA films proper excitation conditions need to be found.
To this end, UC emission and sensitizer phosphorescence intensity was
measured as a function of incident power density for all DPA
concentrations (15 - 40 wt%) (Fig. 36).

Since the emission spectral shape did not change with
increasing excitation power the UC peak intensity could be used instead of
the integral value. As expected, the phosphorescence intensity increases
linearly with increasing excitation power density, i.e., increasing number
of excited PtOEP molecules. Conversely, the UC emission exhibits a dual
behavior: i) a quadratic dependence at low excitation densities and ii) a
linear at higher excitation densities. Such behavior is characteristic of the
TTA-UC process and has been previously examined in detail.118119 Briefly,
the linear behavior corresponds to a regime where triplet emitters decay
preferentially via TTA, whereas the quadratic regime is consistent with
spontaneous decay of the DPA triplet excited states. Consequently, the
intensity threshold (Im),11°® whereby the kinetics of UC switches from
quadratic to linear is a critical figure of merit as it characterizes the
performance of a certain TTA-UC system. The lower this value is, the more
performant the system. This threshold value was also determined at

different emitter concentrations (Fig. 36) and plotted as a function of DPA
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Fig. 36. TTA-UC intensity as a function of excitation power density (Aex = 532 nm)
at different emitter concentrations (a) 20 wt%, (b) 25 wt%, (c) 30 wt%, (d)
35 wt% in DPA/PtOEP/PMMA films (Cptorp = 0.05 wt%).

content (Fig. 37). It is obvious that the lowest I, is obtained for the sample
with 25 wt% of DPA.

Obtaining I is essential for correct determination of TTA-UC
quantum yields. Indeed, the measurements must be accomplished in a
regime where the upconversion depends linearly upon the incident light
(i.e., where I > I), meaning that the estimated quantum yield value of UC

must not depend upon the excitation power density. Consequently, all of
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the quantum yield measurements were performed at an excitation power
density of 155 mW/cm?2, which is in the linear regime for most of
concentrations except for the highest one (40 wt%) used in the

experiments (Fig. 36 and Fig. 37).
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Fig. 37. TTA-UC intensity threshold at different DPA concentrations.
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Fig. 38. Phosphorescence and TTA-UC quantum yield in DPA/PtOEP/PMMA
(Cptoep = 0.05 wt%) films as a function of DPA concentration. Note that maximum

theoretical TTA-UC efficiency is 50%. Lines are guides for the eyes.
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The absolute measurements of @yc and the phosphorescence
quantum yield (®pn) in the upconverting polymer films were carried out
by using an integrating sphere (Fig. 38). Again, the decrease of ®pn with
increasing DPA concentration confirms enhanced TTET from the
sensitizer to the emitter molecules. The evolution of @®yc is somewhat
more intricate. The initial increase in TTA-UC quantum yield is in
agreement with enhanced TTET to DPA. However, the later dramatic
decrease of TTA-UC quantum yield from 0.9% to 0.0006% cannot solely be
accounted by the concentration quenching of singlet emission in DPA
(Fig. 33b). For the sake of clarity, it is important to mention that TTA-UC
quantum yield (with the maximum @uyc of 50%) scales by a factor of 2 as
compared to TTA-UC quantum efficiency, which maximum value is
normalized to 100%).8 The decrease of ®uc by ca. three orders of
magnitude is indeed inconsistent with the previously described 4/5
decrease in DPA emission upon excitation at 405 nm. This decrease can
presumably be ascribed to triplet exciton quenching due to enhanced

triplet exciton diffusion, and thus increased probability to reach
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Fig. 39. UC emission transients of the DPA/PtOEP/PMMA (Cptorp = 0.05 wt%)
films at different DPA loadings.
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non-radiative decay sites. Unlike pre-organized systems, amorphous
glasses bear high number of defects which could potentially serve as non-
radiative sites for long-lived triplet excitons.

The essential role of the triplet exciton quenching is confirmed
by the accelerated decay of UC intensity with increasing DPA content in UC
transients (Fig.39). The changes in the UC decay rate occurring on a
millisecond time-scale indicate that the dominant quenching mechanism is

governed by the triplet excitons and not by the singlets.

4.2.4 Triplet exciton diffusion length in DPA/PtOEP/PMMA films

Triplet excitons are very important in upconversion process
since for the triplet-triplet annihilation two triplets located at neighboring
molecules are necessary to generate one singlet exciton. Generally, triplets
are generated at different locations in the upconverting system, therefore
they have to diffuse towards one another to be able to encounter. For this
reason, effective long-range diffusion of triplet excitons is essential for the
efficient TTA-UC process. Therefore, to clarify the role of triplet exciton
diffusion in upconverting polymer glasses, the triplet exciton diffusion
coefficient (D) and diffusion length (Lp) were evaluated as a function of
emitter concentration. For this evaluation time-resolved
photoluminescence bulk-quenching technique2¢ was employed with PCBM
(Fig. 1) serving as appropriate triplet exciton quencher.19.120
Experimentally obtained excited state relaxation dynamics (Fig.40)
enabled to evaluate relative quenching efficiency (eq. 20, Fig. 41) followed
by Stern-Volmer modeling (section 2.3),1° which recently has been proved
to be the accurate tool for exciton diffusion length evaluation.26

Table 5 summarizes main Stern-Volmer fitting parameters along
with the reaction radius, average UC emission lifetime <7> and estimated

triplet exciton diffusion length. The reaction radius in these calculations
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Fig. 40. Triplet exciton concentration dynamics of the DPA/PtOEP/PMMA
(Cprorp = 0.05 wt%) films at different triplet quencher concentrations from 0 to

2 wt%.

was assumed to be equal to the average intermolecular distance of DPA
molecules. The application of the time-resolved photoluminescence bulk-
quenching technique for the evaluation of diffusion parameters at DPA
loadings of 15 and 40 wt% was impossible due to insufficient UC signal
(Fig. 34a). From the Table 5, it is obvious that D increases while the

average lifetime of triplets shortens with emitter concentration.
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Table 5. Main Stern-Volmer fitting parameters.

DPA Ksy D fa r <T> Lp
loading cm3xmol-1 cm?2xs-1 nm nm
20 wt% 1.6x106 3.1x10-10 1.0 1.32 53ms 222
25wt  2.1x106¢ 2.2x10°9 097 123 10ms 25.8
30wt%  3.7x106 1.7x10-8 097 115 240ps 35.6
35wtho  9.9x10¢ 5.8x10-8 086 110 210pus 60.1

However, the increase of D prevails resulting in the final enhancement of
Lp with increasing DPA content (Fig. 42).

Lp of the triplets was reported to depend very sensitively on the
material and its morphology and therefore to range from several
nanometers to hundreds of microns.121 Mostly for purely amorphous films,
Lp was found to be less than 100 nm, e.g., 54 nm for 4P-NPD,122 22 nm for
platinum polyyne polymer (Ph100),2° 30 nm for PtOEP film,!23 9 nm for
SY-PPV,124 28 nm for PATPPC,125> 87 nm for NPD12¢, In the case of highly-
ordered organic crystals Lp values well beyond several microns could be
obtained, e.g., 20 um for anthracene crystals,127 8 uym for rubrene,>8 and up
to 13 um in anthracene-based metal-organic frameworks.128 Exciton
diffusion based on the energy transfer rate formalism can be applied.
However, much more complex treatment of exciton diffusion is required
for inherently disordered systems,!29 such as polymers or as in this case
amorphous DPA/PtOEP/PMMA films. In contrast to the singlet excitons
capable to migrate via long-range (1-10 nm) Forster energy transfer
mechanism, triplet exciton diffusion is governed by Dexter energy transfer
with a typical length scale of up to 1 nm (typical intermolecular distance).
Therefore, Dexter mechanism is known as short-range energy transfer,
which utilizes physical exchange of electrons, and thus requires spatial
overlap of wave functions of the donor and acceptor. Taking this into
account, local intermolecular arrangements/interactions play critical role
for triplet excitons and defines their diffusion pathways.130 The increase of

triplet exciton diffusivity (parameter D) with DPA loading (Table 5) can be
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the DPA/PtOEP/PMMA (Cptoep = 0.05 wt%) films. Triplet exciton diffusion

lengths are indicated. Lines are Stern-Volmer fits.

intuitively understood to occur as a result of reduced intermolecular
separation, i.e. increase of the concentration of nearest-neighbor hopping
sites. On the other hand, enhanced exciton mobility ensures access of a
larger number of distant sites including those acting as non-radiative

decay sites. This explains apparent shortening of the intrinsic lifetime of
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triplet excitons with increasing DPA loading in the DPA/PtOEP/PMMA
films (Table 5).
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Fig. 42. Triplet exciton diffusion length as a function of emitter concentration in

PMMA.

In the studied disordered DPA/PtOEP/PMMA films, Lp increased
by a factor of 3 (from 22 to 60 nm) as the emitter concentration increased
from 20 to 35 wt%. Unfortunately, enhanced triplet exciton diffusion in
sensitized polymer glasses with increasing emitter concentration did not
result in enhanced TTA-UC quantum yield (Fig. 38) suggesting that Lp is
not a limiting factor in the amorphous polymer glasses. Evidently, the
triplet exciton diffusion in the polymer glasses is found to be sufficiently
efficient to not degrade TTA-UC efficiency. As it was discussed above, most
likely the main limiting factor is related to non-radiative decay of triplet
excitons in emitter molecules. In support of this statement a comparison
of the estimated Lp values with the average distance between the
sensitizer molecules, which is ~14 nm at PtOEP loading of 0.05 wt%, can
be made. For the calculations of average distance the densities of
pruma=1.18 g/cm3, pppa=1.22 g/cm3,131 ppopp=1.5 g/cm3 of materials were
used. A significantly larger Lp than the intermolecular distance of

sensitizer in PMMA implies a high probability for the triplet excitons
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generated on the neighboring sensitizer molecules to encounter by
diffusion process and promote TTA. This observation again confirms that
triplet exciton diffusion plays a non-decisive role in limiting TTA-UC
efficiency in the disordered DPA/PtOEP/PMMA films. In general, triplet
exciton diffusion length might depend on the particular quencher chosen,
as different triplet exciton quenchers might have slightly different
quenching ability. Choosing a quencher with worse quenching ability will
result in quantitatively different estimates for diffusion coefficient and
diffusion length. Explicitly, applying Stern-Volmer model for quenching
analysis worse quencher will yield underestimated diffusion coefficient,
and correspondingly shorter diffusion length. However, in this scenario,

general tendency still will not be affected.

4.2.5 TTA-UC quenching by PtOEP

In the previous section it was demonstrated that triplet excitons
in heavily doped DPA/PMMA films are rather mobile and the triplet
exciton diffusion is not the main limiting factor of TTA-UC efficiency.
However the absolute value of TTA-UC quantum yield in amorphous films
is still very low and does not exceed 1%. It was reported earlier for other
TTA-UC systems that some of the singlet excitons generated through the
TTA might be quenched via singlet-singlet energy transfer back to the
triplet exciton sensitizer.132133 n this case, even if TTA process would be
100% efficient, the demand of two triplets to form one singlet exciton
would still significantly reduce overall efficiency of TTA-UC depending on
the singlet-singlet energy transfer rate. The mechanisms by which PtOEP
might quench DPA singlets consist of possible exciplex formation between
PtOEP and DPA or direct energy transfer from DPA to PtOEP by
FRET.111132 To clarify the mechanism, fluorescence quantum yield of

DPA/PtOEP/PMMA films was measured by directly exciting DPA emitter.
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For the minimization of direct excitation of PtOEP the 405 nm excitation
wavelength was chosen (Fig. 32). ®r as a function of DPA concentration is
presented in Figure 43a. Moreover for the comparison, the @&r. of
DPA/PMMA films are shown in the same graph. The ®r. measurements
indicate that in contrast to DPA/PMMA films, the @&p. of
DPA/PtEOP/PMMA films (Cproer = 0.05 wt%) negligibly depends on DPA
concentration. However, their @r, is approximately 4 to 8 times lower as

compared to that of DPA/PMMA films. Up to 8-fold reduced @r. of DPA in
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Fig. 43. Fluorescence quantum yield (a) and fluorescence transients (b) of
DPA/PMMA and DPA/PtOEP/PMMA (Cpioer=0.05wt%) films vs DPA
concentration. For @r, measurements 405 nm excitations was used, whereas for

fluorescence transients- 375 nm.

a presence of PtOEP clearly demonstrates significant fluorescence
quenching by the sensitizer, even for a very small amount
(Cpoer=0.05 wt%), which is 300-800 times smaller than DPA (15-40 wt%).
The fluorescence quenching by the sensitizer is also observed from
fluorescence transients, which are depicted in Figure43b. The

incorporation of PtOEP into DPA/PMMA films considerably accelerates
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fluorescence decay resulting in fluorescence lifetime drop from
approximately 9 to 3 ns.

Strongly decreased ®r1. suggests that PtOEP plays a dual role in
these upconverting films, one of which is not as beneficial as populating
triplet manifold. Therefore, to unravel the origin of the quenching, the
series of UC films with different sensitizer concentration have been
fabricated followed by detailed spectroscopic characterization.

The photographs of the series of PMMA samples with 25 wt% of
DPA and increasing PtOEP concentration from 0.01 wt% to 0.8 wt% are
shown in Figure 44. Under excitation of 532 nm samples showed apparent
color change from bright blue to pale purple with increasing PtOEP
concentration. This color change corresponds to spectral change of DPA
and PtOEP bands (Fig. 45). The increasing amount of PtOEP concentration
in DPA/PMMA films, first, resulted in increasing intensity of DPA band,
however, at 0.05 wt% maximum intensity was reached and then started to
degrade. Whereas, PtOEP band intensity at 647 nm varied just in
moderate intensity range.

To assess sensitizer aggregation and related TTA-UC emission
quenching, which was essential for poly(para-phenylene vinylene)
copolymer doped with  palladium (meso - tetraphenyl-tetrabenzo
porphyrin) sensitizer,!34 the phosphorescence quantum yield (®pn)

measurements were performed. ®pn of the PMMA films with PtOEP

0.4 wt%

Fig. 44. Photographs of the upconverting films of 25 wt% of DPA and at different

PtOEP concentrations (indicated).
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Fig. 46. Phosphorescence quantum yield as a function of PtOEP concentration in
PMMA films. The region where PtOEP features aggregation is indicated. Line is a
guide for the eyes.

concentration varying from 0.006 to 13.5 wt% is presented in Figure 46.

®pp remains constant (31%) and is independent of concentration up to
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0.25 wt% of PtOEP. This clearly indicated absence of aggregation of the
sensitizer molecules up to this point. Meanwhile, further concentration
increase triggers aggregation and diminishes @pn. Introduction of 10 wt%
of PtOEP results in 2-fold lower @pn. Thus it can be concluded that TTA-UC
intensity decrease up to 0.25wt% is not related to aggregation of
sensitizer molecules. However, at higher PtOEP concentrations, it may
contribute to the quenching of TTA-UC. ®r. and @uc of the same
upconverting films with different PtOEP concentration were estimated by
exciting them with 405 and 532 nm, respectively. The corresponding
results are shown in Figure 47. Experimental data show that contrary to
TTA-UC intensity (Fig.45) ®uyc monotonously decreases with increasing
sensitizer concentration. Evidently, the initial UC intensity increase is due
to increase of the absorbed light, however, further increasing sensitizer
concentration results in strong TTA-UC quenching and thus reduces the

intensity of TTA-UC (Fig. 45). Generally, @yc trend vs PtOEP concentration

100 — —
10+
o\o E
> [
£ L FL
2 0_1?DPAconc. :
& [ ®020wt% :
I g
do.o1; =825 wt% @,
- ¢ 0 30wt% I
LY V3swth .
0.01 0.1 1

Concentration of PtOEP, wt%

Fig. 47. Fluorescence and TTA-UC quantum yield of DPA/PtOEP/PMMA films as
a function of PtOEP concentration at different DPA content (20 wt%, 25 wt%,
30 wt% and 35 wt%). For the fluorescence measurements excitation wavelength

of 405 nm was used, for upconversion - 532 nm. Lines are guides for the eyes.
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Fig. 48. Fluorescence quantum yield of DPA/PtOEP/PMMA films as a function of
PtOEP concentration at fixed DPA content of 25 wt%. DPA was directly excited

by 405 nm wavelength.

points out TTA-UC enhancement at the lowest sensitizer content.
Therefore, by reducing PtOEP concentration down to 0.01 wt% in the
DPA/PtOEP/PMMA films the ®yc up to 1.8% was achieved. Unfortunately,
further reduction of the concentration conditioned very weak UC signal
and ®yc measurements were not reliable. @yc and @r. displayed in
Figure 47 have similar trends vs PtOEP concentration even at different
DPA content (20 - 35 wt%) suggesting the same quenching mechanism for
®yc and Pr1, which is related to singlet exciton quenching.

®r;, measurements of the DPA/PtOEP/PMMA films with 25 wt%
of DPA performed down to very low (0.0005 wt%) PtOEP concentrations
(Fig. 48) unambiguously show noticeable fluorescence quenching. For
instance, at 0.001 wt% of PtOEP ®f. drops down by ~20% as compared to
that measured in the film without PtOEP (Fig.48). Obviously, such
fluorescence quenching is caused by the sensitizer molecules. However,
emergence of the quenching at very low concentrations rules out the

possible quenching by the PtOEP aggregation or DPA-PtOEP exciplex
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formation. Thus, the most plausible explanation is singlet exciton transfer

from DPA to sensitizer by FRET mechanism.

4.2.6 Singlet exciton diffusion in DPA/PMMA and DPA/PtOEP/PMMA

films

Strong DPA fluorescence quenching by PtOEP sensitizer in
polymeric films has been observed, however, the origins of this quenching
are still unclear, and thus, detailed experimental studies are necessary.
The feasible way for the DPA singlets to lose its energy is direct energy
transfer from DPA to PtOEP by Forster transfer mechanism.62 For this
process to be effective, the distance between the singlet exciton
generation and quenching sites should be within the Forster radius, which
in organic materials typically is 2-10 nm.135 Assuming that the singlet
excitons might be created in the entire volume of the film, it is reasonable
to compare Forster radius with the average distance between the
sensitizer molecules, since it is closely connected to the probability of
direct Forster energy transfer of singlet excitons. For PMMA films with
0.05 wt% of PtOEP and 25 wt% of DPA the average distance between
PtOEP molecules was calculated to be 14 nm and is higher than the typical
Forster radius. In this respect, effective energy transfer may occur only if
singlet excitons can diffuse toward the porphyrin closer than Forster
radius. To verify this statement, singlet exciton diffusion length in the
DPA/PMMA films was evaluated. Diffusion of singlet as well as triplet
excitons is known to be very sensitive to the intermolecular distance of
DPA emitter. Therefore, the PMMA films with different DPA loadings (20 -
35 wt%), which imply variable intermolecular distance between DPA
molecules, were fabricated for time-resolved fluorescence bulk-quenching
experiments. Additionally, the analogous films containing 0.05 wt% of

PtOEP were fabricated to assess the impact of sensitizer to singlet exciton
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diffusion. Measured fluorescence transients of these two series of samples

with different PCBM concentration

allowed estimating relative

fluorescence quenching efficiency, which is shown
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Fig. 49. Relative quenching efficiency vs molar quencher concentration of
DPA/PMMA and DPA/PtOEP/PMMA films with 0.05% of PtOEP and different
DPA load: (a) 20 wt%, (b) 25 wt%, (c) 30 wt%, (d) 35 wt%. Black and grey lines

show Stern-Volmer and Monte Carlo fits, respectively.
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Measured fluorescence transients and calculated relative quenching
efficiencies allow applying Monte Carlo and Stern-Volmer volume
quenching methods (Chapter 2) for evaluation of exciton diffusion
length.1819.33 The main fitting parameters of both models, which gave very

similar results, are presented in the Table 6.

Table 6. Monte Carlo and Stern-Volmer fitting parameters for singlet excitons.

DPA PtOEP Model Ksy kq D* <T> Lp* fa
wt% wt% cm3xmol! cm3mol-ist cm?2xs-t ns nm
DPA/PMMA films

MC 2.1x104 24.2

20 0 SV 1.4x106 1.6x1014 2.1x10+4 21 23.9 1.0
MC 2.8x104 26.6

25 0 SV 1.5x106 1.8x1014 24x10+4 8.6 24.7 1.0
MC 4.4x10+4 35.7

30 0 SV 3.4%x106 3.5x1014 4.6x10+4 9.7 36.5 0.9
MC 6.5x10+4 41.2

35 0 SV 45x10¢ 52x1014 6.8x104 8.8 42.5 0.9

DPA/PtOEP/PMMA films

MC 1.6x104 13.4

20 0.05 SV 49%x10°> 1.3x10% 1.8x10+4 3.7 14.0 1.0
MC 2.3x10+4 15.2

25 0.05 SV 55x105 1.7x1014 2.2x104 3.3 14.8 1.0
MC 2.5x104 14.5

30 0.05 SV 5.1x105 1.8x1014 24x10+4 2.8 14.2 0.9
MC 2.0x10-4 13.8

35 0.05 SV 6.9x105 2.5x1014 29x10+4 3.1 16.5 0.8

* calculated assuming reaction radius of 1 nm.

Experimental results revealed that singlet exciton Lp increases
from 24 up to 42 nm with increasing DPA loading from 20 to 35 wt%,
respectively. Longer singlet exciton Lp at higher DPA concentrations
clearly confirms the idea of exciton diffusion sensitivity to the
intermolecular distance. Although Lp is enlarged with increasing DPA
concentration, obtained Lp of 24 nm in the films with the lowest DPA load
is relatively long. Typically singlet exciton Lp in amorphous organics films
is only around 10 nm. This unusually long Lp was likely conditioned by the

disregarded FRET from DPA to PCBM, i.e. assuming that the reaction
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radius corresponds to the physical dimensions of exciton and quencher
(1 nm). Since DPA fluorescence (Fig. 33a) overlaps with PCBM absorption
(Fig. 1), it is essential to take into account FRET and thus include Forster
radius (eq.10) in the calculations. To calculate molar concentration in
PMMA films material’s densities of ppmma=1.18 g/cm3, pppa=1.22 g/cm3,131
and prcam=1.5 g/cm3,136 were used. The refraction index was set to 1.6,
which is close to npmma=1.5 and nppa=1.65.137 Dipole orientation factor of
k=0.69 was used. Dipole orientation factor of k=0.69 was used. Calculated
Forster radius was found to slightly depend on the DPA concentration, i.e.
it decreased from 5.7 to 5.5 nm with increasing DPA concentration from
20 to 35 wt%, respectively (Table 7).

Figure 50 and Table7 present Lp as a function of DPA
concentration in the PMMA films (with and without PtOEP) calculated
with Ro taken into account. Similarly to the previous calculations, the
results show the same Lp trend vs DPA concentrations, however the Lp

values are ~1.75 times lower (Table 6 and Table 7). These Lp values were

Table 7. Singlet D and Lp of DPA/PMMA films with and without PtOEP calculated
by taking into account Ry in Stern-Volmer model.

DPA D Lp D Lp Ro
wt% cm2xs-1 nm cm?xs-1 nm nm
without PtOEP With PtOEP
20 6.7%x10-5 13.5 5.7%x10-5 7.9 5.72
25 7.8x10-5 14.1 7.2%x10-5 8.5 5.61
30 1.5x104 20.9 7.9%x10-5 8.1 5.61
35 2.3%x104 24.5 1.1x10+4 9.5 5.52

also confirmed by Monte Carlo simulations with extended reaction radius.
Interestingly, even with FRET taken into account Lp of up to 25 nm was
obtained. This result can be explained on the basis of the work performed
by S. M. Menke et al.25 They have shown that Lp might be substantially
extended by diluting molecules into wide bandgap matrix. Such increase of
Lp originates from prolonged fluorescence lifetime, increased fluorescence

quantum yield and enlarged spectral overlap after dilution.2>
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Fig. 50. Singlet exciton diffusion length as a function of DPA concentration in
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In this case, melt-processing technique enabled fabricating
upconverting films with minimal concentration quenching, maintaining
high @r. and long lifetime. Moreover, increased DPA concentration

reduced intermolecular distance between DPA, which made possible to
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Fig. 51. TTA-UC energy diagram showing the various energy transfer steps
between the PtOEP and DPA molecules: intersystem crossing (ISC), triplet-triplet
energy transfer (TTET), triplet exciton diffusion (TED), triplet-triplet
annihilation (TTA), singlet exciton diffusion (SED) and singlet-singlet energy
transfer (SSET).
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achieve singlet exciton Lp up to 25 nm (Fig. 49). Meanwhile, the films
containing triplet exciton sensitizer showed different Lp behavior as a
function of DPA concentration. Lp was found to be at least 1.7 times lower
(~8 nm) and almost independent of the DPA concentration as compared
to Lp measured in DPA/PMMA films (Fig. 50). Significantly reduced Lp
suggests that PtOEP molecules in the films act as singlet exciton traps,
severely limiting exciton diffusion length. This implies exciton diffusion
towards the sensitizer and more efficient quenching by FRET prior their
natural decay (Fig.51). An example of trap limited exciton diffusion
previously has been demonstrated by O. Mikhnenko et al. showing that
exciton diffusion length is determined by the concentration of the defect
sites.138139 The calculated average distance between PtOEP molecules
(14 nm) fairly agrees with the double Lp in DPA/PtOEP/PMMA films, what
corroborates trap limited exciton diffusion. These findings explain the
origins of the c.a. 6-fold fluorescence quantum yield decrease in
DPA/PMMA films in a presence of PtOEP sensitizer demonstrated in the

section 4.2.5.

4.2.7 The enhancement of TTA-UC efficiency via singlet exciton sink

approach

Long DPA triplet exciton diffusion length in glassy
DPA/PtOEP/PMMA films ensures high probability for the triplets to
encounter and subsequently in efficient triplet-triplet annihilation.
Unfortunately, long Lp of singlet excitons is undesirable for the
upconversion process, since this facilitates exciton back-transfer to PtOEP
immediately after the TTA. Straightforward way to avoid such transfer is
to reduce PtOEP concentration (Fig.48), however in this case, the
concentration of generated triplet excitons might be too low to attain

linear regime, where TTA channel becomes dominant. On the other hand,
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very low sensitizer concentration would result in very low light
absorption severely limiting TTA-UC applications.

In fact light upconversion in organic molecules without triplet
sensitizer has been demonstrated using single component system based
on two photon absorption, yet, low two photon absorption cross section
and low efficiency strongly impede utilization of such systems.140.141

To circumvent aforementioned problems related to large Lp of
singlets, the singlet exciton sink approach is proposed. Intentionally
introducing singlet exciton traps the problem of singlet energy back-
transfer to the sensitizer can be resolved.?3.142143 [mportantly, in this case,
singlet exciton traps (sinks) must be highly emissive. Generated via TTA
singlet excitons featuring long Lp can be trapped by the sinks prior to
reaching PtOEP. For the practical use, the singlet sink should possess the
following features: i) energy level of the singlet state should be lower than
DPA, to ensure energy transfer process into the sink, however, it should
not be too low, as the principal of light upconversion is to generate light of
higher energy as compared to the excitation wavelength; ii) @r. of singlet
sink should be as high as possible (desirably 100%); iii) lifetime of the
singlet sink should be shorter than DPA singlet to ensure rapid emission;
and iv) energy level of the triplet state of the singlet sink should be higher
than DPA to avoid triplet exciton depopulation. To comply with the
requirements for the singlet sink, the pyreneethynylene derivative (PE)

was chosen (Fig. 52).144 The lowest absorption band of this compound is at

AN
CiaHos PE

Fig. 52. Chemical structure of pyrene derivative employed as a singlet sink in

light upconverting PMMA films.
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435 nm,#* which is very close to UC emission maximum of DPA (437 nm,
section 4.2.2) (Fig. 53a). This ensures efficient singlet energy transfer from
the DPA to the PE. The emission of the singlet sink has a maximum at
449 nm (Fig. 53a) and is redshifted as compared to the emission of DPA by
approximately 12 nm. Thus, singlet energy level of PE is lower than DPA
by ~75 meV and even at room temperature, the singlet excitons should be
trapped at the PE sites. ®@r1, of 75% for PE was recorded in dilute (10-5 M)
dichloromethane solutions!44 and slightly lower (69%) in melt-processed
PMMA films at 0.01 wt% of PE.

Figure 53b depicts fluorescence decay at fluorescence
maximum, which exhibit mono-exponential decay with time constant of
1.82 ns. 5 times faster fluorescence decay of PE as compared to that of
DPA (Fig.43, Table 6) ensures fast radiative relaxation of trapped
excitons, low probability for energy back-transfer to DPA or exciton

accumulation at sink sites.
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Fig. 53. Fluorescence and phosphorescence spectra (a) and fluorescence decay
profile (b) of singlet sink in PMMA (Cisink=0.01 wt%). Also, absorption spectra of
PE in THF at 10°M and UC of DPA/PtOEP/PMMA (Cppa=25 wt%,
Cprtoep=0.01 wt%) are displayed in (a). Phosphorescence spectrum of PE in
PMMA was obtained at 10K, at 0.15 wt% of PE.
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Phosphorescence spectrum of the singlet sink is shown in
Figure 53a. Phosphorescence was measured at 10 K in PMMA with slightly
higher concentration of PE (0.15 wt%) to have sufficient intensity of the
phosphorescence signal. The data revealed that the onset of PE
phosphorescence is at ~630 nm. As compared to the phosphorescence of
DPA at 685 nm, 145 the triplet energy level of PE is ~150 meV higher than
that of DPA. This is important as it prevents triplet exciton transfer from
DPA to PE.

To verify the proposed strategy of singlet exciton trapping,
PMMA films containing 25 wt% of DPA, 0.01 wt% of PtOEP and variable
concentration (0.001 - 1 wt%) of PE were fabricated. A typical emission
spectrum of the films with 0.01 wt% of PE is shown in Figure 54. To
elucidate the origin of TTA-UC emission in such film, UC spectrum of the
films without singlet sink and fluorescence spectrum of the singlet sink is
also displayed in Figure 54. The comparison of the emission spectra of
DPA and PE, shows that UC emission originates from both molecular
species. Therefore, to evaluate the contribution of emission of each species
to the overall TTA-UC emission of DPA/PtOEP/PMMA doped with singlet
sink film, the UC of DPA/PtOEP/PMMA and fluorescence of PE/PMMA was
summed at appropriate ratios to reconstruct TTA-UC emission of
DPA/PtOEP/PMMA:PE film (Fig.54). Best fit of UC signal of
DPA/PtOEP/PMMA:PE film was achieved with peak intensity coefficients
of 0.775 and 0.325, respectively for DPA and PE emission spectra. While
the integrated intensity of DPA and PE emission spectra gives a ratio of
2:1, which means that 1/3 of UC emission of the film with singlet sink
originates from PE molecules.

To determine optimal singlet sink concentration in
upconverting films, @yc as a function of PE concentration in
DPA/PtOEP/PMMA:PE  films was measured. @yc of the
DPA/PtOEP/PMMA:PE films with 25 wt% of DPA, 0.01 wt% of PtOEP and
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Fig. 54. Fluorescence spectrum of the singlet sink in the PMMA at 0.01 wt%,
upconversion spectra of DPA/PtOEP/PMMA (Cppa=25 wt%, Cpiorr=0.01 wt%)
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Fig. 55. Upconversion quantum yield in DPA/PtOEP/PMMA (Cppa=25 wt%,
Crioer=0.01 wt%) as a function of singlet sink concentration. Note that

theoretical maximum UC efficiency is 50%. Line is a guide for the eyes.

different PE concentration (0.001 - 1 wt%) is shown in Figure 55. @yc data

show only minor quantum yield increase in a presence of PE at the lowest
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concentration as compared to the efficiency of the films without PE
(Fig. 47), further increase of the concentration up to 0.01 wt%, i.e. the
optimal concentration of PE enhances TTA-UC efficiency up to 2.7%.
Beyond this point @yc starts to degrade presumably due to PE aggregation.
It is likely that for this particular singlet sink, which possess relatively flat
molecular structure, fluorescence concentration quenching is responsible
for this ®@yc decrease. It was demonstrated before that PE does not show
any glass transition, however well pronounced melting point at 112°C was
observed.'* Nevertheless, 1.5-fold higher TTA-UC quantum yield achieved
at 0.01 wt% concentration of the singlet sink was recorded, which up to
date is among the highest efficiencies reported so far in amorphous solid
films.146 The analysis of the spectral composition of TTA-UC spectrum of
the films with singlet sink shows identical 1.5-fold increase in integrated
emission intensity as compared to TTA-UC of the films without singlet sink
(®uc=1.8%). This explains that the enhancement of @yc stems solely from
the emission of singlet sink, which is being populated by the singlet
excitons of DPA before they are quenched at PtOEP sites. Taking into
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Fig. 56. TTA-UC and PtOEP phosphorescence intensity as a function of excitation

power density (Aex=532nm) of the film DPA/PtOEP/sink/PMMA
(Copa = 25 wt%, Crrorp = 0.01 wt%, Csink = 0.01 wt%).
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account that the presence of 0.01 wt% of PtOEP reduces @rL of DPA by a
factor of 2.5 (Fig. 48), ®@uc of 1.8%x2.5=4.5% should be expected in the
case PE could collect all the DPA singlets. Enhancement of @yc only up to
2.7% indicated that exciton trapping at the sink sites is not completely
efficient.

TTA-UC and residual PtOEP phosphorescence dependence on
the excitation power density of the best performing film containing singlet
sink is shown in Figure 56. The threshold at which TTA-UC dependence
switches from quadratic to linear is estimated to be Itn = 39 mW/cm?. This
value being very close to the I values of the films without singlet sink
indicates that singlet sink neither influences TTA process nor triplet
exciton manifold. In the case excitons could populate PE triplet state the I
should be noticeably reduced, due to contribution of PE to TTA and

subsequently TTA mediated light upconversion.

4.2.8 Summary

The present study of a light upconverting model system
consisting of an emitter-sensitizer pair (DPA-PtOEP) dispersed in glassy
PMMA films allowed to investigate the factors limiting TTA-UC efficiency.
The processes of fluorescence concentration quenching, triplet-triplet
energy transfer, upconversion quenching by PtOEP, singlet and triplet
exciton diffusion were investigated in great detail for evaluation of their
contribution to TTA-UC efficiency.

High Dexter-type triplet energy transfer efficiency from the
PtOEP to DPA (regr >75% for DPA above 25 wt%), which were
estimated from accelerated PtOEP phosphorescence decay measurements
with increasing DPA concentration confirmed TTET process to be fairly

efficient. High ®r. and minor concentration quenching of emitter even at
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high loadings (up to 40 wt% in PMMA) achieved via melt-processing
technique also proved to contribute only mildly to UC efficiency losses.

The special focus was placed on triplet exciton diffusion since
the latter had been thought to be the major source of loss. The triplet
exciton diffusion, i.e. diffusion coefficient and diffusion length in
upconverting polymer glasses were evaluated by a time-resolved
photoluminescence bulk-quenching technique followed by Stern-Volmer-
type quenching analysis of obtained TTA-UC experimental data. The
analysis has shown that continuous increase of DPA concentration from
20wt% to 35wt% in DPA/PtOEP/PMMA films causes monotonous
enhancement of triplet Lp from 22 nm to 60 nm. However, increasing Lp
does not result in steadily enhanced ®yc, which rapidly degrades above
25 wt% of DPA. This finding clearly implies the triplet exciton diffusion to
be the non-governing loss mechanism of TTA-UC efficiency and points to
alternate loss channel. Importantly, the accelerated UC intensity decay
with increasing DPA content occurring on a millisecond time-scale
unambiguously indicated that the dominant quenching mechanism is
nevertheless governed by the triplet excitons in DPA. Moreover, this major
loss channel is obviously facilitated by enhanced diffusion of long-lived
triplets with increasing DPA content, thus causing increased probability
for them to reach non-radiative decay sites.

Fluorescence quantum yield measurements revealed significant
DPA fluorescence quenching by PtOEP even at low sensitizer
concentrations. It was found that this quenching is determined by the
effective singlet exciton back-transfer from DPA to PtOEP. Singlet exciton
diffusion length in upconverting polymer glasses in a presence and
absence of triplet sensitizer were evaluated by a time-resolved
photoluminescence bulk-quenching technique followed by Stern-Volmer
quenching analysis and additionally by Monte Carlo simulations.

Experimental data revealed that, as in the case of triplet excitons, in the
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absence of sensitizer the singlet exciton diffusion length effectively
lengthens from 14 nm up to 25 nm with increasing concentration of the
emitter from 20 wt% to 35 wt% in the PMMA films. Meanwhile in a
presence of PtOEP Lp of the singlet excitons no longer depends on the
concentration of the emitter. Insensitivity of Lp on emitter concentration
signifies trap-limited exciton diffusion with triplet sensitizer acting as a
singlet exciton trap. Reduction of the triplet sensitizer concentration down
to 0.01 wt% resulted in reduced probability for the singlet excitons to be
quenched at PtOEP site immediately after the TTA and increased TTA-UC
efficiency up to 1.8%. The utilization of singlet sink approach with highly
fluorescent pyreneethynylene molecules allowed trapping long Lp
possessing singlet excitons prior to their quenching at PtOEP sites. The
introduction of singlet sink at an optimal concentration (0.01 wt%)
enhanced the integrated TTA-UC intensity by 50% and enabled to improve
TTA-UC efficiency up to 2.7% in a glassy PMMA film.
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5 Conclusions

1.

Exciton is found to be localized on one of the sidearms of the
TPA compounds independent of their number. Singlet exciton
diffusion length in the films of TPA derivatives is improved from
3nm to 12nm with increasing number of phenylethenyl or
naphthalimide sidearms. The improvement is a result of a dense
network of the sidearms formed in the solid TPA film. Enlarged
Lp well correlates with enhanced fluorescence quenching in the
neat films of TPA compounds with higher number of sidearms.
The approach for tuning exciton diffusion length is very
attractive from the perspective of material design for the

application in organic optoelectronic devices.

Triplet exciton diffusion length evaluated by measuring TTA-UC
signal increases from 22 nm to 60 nm with increasing DPA content
from 20 wt% to 35 wt%. Triplet Lp higher than the average distance
between sensitizer molecules (14 nm) implies that triplet exciton
diffusion is not the main limiting factor of TTA-UC efficiency in the
solid films. However, decreasing @yc with increasing emitter content
above a certain point indicates diffusion-enhanced non-radiative
decay of triplet excitons. These findings suggest that for further
enhancement of light upconversion efficiency in the solid films the

reduction of triplet exciton quenching is necessary.

Singlet exciton diffusion length increases from 14 nm to 25 nm with
increasing DPA content from 20 wt% to 35 wt% in the films without
triplet sensitizer. Singlet Lp longer than average distance between
PtOEP molecules (14 nm) leads to effective fluorescence quenching

by FRET to the triplet sensitizer and reduces upconversion efficiency.
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In this case, Lp of ~8 nm is found in the films with 0.05 wt% of PtOEP
and is virtually independent of the DPA content. The utilization of
singlet sink approach with highly fluorescent sink allows trapping
long Lp possessing singlet excitons prior to their quenching at PtOEP
sites and improves TTA-UC efficiency by a factor of 1.5 (up to 2.7%)
in a glassy PMMA film.
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