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List of abbreviations 

 

A – molecular separation constant 

a – radius of the fluorophore’s cavity 

C – concentration 

c – speed of light 

CT – charge transfer 

°C – degrees Celsius 

3D – three dimentional 

D – exciton diffusion coefficient 

d – intermolecular distance 

D-A – donor - acceptor 

DMPE – 2,2-di(4-

methoxyphenyl)ethenyl) 

DPA – 9,10-diphenylanthracene 

DPE – 2,2-diphenylethenyl 

eq – equation 

[E]x,t – exciton concentration as a 

function of distance x and time t 

F – collision frequency 

Δ𝑓 – orientation polarizability 

f – oscillator strength 

fa – fraction 

fi – fractional contribution to the total 

fluorescence intensity 

FD – normalized fluorescence 

spectrum 

FL – fluorescence 

FRET – Förster resonance energy 

transfer 

Gx,t –exciton generation rate 

 

h – hour 

HOMO – highest occupied molecular 

orbital 

h – Planck’s constant  

I0 – emission intensity without 

quencher 

IM – naphthalimide 

IME – naphthalimide-ethenyl 

Iq – emission intensity with a quencher 

IRF – instrument response function 

ISC – intersystem crossing 

Ith – intensity threshold 

IUC – upconversion intensity 

IUC(q) – upconversion intensity with a 

quencher 

J(λ) – spectral overlap integral 

k – intrinsic exciton decay rate 

kF – Förster energy transfer rate 

kq – exciton quenching rate 

KSV – Stern-Volmer constant 

LD – exciton diffusion length 

LED – light emitting diode 

λ – wavelength 

λex – excitation wavelength 

𝜆𝐹𝐿
𝑚𝑎𝑥 – fluorescence band maximum 

𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 – absorption band maximum 

LUMO – lowest unoccupied molecular 

orbital 

M – molecule 
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M* – excited molecule 

∆𝜇 – change in the dipole moments of 

excited and ground states 

𝜇E – dipole moment of excited state 

𝜇G – dipole moment of ground state 

MPE – 2-methyl-2-phenylethenyl 

n – refraction index 

NA – Avogadro’s number 

�̅�A  – absorption maxima in cm-1 

�̅�F  – fluorescence maxima in cm-1 

OLED – organic light emitting diode 

OSC – organic solar cell 

P – probability 

P3HT – poly(3-hexylthiophene-2,5-

diyl) 

PCBM – [6,6]-phenyl-C61-butyric acid 

methyl ester 

PE – pyreneethynylene derivative 

PL – photoluminescence 

PL(blend) – photoluminescence 

transients with a certain PCBM 

concentration 

PL(pristine) – photoluminescence 

transients without PCBM 

PMMA – poly(methyl methacrylate) 

PS – polystyrene 

PtOEP – platinum octaethylporphyrin 

Q – relative quenching efficiency 

QC – quencher molecule 

[Qc] – quencher concentration 

 

r – reaction radius 

R0 – Förster radius 

Ra – annihilation radius 

ρ – density 

SSET – singlet-singlet energy transfer 

SED – singlet exciton diffusion  

t – time 

TED – triplet exciton diffusion 

THF – tetrahydrofuran 

TPA – triphenylamine 

TPD – triphenylamine dimer 

TTA – triplet – triplet annihilation 

TTET – triplet-triplet energy transfer 

[T]t – triplet exciton concentration as a 

function of time 

UC – light upconversion 

wt% – percentage by weight 

Z – dimensionality constant 

γ – second order annihilation rate 

ε' – absorption intensity at  

ε – dielectric constant 

κ – dipole orientation factor 

σA – absorption cross-section 

τ – exciton lifetime 

τq – exciton lifetime in a presence of 

quencher 

<τ> – average emission lifetime 

ΦFL – fluorescence quantum yield 

ΦPh – phosphorescence quantum yield 

ΦUC – upconversion quantum yield 
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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.1 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.2,3 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,4 general 

lighting,5 displays,6 sensing,7 xerography,8 solar harvesting9 and many 

others.10 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.11 

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 
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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.12 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/cm2), which are 

directly available from the sun.14 The quantum yield of TTA-UC in solution 

or liquid medium exceed 26%,15 however for practical applications solid 



10 

state materials are preferred, which, demonstrate one order of magnitude 

lower ΦUC.16 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 Statements of the dissertation 

1. 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. 

2. 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%). 

3. UC signal originating from TTA can be used as a probe for 

quantitative evaluation of triplet exciton diffusion. 

4. Singlet exciton sink approach is suitable for enhancing green to blue 

TTA-UC efficiency in sensitized DPA polymeric films. 

1.4 Publications related to the dissertation 

1. S. Raisys, K. Kazlauskas, S. Jursenas, Y. Simon, The role of triplet 

exciton diffusion in light-upconverting polymer glasses, ACS Applied 

Materials and Interfaces, 8, 15732-15740 (2016).  

2. R. R. Reghu, J. Simokaitiene, J. V. Grazulevicius, S. Raisys, K. 

Kazlauskas, S. Jursenas, V. Jankauskas, A. Reina, Synthesis and 

properties of hole-transporting triphenylamine-derived dendritic 

compounds, Dyes and Pigments, 115, 135-142 (2015). 

3. S. Raisys, K. Kazlauskas, M. Daskeviciene, T. Malinauskas, V. Getautis, 

S. Jursenas, Exciton diffusion enhancement in triphenylamines via 

incorporation of phenylethenyl sidearms, Journal of Materials 

Chemistry C, 2, 4792-4798 (2014). 
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4. M. Cekaviciute, J. Simokaitiene, V. Jankauskas, S. Raisys, K. 

Kazlauskas, S. Jursenas, J. V. Grazulevicius, Structure-properties 

relationship of phenylethenyl-substituted triphenylamine, The 

Journal of Physical Chemistry C, 117, 7973−7980 (2013). 

5. T. Malinauskas, M. Daskeviciene, G. Bubniene, I. Petrikyte, S. Raisys, K. 

Kazlauskas, V. Gaidelis, V. Jankauskas, R. Maldzius, S. Jursenas, V. 

Getautis, Phenylethenyl-substituted triphenylamines: efficient, easily 

obtainable and inexpensive hole-transporting materials, Chemistry – 

A European Journal, 19, 15044–15056 (2013).  

1.5 Other publications 

1. A. Ivanauskaite, R. Lygaitis, S. Raisys, K. Kazlauskas, G. Kreiza, 

D. Volyniuk, D. Gudeika, S. Jursenas, J. V. Grazulevicius, Structure-

properties relationship of blue solid state emissive 

phenanthroimidazole derivatives, Physical Chemistry Chemical 

Physics, 19, 16737–16748 (2017). 

2. E. Stanislovaityte, J. Simokaitiene, S. Raisys, H. A. Al-Attar, 

J. V. Grazulevicius, A. P. Monkman, V. Jankus, Carbazole based 

polymers as hosts for blue iridium emitters: synthesis, photophysics 

and high efficiency PLEDs, Journal of Materials Chemistry C, 1, 8209–

8221 (2013). 

3. V. N. Kozhevnikov, Y. Zheng, M. Clough, H. A. Al-Attar, G. C. Griffiths, 

K. Abdullah, S. Raisys, V. Jankus, M. R. Bryce, A. P. Monkman, 

Cyclometalated Ir(III) complexes for high-efficiency solution-

processable blue PhOLEDs, Chemistry of Materials, 25, 2352–2358 

(2013). 
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1.6 Conference presentations 

1. S. Raišys, G. Bučytė, K. Kazlauskas, S. Juršėnas, Enhanced 

upconversion efficiency via emitter structural modification, E-MRS 

2017 Spring Meeting. (Strasbourg, France, May 22-26, 2017). 

2. G. Bučytė, S. Raišys, P. Adomėnas, K. Kazlauskas, S. Juršėnas, 

Optimization of modified anthracene compounds for light 

upconversion, 60th Scientific Conference for Young Students of 

Physics and Natural Sciences - Open Readings 2017, Programme and 

Abstracts (Vilnius, Lithuania, March 14-17, 2017) p. 259. 

3. S. Raišys, K. Kazlauskas, S. Juršėnas, Y. C. Simon, Role of triplet exciton 

diffusion in light-upconverting polymer glasses, 2nd International 

Caparica Conference on Chromogenic and Emissive Materials. 

Proceedings book (Caparica, Portugal, September 5-8, 2016) p. 134. 

4. S. Raišys, K. Kazlauskas, S. Juršėnas, Y. Simon, Triplet exciton 

diffusion in light up-converting diphenylantracene/poly(methyl 

methacrylate) films, Conference Functional Materials and 

Nanotechnologies. Abstract book (Vilnius, Lithuania, October 5-8, 

2015) p. 138. 

5. S. Raišys, K. Kazlauskas, S. Juršėnas, Y. Simon, Sensitizer-limited 

exciton diffusion in light-upconverting diphenylanthracene/PMMA 

films, 4th International Conference on the Physics of Optical Materials 

and Devices. Book of Abstracts (Budva, Montenegro, September 31-

August 4, 2015) p. 116. 

6. S. Raišys, K. Kazlauskas, S. Juršėnas, Y. Simon, Triplet exciton 

diffusion: impact to light upconversion efficiency in polymer films, 

41st Lithuanian national physics conference, (Vilnius, Lithuania, June 

17-19, 2015). 

7. S. Raišys, G. Kreiza, S. Grigalevičius, K. Kazlauskas, S. Juršėnas, 

Bifluorene derivatives for fluorescence organic nanoaggregates, 7th 
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International conference on Molecular Electronics, (Strasbourg, 

France, August 24-29, 2014). 

8. S. Raišys, K. Kazlauskas, M. Daškevičienė, T. Malinauskas, V. Getautis, 

S. Juršėnas, Manipulation of exciton diffusion length in 

triphenylamine compounds, XVth International Krutyn Summer 

School "Challenges to open up the new era of organic photonics and 

electronics from material to market - from Asian perspective", 

(Krutyn, Masurian Lake District, Poland, June 8-14, 2014). 

9. K. Kazlauskas, S. Raišys, D. Tomkute-Luksiene, M. Daškevičienė, T. 

Malinauskas, V. Getautis, S. Juršėnas, Exciton diffusion length in 

triphenylamine with different number of phenylethenyl sidearms, 

11th International symposium on functional pi-electron systems. 

Program (Arcachon, Aquitaine, France, June 2-7, 2013) p. 9.  

10. S. Raišys, K. Kazlauskas, M. Daškevičienė, T. Malinauskas, V. Getautis, 

S. Juršėnas, Enhancement of exciton diffusion: by attaching 

phenylethenyl side groups, 40th Lithuanian national physics 

conference, (Vilnius, Lithuania, June 10-12, 2013) p. 70. 

11. S. Raišys, K. Kazlauskas, M. Daškevičienė, T. Malinauskas, V. Getautis, 

S. Juršėnas, Exciton diffusion in triphenylamine based compounds, 

56th Scientific Conference for Young Students of Physics and Natural 

Sciences - Open Readings 2013, Programme and Abstracts (Vilnius, 

Lithuania, March 20-23, 2013) p. 22. 

12. S. Raišys, K. Kazlauskas, M. Daškevičienė, T. Malinauskas, V. Getautis, 

S. Juršėnas, Exciton diffusion length in thriphenylamine derivatives, 

3rd young scientists conference “Interdisciplinary research of 

physical and technology science”, (Vilnius, Lithuania, February 12, 

2013). 



16 

1.7 Participation in scientific projects and internships 

1. January 2013 – September 2015. “Control of the photophysical 

properties of multifunctional molecular systems“, (Global Grant, The 

Research Council of Lithuania, 2012-2015). 

2. May 2013 – November 2014. “Flexible structure bearing bifluorene 

compounds for optoelectronics industry, BiFluorenas“, (EU structural 

funds, 2013-2015). 

3. November 2014 – April 2015. Six months internship at Adolphe 

Merkle Institute, Fribourg University, Switzerland (Scientific 

Exchange Programme NMS-CH). Project “Triplet Diffusion in 

Sensitized Upconversion”. Supervised by dr. Yoan C. Simon (group of 

prof. C. Weder). 

1.8 Author’s contribution 

The author carried out all the experiments described in the 

dissertation, performed necessary calculations and simulations. The 

author was very active in interpretation of the results and preparation of 

the drafts of publications. 

Synthesis of the new materials presented in the dissertation was 

carried out by research groups leaded by prof. Vytautas Getautis (Kaunas 

University of Technology), prof. Juozas V. Gražulevičius (Kaunas 

University of Technology) and prof. Suresh Valiyaveettil (National 

University of Singapore) to whom author is very grateful. 

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. Section 1 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 
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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  

𝐿D = √𝑍𝐷𝜏, (1) 

where D is the diffusion coefficient, τ 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,12,17 time-resolved fluorescence bulk-quenching,18,19 exciton-

exciton annihilation,20 photocurrent modeling,21,22 time-resolved 

microwave conductivity,23 direct imaging of exciton migration24 and 

Förster resonance energy transfer calculation25. 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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𝜕[𝐸]x,t 

𝜕𝑡
= 𝐺x,t + 𝐷

𝜕2[𝐸]x,t 

𝜕𝑥2
− 𝑘[𝐸]x,t − 𝑘𝑞[𝐸]x,t, (2) 

where [E]x,t is exciton concentration depending on the distance x from the 

quenching surface and time t, Gx,t 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 LD 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]x,t

𝑑𝑡
= 𝐺x,t − 𝑘[𝐸]x,t − 𝛾[𝐸]x,t

2
, (3) 

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

rate is expressed as follows: 

𝛾 = 4𝜋𝑅a𝐷, (4) 

where Ra 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 LD 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 LD 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 LD the homogeneous distribution of quencher should be 

ensured, otherwise LD might be underestimated. The emission quenching 

data can be analyzed by a Monte Carlo simulation18 or using Stern–Volmer 

analysis19. 

In Förster 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 Förster radius and the distance between interacting 

molecules. FRET enables relatively easy estimation of LD, 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).18,27 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: 

𝑄 = 1 −
∫ 𝑃𝐿(𝑏𝑙𝑒𝑛𝑑)d𝑡

∫ 𝑃𝐿(𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒)d𝑡
. (5) 

Here PL(blend) and PL(pristine) is photoluminescence transients at a certain 

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 
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At room temperature exciton hopping in organic material can be 

described by normal diffusion equation:28 

𝜕[𝐸]x,t

𝜕𝑡
= 𝐷

𝜕2[𝐸]x,t

𝜕𝑥2
− 𝑘[𝐸]x,t, (6) 

where [E]x,t 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 δs after time interval δt. 

The latter is related to the diffusion coefficient D by: 

𝐷 =
𝛿𝑠2

6𝛿𝑡
. (7) 

The LD then can be calculated using equation 1. The δt should be short 

enough in order for δs 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 ti did not reach quencher. For this ti is fixed at the beginning of 

the simulation by: 

𝑡i = −𝜏 ln(𝑤i), (8) 

where wi 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 LD.18 

2.2 Förster resonance energy transfer calculations 

FRET calculations can be employed to estimate LD. 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 Förster’s theory, the rate of 

energy transfer (kF) between two weakly coupled dipoles is expressed 

as:29 

𝑘F =
1

𝜏
(

𝑅0

𝑑
)

6

, (9) 

where τ is the exciton lifetime and d is the intermolecular distance. The 

Förster radius for energy transfer (R0), which shows the distance where 

the energy transfer efficiency is 50%, is expressed as: 

𝑅0
6 =

9𝛷F𝜅2

128 𝜋5𝑛4
∫ 𝜆4𝐹D (𝜆)𝜎A(𝜆)𝑑𝜆 =

9𝛷F𝜅2

128 𝜋5𝑛4
 𝐽(𝜆), (10) 

where ΦFL is the fluorescence quantum yield, κ is dipole orientation factor, 

n is the refraction index, λ is the wavelength, FD is the normalized 

fluorescence spectrum, σA is absorption cross-section, and J(λ) is spectral 

overlap integral.  The κ is often assumed to be 0.845√2 3⁄  for amorphous 

film with randomly oriented dipoles.30 Exciton diffusion length can be 

defined in terms of kF as:31,32 

𝐿D
2 = 𝐴𝑍𝜏𝑑2𝑘F, (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) LD can be 

written as follows: 

𝐿D = √𝐴𝑍
𝑅0

3

𝑑2
=

√𝐴𝑍

𝑑2
√

9𝛷F𝜅2

128 𝜋5𝑛4
𝐽(𝜆) . (12) 

2.3 Stern-Volmer quenching analysis for determination of triplet 

exciton diffusion via TTA-UC 

In Stern-Volmer approach19,33 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, QC is emission quencher and * designates an excited 

state. The kinetics of this process follows the Stern–Volmer relationship: 

𝐼0

𝐼q

= 1 + 𝐾SV[𝑄C], (14) 

here I0 is the emission intensity without a quencher, Iq 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 (fa) of the 

molecules M is accessible to the quencher due to its aggregation at higher 

concentrations the “hindered access model” is applied.19 Then quenching 

efficiency can be expressed as follows: 

𝐼0 − 𝐼q

𝐼0

=
𝜏 − 𝜏q

𝜏
= 𝑓a −

𝑓a

 1 + 𝐾SV[𝑄c]
.  (15) 

Stern-Volmer constant is quenching rate coefficient (kq) 

multiplied by exciton lifetime (τ): 

𝐾SV = 𝑘q𝜏. (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 = 4𝜋𝑟𝐷𝑁A, (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,19,26 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 TTA, its intensity IUC is 

proportional to the square of the concentration of emitter triplets ([𝑇]t):34 

d√𝐼UC(𝑡)

d𝑡
∝  

d[𝑇]t

d𝑡
= −𝑘[𝑇]t − γ[𝑇]t

2, (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 γ is the second-order decay 

constant originating from the triplet exciton depopulation via TTA process 

only. Thus, by measuring delayed IUC from the singlet state at later times 

when IUC 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: 

𝑄 = 1 −
∫ √𝐼UC(q)d𝑡

∫ √𝐼UCd𝑡
, (20) 

here IUC(q) and IUC stand for UC transients measured with and without 

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 10-4 or 10-5 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 (1.75⨯10-2 M) by drop-casting 

method on pre-cleaned glass substrates to produce ~1 μm 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 – 13.5 wt%) were dissolved at the appropriate ratio in 

chlorobenzene solvent (300 µL) 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 µm 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/cm2 

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 ΦFL 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 H2SO4, 

which served as a reference (ΦFL =53 ± 2.3).36 Optical densities of the 

reference and sample solutions were kept below 0.05 to avoid 

reabsorption effects. ΦFL of the neat and PS films were estimated by using 

the integrated-sphere method.37 

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, λemission – 375 nm) 
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or light-emitting diode (repetition rate – 1 MHz, pulse duration 500 ps, 

λemission – 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 layers41 and as hosts of the 

triplet-emitting layers in OLEDs,42 electrophotographic photoreceptors,8 

electrochromic devices,43 organic field-effect transistors44 as well as in 

bulk-heterojunction,45 dye-sensitized46 and perovskite-based47 solar cells.  

TPA compounds presented in this chapter are exceptional in 

that they demonstrate superior hole drift mobilities (up to 

0.017 cm2 V-1 s-1) 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.9,18,25,54–59 

Typical exciton diffusion lengths (LD) 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 LD in the 

donor restricts exciton migration to the dissociating D-A interface, and 

thus, hampers performance of OSCs.55 Although the problem was solved to 

a greater extent by introducing bulk heterojunction solar cells containing 

interpenetrating D-A networks,9,25,54,60 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 LD 

defines the slow part of charge generation, which extends to 100 ps61,63 

and sets limits on the acceptable length scale of D-A phase-separated 

regions.64 Obviously, enhanced LD could permit use of coarser blends with 

enhanced charge collection65 and would also make simple planar 

heterojunction solar cells more efficient.25  

The ability to control LD was also recognized to offer new 

opportunities in the design of organic light emitting diodes.66,67 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.67 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 n 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.68,69 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



34 

0

1x10
4

2x10
4

 

 

 

(a)

1-MPE-TPA

0

1

 

Sol.


FL

=16%

Film


FL

=23%

PS


FL

=47%

0

1x10
4

2x10
4

3x10
4

(b)

2-MPE-TPA

'
 M

-1
cm

-1

0

1

 N
o

rm
. f

lu
o

re
sc

en
ce

 in
te

n
si

ty
, a

rb
.u

n
it

s

Sol.


FL

=44%

Film


FL

=11%

PS


FL

=63%

300 400 500 600
0

2x10
4

4x10
4

 

Wavelength, nm

0

1

 

(c)

3-MPE-TPA

Sol.


FL

=48%

PS


FL

=58%

Film


FL

=5%

 

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 10-5 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.71 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 -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 (ΦFL) 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 

 
𝜆𝑎𝑏𝑠

𝑚𝑎𝑥[a] 

ε'[b] 
𝜆𝐹𝐿

𝑚𝑎𝑥[c] ΦFL  [d] 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥

 𝜆𝐹𝐿
𝑚𝑎𝑥

 ΦFL  [d] 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥

 𝜆𝐹𝐿
𝑚𝑎𝑥

 ΦFL  [d] 

Compd. 
nm 

(M-1 cm-1) 
nm % ns nm nm % ns nm nm % ns 

1-MPE-
TPA 

   
0.61 [91%] 
4.55   [9%] 

   
1.66 [87%] 
4.05 [13%] 

   0.30 [24%] 
348 424 16 349 422 47 349 446 23 1.06 [61%] 

(2.62×104)         4.08 [15%] 

2-MPE-
TPA 

       
1.06 [34%] 
1.80 [66%] 

   0.15 [55%] 
358 424 44 1.25 357 422 63 353 445 11 0.52 [39%] 

(3.26×104)          2.03   [6%] 

3-MPE-
TPA 

   
0.74 [22%] 
1.42 [78%] 

   
1.89 [98%] 
10.2   [2%] 

   0.10 [62%] 
364 428 48 367 424 58 366 455 5 0.56 [30%] 

(4.96×104)         2.05   [8%] 

1-DPE-
TPA 

   0.01 [74%]    0.55   [3%]    0.20 [56%] 
374 476 1 1.69   [5%] 380 453 45 1.92 [60%] 377 478 11 0.67 [41%] 

(4.25×104)   5.05 [21%]    2.87 [37%]    2.72   [3%] 

2-DPE-
TPA 

   0.02 [68%]    0.23   [3%]    0.08 [85%] 
393 469 5 0.21 [23%] 394 457 53 1.49 [30%] 396 480 8 0.35 [13%] 

(4.45×104)   2.10   [9%]    2.29 [67%]    2.68   [2%] 

3-DPE-
TPA 

   
0.27 [81%] 
2.34 [19%] 

   
1.33 [24%] 
2.28 [76%] 

   0.07 [84%] 
396 474 10 401 461 54 395 481 4 0.40 [13%] 

(6.97×104)         3.00   [3%] 

1-DMPE-
TPA 

   
0.17 [93%] 
4.73   [7%] 

   0.52   [2%]    0.19 [49%] 
371 477 5 377 451 62 1.97 [68%] 374 479 18 0.80 [45%] 

(4.02×104)      3.03 [30%]    3.40   [6%] 

2-DMPE-
TPA 

   0.03 [21%]    0.80   [6%]    0.12 [70%] 
384 464 12 0.47 [72%] 382 451 62 1.97 [87%] 384 479 12 0.49 [26%] 

(3.97×104)   2.63   [7%]    3.39   [7%]    2.84   [4%] 

3-DMPE-
TPA 

   0.08 [14%]    0.19   [3%]    0.10 [75%] 
382 462 13 0.51 [79%] 383 451 55 1.68 [65%] 382 480 6 0.46 [21%] 

(5.77×104)   2.19   [7%]    2.63 [32%]    2.82   [4%] 

[a] Absorption band maximum measured in 10–4 M THF solution. 
[b] Absorption intensity at 𝜆𝑎𝑏𝑠

𝑚𝑎𝑥 . 
[c] Fluorescence band maximum in 10–5 M toluene solution. 
[d] Fluorescence lifetime measured at 𝜆𝐹𝐿

𝑚𝑎𝑥. 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 ΦFL 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 ΦFL 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) 10-5 M toluene solutions, (b) PS matrixes at 0.1 wt% 

concentration and (c) neat films. 

 

Consequently, ΦFL varies insignificantly (47-63%) in respect to the 

number of MPE sidearms attached. However, at least one sidearm is 

required for attaining such high ΦFL, since the unsubstituted TPA 

molecules incorporated in PS matrix exhibit ΦFL 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 ΦFL in the 

MPE-TPA neat films (Fig. 4c). ΦFL 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 ΦFL, 

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 -conjugation caused by the second 

phenyl group (Fig. 5). Although extended conjugation conditioned nearly 

2-fold enhanced absorbance, additional phenyl moiety detrimentally 

affected ΦFL of the DPE-TPA and DMPE-TPA compounds in solution 

(Fig. 4a). For the compounds with one sidearm ΦFL dropped from 16% 

down to 1% for 1-DPE-TPA and to 5% for 1-DMPE-TPA. This drastic 

reduction of ΦFL is attributed to the second phenyl induced steric 

hindrance effect, which activates phenyl vibrations/torsions, and thus, 

promotes radiationless decay.72 The reduction of ΦFL 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 ΦFL (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



39 

300 400 500 600
0

1x10
4

2x10
4

3x10
4

4x10
4

 

Solution

Wavelength, nm

'
 M

-1
cm

-1

1-DPE-TPA


FL

 = 1%

1-MPE-TPA


FL

 =16%

1-DMPE-TPA


FL

 = 5%

1-DPE-TPA

1-MPE-TPA

1-DMPE-TPA

0

1

N
o

rm
. f

lu
o

re
sc

en
ce

 in
t.

, a
.u

.

 

Fig. 5. Absorption and fluorescence spectra of the one sidearm containing TPA 

derivatives 1-MPE-TPA, 1-DPE-TPA and 1-DMPE-TPA in 10-5 M toluene 

solutions. Fluorescence quantum yield values are indicated. 

 

the additional phenyl group in diphenylethenyl sidearms provokes 

planarization of the molecules in the excited state.69 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 ΦFL up to 45-54% and 55-62%, respectively. These ΦFL 

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 ΦFL 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 (Δ𝑓): 

Δ𝑓 =
휀 − 1

2휀 + 1
−

𝑛2 − 1

2𝑛2 + 1
, (21) 

which characterizes solvent by its refractive index (n) and dielectric 

constant (ε). According to Lippert-Mataga equation, the Stokes shift 

(�̅�A − �̅�F) can be expressed as a function of Δ𝑓 and the change in the dipole 

moments (∆𝜇) of excited and ground states, 𝜇E and 𝜇G, respectively, 

�̅�A − �̅�F =
2

ℎ𝑐
Δ𝑓

(𝜇E − 𝜇G)2

𝑎3
. (22) 

Here �̅�A and �̅�F are absorption and fluorescence maxima in cm-1, h is 

Planck’s constant, c – speed of light, a is the radius of the cavity in which 

the fluorophore resides. The plots of Stokes shift versus Δ𝑓 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
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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 ∆𝜇2 (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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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.73,74 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.73  
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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 ΦFL 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  in compound solutions in agreement with 

enhanced ΦFL 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 10-5 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  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  considerably. The 

reduction of  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  up 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 ΦFL 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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Fig. 10 Fluorescence transients of the single sidearm containing TPA derivatives 

1-MPE-TPA, 1-DPE-TPA and 1-DMPE-TPA in 10-5 M 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  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 ΦFL 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.75 

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 π-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, e), 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.53 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.71 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 ΦFL 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.72 The incorporation of the second MPE or DPE sidearm into 

methoxy-TPA core increased ΦFL to 48% and 6%, respectively as 

compared to those of their single-sidearmed counterparts. The 

enhancement of ΦFL 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 

 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 [a] 𝜆𝐹𝐿

𝑚𝑎𝑥 [b] ΦFL  [c] 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 [a] 𝜆𝐹𝐿

𝑚𝑎𝑥 [b] ΦFL  [c] 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 [a] 𝜆𝐹𝐿

𝑚𝑎𝑥 [b] ΦFL  [c] 

Comp. 
nm,  

(M-1⨯cm-1) 
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-
dmTPA 

       1.97 [87]    0.29 [36] 
347  448 41 2.00 349 436 48 5.35 [13] 351 466 15 1.39 [51] 

(22890)           6.15 [13] 

2-MPE-
mTPA 

       1.55 [89]    0.13 [58] 
364  435 48 1.50 368 429 54 2.58 [11] 366 452 6 0.69 [33] 

(29625)           4.88   [9] 

1-DPE-
dmTPA 

   0.03 [48]    1.47 [28]    0.27 [42] 
376  489 1 0.13 [46] 378 464 57 2.94 [72] 377 499 14 1.16 [50] 

(27930)   3.01   [6]        5.71   [8] 

2-DPE-
mTPA 

   0.02 [12]    2.02 [81]    0.18 [66] 
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. 
[b] 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 𝜆𝐹𝐿

𝑚𝑎𝑥. 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 ΦFL (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. ΦFL 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 (τ) of 

2.0 and 1.5 ns, 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 

τ 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 τ 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 τ (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 τ 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 ΦFL 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.76 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 ΦFL and τ 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). 

 

Fig. 13 Chemical structure of dendritic TPA compounds with different length of 

alkoxy chains of the phenylethenyl sidearms: 3-12oPE-TPA with dodecyloxy 

groups, 3-10oPE-TPA with decyloxy, 3-2oPE-TPA with ethoxy groups and 3-

1oPE-TPA possessing single methoxy group at para-position. 

 

Absorption and fluorescence spectra of dendritic TPA 

derivatives 3-12oPE-TPA, 3-10oPE-TPA, 3-2oPE-TPA and 3-1oPE-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 10-5 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 3-12oPE-TPA, 3-10oPE-
TPA, 3-2oPE-TPA and 3-1oPE-TPA. 
  10-5 M THF Solution      Film           

 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥[a] 𝜆𝐹𝐿

𝑚𝑎𝑥[b] ΦFL[c] τ[d] fi[e] <τ> [f] 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥[a] 𝜆𝐹𝐿

𝑚𝑎𝑥[b] ΦFL[c] τ[d] fi[e] <τ> [f] 

 nm nm % ns % ns nm nm % ns % ns 

3-12oPE-
TPA 

311      319   0.25 25  
392 456 52 1.9 100 1.90 391 453 33 1.01 51 1.12 

         2.27 24  

3-10oPE-
TPA 

311      316   0.20 36  
392 456 50 0.54 4 1.73 394 456 20 0.79 48 0.84 

   1.78 96     2.45 16  

3-2oPE-
TPA 

311         0.20 50  
393 457 49 1.79 100 1.79 398 477 8 1.12 17 4.46 

         12.6 33  

3-1oPE-
TPA 

302         0.02 74  

393 453 49 0.55 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. 
[d] Fluorescence lifetime measured at  𝜆𝐹𝐿

𝑚𝑎𝑥. 
[e] Fractional contribution to the total fluorescence intensity. 
[f] Average fluorescence lifetime calculated by < 𝜏 >= ∑ 𝜏𝑖 ∙ 𝑓𝑖 . 

 

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 3-12oPE-TPA and 3-10oPE-

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 3-2oPE-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 3-1oPE-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-

12oPE-TPA, 3-10oPE-TPA, 3-2oPE-TPA and 3-1oPE-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 3-12oPE-TPA and 3-10oPE-TPA demonstrate negligible 

redshift as compared to those of solutions. Interestingly, vibronic 

structure in the spectra of 3-12oPE-TPA and 3-10oPE-TPA can be noticed, 

which might suggest molecular ordering in the films caused by the 

formation of liquid-crystalline phase at room temperature.51 The relatively 

short ethoxy groups (compound 3-2oPE-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 3-2oPE-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 3-1oPE-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 3-1oPE-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 3-12oPE-TPA (a, e), 3-10oPE-TPA (b, f) 3-2oPE-

TPA (c, g) and 3-1oPE-TPA (d, h) in 10-5 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 3-12oPE-TPA, 3-10oPE-TPA and 

3-2oPE-TPA can be also detected, which likely originates from the areas 

featuring weakly interacting molecular species. 

ΦFL 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. ΦFL of 33%, 20%, 8% and 4% were obtained for the 

compounds 3-12oPE-TPA, 3-10oPE-TPA, 3-2oPE-TPA and 3-1oPE-TPA, 

respectively. The most pronounced reduction of ΦFL 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 ΦFL 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 ΦFL, which 

is particularly well pronounced in compound 3-1oPE-TPA and partly also 

in compound 3-2oPE-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 τ 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.76 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 (τ ≥ 1 ns) dominates in compounds 3-12oPE-TPA and 3-
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10oPE-TPA featuring long alkoxy end-groups, whereas the fast one 

prevails in compounds 3-2oPE-TPA and 3-1oPE-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-

12oPE-TPA and 3-10oPE-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.71,77 Thus, the 

transients of the neat films directly support ΦFL 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 (τ > 4 ns) present only 

in the transients of compounds 3-2oPE-TPA and 3-1oPE-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 Figure 15. 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 
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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.78 The densities of the structurally similar arylamines differed by 

no more than ±0.1 g/cm3 implying variation in LD up to ±0.8 nm, which is 

below 10% of the determined LD value. The exciton diffusion coefficient of 

4×10-4 cm2/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 

LD value compares well with those found in most small-molecule55,59,32,79 

or polymer55–57,80,81 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.18 Additionally, the studied TPA compounds are 

known to form glassy state implying intimate mixture of PCBM and TPA 

molecules indeed very probable.49 

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.85 

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 <> as a function of the number of 

sidearms is depicted in Figure 17b. Interestingly, <> 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 <> 

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 LD is observed for the DPE sidearms containing 

compounds, LD 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/d6), more bulky sidearms are 

likely to lower exciton diffusion in the TPA films.29 

4.1.4.2 Förster 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, i.e. exciton diffusion was actually enhanced with 

increasing the number of the sidearms irrespectively of their type. To 

determine the origin of the enhancement, Förster energy transfer rates for 

the series of MPE-TPA, DPE-TPA and DMPE-TPA derivatives were 

calculated.29 

In contrast to the study carried out on phthalocyanine and 

rubrene derivatives by R.J. Holmes group,25 where significant gains in 

D and LD were revealed to originate from increased R0 (via enhanced 

ΦFL) as a result of the optimized intermolecular distance, no ΦFL 

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 

𝜆𝑎𝑏𝑠
𝑚𝑎𝑥[a] σA [b] 𝜆𝑎𝑏𝑠

𝑚𝑎𝑥[a] 𝜆𝐹𝐿
𝑚𝑎𝑥[c] ΦFL τ [d] 

Stokes 
shift 

d [e] 

Compound nm cm2 nm nm % ps cm-1 nm 

1-MPE-TPA 348 1.00×10-16 353 435 23 
449 [12%] 

1340 [88%] 
5340 1.02 

2-MPE-TPA 358 1.25×10-16 362 449 34 
467 [42%] 
927 [58%] 

5353 0.88 

3-MPE-TPA 364 1.89×10-16 370 462 22 
328 [63%] 
902 [37%] 

5382 0.82 

1-DPE-TPA 374 1.62×10-16 379 482 21 
327 [35%] 
892 [65%] 

5638 1.08 

2-DPE-TPA 393 1.70×10-16 397 480 18 
541 [29%] 

1071 [71%] 
4356 0.95 

3-DPE-TPA 396 2.67×10-16 401 483 21 
264 [6%] 

1088 [94%] 
4234 0.90 

1-DMPE-TPA 371 1.54×10-16 374 477 33 
573 [15%] 

1814 [85%] 
5774 1.12 

2-DMPE-TPA 384 1.52×10-16 384 478 23 
327 [24%] 

1056 [76%] 
5121 1.01 

3-DMPE-TPA 382 2.21×10-16 383 481 19 
233 [52%] 
804 [48%] 

5320 0.96 

[a] Absorption band maximum. 
[b] Absorption cross-section at  𝜆𝑎𝑏𝑠

𝑚𝑎𝑥. 
[c] Fluorescence band maximum. 
[d] Fluorescence lifetime measured at  𝜆𝐹𝐿

𝑚𝑎𝑥. Fractional contribution to the total 
fluorescence intensity is given in the parentheses. 
[e] Intermolecular distance between the sidearms. 
 

phenyletehenyl sidearms was observed (Table 4). Conversely, ΦFL 

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(λ) (Fig. 18 inset) in equation (12) was determined by 

measuring fluorescence spectrum and absorption cross-section 

(Table 4, Fig. 19). J(λ) 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).49 

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 

LD, 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 Förster 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.25,88,89 

In Figure 20, exciton diffusion lengths calculated using 

Förster’s theory are displayed. The results clearly demonstrate that 

LD 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 LD value is around 11 nm, which is rather high and 

compares well with that of the well-known small-molecule (CuPc,59,79 

Alq3,55 NPD,55 CBP,55 PTCDA32) or polymer (P3HT,20,80 PPV,56,81 

PCPDTBT18) compounds widely used for fabrication of OSCs. 

Although attachment of more DMPE sidearms increases LD 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 Förster’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,25,86 

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 Förster 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.39,40 However, exciton diffusion length in these 

compounds is rarely studied. Therefore, the two TPD compounds 

substituted with DPE sidearms, exhibiting the most prominent LD 

enlargement (section 4.1.4), were chosen for evaluation and verification of 
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2-DPE-TPD 4-DPE-TPD 
 

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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For the determination of LD, 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. 
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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 3.1⨯10-4 cm2/s and 

5.5⨯10-4 cm2/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, LD of the 

same DPE sidearms possessing TPA and TPD compounds is compared. 

Both TPA and TPD compounds with two DPE sidearms demonstrate very 

similar LD of 9.2 nm. Importantly, the incorporation of four DPE sidearms 

into TPD enlarges LD 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 LD 

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. 
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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 
 

 

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 LD. For this reason, the measurements of LD 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 LD, 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.52,53 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. <τ> 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°.52,53 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.52,53 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.52,53 Increased f 

well correlated with the increased absorption intensity, which for IM-

TPAs is 1.4⨯104 – 3.2⨯104 L⨯mol-1⨯cm-1 and is roughly 2 times smaller as 

compared to IME-TPAs (3.5⨯104 – 7.1⨯104 L⨯mol-1⨯cm-1).52,53 
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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⨯10-6 and 4.6⨯10-5 cm2/s for three IM sidearms possessing 3-IM-TPA 

and 3-IME-TPA compounds, respectively (Fig. 28a). The LD 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 LD 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 

LD. 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 LD for MPE and DPE sidearms. The largest exciton diffusion 

coefficient D = 5.4⨯10-4 cm2/s and diffusion length LD = 11 nm 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 LD from 9 nm to 12 nm. The exciton 

diffusion enhancement with increasing the number of sidearms was 

attributed to the increased Förster 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 

4.6⨯10-5 cm2/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,90,91 photocatalysis,92 light emission93,94 

or bioimaging95,96 for instance, sensitized light upconversion (UC) 

mediated by triplet-triplet annihilation (TTA) has attracted increasing 

attention in the past decade.97,98 TTA-UC presents two obvious advantages 

over alternative UC schemes, namely the abilities to operate at subsolar 

irradiance power densities (~10 mW/cm2) 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,99,100 elastomeric (rubbery) doped-

matrices,101–103 gels,104,105 composites106, nanoparticles107 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%).15 The main 

factors limiting upconversion efficiency in disordered glassy films are not 

fully understood,111 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. 

 

 

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 (cPtOEP = 0.05 wt%) and DPA/PMMA (cDPA = 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 0th vibronic peak of DPA emission with higher DPA load which 

is attributed to reabsorption effect. Measured emission ΦFL showed 

monotonous decrease from 87% to 57% with increasing DPA 

concentration from 15 wt% to 40 wt% (Fig. 33b). 1.5-fold decrease of ΦFL 

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) (λex = 365 nm) and fluorescence quantum 

yield (b) of melt-processed DPA/PMMA films at different DPA content 

(λex = 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

 

 

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 µs (Fig. 35a). Several orders of magnitude lower intensity long-

lived decay component observed in the transients on a 

 

100n 1µ 10µ 100µ 1m 10m
10-5

10-4

10-3

10-2

10-1

100

(a)

DPA content

 0  wt% (reference)

 15 wt%

 20 wt%

 25 wt%

 30 wt%

 35 wt%

 40 wt%

 

P
h

o
sp

h
o

re
sc

en
ce

, a
rb

. u
n

it
s

Time, s

10 15 20 25 30 35 40 45

40

50

60

70

80

90 (b)

 


TT

ET

DPA content, wt%

 

Fig. 35. (a) Phosphorescence transients of DPA/PtOEP/PMMA (CPtOEP = 

0.05 wt%) films with different DPA loadings (λex = 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.117 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 (𝜂𝑇𝑇𝐸𝑇), the following relation was used: 

𝜂𝑇𝑇𝐸𝑇 =
∫ 𝐼0%𝐷𝑃𝐴(𝑡)𝑑𝑡 − ∫ 𝐼𝑋%𝐷𝑃𝐴 (𝑡)𝑑𝑡

∫ 𝐼0%𝐷𝑃𝐴 (𝑡)𝑑𝑡
, (23) 
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where IX%DPA(t) corresponds to the transient obtained at X wt% of DPA. As 

expected, ηTTET 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 (ΦUC) 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.118,119 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 (Ith),119 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 (λex = 532 nm) 

at different emitter concentrations (a) 20 wt%, (b) 25 wt%, (c) 30 wt%, (d) 

35 wt% in DPA/PtOEP/PMMA films (CPtOEP = 0.05 wt%). 

 

content (Fig. 37). It is obvious that the lowest Ith is obtained for the sample 

with 25 wt% of DPA. 

Obtaining Ith 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 > Ith), 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/cm2, 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 ΦUC and the phosphorescence 

quantum yield (ΦPh) in the upconverting polymer films were carried out 

by using an integrating sphere (Fig. 38). Again, the decrease of ΦPh with 

increasing DPA concentration confirms enhanced TTET from the 

sensitizer to the emitter molecules. The evolution of ΦUC 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 ΦUC of 50%) scales by a factor of 2 as 

compared to TTA-UC quantum efficiency, which maximum value is 

normalized to 100%).98 The decrease of ΦUC 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 (CPtOEP = 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 (LD) were evaluated as a function of 

emitter concentration. For this evaluation time-resolved 

photoluminescence bulk-quenching technique26 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),19 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 <τ> 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 

(CPtOEP = 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 KSV D fa r <τ> LD 

loading cm3⨯mol-1 cm2⨯s-1  nm  nm 
20 wt% 1.6⨯106 3.1⨯10-10 1.0 1.32 5.3 ms 22.2 
25 wt% 2.1⨯106 2.2⨯10-9 0.97 1.23 1.0 ms 25.8 
30 wt% 3.7⨯106 1.7⨯10-8 0.97 1.15 240 μs 35.6 
35 wt% 9.9⨯106 5.8⨯10-8 0.86 1.10 210 μs 60.1 

 

However, the increase of D prevails resulting in the final enhancement of 

LD with increasing DPA content (Fig. 42).  

LD 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, 

LD was found to be less than 100 nm, e.g., 54 nm for 4P-NPD,122 22 nm for 

platinum polyyne polymer (Ph100),19 30 nm for PtOEP film,123 9 nm for 

SY-PPV,124 28 nm for PdTPPC,125 87 nm for NPD126. In the case of highly-

ordered organic crystals LD values well beyond several microns could be 

obtained, e.g., 20 µm for anthracene crystals,127 8 µm for rubrene,58 and up 

to 13 µm 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,129 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) Förster 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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Fig. 41. Relative quenching efficiency as a function of quencher concentration for 

different DPA concentrations (a) 20 wt%, (b) 25 wt%, (c) 30 wt%, (d) 35 wt% in 

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, LD 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 LD 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 LD 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 

ρPMMA=1.18 g/cm3, ρDPA=1.22 g/cm3,131 ρPtOEP=1.5 g/cm3 of materials were 

used. A significantly larger LD than the intermolecular distance of 

sensitizer in PMMA implies a high probability for the triplet excitons 



96 

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.132,133 In 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.111,132 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). ΦFL as a function of DPA concentration is 

presented in Figure 43a. Moreover for the comparison, the ΦFL of 

DPA/PMMA films are shown in the same graph. The ΦFL measurements 

indicate that in contrast to DPA/PMMA films, the ΦFL of 

DPA/PtEOP/PMMA films (CPtOEP = 0.05 wt%) negligibly depends on DPA 

concentration. However, their ΦFL is approximately 4 to 8 times lower as 

compared to that of DPA/PMMA films. Up to 8-fold reduced ΦFL of DPA in
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Fig. 43. Fluorescence quantum yield (a) and fluorescence transients (b) of 

DPA/PMMA and DPA/PtOEP/PMMA (CPtOEP=0.05 wt%) films vs DPA 

concentration. For ΦFL 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 

(CPtOEP=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 Figure 43b. 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 ΦFL 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,134 the phosphorescence quantum yield (ΦPh) 

measurements were performed. ΦPh of the PMMA films with PtOEP 

 

 

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

PtOEP concentrations (indicated). 
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Fig. 45. Emission spectra of the DPA/PtOEP/PMMA films (CDPA= 25 wt%) as a 

function of sensitizer concentration. 
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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. 

ΦPh 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 ΦPh. Introduction of 10 wt% 

of PtOEP results in 2-fold lower ΦPh. Thus it can be concluded that TTA-UC 

intensity decrease up to 0.25 wt% is not related to aggregation of 

sensitizer molecules. However, at higher PtOEP concentrations, it may 

contribute to the quenching of TTA-UC. ΦFL and ΦUC 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) ΦUC 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, ΦUC trend vs PtOEP concentration 
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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 ΦUC up to 1.8% was achieved. Unfortunately, 

further reduction of the concentration conditioned very weak UC signal 

and ΦUC measurements were not reliable. ΦUC and ΦFL displayed in 

Figure 47 have similar trends vs PtOEP concentration even at different 

DPA content (20 – 35 wt%) suggesting the same quenching mechanism for 

ΦUC and ΦFL, which is related to singlet exciton quenching. 

ΦFL 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 ΦFL 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 Förster transfer mechanism.62 For this 

process to be effective, the distance between the singlet exciton 

generation and quenching sites should be within the Förster 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 Förster radius with the average distance between the 

sensitizer molecules, since it is closely connected to the probability of 

direct Förster 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 

Förster radius. In this respect, effective energy transfer may occur only if 

singlet excitons can diffuse toward the porphyrin closer than Förster 

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 in Figure 49.
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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.18,19,33 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 KSV kq D* <τ> LD* fa 
wt% wt%  cm3⨯mol-1  cm3mol-1s-1 cm2⨯s-1 ns nm  

DPA/PMMA films      

20 0 
MC   2.1⨯10-4 

9.1 
24.2  

SV 1.4⨯106 1.6⨯1014 2.1⨯10-4 23.9 1.0 

25 0 
MC   2.8⨯10-4 

8.6 
26.6  

SV 1.5⨯106 1.8⨯1014 2.4⨯10-4 24.7 1.0 

30 0 
MC   4.4⨯10-4 

9.7 
35.7  

SV 3.4⨯106 3.5⨯1014 4.6⨯10-4 36.5 0.9 

35 0 
MC   6.5⨯10-4 

8.8 
41.2  

SV 4.5⨯106 5.2⨯1014 6.8⨯10-4 42.5 0.9 

DPA/PtOEP/PMMA films      

20 0.05 
MC   1.6⨯10-4 

3.7 
13.4  

SV 4.9⨯105 1.3⨯1014 1.8⨯10-4 14.0 1.0 

25 0.05 
MC   2.3⨯10-4 

3.3 
15.2  

SV 5.5⨯105 1.7⨯1014 2.2⨯10-4 14.8 1.0 

30 0.05 
MC   2.5⨯10-4 

2.8 
14.5  

SV 5.1⨯105 1.8⨯1014 2.4⨯10-4 14.2 0.9 

35 0.05 
MC   2.0⨯10-4 

3.1 
13.8  

SV 6.9⨯105 2.5⨯1014 2.9⨯10-4 16.5 0.8 
* calculated assuming reaction radius of 1 nm. 
 

Experimental results revealed that singlet exciton LD increases 

from 24 up to 42 nm with increasing DPA loading from 20 to 35 wt%, 

respectively. Longer singlet exciton LD at higher DPA concentrations 

clearly confirms the idea of exciton diffusion sensitivity to the 

intermolecular distance. Although LD is enlarged with increasing DPA 

concentration, obtained LD of 24 nm in the films with the lowest DPA load 

is relatively long. Typically singlet exciton LD in amorphous organics films 

is only around 10 nm. This unusually long LD 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 Förster 

radius (eq. 10) in the calculations. To calculate molar concentration in 

PMMA films material’s densities of ρPMMA=1.18 g/cm3, ρDPA=1.22 g/cm3,131 

and ρPCBM=1.5 g/cm3,136 were used. The refraction index was set to 1.6, 

which is close to nPMMA=1.5 and nDPA=1.65.137 Dipole orientation factor of 

κ=0.69 was used. Dipole orientation factor of κ=0.69 was used. Calculated 

Förster 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 Table 7 present LD as a function of DPA 

concentration in the PMMA films (with and without PtOEP) calculated 

with R0 taken into account. Similarly to the previous calculations, the 

results show the same LD trend vs DPA concentrations, however the LD 

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

 

Table 7. Singlet D and LD of DPA/PMMA films with and without PtOEP calculated 
by taking into account R0 in Stern-Volmer model. 

DPA D LD  D LD R0 
wt% cm2⨯s-1 nm  cm2⨯s-1 nm nm 

 without PtOEP  With PtOEP  
20 6.7⨯10-5 13.5  5.7⨯10-5 7.9 5.72 
25 7.8⨯10-5 14.1  7.2⨯10-5 8.5 5.61 
30 1.5⨯10-4 20.9  7.9⨯10-5 8.1 5.61 
35 2.3⨯10-4 24.5  1.1⨯10-4 9.5 5.52 

 

also confirmed by Monte Carlo simulations with extended reaction radius. 

Interestingly, even with FRET taken into account LD 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 LD might be substantially 

extended by diluting molecules into wide bandgap matrix. Such increase of 

LD originates from prolonged fluorescence lifetime, increased fluorescence 

quantum yield and enlarged spectral overlap after dilution.25  
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Fig. 50. Singlet exciton diffusion length as a function of DPA concentration in 

DPA/PMMA films with and without PtOEP sensitizer, taking into account R0. 

Lines are guides for the eyes. 

 

In this case, melt-processing technique enabled fabricating 

upconverting films with minimal concentration quenching, maintaining 

high ΦFL and long lifetime. Moreover, increased DPA concentration 

reduced intermolecular distance between DPA, which made possible to 

 

 

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 LD up to 25 nm (Fig. 49). Meanwhile, the films 

containing triplet exciton sensitizer showed different LD behavior as a 

function of DPA concentration. LD was found to be at least 1.7 times lower 

(~8 nm) and almost independent of the DPA concentration as compared 

to LD measured in DPA/PMMA films (Fig. 50). Significantly reduced LD 

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.138,139 The calculated average distance between PtOEP molecules 

(14 nm) fairly agrees with the double LD 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 LD 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 LD 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.93,142,143 Importantly, in this case, 

singlet exciton traps (sinks) must be highly emissive. Generated via TTA 

singlet excitons featuring long LD 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) ΦFL 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 

 

8PE
 

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

light upconverting PMMA films. 
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435 nm,144 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. ΦFL of 75% for PE was recorded in dilute (10-5 M) 

dichloromethane solutions144 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 (Csink=0.01 wt%). Also, absorption spectra of 

PE in THF at 10-5M and UC of DPA/PtOEP/PMMA (CDPA=25 wt%, 

CPtOEP=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, ΦUC as a function of PE concentration in 

DPA/PtOEP/PMMA:PE films was measured. ΦUC 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 (CDPA=25 wt%, CPtOEP=0.01 wt%) 

with and without singlet sink (Csink=0.01 wt%) and sum of upconversion of 

DPA/PtOEP/PMMA and fluorescence of singlet sink at the shown spectral 

intensities. 
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Fig. 55. Upconversion quantum yield in DPA/PtOEP/PMMA (CDPA=25 wt%, 

CPtOEP=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. ΦUC 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 ΦUC 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 ΦUC decrease. It was demonstrated before that PE does not show 

any glass transition, however well pronounced melting point at 112°C was 

observed.144 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 

(ΦUC=1.8%). This explains that the enhancement of ΦUC 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 (λex = 532 nm) of the film DPA/PtOEP/sink/PMMA 

(CDPA = 25 wt%, CPtOEP = 0.01 wt%, Csink = 0.01 wt%). 
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account that the presence of 0.01 wt% of PtOEP reduces ΦFL of DPA by a 

factor of 2.5 (Fig. 48), ΦUC of 1.8%⨯2.5=4.5% should be expected in the 

case PE could collect all the DPA singlets. Enhancement of ΦUC 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 Ith = 39 mW/cm2. This 

value being very close to the Ith 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 Ith 

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 (𝜂𝑇𝑇𝐸𝑇 >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 ΦFL 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 

20 wt% to 35 wt% in DPA/PtOEP/PMMA films causes monotonous 

enhancement of triplet LD from 22 nm to 60 nm. However, increasing LD 

does not result in steadily enhanced ΦUC, 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 LD of the singlet excitons no longer depends on the 

concentration of the emitter. Insensitivity of LD 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 LD 

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 

3 nm to 12 nm 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 

LD 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. 

 

2. 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 LD 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 ΦUC 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. 

 

3. 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 LD 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, LD 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 LD 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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