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Abstract

Organic photovoltaic based on non-fullerene acceptors are nowadays of great interest. Organic
solar cells promise a cheap, non-toxic and easy way of producing electricity out of sun light but
still lag behind by other technologies regarding e.g. efficiency or stability. Non-fullerene
acceptors display many advantages compared to the very well-studied fullerene acceptors. For
example, they are cheaper to synthesize, much easier to modify chemically and in some cases
also more stable. Here, non-fullerene acceptors based on a perylene diimide are presented. The
perylene core structure was modified by different substituents like CI-, Br- or Si- compounds
with two ethyl (Et) or phenyl (Ph) side groups (Et.Si-, Ph2Si-) and their influence on the solar
cell performance was investigated. Every perylene structure contains 2,6-diisopropylphenyl
substituents on both imide position to increase the solubility of the compounds. The synthesized
structures were characterized by H-NMR spectroscopy, thermogravimetry, UV-VIS-
absorption and emission spectroscopy. The characterisation was assisted by density functional
theory (DFT) calculations, to find out the effects of the different substituents on the molecular
structure and calculable molecule properties. It is known that an increased dipole moment can
cause an increased dielectric permittivity which again is suspected to be beneficial for the solar
cell efficiency. Therefore, the optimized structure energy levels and dipole moments were
calculated using B3LYP function and a 6-31G™* basis sets. Their absorption spectra were also
calculated but with time dependent density function theory (TD-DFT) using the same B3LYP
function but with a 6-31+G* basis set. Afterwards, the synthesized structures were blended with
a polymer donor (PBDB-T) and tested in bulk-heterojunction solar cells. For that an inverted
device setup consisting of ZnO as electron transport layer, the active layer of the donor-acceptor
blend, MoOs as hole transport layer and silver as anode, was used. The active layer thickness
of the blend was optimized by changing the spin coating speed and concentration of the
solution. Furthermore, the influence of light soaking and annealing was investigated. The built
solar cells were characterized via J-V-, profilometry-, UV-VIS-absorption, light microscopy
and external quantum efficiency measurements. The study shows that the perylene structures
with a higher calculated dipole moment also performs better in organic solar cells. DFT
calculations show that the introduction of silicon compounds increases the dipole moment.
Using molecules, with increased dipole moment and therefore higher dielectric permittivity, as
non-fullerene acceptors represents a promising strategy for developing highly efficient organic

photovoltaics.



Kurzfassung

Organische Photovoltaik auf Basis von Non-Fulleren-Akzeptoren ist heutzutage von groflem
Interesse. Non-Fulleren-Akzeptoren weisen viele Vorteile gegentiber den sehr gut untersuchten
Fulleren-Akzeptoren auf. Zum Beispiel sind sie glnstiger zu synthetisieren, chemisch viel
einfacher zu modifizieren und in einigen Fallen auch stabiler. Organische Solarzellen
versprechen einen gunstigen, okologischen und einfachen Weg, Strom aus Sonnenlicht zu
erzeugen. Jedoch sind sie aufgrund ihrer noch geringeren Effizienz und Stabilitdt anderen
Photovoltaiktechnologien unterlegen. In dieser Arbeit werden Non-Fulleren-Akzeptoren
vorgestellt, die auf einer Perylendiimid-Struktur basieren. Die Perylengrundstruktur wurde
durch verschiedene Substituenten wie Cl-, Br-, oder Siliziumverbindungen mit Ethyl (Et) oder
Phenyl (Ph) Seitengruppen (Et.Si-, Ph,Si-) modifiziert und deren Einfluss auf die molekularen
Eigenschaften untersucht. Jede Perylenstruktur enthalt einen 2,6-
Diisopropylphenylsubstituenten an beiden Imidposition, um die Loslichkeit der Verbindungen
zu erhohen. Die synthetisierten Strukturen wurden mittels *H-NMR-Spektroskopie,
Thermogravimetrie, UV-VIS-Absorptions- und Emissionsspektroskopie charakterisiert. Die
Charakterisierung wurde durch dichtefunktionaltheoretische Berechnungen (DFT) ergéanzt, um
die Auswirkung der unterschiedlichen Substituenten auf die Molekilstruktur und die
Molekileigenschaften zu untersuchen. Es ist bekannt, dass ein erhohtes Dipolmoment eine
erhdhte Dielektrizitatskonstante zufolge haben kann. VVon dieser wiederum wird vermutet, dass
sie fur den Wirkungsgrad der Solarzelle von Vorteil ist. Aus diesem Grund wurden die
optimierten Strukturen, Energieniveaus und Dipolmomente unter VVerwendung der B3LYP-
Funktion und eines 6-31G* Basissatz berechnet. Ihre Absorptionsspektren wurden ebenfalls
berechnet, jedoch mittels der Time Dependent-DFT unter Verwendung derselben B3LYP-
Funktion kombiniert mit einem 6-31+G* Basissatz. Anschlielend wurden die synthetisierten
Strukturen mit einem geeigneten Polymerdonor (PBDB-T) vermischt und in Bulk-
Heteroubergangssolarzellen getestet. Hierzu wurde ein invertierter Zellenaufbau, bestehend aus
ZnO als Elektronentransportschicht, der Aktiv-Schicht bestehend aus dem Donor-Akzeptor-
Gemisch, MoOs als Lochtransportschicht und Silber als Anode verwendet. Die Schichtdicken
wurden durch Variieren der Rotationsgeschwindigkeit und der Konzentration optimiert.
Dartiber hinaus wurde der Einfluss des sogenannten “light-soakings* und Temperns untersucht.
Die gebauten Solarzellen wurden durch J-V-, Profilometrie-, UV-VIS-Absorptions-,

Lichtmikroskopie- und externer Quanteneffizienzmessungen charakterisiert. Die Studie zeigt,
i



dass Perylenstrukturen mit einem héheren berechneten Dipolmoment auch in organischen
Solarzellen besser abschneiden. Das Einfiihren von Siliziumverbindungen in die Grundstruktur
steigerte laut DFT Berechnungen effektiv das Dipolmoment. Die Verwendung von Molekilen
mit erhohtem Dipolmoment und daher wahrscheinlich hoherer Dielektrizitatskonstante als
Nicht-Fulleren-Akzeptoren ist eine vielversprechende Strategie fir die Entwicklung

hocheffizienter organischer Solarzellen.



Acknowledgments

First of all, 1 would like to thank Univ.-Prof. Dipl. Ing. Dr. techn. Gregor Trimmel for giving
me the opportunity to do my master thesis on this very interesting topic and also for his profound

supervision and support throughout my thesis.

| would also like to thank Stefan Weber who started this project with me and supported me
from the beginning. Next | want to thank Matiss Reinfelds for his help and input during my
work and the whole working group of Prof. Trimmel for the nice and friendly working

environment.

Furthermore, | would like to thank Stefan Stadlbauer and Doris Grossl for their help during the

synthesis.

In addition, 1 would like to thank Michaele Flock for introducing me into the field of

computational chemistry and advising me during my calculations.

| also want to thank Josefine Hobisch for doing the thermogravimetric measurements and Petra
Kaschnitz for her help with the NMR measurements.

A special thanks goes to my family for supporting me during my whole academic life. In
particular I would like to thank my mother Adriana Nauschnig who made it possible and always

supported me throughout my studies.

In the end | would like to thank all my friends for their help and for making my student life

such a good time.



List of Abbreviations

Accel
AM
B3LYP
BDT
BHJ
BTP-4CI

CB
CIS
CIGS
CSP

DCM
DIO
DFT
DSSC
Es

Eg
ETL
epPDI
EQE
F-DTS

FF

acceptor

acceleration

air mass

Becke, 3-parameter, Lee—Yang—Parr
4,8-bis(5-ethylhexylthienyl)-benzo[1,2-b":4,5-b’]-dithiophene
bulk-heterojunction

2,2'-((22,2'2)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-
[1,2,5]thiadiazolo[3,4-¢]thieno[2",3"":4°,5" thieno[2',3":4,5]pyrrolo[3,2-
g]thieno[2',3":4,5]thieno[3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-dichloro-3-oxo0-2,3-dihydro-1H-
indene-2,1-diylidene))dimalononitrile

chlorobenzene

copper-indium-selenide

copper-indium-gallium-diselenide

concentrating solar power

donor

dichloromethane

1,8-Diiodooctane

density function theory

dye sensitized solar cells

exciton binding energy

band gap [eV]

electron transport layer
N,N"-bis(1-ethylpropyl)-3,4,9,10-perylene tetracarboxyl diimide
external quantum efficiency [%]

7,7 -[4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b"]dithiophene-2,6-
diyl]bis[6-fluoro-4-(5"-hexyl-[2,2"-bithiophen]-5-yl)benzo|c]
[1,2,5]thiadiazole]

fill factor [%)]

VI



HOMO
HTL

Isc

ITIC

ITO
Jmpp
Jsc
LUMO
OPV
Vimpp
Voc

P3HT
PBDB-T

PBDB-TF

PBDTTT-C-T

PBDTT-FTTE

PBTI3T

PCE
Pd(PPhs)s

p-DTS(FBTThy):

PEDOT:PSS

highest occupied molecular orbital
hole transport layer
short circuit current [mA]

3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3-d’]-s-indaceno[1,2-b:5,6-
b’]dithiophene

indium tin oxide

current density at maximum power point [mA cm?]
short circuit current density [mA cm]

lowest unoccupied molecular orbital

organic photovoltaics

voltage at maximum power point [V]

open circuit voltage [V]

power

poly(3-hexylthiophen-2,5-diyl)

Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1",3’-di-2-thienyl-5",7’-bis(2-
ethylhexyl)benzo[1°,2°-c:4’,5’-¢’]dithiophene-4,8-dione)]

poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-
b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5,7°-bis(2-
ethylhexyl)benzo[1°,2°-c:4’,5’-¢’]dithiophene-4,8-dione)]

poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl][2-(2-ethyl-1-oxohexyl)thieno[3,4-
b]thiophenediyl]]

poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]
dithiophene- 2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-
b]thiophene-)-2-carboxylate-2—6-diyl)]

poly[N-(2-hexyldodecyl)-2,2'-bithiophene-3, 3'-dicarboximide-alt-5,5-
(2,5-bis(3-decylthiophen-2-yl)-thiophene)]

power conversion efficiency [%0]
tetrakis(triphenylphosphine)palladium(0)

7,7'-[4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b"]dithiophene-2,6-
diyl]bis[6-fluoro-4-(5’-hexyl-[2,2'-bithiophen]-5-
ylhbenzo[c][1,2,5]thiadiazole]

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
VII



PTCDA
PTB7

PTB7-Th

PV

Rpm

Rt
TD-DFT
TGA
TMS

perylene-3,4,9,10-tetracarboxylic dianhydride

poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-
diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})

poly([2,6'-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-
b]dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl})

photovoltaics

rotation per minute

room temperature

time dependent density function theory
thermogravimetric analysis

tetramethylsilane

Vi



Table of Content

I 1 (oo 11T £ o] o PSSRSO 1
1.1 General PhOtOVOITAICS .......ccuoiiiiiiicce s 2
1.2.0rganiC SOIAr CEIIS ..o s 2
1.3 Characterisation 0f SOIAr CEllS..........cooiiiiiii s 5
1.4 SEAte OF TNE AIT.....eeieeei ettt e et n e sbeebeeneenre s 7
1.5 AIM OF the TheSIS...c.eeiiiiii bbb 15

2 RESUILS AN DISCUSSION......cviiiiiiieiiesieieie ettt sttt sttt bbbt ane s e e e e 16
D0 Y 11 TS £ OSSP 16

72 0 I USSR 16
2. 1.2 BI2-PDI et bbbt 17
2. 1.3 ClarPDltiieee e ettt 19
2.1.4 Et2Si-PDI and PRaSi-PDI ......coooiiiiiiiiiiiiisieee e 19
2.1.5 Di(O-2-ethylhexyl)-Violanthrone ............cccooveeiiece e, 20
2.1.6 OPLICAl SPECIIA ..o et 21
2.2 Density FUNCLION TEOTY (DFT) .c.uiiiiiicce ettt 23
FZ TS Yo - T g o1 | OSSR 27
2.3.1 Layer Thickness OptimiZation ...........cccoiiriiiiieieiese e 29
2.3.2 LIGNT SOBKING ...ttt 31
2.3.3 ANNEAIING BENAVIOUT .....cuiiiiiiiiiie s 32
2.3. 4 BESESOIAI CEIIS ...ttt 33

S EXPEITMENTAL ...t 36
3.1 Chemicals and MaterialS ..........coooieiiiieii e 36
3.2 CharaCteriSALION .......ecueeieeeie e sttt e ettt e te e e sreesteeseeeseesaeeseeeneeneeeneeaseenneens 37

B2 L INMR e e e e raeeaans 37
3.2.2 Thin layer chromatograpiy .........cccuoieieieieeie e 37
3.2.3 Thermogravimetric analysiS (TGA) ..o 37
3.2.4 Optical CharaCteriSAtioN ............cciviiiiiiie it 37
3.2.5 J-V MEASUIBIMENT ...ttt ettt et e b e naneeneesnne s 38
3.2.6 Layer Thickness and ROUGNNESS........ccueiiiiiieiiieiie et 38
3.2.7 External quantum efficiency (EQE)........cooeiiiiiiiiii i 38



3.3 S01ar CEll PreParation ..........ccuiiieieiie et ettt r e ae e 38

3.3.1 SUDSLrate PreParation .........cocooeieiiiieieeei ettt bbbt 39
3.3.2 EIeCtron tranSpOrt TR ..........coiiiiiiiieieee e 39
B.3.B ACHIVE JAYET .. et nre s 39
3.3.4 S0IVENt ANNEAIING.....c.eoiiiiie e 39
3.3.5 Hole transport layer and top EIECLrode ...........ccoovviiiiiiieiiieiceceeeeees 40
B SYNENESIS ..ttt ettt b e are e nre e reenne e 40
34.1 Synthesis of N!-N2-(2,6-diisopropylphenyl)-perylene-3,4,9,10-
tetracarbOXY ICAIMITE ..o e 40
3.4.2 Synthesis of 1,7(6)-Dibromoperylene-3,4,9,10-tetracarboxydianhydride................ 41
3.4.3 Synthesis of N-N2-(2,6-iisopropylphenyl)-1, 7 dibromoperylene-3,4,9,10-
tetracarbOXY ICAIMITE .........cooiiiiie e 42
3.4.4 Synthesis of N-N2-(2,6-diisopropylphenyl)-1,6,7,12 tetrachloroperylene-3,4,9,10-
tetracarbOXY ICAIMITE .........cooiiiiie e 43
3.4.5 Synthesis of Synthesis of N*-N2-(2,6-diisopropylphenyl)-1,12 diethylsilane-perylene-
3,4,9,10-tetracarbOXYlICAIMITE .....c..eiieiieece e 44
3.4.6 Synthesis of Synthesis of N!-N2-(2,6-diisopropylphenyl)-1,12 diphenylsilane-
perylene-3,4,9,10-tetracarboXylicdiimide ..........ccoveeiieiiiiecee e 45
3.4.7 Synthesis of 16,17-Bis(2-ethylhexyloxy)anthra[9,1,2-cde]benzol[rst]pentaphene-
5, L0-TI0ONE ..ottt ettt be b re et et 46
3.5 COMPULALIONS.....c.vieie ettt e s b e et eesa e s be e be e b e sbeenteensesreenneens 47
4 SUMMArY and OULIOOK .......c.viiiiiieicie e 48
5 AADPPENTIX ...ttt R bbbt b bbbt 50
5.1 INAEX OF TIQUIES ...ttt bbbt 53
5.2 INEX OF TADIES ...ttt reenne e 55
5.3 RETEIEICES ....ovieeieee ettt sttt et e s e sre e teeneeste e teeneeareenreeneeereenneans 55



1 Introduction

Global energy demand grew by 2.3% last year which can be attributed to the high economic
growth worldwide. It is caused by the increasing population and its rising need of energy for
heating, cooling, transportation etc. If we have a look on the global electricity demand the
growth for 2018 reached 4% for which largely the expanding electro mobility can be
associated.!

As it can be seen in Figure 1, most of the used electricity is produced out of non-renewable
sources like coal, natural gas or oil. Nevertheless, these resources are limited, and they also
contribute to the rising CO> levels in the atmosphere and therefore cause global warming.
Hydropower with 15.7 % and wind power with 5.5% are the next largest suppliers followed by
solar photovoltaic with 2.4%. These values seem to be small, but they have risen steadily over
the last years. Together they reached the new high level in the last year, making it possible to

cover 26.2 % of the global electricity production. 2

Solar PV
2.4%

Bio-power  Geothermal,
2.2% CSP and
ocean power
0.4%

Wind power
5.5%

Figure 1: Estimated Global Electricity Production, End-2018; data used from reference.?

Renewable resources possess a high potential for energy production but still face various
challenges. For example, they struggle with low efficiencies for harvesting the so-called free
energy around us. Apart from that, the intermittent nature of solar or wind power makes it hard
to provide a constant supply of energy. On a sunny day solar photovoltaics might be able to
cover the energy demand needed, but on a cloudy winter day it might not produce a single watt.
As a result, suitable storage possibilities are unavoidable to cover the energy demand

continually every day of the year.®



1.1 General photovoltaics

Photovoltaics which can produce electricity from sunlight can be divided into three different
generations. The first generations consist of single crystal or multi crystal silicon based solar
cells. The first silicon solar cell was developed by the Bell Laboratories in 1954 with an
efficiency of 6%.* These first-generation solar cells were further developed over the years and
count to around 80% of all solar panels in use today. The second generation is also called thin-
film solar cells because they consist of thinner layers compared to the crystalline silicon based
solar cells. They include amorphous silicon, cadmium telluride (CdTe), copper-indium selenide
(CI1S) and copper-indium-gallium-diselenide (CIGS) solar cells. Although their efficiencies are
lower than the first-generation ones, they are quite interesting because of their lower production
costs. The third and latest generation focuses on dye sensitised solar cells (DSSC), perovskite

based solar cells and organic or also called polymer solar cells (OPV).>®

1.2 Organic solar cells

In organic photovoltaics electricity is generated due to the absorption of irradiated light in a
organic semiconductor. The photoactive layer in organic photovoltaics consists of a bilayer or
a mixture of two organic semiconductors. One is used as electron donor and the other as electron
acceptor. There are already a broad range of material combinations reported in literature: for
example, small molecules only, polymer only or combinations of polymers and small molecules
as donor and acceptor materials. However, one of the most widely studied combination is a
polymer, with a conjugated n-system, and a fullerene derivative.” Due to their high synthetic
costs and lack of tuneability regarding energy levels research nowadays focuses on so called
non-fullerene materials.2® In an organic solar cell the acceptor and donor material together
represent the active layer between two electrodes. Interfacial layers between the electrodes and
the active layer alleviate the charge transport to the electrodes respectively. The hole transport
layer (HTL) transports the holes, whilst being transparent to the incoming light. Electrons on
the other side are transported by the electron transport layer (ETL) which also protects the active
layer from damage during the deposition of the cathode. Furthermore, they both provide a
barrier for excitons so they cannot recombine on the interface of the electrodes. As it can be
seen in Figure 2, the above described active layer can be structured in two different ways. For

instance, the first solar cells possessed a bilayer structure where a layer of the donor material
2



was covered by a layer of the acceptor material. This setup had the big drawback of limiting

the charges which can be generated by the interface area between the two layers.

Figure 2: Comparison of a bilayer-heterojunction (left) and bulk-heterojunction (right) solar cell setup.

Consequently, a new setup called bulk-heterojunction (BHJ) was developed. Here the two
materials are blended together and applied as one layer, thereby increasing the interface area
between the materials significantly. However, the bulk-heterojunction setup also faces some
challenges. The intermixing of the two materials, the solvent used, the donor acceptor ratio or
the thermal annealing are only a few factors that can have a big impact on the active layer and
its final morphology. Besides that, there is also the possibility of building out so called island
inside the active material. These islands have no contact to the electrode and therefore in it

generated charges cannot be separated.%!

The way how the charges in a solar cell are collected can be divided into two different device
architectures, (see Figure 3). The normal structure generally consists of a transparent, high work
function anode on the glass substrate and a low work function metal cathode on top of the active
layer. In the inverted device structure, the positions of the anode and cathode are turned around.
Thereby, electrons are collected by a transparent metal oxide (TiO2, ZnQO) and the holes by a
high work function metal (Ag, Au). The use of the inverted setup is preferred because of its

higher stability under ambient atmosphere.213



Figure 3: Bulk-heterojunction solar cell in normal (left) and inverted (right) device architecture.

Figure 4 shows the charge generation mechanism of an organic solar cell. The absorption of
photons generates an electron-hole pair or also called exciton. This exciton produced in the
donor material must diffuse to an interface area between the donor and acceptor material within
its lifetime otherwise it will decay. The diffusion length is limited by exciton lifetime
consequently reducing the usable layer thickness. On the interface the charges of the exciton

are separated and can now be transported to the electrodes, respectively.

hv
//
/6 LUMO /
A
' :
LUMO <«
M
®
HOMO j -/
®
HOMO
Cathode ETL Aceptor Donor HTL Anode

Figure 4: Generalized charge generation mechanism of an organic solar cell.

It is necessary to overcome the exciton binding energy for the charges to be separated.
Therefore, a driving force is needed which is provided by the energy difference of the donor
LUMO and acceptor HOMO material. The exciton binding energy for organic semiconductors
lies in range of around 0.3 to 0.5 eV. It is described by Equation 1 where e is the electronic
charge, ¢ the dielectric permittivity of the material, eo the vacuum permittivity and r the distance

between the electron and hole.*
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Equation 1 shows that the exciton binding energy can be reduced by increasing the dielectric
permittivity of the material and thereby reducing the needed energy difference between the

donor and acceptor material. That could result in an increased Voc.

The photons which can be absorbed in an organic solar cell are limited to the bandgap of the
materials used. There are also other factors that limit the efficiency. The so-called Shockley-
Queisser limit describe the limitations of efficient energy conversion. In general, it says that
photons with a lower energy than the given bandgap do not contribute to the energy production,
however all photons with a higher energy take part in the process, but their excess energy is lost
in a thermalization mechanism. That together limits the overall maximum efficiency to 30% for

single junction solar cells with a bandgap of 1.1 eV and non-concentrated illumination.t>

1.3 Characterisation of solar cells

Solar cell devices are mainly characterized by their current-voltage curve represented in Figure
5. The curve is obtained by sweeping the voltages on the solar cell while measuring the current
under illuminated and dark conditions. The light measurement is performed under standardized
conditions at 25 °C and a light intensity of 1000 W/m?. The light used is also called AM 1.5
which simulates the sun spectra with an incident angle of 48.2° shining onto the earth

surface.1>16

From the measured curve the efficiency to produce electricity by the solar cell can be
determined. Therefore, the current is converted to current density [mA/cm?] regarding the solar
cell size used. In the curve the current density under short-circuit (Jsc) conditions can be seen
where the curve measured under illumination cuts the y-axis. It is mainly influenced by the
absorption of the active material, the charge carrier mobilities and the charge separation
efficiency. So, when choosing new materials for organic solar cells, compounds with broad

absorption range are favoured.
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Figure 5: Main characterisitic parameters of a J-V curve.

The next important parameter is the open circuit voltage (Voc). Defined as the voltage at zero
current or with other words the maximum voltage the solar cell can produce. It is approximately
corresponding to the energy gap between the LUMO of the acceptor and the HOMO of the
donor. The measured value for the Voc commonly does not fit to the calculated energy gap

because it is affected by radiative and non-radiative loses which can reduce the Voc.%1"18

The Jmpp and Vmpp describe the current density and voltage at the maximum power point. At this
point the device produces the most possible power output. The maximum power point can be
accessed easily by multiplying the voltage with the measured current at each point and checking
the largest value in the power curve. With these parameters other values to describe the solar
cell performance can be calculated. Such as the fill factor (FF). According to equation 2 it can
be calculated by dividing the product of Jmpp and Vmpp by the product of Jsc and Voc.

FF = fmop"Vmop (2)

Jsc*Voc

It describes the ratio between the real produced power and the power that could be theoretically
possible. Or in other words how “square” the measured J-V curve occurs. In an ideal situation
the value for the FF would be 1, but because of factors like shunt resistance and series resistance

influencing the FF this value is always below one.®

PCE = Pout __ Voc*Jsc*FF (3)

in Pin



The most important parameter of a solar cell is the power conversion efficiency (PCE)
calculated by equation 3. It reveals how much of the irradiated light can effectively be converted
into electricity. Since the PCE consists of the values discussed before it is also influenced by

the same parameters.?°

1.4 State of the art

History of bulk-heterojunction solar cells is way shorter compared to other solar cell systems.
It started in 1986 when Tang published the first heterojunction solar cell consisting of a donor
acceptor system with nearly 1% efficiency.?* From that point a lot of different donor acceptor
cells were tested containing dyes, polymers, fullerenes, non-fullerenes or small molecules.?? Up
till now the best organic solar cell consists of a polymer and a non-fullerene acceptor. The best
solar cell device has a Voc of 0.867 V, a very high Jsc of 25.4 mA/cm? and an FF of 75%
resulting in the all-time high efficiency of 16.5%.%

R;=2-ethylhexyl
F R,=undecyl

BTP-4C1 PBDB-TF

Figure 6: Structure of the acceptor (left) and donor polymer (right) used in the best organic solar cell.

In Figure 6 the chemical structures of the used donor (PBDB-TF) and acceptor (BTP-4Cl)
material can be seen. It must be mentioned that the structure of the acceptor consists of chlorine
and cyano side groups. Also, the polymer contains halogens in its structure. Typical for this
type of structure is the conjugated system with an electron rich core flanked by electron poor
units forming an acceptor-donor-acceptor (A-D-A) structure. This conjugated push pull
structure can be found in many of the latest publications, like the very high efficient ITIC

derivatives.?*



To study the effect of these and other side groups in this thesis, a different structure called
perylenediimide was used as an acceptor. Perylenediimdes bear many different advantages
compared to other structures used as acceptors in solar cells. Due to their high stability, they
are also broadly used as pigments in industry.?® The starting material is very cheap and can be
modified easily by a few synthesis steps. Perylenes offer different possibilities for modification,
see Figure 7. New substituents can be introduced into the core structure at ten different sites,
divided into ortho, bay and imide position. Perylene derivatives were already used by Tang in

his first heterojunction solar cell, but also in dye based photovoltaic cells.?®

Ortho-Position

O 2/1 12\11 O
Imide-Position —» RN OO NR <+— Imide-Position
O 5 6R f 8 O

Bay-Position

Figure 7: General structure of a perylene diimide.

J.P. Sun et al. studied the influence of different branched alkyl side chains at the imide position
on the photovoltaic performance of organic solar cells, see Figure 8 1a-d. They tested perylenes
with four different side chains mixed with F-DTS as small molecule donor in a normal device
setup: ITO/PEDOT:PSS/BHJ/PDIN/Ag. The results showed that the 1-ethylpropyl side chain
leads to the highest efficiency of 3.21%. Compared to the 1-propylbutyl (PCE=1.98%) or the
1-heptyloctyl (PCE=0.19%) side chain it is a large difference considering that the optical
properties of all compounds are nearly indistinguishable. For the compound with the 1-
ethylhexyl side chain negligible low efficiencies were obtained. Since the nitrogen atom lies in
the nodal plane of the perylene the substituent on the imide position has negligible influence on
the optical properties. For that reason, the difference in power conversion efficiencies is mainly
caused by improved active layer intermixing and morphology.?’ Y. Chen et al. reached even an
efficiency of 5.13% for the same perylene diimde, donor material and device setup by changing
the donor acceptor ratio from 1:1 to 1.3:1 D/A. It must be mentioned that in this publication
calcium was used as electron transport layer and alumina as electrode.?® More examples with
longer branched-alkyl side chains or unbranched alkyl side chains can be found in literature,

see Figure 8 2a,b. Nevertheless, none of them exceeds an efficiency higher than 0.5%. In the
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case of the branched side chains P3HT was used as donor polymer which practically overlaps
with the absorption region of the perylene compound. For that reason, only a small part of the
light spectrum could be covered resulting in a low power conversion efficiency than probably
possible.?®3% ], Qu et al. introduced another way of imide position modification by proposing a
new design concept consisting of a donor-spacer-acceptor co-oligomer structure, see Figure 8
3a-c. With the optimum spacer length of four carbon atoms an efficiency of 2.33% could be
reached. Although the efficiency is not the largest, this compound reached a remarkable high
Voc of 1.04 V. The co-oligomer was tested in a normal solar cell setup consisting of:
ITO/PEDOT:PSS/Co-oligomer/epPDI/LiF/Al3* A similar molecular design was published by
Y. Lu et al. were a donor-acceptor-donor structure was built by introducing tetraoctyl-
bisfluorene groups on both imide positions, see compound 4 in Figure 8. This acceptor was
tested with P3HT as donor polymer in a normal device setup: ITO/PEDOT:PSS/BHJ/AI

providing 0.13% efficiency without any further solar cell device optimization.®?

C9H19YC9H19
ON_O

Figure 8: Perylene diimides with different substituents on the imide position.

In 2011 V. Kamm et al. first tested an ortho alkylated perylene in organic solar cells, see Figure
9 compound 5. In combination with P3HT and a normal cell setup of ITO/PEDOT:PSS/BHJ/AI
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a doubling of solar cell efficiency could be observed compared to the non-alkylated compound.
This was reasoned by the improved solubility and lowered aggregation caused by the alkyl
chain in the ortho position. Although the maximum efficiency did not exceed 0.5 %, the impact
of core substitution on the efficiency was pointed out.® P.E. Hartnett et al. investigated the
stacking of different ortho substituted perylene compounds and their influence on the power
conversion efficiency. The study suggest that the phenyl substituted perylene (6a) achieved a
maximal slip-stacking, followed by the phenethyl perylene (6b) and the hexyl perylene (6c).
The slip-stacking quenches the excimer formation while sustaining an efficient n-stacking for
charge transport resulting in a power conversion efficiency of 3.67% for the phenyl perylene.
Although other acceptors reached lower efficiencies, all of them reached a Voc higher than 1
V. The solar cells were built with PBTI3T as donor polymer in an inverted setup
(ITO/ZnO/BHJ/M003/Ag).>*
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Figure 9: Examples for ortho (2,5,8 and 11 position) substituted perylene diimides.

In another work P.E. Hartnett et al. showed that the phenyl perylene can crystalize in two
different packing motifs depending on the substituent on the imide position and the
crystallization conditions. They found that a sterically hindering substituents like 3-pentyl (7a)
favours a herringbone packing while n-octyl (7d) substituent tend to form a slip-stacked

structure. The 3,7-dimethyloctyl substituent (7b) could be directed in either of them by varying
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the 1,8-diiodooctane (D1O) concentration. The article demonstrated higher efficiencies for the
slip-stacked structures. In particular the n-octyl and the 3,7-dimethyloctyl substituent on the
imide position reached 3.88% and 3.62%, respectively. The structures were tested with PBDTT-
FTTE as polymer donor in an inverted device architecture (ITO/ZnO/BHJ/MoQOs/Ag).*® Li X.
et al. reported a new one-step Grignard reaction for the functionalization at the ortho position
of perylenes. By introducing a mesitylene (8a) or a thiophene (8b) substituent into the ortho
position a solar cell efficiency of 2.55% and 2.97% could be reached. In addition, the
substituents were also tested with the S-annulated perylene structure in the bay region.
Resulting in an efficiency of 1.30% for the mesitylene (8c) and 5.07% for the thiophene (8d)
substituted compound. The acceptors were blended with PTB7-Th and tested in inverted device
architecture (ITO/ZnO/BHJ/MoO3/Ag).%

In 2005 W.S. Shin et al. published a paper about different functional groups in the 1,7-bay
position of perylenes and their impact on the photovoltaic performance. The studied solar cell
devices showed quite low efficiencies of 0.005% for the cyano substituted and 0.043% for the
pyrrolidinyl substituted perylene, see Figure 10 9a,b. The perylenes were tested in a normal
device setup (ITO/PEDOT:PSS/BHJ/LiF/Al) with P3HT as donor polymer.3® Sharma G.D. et
al built a small molecule organic solar cell with perylene diimide holding two tert-butylphenoxy
substituents at the 1,7-bay position (10a). Combined with BTD-TNP and no transport layers
the normal device setup of ITO/BHJ/AI delivered an efficiency of 2.85 %. The good efficiency
was attributed to the high lying LUMO level and the balanced charge carrier mobilities.®” By
changing the substituent on the imide position from an anthracene to an acetonaphthopyrazine
dicarbonitrile (10b) or a pyrene (10c) an efficiency of 3.88% or 3.17% could be reached,
respectively. Both materials were tested in normal device architecture.®3° Different types of
phenyl units in mono-bay position were studied by Yi J. et al. By varying the chain length in
para position of the phenyl group no difference in the optical and electrochemical properties
could be observed. The tested solar cells demonstrated the highest efficiency of 0.74% for the
propyl chain (11a), followed by 0.39% for the nonyl (11c) and 0.37% for the hexyl chain (11b).
In this case P3HT has been used as polymer in an inverted device structure
(ITO/ZnO/BHJI/M0oO3/Al).“° In another work Yi J. and his group studied the influence of an
isopropyl group in para (10a), meta (10b) and ortho (10c) position at the phenyl unit. They
came to the result that the isopropyl group in meta position delivers the best efficiency of 1.12%
compared to 0.82% for the para and 0.71% for ortho position. The improved efficiency of the
meta substituted compound was attributed to its higher electron mobilities and better
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morphology. It was also shown that the achievable efficiency could be increased from 1.12%
to 1.73% by using PTB7 instead of P3HT as donor polymer. All devices were built in inverted
structure (ITO/ZnO/BHJ/MoOs/Al).*
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Figure 10: Various bay (1,6,7 and 12 position) substituted perylene diimides.
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By changing the bay substituent from a 2-mehtoxylethoxyl unit to a 4,8-bis(5-
ethylhexylthienyl)-benzo[1,2-b":4,5-b’]-dithiophene (BDT) unit one by one X. Zhang and his
group could cause a red shifted absorption enabling the perylene compound to absorb near
infrared light. When tested in organic solar cells an increase in efficiency from 0.005% (12a)
to 0.44% (12b) by exchanging one 2-methoxylethoxyl unit and up to 1.66% (12c) by
exchanging both 2-methoxylethoxyl units. The improved solar cell performance was caused by
the twisted perylene structure due to the BDT substituents and their influence on the absorption
range. It created a complementary absorption area when combined with the donor polymer
P3HT.*? P. Cheng et al. studied the influence of different types of donor materials. For their
investigation a perylene with dithienothiophene units in the bay position (13a) was used as an
acceptor. The authors came to the conclusion that a higher mobility and preferable morphology
could be obtained when using the small molecule donor p-DTS(FBTThz). compared to the
polymer donor PBDTTT-C-T. Resulting in an efficiency of 2.52% for the small molecule donor
and 0.28% for the polymer donor when tested in normal device setup
(ITO/PEDOT:PSS/BHJ/Ca/Al).*? In the work of Kotowski D. et al. the influence of bithiophene
(13b), spirobifluorene (13c) and bithiophene spirobifluorene (13d) in 1,7-bay position of the
perylene were examined. The different perylene compounds were blended with P3HT as
polymer donor and tested in a normal device setup (ITO/PEDOT:PSS/BHJ/Ca/Al). The best
solar cell efficiency of 1.58% was obtained by the spirobifluorene substituted perylene, caused
by its balanced charge carrier transport properties. The bithiophene spirobifluorene and
bithiophene exhibited efficiencies of 1.18% and 0.81% respectively.** S.1. Biiyiikeksi et al.
published the most efficient mono perylene diimide solar cell device as far as it is known. The
used perylene with 4-methoxyphenoxy groups in all four bay positions and a pyridine linked to
the imide position (14b) achieved an efficiency of 3.91%. By coordination of 2,2":6',2"-
terpyridyl-platinum (1) (14a) or -palladium (1) complex ions (14c) on the pyridine, efficiencies
of 8.17% and 5.18% could be reached. The perylene compounds were tested in a normal device
architecture (ITO/PEDOT:PSS/BHJ/LiF/AI) with P3HT as polymer donor.* Beside those,
there are a lot more different perylene compounds known by now, which have not been tested
in solar cells yet. Like the perylene compounds synthesized by Ma et al. In their work they
synthesized a perylene compound with a diethylsilane substituent bridging both bay position of

the perylene and the side product where only one side is bridged by the substituent.*®
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A different way of modifying perylenes lies in the building of di-, tri- or tetra perylenes through
linking single perylene compounds. This method also offers a variety of possibilities, by linking
on different positions and with different linkers. Another option is to build core expanded
perylenes usually achieved by UV radiation of bay substituted perylenes. Also, polymeric
perylene compounds can be utilized for the application in organic solar cells.*’ Figure 11 shows
an example for each of the categories. It has to be mentioned that those perylenes deliver a bit
higher efficiency than the mono perylene diimides. Here the depicted polymeric perylene (15d)
achieves an efficiency of 7.57 % when tested with PTB7-Th in inverted device architecture
(ITO/ZnO/BHJ/V20s/Al). The authors point out that it possesses a remarkable stability against
oxygen and water in the air. While building devices under ambient air with 90% humidity and
no encapsulation a decrease in efficiency of only 1% was observed.*® The tetra perylene [15c]
linked by a BDT-TH unit and the tri perylene [15b] linked by an 1,3,5-triazine were both tested
with PTB7-Th as donor polymer and in inverted device architecture (ITO/ZnO/BHJ/MoO3/AQ).
They achieved power conversion efficiencies of 8.47 % and 9.15% respectively.**

0O

Figure 11: Examples for di-, tri-, tetra- and polymeric- perylene compounds.

The highest here discussed efficiency was obtained by the di perylene [15a] compound linked

via a spirobifluorene unit. When tested with P3TEA as polymer donor the devices achieved an
14



efficiency of 9.5% with a very high Voc of 1.11 V. On one hand the good performance of this
compound was attributed to its fast and efficient charge separation and on the other hand, on its
low energy gap between the LUMO of the acceptor and the HOMO of the donor which reduced

the voltage losses and enabled a high Voc.**

1.5 Aim of the thesis

This thesis focuses on the synthesis of non-fullerene acceptors for organic solar cells. Recent
studies suggest that materials with a higher dielectric permittivity (¢) used in organic solar cells
can lead to enhanced solar cell efficiencies. According to literature there are different ways of
increasing the dielectric permittivity. For example, by introducing different substituents into
the structure like e.g.: ethylene glycol chains, cyano groups or halogens like fluor.>? A chemical
compound with a structure that can be modified easily should be used. The structure should be
modified by different substituents and their influence on the optical properties, energy levels
and solar cell performance should be studied. Additionally to the experimental data the
synthesized compounds should also be evaluated by density functional theory calculations. For
that reason, the geometry should be calculated and specifications like the absorption maximum,
oscillator strength and dipole moment predicted. After the synthesis their optical and electrical
properties are characterized and their usability as non-fullerene acceptors tested with matching
donor materials. Furthermore, the built organic solar cells should also be characterized, and
their performance further improved. Therefore, different building parameters are varied, like
the active layer thickness, the annealing behaviour or the donor and acceptor ratio. A correlation
between calculated values and the experimental data of the solar cells should be found to give

promising suggestions for further material designs.
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2 Results and Discussion

2.1 Synthesis

Starting from PTCDA (perylene-3,4,9,10-tetracarboxylic dianhydride) novel acceptors with
different substituents in the bay region were synthesized (Figure 12). To study the impact of
the different bay substituents, the imide position was left the same for every compound. 2,6-
diisopropylphenyl was chosen as substituent for the imide position because of its steric
demanding character it increased the solubility in comparison to the starting material very well.
It was seen that the bay substituents not only changed the optical and electronic properties but
had also an additional impact on the solubility of the compound by twisting the perylene

structure.
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Figure 12: Overview of the different synthesized perylene derivatives.

2.1.1 PDI

The reaction of PTCDA with 2,6-diisopropylaniline (4 eq) and with imidazole as base leaded
to the pure perylene compound (PDI) see (Figure 13).% The reaction mixture was stirred under
N> atmosphere at 180 °C. Compared to first approaches the high reaction time of 44 hours
mainly increased the yield up to 66 % resulting in a brown-red solid. The measured *H NMR

spectrum is in agreement with literature and is shown in the appendix, Figure 31. After column
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chromatography with DCM as eluent the product was further purified by recrystallization from
DCM and methanol. The product possessed a much better solubility than the starting material.
Nevertheless, the solubility was still rather poor compared to the bay substituted compounds.

This can be explained by n-r stacking of the perylene central core.>*
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Figure 13: Reaction scheme for the synthesis of PDI.

The optical spectrum of PDI is discussed in comparison to the other compounds in chapter
2.1.6. Thermogravimetric (TGA) measurement shows a loss in mass starting at 478 °C

demonstrating the high stability of the perylene diimide, see Figure 30 in the appendix.

2.1.2 Br>-PDI

For the introduction of bromine in the bay position PTCDA was suspended in concentrated
sulfuric acid, see Figure 14. After the addition of small amounts of iodine, 6 equivalents of
bromine were slowly added with a syringe leading to the formation of 2. Due to the lack of
solubility, the crude product was used in the next step directly after the work up. In the second
step 2 was suspended in propionic acid and let to react with 4 equivalents of 2,6-
diisopropylaniline. After column chromatography an isomeric mixture of 1,7 and 1,6 dibromo

perylene bisimide was isolated.
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Wiirthner et al. discussed the problem of the 1,7 and 1,6 regioisomers in his publication.®® They

Figure 14: Reaction scheme for the synthesis of Brz-PDI.

suggested to separate the two regioisomers by recrystallization. Therefore, the product was
dissolved in dichloromethane and covered by a layer of methanol. The so grown crystals were
than isolated. This process was repeated six times. Due to the narrow differences in the chemical
shifts the two isomers could be only observed in a high filed *H NMR spectrum. In a low field
spectrum, the signals just overlap. Figure 15 shows the *H NMR spectra of the recrystallization
process. Eventually an orange-red solid could be isolated. The entire spectrum is shown in the

appendix, Figure 32 and is in agreement with literature.>
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Figure 15: 'H NMR spectroscopic observation of the recrystallization process; 500 MHz 'H NMR spectra.

Nevertheless, regarding solubility the bromine substituent has an impact. During synthesis Br»-
PDI appeared to be better soluble than the PDI compound. That could be a result of the bromine

forcing the perylene into a twisted structure in which it is hindered to do a n-x stacking. The
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TGA curve, depicted in Figure 30 in the appendix, shows a mass loss at 393 °C resulting in a

lower stability compared to the PDI compound.

2.1.3 Cl4+-PDI

For the last two perylene compounds Cls-PTCDA (tetrachloro-perylene-3,4,9,10-
tetracarboxylic dianhydride) was used as starting material. Firstly, it was suspended in
propionic acid and let to react with 2,6-diisopropylaniline, (Figure 16). After column
chromatography an orange solid was obtained in high yield. The TGA displays a thermal
stability up to 443 °C for Cls-PDI.
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Figure 16: Reaction scheme for the synthesis of Cls-PDI.

The solubility is equal to the one of the Br>-PDI compound based on the twisted perylene

structure.

2.1.4 Et;Si-PDI and Ph2Si-PDI

Finally, a silicon was introduced bridging the bay position of the perylene. Therefore the
approach of Ma et al. was used. In their publication they synthesized a perylene with a
diethylsilane bridging both bay positions as main product and mono bridged perylene as side
product, by using a palladium-diacetate precursor and tricyclohexylphosphine to catalyse the
reaction.*® In this work two different silanes were used for the reaction, once a diehtylsilane
and once a diphenylsilane. Therefore, the prior synthesized product Cls-PDI was used as
starting material. Cls-PDI was dissolved with potassium acetate and 7 equivalents of
diethylsilane or diphenylsilane in dry toluene. A palladium (0) (Pd(PPhs)4) was used as catalyst,
see Figure 17. Unfortunately, the substitution on all bay position, as it was described in the
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paper, could not be achieved for either one of the silanes. After column chromatography a red
solid could be obtained as product for both silanes. During the reaction with the diphenylsilane
more side products were produced. Therefore, a second column chromatography with a
different eluent was needed resulting in a lower yield. For future reactions the second eluent

should be tried first to maybe save one column chromatography.
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Figure 17: Reaction scheme for the synthesis of Et2Si-PDI and Ph:Si-PDI.
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Although the silicon does not cause a twist in the perylene structure, the compound retains a
similar solubility like Bro-PDI or Cls-PDI. The ethyl and phenyl side groups can be accounted
for the improved solubility, sterically hindering the perylene stacking. TGA measurement of

compound Et2Si-PDI shows a loss in mass beginning at 448 °C see Figure 30 in the appendix.

2.1.5 Di(O-2-ethylhexyl)-violanthrone

The di(O-2-ethylhexyl)-violanthrone (vio) compound was obtained by an alkylation reaction of
violanthrone, see Figure 18. Therefore, the starting material was dissolved with potassium
carbonate in DMF. After adding 3 equivalents of 2-ethylhexylbromine, the reaction mixture
was stirred for 22 hours at 100 °C. Subsequently the product was worked up and purified by
column chromatography resulting in a dark-purple powder. The recorded *H-NMR spectrum is

in agreement with literature and is shown in the appendix, Figure 36.5
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Figure 18: Reaction scheme for the synthesis of vio.

According to the TGA measurement the vio compound showed constant mass till 320 °C
resulting in a much lower stability compared to the perylene diimide compounds, see Figure 30
in the appendix.

2.1.6 Optical spectra

The absorption spectra of PDI showed three peaks with increasing intensity at 455 nm, 490 nm
and 527 nm. The corresponding emission spectra showed three peaks at 534 nm, 575 nm and
626 nm with decreasing intensity when exited at 485 nm. The Stockes shift was with 6 nm
rather small. From the measured spectra also the quantum yield was calculated to be 99%. That
was expected because perylene diimides are known for their high quantum yields.>” All spectra

were recorded in chloroform and are depicted in Figure 19.

The absorption spectrum of Bro-PDI showed the typical perylene pattern with three peaks.
Compared to the PDI spectra the peak position showed hardly any difference. However, the
first two peaks at 455 nm and 490 nm occur to be broader than the ones of PDI. It seems like
the bromine substituent has a rather small influence on the absorption properties. But a stronger
one on the emission spectra when exited at 485 nm. The emission spectra show peaks at 548
nm and 585 nm with decreasing intensity. Therefore, the Stockes shift with 20 nm is also higher

than the one of the PDI. The quantum yield was calculated to be 94% for this compound.

The Cl4-PDI compound shows also the typical perylene absorption spectrum with a slight shift
to shorter wavelengths. In the absorption spectra the peaks appear at 427, 488 and 521 nm with
increasing intensity. The higher impact on the optical properties compared to Br-PDI can

probably be attributed to the higher twisted perylene structure of Cls-PDI. The emission spectra
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exited at 485 nm, shows peaks at 550 nm and 585 nm with decreasing intensity. Resulting in a
stokes shift of 29 nm. The fluorescence quantum yield was with 89% the lowest for the perylene
diimide compounds. The lower quantum yield for chlorinated perylene diimides was also
observed by G. Seybold et al.>’
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Figure 19: Absorption and the corresponding emission spectra measured in CHCls.

In the absorption spectrum of the last two perylene compounds, again the typical perylene
pattern appears. The silicon substituent causes a shift to higher wavelength. The peaks appear
at 477, 509 and 548 nm for Et,Si-PDI and 476, 511 and 550 nm for Ph>Si-PDI with increasing
intensity. For the emission spectra compound Et2Si-PDI was exited at 492 nm and showed
peaks at 555, 599 and 653 nm with decreasing intensity. Compound Ph,Si-PDI was exited at
the same wavelength resulting in an emission spectrum of 557, 602 and 653 nm with decreasing
intensity. The Stokes shift for both compounds is 7 nm. The fluorescence quantum yield for
Et>Si-PDI was 99% and with that the highest of all perylene diimides. Ph.Si-PDI reached a
quantum yield of 96%.

The absorption spectra of vio shows a peak at 394 nm and 646 nm with increasing intensity.
The compound was excited at 492 nm and had an emission peak at 725 nm. Resulting in a very
high Stokes shift of 79 nm. The calculated quantum yield for the violanthron derivative was

with 17% much smaller than the one of for the perylene diimides.
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2.2 Density Function Theory (DFT)

Firstly, the geometry of the perylene compounds was studied. Therefore, the structure was first
optimized by ChemDraw3D. The pre optimized structure was used to calculate the optimized
molecular geometry using density functional theory. A B3LYP functional with 6-31G* as basis
set was used and was calculated with Gaussian 09 (Revision D.01).%8 After the geometry
optimization a frequency calculation was conducted to check if the obtained geometry lies in
the absolute minimum. In Figure 20 the calculated geometries are depicted. It can be seen that
the diisopropylphenyl substituent on the imide position is turned by 90° to the perylene core.

Giving the first improvement regarding solubility by hindering the n-7 stacking sterically.
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Figure 20: Optimized geometry of the perylene compounds and the calculated dihedral angle marked in red.

Furthermore, the dihedral angle marked red in Figure 20 was determined for each substance,
representing the twist in the perylene caused by the different substituents. As illustrated

compounds PDI, Et,Si-PDI and Ph,Si-PDI show no twist in the perylene structure having a
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dihedral angle of 0°. Nevertheless, the ethyl and phenyl side groups on the silicon block the z-
7 stacking as well. Cls-PDI has the larger twist of 36° compared to Br.-PDI with 22°. This is
due to the higher repulsion of the two chlorine atoms on each side of the perylene compared to

the Br2-PDI compound whereas there is only one bromine on each side.

From the optimized geometry also the energy levels of the molecules were obtained. In Figure
21 each substrate is depicted with its HOMO-LUMO level, bandgap and its molecular orbital
distribution. In the middle of each acceptor a node is formed from one imide position to the
other one with no observable density. That implies that the substituent on the imide position
has no influence low the energy level of the molecule. On the substituents of the silicon in Et,Si-
PDI and Ph2Si-PDI the same phenomena can be observed suggesting that these substituents
have no impact on the HOMO-LUMO shape either. This is verified by the low difference in the
energy levels and also in the practically identical absorption and emission spectra of these two

compounds.
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Figure 21: Bandgap of each perylene compound with the corresponding energy levels and the visualised electron
distribution.

In general, the orbital distribution over the molecules is not changed significantly by the

different substituents. In some cases it is just extended to the added substituents. All acceptors
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show a large bandgap of around 2.5 eV with rather small variation among each other. What do
change indeed are the energy levels. By introducing the bromine atoms into the bay position of
the perylene, the LUMO level is shifted from —3.48 to —3.61eV and the HOMO level from —
6.01 to —6.16 eV. Considering Cls-PDI this shift is even higher for the LUMO from —3.48 to —
3.77 eV and for the HOMO from —6.01 to —6.36 eV. All that can be explained by the —I effect
of the halogens which increases by increasing electron negativity. In contrast, the two silicon
substituted compounds Et,Si-PDI and Ph2Si-PDI display slight shifts to higher energy levels.

In the next step the optimized structures were used to calculate the UV-Vis spectra of all
compounds by Time Dependent DFT (TD-DFT). Therefore the 6-31+G* basis set with the
B3LYP function was used. The calculations were performed in the gas phase. As we see in
Table 1 the calculated values are close to the experimental ones, differing in just 11 nm in
maximum. Revealing that the used calculation method is suitable to predict the absorption
spectra of the perylene compound with different side groups. The calculated oscillator strength
on the other hand shows a slight mismatch when compared with the experimentally determined

absorption coefficient.

Table 1: Comparison between the calculated and experimentally obtained data.

Substance  A%% [nm] AREL[nm] &Pt [Mlcm?™]  fPFT Dipole Moment®FT [Debye]

PDI 527 531 80400 0.69 0.00
Br2-PDI 528 531 43900 0.52 0.45
Cls-PDI 521 532 46900 0.47 0.00

Et.Si-PDI 548 548 59500 0.68 1.15
Ph2Si-PDI 550 554 39000 0.63 1.53

Considering the symmetry of the perylene compound, it is not surprising that the dipole moment
of the first three perylene compounds (PDI, Bro-PDI and Cl4-PDI) is comparable. The silicon
substituted compounds on the other hand are not symmetric and therefore also show a higher

dipole moment as shown in Table 1.
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Additionally, to the synthesized compounds further perylene diimides with various substituents
(I, F, Br, Cl, SCN, CN, MeO) in the bay position were calculated with DFT in order to estimate
the influence of other substituents on the molecular structure and the optical properties. The
obtained data is summarized in Table 2. It must be mentioned here that compound I>-PDI was
calculated with a different basis set (3-21G) compared to the others. As it can be seen the
different halogens have a rather low impact on the energy levels, the bandgap or the dipole
moment. The difference among themselves is minimal. The same is true for the absorption
maximum expect for the difluoro compound. Here a shift of 23 nm to shorter wavelengths can
be observed compared to the pure perylene diimide compound. Whereas the cyano and
thiocyano have a relatively low impact on the absorption maximum. However, because of their
strong electron withdrawing character they have a high shift to lower energy levels. In contrast
to it stands the methoxy substituted perylene diimide causing an increase in the energy levels
with its electron pushing character. It also shifts the absorption maximum by 35 nm to higher
wavelengths. The most interesting change in this series is the high dipole moment for the cyano,
thiocyano and methoxy group. The thiocyano substituted perylene compound reaches a high
dipole moment of 3.15 Debye. Perhaps the reason for that is the thiocyano group itself. Another
possible explanation could be the higher length of the substituent. This enables the side group
to stand out of the symmetric perylene core and avoids the opposing dipoles to cancel each
other out.

Table 2: Calculated parameters for further bay substituted perylene compounds.

Substance HOMOPfT[eV] LUMOP™T[eV] E2FT [eVv] AREL [nm] Dipole Moment™""
[Debye]
PDI —6.01 —3.48 2.53 531 0.00
F2-PDI —6.08 —3.52 2.56 508 0.09
Cl2-PDI —6.19 —3.62 2.57 535 0.62
Br-PDI —6.16 —-3.61 2.55 541 0.45
12-PDI —6.24 —3.69 2.55 532 0.19
(CN).-PDI —6.52 —4.06 2.46 535 1.75
(SCN)2-PDI —6.46 —3.96 2.50 540 3.15
(MeO)2-PDI —5.52 —-3.17 2.35 566 0.97
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2.3 Solar cells

Prior synthesized compounds were tested as acceptors in organic solar cells. For that indium
thin oxide (ITO) coated glass substrate as transparent electrode were used. Before activating by
plasma etching, the substrates were precleaned with acetone and isopropanol bath. On them a
zinc oxide solution as electron transport layer was spin coated. The acceptor was blended with
a suitable polymer, with a 1:1 ratio, to give a bulk heterojunction (BHJ). The active layer
solution was then spin coated with various speeds to give the optimal layer thickness. It was
covered by a molybdenum oxide (MoQg) layer for enhanced hole transport and completed with
a silver layer on top to give an inverted solar cell setup. MoO3z and Ag were deposited by thermal

deposition under high vacuum.

CeH1g

P3HT

Figure 22: Used polymers for organic solar cells.

The polymer was chosen according to its energy levels, complementary absorption spectra and
possible miscibility with the acceptor material. For the violanthrone (vio) compound the
commonly used P3HT polymer was selected. Due to their similar energy levels, PBDB-T or
also called PCE-12 was used for all perylene compounds. The used polymers are depicted in
Figure 22. The energy levels of PCE-12 are given by the supplier as -5.33 eV for the HOMO
and -2.92 eV for the LUMO.%®
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Figure 23: Energy levels of the acceptors and the polymer donors.585

Keeping in mind the path of the charge carriers depicted in Figure 4, these energy levels in
combination with the calculated values of the perylene compounds enable efficient charge
transport, as it can be seen in Figure 23. Both polymers showed good miscibility properties.
Next the absorption range of the donor acceptor blends were investigated. Therefore, the two
compounds were spin coated on glass substrate and measured via UV-Vis spectroscopy. As
expected, both polymers showed complementary absorption behaviour when combined with
the acceptors. This enabled the solar cells to cover a broad range of the solar spectrum. The
perylene-poylmer blends absorb in a spectral range from 450 to 650 nm while the violanthrone-
polymer blend covers a spectrum from 380 to 680 nm, respectively. The individual absorption
areas of each acceptor donor blend are depicted in Figure 24. The vio compound shows an
absorption peak at 452 nm which exhibits a blue shift of 30 nm when blended with the polymer
P3HT. All perylene compounds exhibit the same typical absorption pattern of a perylene.
Although they look very similar, they differ from each other considering the absorption
maximum. The silicon compounds Et,Si-PDI and Ph.Si-PDI exhibit the largest shift in
absorption maxima to longer wavelength namely 548 and 550 nm, respectively. Compared to
the absorption maximum of the pure perylene with 527 nm, this represents a red shift of 21 and
23 nm. While the Br-PDI and Cls-PDI compounds show an absorption maximum of 528 and
521 nm, respectively. The higher shift of the chlorine compound related to PDI can be attributed
to the higher electron negativity of the chlorine. When measured in films the absorption maxima
of all perylene compounds show a slight red shift of around 1-6 nm.
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Figure 24: Normalized absorption of each acceptor, polymer and blend measured in film.

2.3.1 Layer Thickness optimization

The optimum layer thickness of the active layer is a crucial for efficient solar cell devices.
Lower values of around 60-160 nm are often found in literature to be optimal.®%6! Nevertheless,
each donor acceptor blend demands its own specific layer thickness due to its difference in
charge carrier transport properties. Varying the blend concentration and the spin coating speed
offer good ways to change the layer thickness as wanted. For the vio compound the starting
concentration of the acceptor was 15 mg/mL and was blended in a ratio of 1:1 with the donor.
Although the tested devices exhibited an Voc of 0.67 V the overall power conversion
efficiencies were not higher than 0.01%. This did not change by varying the spin coating speed.
The layer thickness measurement revealed very thick (200-300nm) and rough layers. For that
reason, another series with an acceptor concentration of 12 mg/mL was tested, but with the
same result. While the Voc increased to 0.720 V the Jsc stayed below -0.4 mA/cm? resulting
again in a very low efficiency of 0.087% in maximum. The layer thickness was again very high.
This was attributed the low solubility of the vio compound. For that reason this compound was

not further tested in organic solar cells.
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Figure 25: Spin coating speeds for the processing of the donor-acceptor blends.

All perylene compounds were first tested with an acceptor concentration of 13 mg/mL, except
compound PDI which was tested with 12 mg/mL due to its lower solubility. Figure 25 shows
the power conversion efficiency distribution on different spin coating speeds. It can be seen
how the efficiency increases with increasing speed and thus lower film thickness. Except
compound PDI which displays quite similar efficiencies over a broad range. A constant power
conversion efficiency over a broad thickness range makes the commercial production of such
solar cell devices easier. When changing the film thickness the Jsc and FF of each solar cell
primary changes while the Voc stays almost unchanged. Due to its good efficiency over a broad
range compound PDI was also tested with a higher concentration of 15 mg/mL resulting in an
increased solar cell performance. Since upon a point higher spin coating speed does not
influence the layer thickness anymore, the concentration has to be changed to achieve thinner
layers. Therfore, the concentration of Et,Si-PDI was changed to 12 mg/mL. By that the layer
thickness did not decrease, but the efficiency of the device did increase. In Table 3 a summary
of the best parameters and the resulting layer thickness of each acceptor are given

30



Table 3: Spin coating parameters and resulting layer thickness of the best performing solar cells of the first series.

Acceptor rpm layer thickness conc. [mg/mL]
[nm]

PDI 2500 241 15
Br2-PDI 4000 107 13
Cls-PDI 4000 97 13

Et2Si-PDI 3500 147 12
Ph2Si-PDI 1500 164 13

2.3.2 Light soaking

When building solar cell devices in an inverted structure with metal oxides like ZnO as electron

transport layer a so called “light soaking” effect can be observed. This effect describes the

improvement of solar cell efficiency under solar radiation over time.®? One explanation for the

increase is the that the trap states are filled up during illumination which cause a reduction of

the potential barrier between the 1TO and ZnO layer.%® That can also be seen in the tested solar

devices as shown exemplarily for the Cls-PDI compound in Figure 26. The graphic shows that

Jsc, PCE and FF increase by time, while the Voc stays constant. The impact of light soaking

effect on the performance of the solar cells varies among the devices. For that reason, all here

represented solar cell data are after an illumination time of 7 min and 20 sec, to guarantee the

same light soaking time for each device.
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Figure 26: Effect of the light soaking showed on compound Cls-PDI.
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2.3.3 Annealing Behaviour

Annealing of a solar cell describes a thermal treatment at a certain temperature and over a
specific time. There are different ways how the annealing can improve the solar cell
performance. On one side it can improve the morphology and intermixing of the active layer
when the annealing is done before thermal evaporation. Different types of annealing like the
classic one on the heating plate or the so called “solvent vapor annealing” are known.®* On the
other hand, annealing after thermal evaporation has an impact on the interface layer between
the active layer and the applied electrodes to improve the charge transfer process. Compound
PDI was annealed after thermal evaporation but without an increase in efficiency, probably the
used temperatures (80-110 °C) were too low. Due to the high temperature stability of the
perylenes also high temperatures can be used for annealing. By annealing the substrate of Br-
PDI at different temperatures the efficiency could be increased. The best increase was obtained
at 170 °C for 5 minutes before thermal evaporation to 1.06% compared to the not annealed
device which delivered an efficiency of 0.87%. On compound Cls-PDI solvent annealing,
before thermal evaporation, with different temperatures was tested. The efficiency steadily
increased by increasing temperature resulting in the highest efficiency of 0.7% when annealed
at 120 °C. The annealing behaviour of Cls-PDI is depicted in Figure 27. It clearly can be seen
how the Jsc and FF are increased by increasing temperature resulting in a higher efficiency. It
has also to be mention that in the same time the Voc experience a slight decrease. The same

effect was observed on the other perylene compounds and is also known in literature.®
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Figure 27: Effect of the annealing with different temperatures showed on compound Cl4-PDI.
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Et>Si-PDI was also solvent annealed before thermal evaporation at 220 °C resulting in the

highest efficiency of 2.42% compared to the 2.11% of the not annealed device.
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2.3.4 Best solar cells

Finally, the J-V curves (illuminated and not illuminated) and the external quantum efficiencies
(EQE) of the best working cells are plotted in Figure 28. It can already be seen in the J-V curves
that the Et.Si-PDI acceptor has probably the best solar cells performance, because it has not
only a high Voc but also the highest Jsc.
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Figure 28: J-V curves of the best solar cells (left) and EQE curves of each acceptor (right).

Table 4 gives a summary of the solar cell parameters for each acceptor. Because of their similar
energy levels Et;Si-PDI and Ph,Si-PDI have a very comparable Voc of 0.85 and 0.83 V in
maximum, respectively. The pure perylene PDI exhibits also a quite high Voc of 0.81 V while
the Voc decreases to 0.69 or 0.55 V when bromine or chlorine is introduced into the perylene
structure. The bad Voc for the bromine and chlorine substituted compounds can be explained
by the lower lying energy levels. As it was shown in Figure 23 the lower LUMO levels decrease
the difference between the HOMO of the donor and the LUMO of the acceptor and therefore

reduces the possible voltage that can be obtained.

Table 4: Solar cell parameters of the best solar cell devices.

Acceptor Voc [V] Jsc [mA/cm?] FF [%0] PCE [%]
PDI 0.81 -3.98 42.9 1.38
Brz-PDI 0.65 -4.36 37.6 1.06
Cls-PDI 0.55 -3.48 37.3 0.71
Et2Si-PDI 0.81 -6.64 45.3 2.42
Ph2Si-PDI 0.83 -4.05 46.3 1.55
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The two silicon compounds Et:Si-PDI and Ph,Si-PDI delivered the highest efficiencies,
followed by compound PDI, Brz2-PDI and Cls-PDI. It can be clearly seen that the higher
efficiency came primarily from an increase of the Jsc and the fill factor.

The same picture can be seen in the EQE measurement, in Figure 28. While the chlorine
acceptor exhibits external quantum efficiencies of around 10%, the others are around 35%. The
highest efficiency of over 40% is achieved by Ph.Si-PDI. One could imagine that compound
Et,Si-PDI and Ph2Si-PDI would deliver similar results concerning power conversion efficiency.
But this is not the case, although their optical and energetical properties are nearly
indistinguishable. The main reason for that probably is the difference in the intermixing caused
by the different substituents on the silicon compound. This issue could already be seen during
the spin coating of the active layer. While compound Ph,Si-PDI exhibits nice and smooth
layers, the layers of compound Et,Si-PDI seemed to contain many particles. This acicular and
crystalline structures on the surface seem to be beneficial for the solar cells performance. The

light microscope image in Figure 29 shows the difference clearly.

Figure 29: Light microscope images of the Et2Si-PDI (left) and Ph2Si-PDI (right) solar cells.
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With the integrated area under each EQE also the Jsc could be calculated. In Table 5 the Jsc
values from the EQE are compared with the Jsc values from the J-V measurement. While the
values for Cls-PDI and Et.Si-PDI are quite close to the J-V measurement, the other three are
much higher when determined by the EQE.

Table 5: Comparison between the measured Jsc and the Jsc values calculated from the EQE.

Acceptor Jsc (before EQE) Jsc (after EQE) Jsc (integrated)
[mA/cm?] [MmA/cm?] [MmA/cm?]
PDI -3.74 -3.71 -4.41
Br2-PDI -3.87 -4.07 -5.38
Cls-PDI -2.71 -2.93 -1.99
Et2Si-PDI -5.76 -6.15 -5.68
Ph2Si-PDI -3.96 -3.56 -5.58

That phenomena were further investigated by measuring the three solar cells at different light
intensities. The measurement showed that the solar cell function better under low light intensity
than under high light intensity. What explains the higher value for Jsc from the EQE, because
this is carried out under lower intensity than the J-V measurement. For the Ph2Si-PDI Jsc values
of -4.23 (100%) and 5.75 mA/cm? (10%) were obtained. Which corresponds to an increase of
around 36%. Compounds PDI and Br2-PDI exhibit an even higher increase of 60% and 80%.

35



3 Experimental

3.1 Chemicals and Materials

Table 6 shows a summary of all chemicals and materials, their supplier and purity grade. Unless

otherwise stated the chemicals were used as received without any purification steps.

Table 6: List of Chemicals and Materials with their purity grade and supplier.

Chemical Purity Grade and Description Supplier
acetone >99% Sigma Aldrich
bromine >99% MERCK-Schuchardt

cyclohexane >99.5% VWR Chemicals
dichloromethane >09.8% Fisher Chemical
2,6-diisopropylaniline Tech, 90% Sigma Aldrich
diethylsilane 97+% Alfa Aesar
ethanol 96%
ethanolamin >99% Sigma Aldrich
hydrochloric acid 37% VWR Chemicals
imidazole 99% Abcr
iodine >09.5% Fluka
ITO coated glass 15Q Luminescence Technology
15x15x1.1mm Corp
2-methoxy ethanol anhydrous 99.8% Sigma Aldrich
MoOs 99.98% Sigma Aldrich
Na2SO4 >99% Roth
PTCDA 97% Sigma Aldrich
propionic acid 99% Abcr
potassium acetate 98% Sigma Aldrich
silicagel 0.06-0.2 mm Macherey-Nagel
silver 99.99% Kurt J. Lesker
sulfuric acid >95% Fisher Chemical
tetrakis 99.9% Abcr
zinc acetate dihydrate >99.5% Fluka




The 2,6-diisopropylaniline was purified by vacuum distillation before use. The potassium

acetate was dried in a vacuum drying closet for 30 hours at 100°C before use.

3.2 Characterisation

3.2.1 NMR spectroscopy

The *H and 3C NMR spectroscopy was performed on a Bruker Avance spectrometer operating
at 300(*H) and 75(**C) MHz. Deuterated chloroform with 0.03% TMS was used to dissolve the
samples. The spectra were calibrated regarding the TMS signal at 0 ppm. Peak shapes are
described as: s (singlet), bs (broad singlet), d (doublet), t (triplet), m (multiplet). Coupling

constants are given in Hz.

3.2.2 Thin layer chromatography

For thin layer chromatography silica gel 60 F2s4 on aluminium sheets was used. No visualization

method was needed.

3.2.3 Thermogravimetric analysis (TGA)

TGA measurements were performed Netzsch Jupiter STA 449C. All measurements were done
under He-atmosphere with a flow rate of 50 mL/min and a temperature range of 20-550°C with
a heating rate of 10 °C/min. The measurements were performed by Josefine Hobisch (TU Graz).

The temperature after 5% mass loss occurred was used for comparison among the compounds.

3.2.4 Optical characterisation

For measuring the UV-VIS spectra a UV-1800 Spectrometer from Shimadzu was used. The
absorption spectra were recorded in a range of 350 to 1000 nm. The optical bandgaps were
determined by using the onset of the absorption spectra. For the film measurements the

solutions were spin coated on acetone precleaned glass substrates with 1000 rpm.

The fluorescence measurement was performed on a Fluorolog (Jobin Yvon) from HORIBA.

Fluorescence orange (www.kremer-pigmente.com) dissolved in chloroform was used as
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reference for all perylene compounds. For the vio compound 3,3-Diethylthiadicarbocyaniniodid
dissolved in ethanol was used as reference. Compounds PDI, Br.-PDI, Cls-PDI were exited at
485 nm, the emission was measured from 500-800 nm with a slit width of 1 nm. Compounds
Et>Si-PDI and Ph2Si-PDI were exited at 492 nm, the emission was measured from 502-800 nm
with a slit width of 1 nm. The vio compound was exited at 570 nm, the emission was measured
from 585-900 nm with a slit width of 1 nm.

3.2.5 J-V measurement

For the measurement the substrates were irradiated with artificial sunlight produced by a
Dedolight DLH400D lamp. The illumination was set to an intensity of 100 mW cm to mimic
sunlight of AM 1.5 G. Each solar cell was measured with a shadow mask, which reduced the
irradiated area to 0.070226 cm?. The J-V-curves were recorded with a Keithley 2400 source
meter combined with a custom-made LabVIEW software. The J-V-curve was measured at a
voltage range of -500 mV to 1500 mV with a delay of 100 ms, a maximum compliance of 500

mA. The obtained J-V characteristics (Voc, Jsc, FF, PCE) were averaged over the best 5 cells.

3.2.6 Layer Thickness and Roughness

The layer thickness and roughness of the produced solar cells were measured by using a Dektak
XT surface profilometer by Bruker. The stylus force was 3 mg and the measured length of 1000
pm was obtained with a speed of 100 p s

3.2.7 External quantum efficiency (EQE)

The EQE was measured by using a monochromator MuLTImode4 equipped with a Xenon
lamp provided by AMKO and a Keithley 2400 SourceMeter. A photodiode was used for
the calibration and the spectra were recorded in a range of 380-730 nm.

3.3 Solar cell preparation

The solar cells were built in the inverted device architecture illustrated in Figure 3. All solar
cells were built in the same manner: ITO/ZnO/active layer/MoOs/Ag
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3.3.1 Substrate preparation

At first the ITO coated glass substrates (15 Q resistance) were cleaned with acetone and a
microfiber cloth (kimtech) to get rid of primary impurities. In the next step the substrates were
submerged in an isopropanol solution and treated with ultrasonic bath (60 min, 40 °C, VWR
ultrasonic cleaner). After drying with a nitrogen stream the substrate were etched by an oxygen
plasma etching machine (FEMTO, Diener Electronic) for 3 min. For the next steps the activated

substrates were transferred into a glovebox (LABmaster dp, MBraun) with N2 atmosphere.

3.3.2 Electron transport layer

ZnO was used as electron transport layer. Therefore, zinc acetate dihydrate (500 mg) was mixed
with 2-methoxy-ethanol (5 mL) and ethanolamine (150 pL) in a small vial. After stirring for 12
hours under ambient air it was transferred into the glove box. The ZnO solution was always
filtered (0.45 pm syringe filter) before use. The ZnO solution was applied onto the substrate by
spin coating (Model WS 650 MZ-23NPPB) 35 pL of the solution at 4000 rpm for 30 seconds
and an acceleration of 2000. Afterwards the substrates were annealed at 150 °C for 15 min

under ambient air.

3.3.3 Active layer

Initially the perylenediimide acceptor was dissolved in chlorobenzene (12 — 15 mg/mL) and
stirred for 1-2 hours till it was completely dissolved. Then the solution was added to the solid
polymer (PBDB-T or P3HT) with a donor:acceptor ratio 1:1 and stirred for one hour at 60 °C.
Subsequently the blend was stirred overnight at room temperature. On the next day 20 pL of
the polymer-acceptor blend were used for spin coating each substrate (500 accel, 30 sec). After
the initial spin coating step with varying rotation speed a second one followed (4000 rpm,
2000 accel, 5 sec) to ensure a dry substrate layer.

3.3.4 Solvent Annealing

For the solvent annealing the spin coated substrate was placed on a glass petri dish. Next to the
substrate a drop of the used solvent (chlorobenzene) was placed without touching the substrate.
After covering the petri dish with another petri dish, it was placed on the heating plate and

annealed at varying temperatures for 5 min.
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3.3.5 Hole transport layer and top Electrode

MoO3 (10 nm) was used as hole transport layer. It was applied by thermal deposition with a
rate of 0.1 A/s. For the top electrode silver (100 nm) was deposited with a rate of 0.1 A/s for
the first 10 nm and 1 A/s for the rest. Thermal deposition was performed in an evaporation
chamber (MB EVAP, MBraun) inside the glovebox at a vacuum level of approximately 1x10
mbar. The deposition rate and final thickness was monitored with an SQM-160 Deposition
Rate/Thickness Monitor by Inficon. A mask was used to limit the deposited area to 0.09 cm?

for every cell on each substrate.

3.4 Synthesis

3.4.1 Synthesis of N-N2-(2,6-diisopropylphenyl)-perylene-3,4,9,10-

Py

tetracarboxylicdiimide

Literature:>3

Os 0.0 OsN._O
N

e w o Ly IO

(L — 1

0”0 Yo %/O\\

PTCDA PDI

Perylene-3,4,9,10-tetracarboxydianhydride (PTCDA) (1.0 g; 2.55 mmol; 1 eq) was mixed with
2,6-diisopropylaniline (2.0 g; 0.110 mol; 4 eq) and imidazole (7.5 g) in a round bottom flask
equipped with a reflux condenser. The reaction was heated to 180 °C under N, atmosphere, for
44 hours. Afterwards the reaction mixture was cooled down to room temperature, 50 mL

ethanol and 60 mL of 2 M HCI was added and the mixture was stirred for 3 hours. Then the
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precipitate was filtered and washed with deionized water. After purification with a column

chromatography (SiO., DCM) a brown-red solid was obtained as product.
Yield: 1.187 g (66%)
Rs= 0.38 (DCM)

IH NMR (300 MHz, CDCls) 8ppm: 8.80 (d, J = 8.0 Hz, 2H), 8.75 (d, J = 8.0 Hz, 2H), 7.51 (t, J
= 7.7 Hz 2H), 7.36 (d, J = 7.7 Hz, 4H), 2.76 (m, 4H) 1.19 (d, J = 7.0 Hz, 24H) 3C NMR (75
MHz, CDCls) Sppm: 163.5, 145.7, 135.1, 132.2, 130.6, 129.8, 126.9, 124.2, 123.5, 123.37, 29.3,
24.0

UV-Vis (CHCls) Zmax nm (rel. in.): 527 (1), 490 (0.59), 459 (0.23)

3.4.2 Synthesis of 1,7(6)-Dibromoperylene-3,4,9,10-

tetracarboxydianhydride

Literature; 56

1) conc. H,SO,
)1

PTCDA 2

Perylene-3,4,9,10-tetracarboxydianhydride (PTCDA) (5.0 ¢g; 12.745 mmol; 1 eq) was
suspended in 150 mL conc. sulfuric acid in a three neck round bottom flask equipped with a
reflux condenser. The mixture was stirred for 2 hours at 55 °C. After adding iodine (258.8 mg;
1.019 mmol; 0.08 eq) the reaction mixture was stirred for 2.5 hours at 82 °C. When the reaction
mixture cooled down to room temperature, bromine (3.9 mL, 76.468 mmol, 6 eq) was slowly
added with a syringe. The reaction mixture was first stirred at 95 °C for 2 hours and then at
room temperature over the weekend. The raw product was precipitated by the addition of 500
mL deionized water, filtered of and washed with deionized water until the wash solution

reached a neutral pH. A red solid product with quantitative yield was obtained.
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Because of its insolubility the product was used for further reactions without any

characterization or purification step.

3.4.3 Synthesis of N'-N2-(2,6-iisopropylphenyl)-1, 7 dibromoperylene-
3,4,9,10-tetracarboxylicdiimide

O« _N.__O
0
OO NH> HSC\)]\OH OO
Br ‘ Br
+ —_——
o d )\©/k RO¢
0 >N"So

2 Br,-PDI

The reaction mixture of 1,7(6)-Dibromoperylene-3,4,9,10-tetracarboxydianhydride (7.0 g,
0.0127 mol, 1 eq) was dissolved in 370 mL propionic acid and 2,6-diisopropylaniline (9.6 mL,
0.0509 mol, 4 eq). A two neck round bottom flask equipped with a reflux condenser was used.
The reaction mixture was stirred for 24 hours at reflux and under N2 atmosphere. After cooling
down, the reaction mixture was treated with 500 mL deionized water and the precipitate was
filtered of. Afterwards the product was extracted with dichloromethane, dried over Na;SO4 and
the solvent was evaporated under reduced pressure. The product was further purified by column
chromatography (SiO2, DCM) resulting in a red-orange solid.

Yield: 1.843 g (17%)
Ri= 0.68 (DCM)

IH NMR (300 MHz, CDCl3) Sppm: 9.57 (d, J = 8.1 Hz, 2H), 9.03 (s, 2H), 8.81 (d, J = 8.1 Hz
2H), 7.52 (t, 3 = 7.7 Hz, 2H), 7.37 (d, J = 7.7 Hz, 4H) 2.74 (m, 4H) 1.19 (d, J = 7.0 Hz, 24H)
13C NMR (75 MHz, CDCls) Sppm: 163.1, 162.6, 145.7, 144.2, 138.5, 133.5, 133.3, 130.7, 129.9,
129.6,128.8, 127.7, 124.3, 123.2, 123.9, 121.1, 29.4, 24.2
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UV-Vis (CHCls) Zmax nm (rel. in.): 528 (1), 491 (0.68), 459 (0.27)

3.4.4 Synthesis of N'-N2-(2,6-diisopropylphenyl)-1,6,7,12

tetrachloroperylene-3,4,9,10-tetracarboxylicdiimide

Literature:5’

cl OO cl % SC\)LOH OO cl
cl ‘ a T )\(j/k O‘O cl

Cl,-PTCDA Cl,-PDI

1,6,7,12-Tetrachloroperylene-3,4,9,10-tetracarboxydianhydride (6.0 g, 0.0114 mmol, 1 eq) was
dissolved in 300 mL propionic acid and 2,6-diisopropylaniline (8.5 mL, 0.0448 mol, 4 eq).
Therefore, a two neck round bottom flask equipped with a reflux condenser was used. The
reaction mixture was stirred for 24 hours at reflux and under N2 atmosphere. After cooling
down, the reaction mixture was treated with 500 mL deionized water and the precipitate was
filtered of. The precipitate was first washed with deionized water, then with H.0/MeOH (50:50).
Afterwards the product was extracted with dichloromethane, dried over Na,SO4 and the solvent
was evaporated under reduced pressure. The product was further purified by column

chromatography (SiO., DCM) resulting in a orange solid.
Yield: 7.896 g (82%)

R= 0.87 (DCM)
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IH NMR (300 MHz, CDCls) 8ppm: 8.78 (5, 4H), 7.53 (t, J = 7.8 Hz, 2H), 7.38 (d, J = 7.7 Hz,
4H), 2.72 (m, 4H), 1.19 (d, J = 7.0 Hz, 24H) 13C NMR (75 MHz, CDCls) Sppm: 162.4, 145.7,
135.7, 133.5, 131.8, 130.1, 129.9, 128.9, 124.3, 124.0, 123.3, 29.3, 24.1

UV-Vis (CHCI3) Zmax nm (rel. in.): 521 (1), 487 (0.69), 428 (0.28)

3.4.5 Synthesis of Synthesis of N'-N2-(2,6-diisopropylphenyl)-1,12
diethylsilane-perylene-3,4,9,10-tetracarboxylicdiimide

Yy Yy

Literature:*
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Cl4-PDI EtZSi-PDI

1,6,7,12-tetrachloroperylenediimide (1.0 g, 1.178 mol, 1 eq) were dissolved in 33 mL dry
toluene in a Schlenk flask. After adding tetrakis (40 mg, 0.178 mmol, 15%eq), dry potassium
acetate (578 mg, 5.89 mol, 5 eq) and diethylsilane (1.1 mL, 8.245 mol, 7 eq) the reaction was
stirred under Ar atmosphere at 110 °C for 20 hours. After cooling down to room temperature
the reaction mixture was filtered off and washed with dichloromethane. Afterwards the filtrate
was concentrated under reduced pressure and the obtained crude product was purified by
column chromatography (SiO2, DCM) resulting in a red solid.

Yield: 0.187 g (22%)

R= 0.46 (DCM)
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IH NMR (300 MHz, CDCls) Sppm: 8.92 (s, 4H), 8.76 (d, J = 8.0 Hz, 2H), 8.64 (d, J = 8 Hz, 2H)
751 (t, J = 7.7 Hz, 2H), 7.37 (d, J = 7.7 Hz, 4H), 2.79 (m, 4H), 1.20 (m, 28H), 1.09 (m, 6H)
13C NMR (75 MHz, CDCl3) 8ppm: 164.3, 163.6, 147.4, 145.7, 137.3, 135.8, 135.5, 132.6, 130.9,
129.7, 125.0, 124.5, 124.2, 1235, 123.3, 122.2, 29.2, 24.1, 7.8, 2.8 2°Si NMR (100 MHz,
CDCl3) Sppm: 12.9

UV-Vis (CHCls) Zmax nm (rel. in.): 548 (1), 509 (0.66), 477 (0.27)

3.4.6 Synthesis of Synthesis of N-N2-(2,6-diisopropylphenyl)-1,12
diphenylsilane-perylene-3,4,9,10-tetracarboxylicdiimide

(0] N O
Toluene
0, Q E c00
Tetrakis
Cl Cl
. _
cl O‘O ca t C;'Hz ‘ si
/%i /%i
Cl,-PDI Ph,Si-PDI

1,6,7,12-tetrachloroperylenediimide (0.2 g, 1.178 mol, 1 eq) were dissolved in 33 mL dry
toluene in a Schlenk flask. After adding tetrakis (40 mg, 0.178 mmol, 15%eq), dry potassium
acetate (578 mg, 5.89 mol, 5 eq) and diphenylsilane (1.1 mL, 8.245 mol, 7 eq) the reaction was
stirred under Ar atmosphere at 110 °C for 20 hours. After cooling down to room temperature
the reaction mixture was filtered off and washed with dichloromethane. Afterwards the filtrate
was concentrated under reduced pressure and the obtained crude product was purified by
column chromatography twice: 1) SiO., DCM; 2) SiO2, CH/EtAc 4:1 resulting in a red solid.

Yield: 0.027 g (11%)

R= 0.46 (DCM)
45



IH NMR (300 MHz, CDCl3) Sppm: 9.02 (s, 2H), 8.77 (d, J = 8.1 Hz, 2H), 8.65 (d, J = 8.1 Hz,
2H) 7.79 (d, J = 7.1 Hz, 2H), 7.49 (m, 8H), 7.35 (d, J = 7.7 Hz, 4H), 2.77 (m, 4H), 1.18 (m,
24H), 3C NMR (75 MHz, CDCls) 8ppm: 164.0, 163.4, 147.7, 145.7, 136.4, 135.9, 135.7, 135.6,
133.0, 131.6, 131.1, 130.8, 129.7, 128.9, 128.3, 125.3, 124.1, 123.6, 123.5, 122.9, 29.8, 29.2,
24.1

UV-Vis (CHCls) Zmax nm (rel. in.): 550 (1), 511 (0.66), 476 (0.27)

3.4.7 Synthesis of 16,17-Bis(2-ethylhexyloxy)anthra[9,1,2-
cde]benzol[rst]pentaphene-5,10-dione

Literature:>®

Br
K,CO;
DMF
H
_—
H

Violanthrone (220 mg, 0.45 mmol, 1 eq) and 125 mg anhydrous potassium carbonate were
dissolved with 5.4 mL of dimethylformamide in round bottom flask equipped with a reflux
condenser. After that 2-ethylhexylbromide (261 mg, 1.35 mmol, 3 eq) was added and the
mixture was stirred for 22 h at 100°C. After the reaction mixture cooled down to room
temperature, it was poured into 50 mL of methanol. The dark blueish precipitate was then
washed with water and filtered of. Afterwards it was purified by column chromatography (SiOz,

CHCIs) resulting in a dark-purple powder with a metallic shine.
Yield: 0.121 g (38%)
Rf=0.13 (CHCl3)

IH NMR (300 MHz, CDCls) 3pom: 8.52 (d, J = 8.2 Hz, 2H), 8.43 (d, J = 8.0 Hz, 2H), 8.36 (m,
4H), 8.25 (s, 2H), 7.79 (t, J = 7.4 Hz, 2H), 7.56 (t, J = 7.4 Hz, 2H), 4.08 (m, 4H), 1.81 (s, 2H)
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1.34 (m, 17H), 0.78 (m, 12H) 3C NMR (75 MHz, CDCls) ppom: 182.9, 156.9, 135.6, 134.2,
133.1, 130.9, 129.4, 128.5, 128.2, 127.6, 127.5, 126.9, 123.6, 123.2, 122.5, 117.4, 114.4, 40.5,
30.6, 29.3, 23.9, 23.1, 14.2, 11.3

UV-Vis (CHCI3) Zmax nm (rel. in.): 647 (1)

3.5 Computations

DFT calculations were performed by using Gaussian 09 Revision D.01 from Gaussian Inc.%®
The structures were first drawn with ChemDraw and the geometry was pre optimized in
ChemDraw3D. B3LYP functional was used for every calculation while the basis set varied
between 6-31G*, 6-31+G* or 3-21G.
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4 Summary and Outlook

Non-fullerene acceptors are of constant interest because of their various advantages and steadily
increasing power conversion efficiencies. One aspect of current research is the dielectric
constant of non-fullerene acceptors and its influence on the solar cell performance. Therefore,
perylene diimide based structures with various substituents in the bay position were synthesized
and their influence on the optical and energetical properties examined. The experimental
characterisation was assisted by DFT calculations providing information including the dipole
moment. With them a possible increase in the dielectric constant could be estimated.
Subsequently, the acceptors were tested in organic solar cells using an inverted device structure:
ITO/ZnO/BHJ/M0O3/Ag.

In summary, it was shown that by introducing a silicon substituent into the perylene structure
an increase of the dipole moment could be observed. The obtained solar cell data indicates a
relationship between the dipole moment and the solar cell performance. As a result, the
acceptors with increased dipole moment lead to an enhanced solar cell performance. Expressed
in numbers, compounds Et:Si-PDI and Ph2Si-PDI exhibit maximum power conversion
efficiencies of 2.42 and 1.55%, respectively. This represents, especially for compound Et,Si-
PDI, a strong increase in efficiency when compared with the PDI, the perylene without any
substituents. Of course, the influence of the dipole moment has to be verified by further
measurements like the dielectric constant of the acceptors. Besides that, the silicon substituents
are sterically more demanding, which could influence the intermixing with the donor and the
morphology of the active layer and therefore also strongly influencing the solar cell
performance. Moreover, each solar cell setup has to be further optimized to reach its maximum
potential, before a clear relationship between the dipole moment and the solar cell performance
can be stated. Although there is no big difference regarding optical and energetical properties,
the two silicon compounds show strong difference in power conversion efficiencies. This can
be attributed to the different substituents on the silicon having a strong impact on the
intermixing with the polymer and the resulting morphology. This statement is confirmed by the
light microscopy images showing clear and smooth active layers for the Ph,Si-PDI compound
while active layers of Et>Si-PDI appear rougher and full of particles. Those acicular crystallin
particles seem to be very beneficial for the solar cell performance. Compound PDI exhibits a
maximum efficiency of 1.38%. The two halogenated compounds Br>-PDI and Cl4-PDI achieved
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efficiencies of 1.06 and 0.71% each. Cls-PDI exhibits a slightly increased dipole moment of
0.45 Debye, probably caused by the higher electron negativity of the chlorine atom. It has to be
pointed out that the lower efficiency of compound Cls-PDI is mainly a result of the lower Voc.
This result fits very well to the calculated energy levels in which Cls-PDI has the lowest lying
LUMO level. The lower lying LUMO level minimizes the gap between the LUMO of the
acceptor and the HOMO of the donor, which corresponds to the Voc. Of course, the calculated
Voc is not equal to the measured one, because there are also radiative and non-radiative losses
which reduce it. But it can be clearly seen how the Voc decreases from PDI>Br.-PDI>Cl4-PDI,
while the energy levels also decline. The measured EQE displays the highest quantum
efficiency of over 40% for PhSi-PDI, while the others are around 35%. Except Cls-PDI which
shows an EQE of 10%. These values reflect the measured J-V very good. The J-V measurement
at different light intensities displays that compounds PDI, Br-PDI and Ph,Si-PDI achieve

higher Jsc values under low light intensities.

Furthermore, TGA measurement showed how the thermal stability of the perylene decreases
when substituents are introduced. Giving PDI the highest thermal stability of 478 °C followed
by Et.Si-PDI with 448 °C. Bro-PDI and Cls-PDI exhibit a thermal stability of 393 °C and
443 °C, respectively. Due to the high thermal stability also high annealing temperatures could
be used. Like for Et,Si-PDI which was annealed at 220 °C. Br>-PDI and Cls-PDI were annealed
with 170 °C and 120 °C, respectively.

The obtained solar cells show beneficial impact of compounds, with increased dipole moment
on the solar cell performance. Therefore, it is suggested for further studies to investigate other
compounds with increased dipole moment. For example, the two perylene diimides with the
cyano and thiocyano groups presented in Table 2. Especially the thiocyano substituted perylene
exhibits a very high dipole moment of 3.15 Debye, making it a promising candidate for further

investigations.

In this work, the presented solar cell devices should be further optimized by varying the donor
acceptor ratio or by adding additives to assess the full potential of these acceptors. Furthermore,

their dielectric constant should be determined.
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Figure 30: TGA curves of compounds PDI, Br2-PDlI, Cls-PDI, Et,Si-PDI, vio .
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