- IVERSITE
T | DE PAU ET DES
] PAYS DE 'ADOUR

VILNIUS UNIVERSITY
CENTER FOR PHYSICAL SCIENCES AND TECHNOLOGY
UNIVERSITE DE PAU ET DES PAYS DE L’ADOUR

Meera Stephen

Charge Transport and Novel Poly(fullerene)s in

Organic Photovoltaics

Doctoral thesis,

Technological sciences, Material engineering (08 T)

Vilnius, 2016



The work described in this thesis has been carried out at Vilnius University
(Lithuania) and Université de Pau et des Pays de 1’Adour (France) during 2013-
2016.

This research has been funded by the European Union Seventh Framework
Program (FP7-PEOPLE-2011-ITN) under grant agreement ESTABLIS no.
290022

Supervisors:

Prof. Dr. Gytis JuSka (Vilnius University, Technological Sciences, Material
Engineering — 08 T).

Dr. Roger C. Hiorns (Université de Pau et des Pays de I’ Adour, Physical Sciences,
Chemistry — 03P).



Acknowledgements

I would like to express my heartfelt gratitude to everyone who made this work

possible, especially;

To Kris, Juska & Arlauskas, for taking me on as a PhD student, providing me with
the opportunity to be part of Establis under their supervision.

To Roger, for the valuable guidance and constant encouragement throughout this

time, that helped me to see it through.

To the frequent Establis meetings, which truly kept me going.

To Establis fellows, Anna, Alberto, Aurélien, Craig, Dargie, Graham, Hasina,
Hugo, Isa, Jenia, Joanna, Mamadou, Shafkath, Simon & Stefan, for all the

knowledge and fun we shared.

To my friends in Pau & Vilnius, Ariana, Aurélie, Bron¢, Edilene, Eunkyung,

HongYao, Julius, Nelly, Rayane & Shuanglong, for the much required company.
To Mélanie & Julija, for all the help with administration.

To my precious friends back home, who were up for a chat anytime I needed,

regardless of the time-zone difference.

To my family, especially Kunjachan, for the endless support.



Abstract

Intense research in organic photovoltaics (OPV) during the past decade has been
fuelled by the need for inexpensive renewable energy sources. OPV presents us
with a new breed of coatable, semitransparent, potentially cheap, flexible
photovoltaics that can be used in many applications where traditional
photovoltaics cannot compete. Any progress in this field calls for the close
cooperation of chemists and physicists owing to its very nature of
interdisciplinarity.

This dissertation comprises of two distinct but interconnected topics. The
first part consists of a detailed study of degradation behavior of working organic
solar cell devices on prolonged exposure to simulated sunlight. Photo-induced
charge carrier extraction by linearly increasing voltage (photo-CELIV) and time
of flight (TOF) techniques are made use of to deduce the effects of photo-
degradation on bulk charge transport in these devices. Firstly, benchmark devices
based on P3HT:PCBM active layer are studied. Comprehensive investigations of
charge carrier mobility, density and recombination are performed to get an insight
into the irreversible degradation mechanism. An increased number of trapped
charge carriers and enhanced bimolecular recombination is observed with
progressive degradation, hinting at the destruction of the ideal nanomorphology of
pristine P3HT:PCBM blends. Furthermore, the photo-degradation of a series of
benzodithiophene (BDT) — diketopyrrolopyrrole (DPP) based polymers with
different side-chains is documented. Analysis of extraction current transients
indicated the progressive formation of trap states as being the most predominant
effect influencing the process of charge extraction.

A second part of this work deals with synthesis of novel poly(fullerene)s
for photovoltaic applications. A recently discovered route where the use of
sterically cumbersome groups provided for a certain degree of control over the

additions to the fullerene sphere is explored to provide for main-chain



poly(fullerene)s. The use of 2,5-bis(octyloxy)terephthalaldehyde and PCBM as
co-monomers afforded high molecular weight, thermally stable polymers via the
Sterically controlled Azomethine ylide Cycloadditon Polymerization (SACAP).
Furthermore, the inclusion of large chromophore units to yield fullerene-dye
alternating polymers and oligomers is proved to be feasible with the SACAP
route, where DPP is co-polymerized with both C¢y and PCBM. This is the first
time that alternating polymers containing dyes and fullerene in the main-chain
have been prepared. Detailed characterizations using NMR (‘H, °C and 2D
HSQC), GPC, UV-Visible absorption, fluorescence emission, TGA and DSC are
carried out to substantiate the structure and properties of these new materials.
Moreover, their photovoltaic properties are validated by using them as acceptor
materials in bulk heterojunction (BHJ) cells. They are found to yield high open
circuit voltages relative to PCBM, as a result of raised LUMO levels, confirming
predictions from modeling studies. The devices incorporating these novel
materials were also found to be stabilized in response to thermal stress, their burn-
in phases being greatly reduced. The reduction in short circuit currents on
replacing PCBM with poly(fullerene)s in the BHJ is thought to be resulting from a

non-ideal mixing with the donor polymer, a prospective for future studies.



Santrauka

Pastargji deSimtmet] atsinaujinancios energijos Saltiniy poreikis skatino
intensyvius nebrangiy organiniy saulés elementy (OPV - angl. Organic
Photovoltaics) tyrimus. Déka savo lankstumo, plastiSkumo, galimybés padengti
jvairius pavirSius OPV gali biiti naudojami jvairiose niSinése srityse. Kadangi
visos organinés elektronikos sritys pasizymi tarpdiscipliniSkumu, todél ir
progresas OPV srityje reikalauja glaudaus chemiky bei fiziky bendradarbiavimo.

Si disertacija susideda i§ dviejy skirtingy, bet tarpusavyje susijusiy, temuy.
Pirmaja dalj sudaro iSsamiis saulés imitatoriumi apSviesty organiniy saulés
elementy degradacijos tyrimai. Fotogeneruoty kriuvininky iStraukimas tiesiskai
kylancia jtampa (photo-CELIV - angl. photo-induced charge carrier extraction by
linearly increasing voltage) ir Iékio trukmés (TOF - angl. time of flight) metodai
buvo pasitekti siekiant nustatyti fotodegredacijos jtaka kriivininky pernasai Siuose
elementuose. Pirmiausia buvo tirti placiausiai paplite¢ P3HT:PCBM aktyvios
srities elementai. Siekiant iStirti negrjztama degradacijos mechanizmg buvo atlikti
iSsamis krivininky judrio, tankio bei rekombinacijos tyrimai. Progresuojant
degradacijai pastebétas padidéjes prilipusiy kruvininky kiekis bei iSaugusi
bimolekuliné rekombinacija, tai rodo idealios morfologijos, stebétos
nedegredavusiuose P3HT:PCBM bandiniuose, suardyma. Analogiski tyrimai taip
pat buvo atlikti su benzoditiofeno (BDT) — diketopirolopirolio (DPP) grupés
polimerais, turinCiais skirtingas Sonines grandines. Ekstrakciniy srovés kinetiky
analiz¢ leido nustatyti prilipimo btseny susidaryma, kuris buvo vienas
pagrindiniy vyraujanciy efekty, jtakojanciy kriivio ekstrakceijg.

Sios disertacijos antraja dalj sudaro fotovoltiniams prietaisams skirty naujy
polifulereny sintetinimas. Neseniai atrastas erdviskai didziuliy grupiy
panaudojimo chemingje sintez¢je biidas, suteikia galimybe kontroliuoti atSaky
prijungimo vieta bei patj polimerizacijos procesg. Naudojant 2,5-

bis(oktiloksi)tereftalaldehida bei PCBM ko-monomerus erdviskai



kontroliuojamoje azometino ilido ciklo prijungimo polimerizacijos reakcijoje
(SACAP - angl. Sterically controlled Azomethine ylide Cycloadditon
Polymerization) buvo gautas didelés molekulinés masés, termiSkai stabilus
polimerus. Taip pat, buvo jrodyta, kad dideliy chromofory panaudojimas leidzia
sintetinti fulereno-dazy polimerus bei oligomerus ir tai jmanoma atlikti naudojant
SACAP metodika, pasitelkus DPP ko-polimerizuotg su Cg¢ bei PCBM. Tai yra
pirmas kartas, buvo susintetinti polimerai, savo grandin¢l¢je turintys organinio
dazo fragmenta bei fulereng. Gautos medziagos buvo charakterizuotos pasitelkus
NMR ('H, “C ir 2D HSQC), GPC, sugerties spektra, fluorescencijos emisija,
TGA bei DSC siekiant pagrjsti $iy naujy medziagy struktiirg bei savybes. Siy
polifulereny tinkamumas OPV buvo patvirtintas naudojant Sias medziagas kaip
akceptoriy tiirinés heterosandiiros (BHJ - angl. bulk heterojunction,) celése. Dél
aukStesnio LUMO lygmens (lyginant su PCBM) buvo nustatyta didesné atviros
grandinés jtampa nei naudojant PCBM, tai patvirtino modeliavimo rezultatus.
Celés, pagamintos naudojant polifulerenus, yra stabilios Siluminiam stresui, todél
prognozuojamas jy tarnavimo laikas turéty buti zymiai ilgesnis, nei naudojant
PCBM. Manoma, kad trumpo jungimo srovés sumazéjimas celése PCBM

pakeiciant polifulerenais vyksta dél neidealaus maiSymosi su donoro polimeru.



Résumé

Au cours de la derniére décennie, des recherches intensives dans le
domaine du photovoltaique organique (OPV) ont été menées pour faire face aux
besoins et a la nécessité de développer des sources d'énergie renouvelables bon
marché. Les matériaux issus de cette technologie représentent une nouvelle
génération de matériaux plastiques souples pouvant étre utilisés dans de
nombreuses applications ou 1'énergie photovoltaique traditionnelle n’est pas
compétitive. La majorité des progreés récents obtenus dans le domaine de I’OPV
résultent d’une coopération interdisciplinaire étroite entre chimistes, physico-
chimistes et physiciens.

Cette these se compose de deux sujets principaux. La premicre partie
consiste en une étude détaillée des effets de la dégradation des dispositifs OPV
aprés exposition prolongée a la lumicre solaire artificielle. Les techniques
« Photo-induced charge carrier extraction by linearly increasing voltage » (photo-
CELIV) et temps de vol (TOF) ont été utilisées pour déduire les effets de la photo-
dégradation sur le transport de charge dans les dispositifs organiques. Une
premicre étude a été menée sur un systeme de référence basé sur une couche
active constituée de P3HT: PCBM. Une étude approfondie de la mobilité des
porteurs de charges, de la densité de charge et de la recombinaison a ét¢ menée
pour obtenir un aper¢gu du mécanisme de dégradation irréversible. Un nombre
accru de porteurs de charge piégés ainsi qu’un renforcement de la recombinaison
bi-moléculaire ont été constatés au cours de la dégradation progressive du
matériaux, menant a la destruction de la nano-morphologie idéale du mélange
P3HT:PCBM. Basée sur ces conclusions, 1’étude de la photo-dégradation de deux
nouvelles séries de polymeres et de leurs analogues possédant différentes chaines
latérales, i.e. benzodithiophene (BDT) et diketopyrrolopyrrole (DPP), a ét¢ menée

dans ce travail. L'analyse des extractions de courants transitoires montre que la



formation progressive d’états de pieges prédomine le processus d'extraction de
charge.

La seconde partie de ce travail concerne la synthése de nouveaux matériaux
de type poly(fulleréne)s en vue d’applications pour le photovoltaique organique.
Une voie de synthése récemment découverte, dans laquelle I'utilisation de groupes
stériquement encombrants permettant de maitriser les additions de polymeéres sur
la molécule de fulleréne, a été explorée dans ce travail pour assurer la formation
des systémes poly(fulleréne)s de conformation contrélée. L'utilisation conjointe
des systemes 2,5-bis (octyloxy)téréphtalique et du PCBM en tant que co-
monomeres nous a permis d’obtenir des polymeres thermiquement stables de haut
poids moléculaires, via cette voie de synthese appelée SACAP (« Sterically
controlled Azomethine Ylide Cycloaddition Polymérisation »). En outre, cette
technique de synthése a rendu possible D'inclusion de grosses unités
chromophores, conduisant a une macromolécule alternant polymeres (fulleréne) et
oligomeres (colorant). Cette synthése fait appel a la copolymérisation du
diketopyrrolopyrrole (DPP), a la fois par le fulleréne et le PCBM, et a conduit
pour la toute premicre fois a un polymere alterné associant fulleréne et colorant.
Une caractérisation fine, par RMN (‘H, "°C et 2D HSQC), chromatographie en
phase gaz, spectroscopie UV-visible, spectroscopie par émission de fluorescence,
TGA et DSC, a été réalisée afin de prouver la structure de ces nouveaux matériaux
et de justifier leurs propriétés. Par ailleurs, les matériaux ainsi obtenus ont été
employés en tant qu’accepteurs en hétérojonction avec les deux accepteurs (Cg et
PCBM), afin de tester spécifiquement leurs propriétés photovoltaiques. En accord
avec les prédictions déduites des calculs théoriques, cette étude a prouvé que ces
nouveaux matériaux, en comparaison du PCBM, conduisaient a une plus forte
tension de circuit ouvert V,.. De plus, les cellules constituées par ce type de
matériaux se révelent stables face aux contraintes thermiques. Ces travaux ouvrent
de nombreuses perspectives, notamment concernant la recherche d’un donneur

idéal associé au composés poly(fullerénes), ce qui devrait pouvoir permettre



d’améliorer de facon trés significative la production de courant.
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Chapter 1

Introduction

1.1 Motivation

Increasing global energy demand and raising concerns of preserving the
environment has urged humankind to look for fossil fuel free alternatives.'
Research in renewable energy is moving to the forefront in a variety of fields
owing to its increasing relevance in today’s world. Among various renewable
energy technologies, solar energy is an incredibly abundant * and extremely clean
source, which remains underexploited to date.” The growth of solar photovoltaics
(PV) has been tremendous recently, with more than 60% of all PV capacity in
operation worldwide by the end of 2014 being added over the past three years.*
However, in developing and emerging economies, obtaining PV installations at

affordable rates remains a common challenge.
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Figure 1.1 Average global growth rates of various renewable energy sources,
reproduced from ref. 4

1.2 Photovoltaic Technology

The first practical photovoltaic cell was developed in 1954 at Bell Laboratories,
which soon became popular for space applications.’ The field of PV technology
has since seen many innovations and is traditionally divided into three
generations. The first generation is mainly based on mono/polycrystalline Si
wafers, second generation on amorphous Si and other thin film technologies such
as CIGS and CdTe, and finally the third generation based on organic materials.’®
The use of organic materials for photovoltaic applications can potentially
reduce the fabrication costs and enable bulk production of modules via printing
processes. The most exciting aspect of this kind of solar cells is perhaps their light
weight and flexibility, making them promising for niche applications such as

building integrated photovoltaics, smart windows (which are partially transparent)
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and custom designed products. This is already realized by Belectric OPV GmbH
in their recent series of customized solar cells under the name solarte as well as
Heli-on, a compact solar charger marketed by infinityPV ApS, a Danish start-up

company founded by Frederik C. Krebs.

Figure 1.2 ‘Solarte’ by Belectric.

The world record efficiency for organic solar cells (OSC) stands at ~12%
today as certified by the National Renewable Energy Laboratory (NREL).” Last
decade has seen a steady growth in efficiencies of these devices but their

relatively low stability remains a bottleneck, which is still poorly understood.

1.3 Brief History of Organic Photovoltaics

The first organic solar cell devices were made with light absorbing small organic
molecules (dyes), developed by the group led by Dr. Ching Tang at Kodak
Research Laboratories in 1986.° The use of organic materials in solar cell
technology is attractive owing to a number of advantageous features including low
manufacturing energy requirements, low weight, mechanical flexibility, tunable
material properties and high transparency.’ The pioneering work of A. Heeger, A.

MacDiarmid and H. Shirakawa in semi-conducting polymers provided new
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dimensions for OPV research. ' These are carbon-based materials whose
backbones are comprised mainly of alternating C—C and C=C bonds, the
semiconducting properties arising from electron delocalization along the
conjugated backbone. Polymer materials generally have better film forming
quality, befitting wet processing like inkjet printing, die-coating, etc. desirable for
the fabrication of large scale devices. One of the major differences between
organic semiconductors and inorganic semiconductors is the presence of tightly
bound excitons (electron—hole pairs) resulting from their low dielectric constant
(¢, = 2 - 4). The binding energy of these so-called ‘Frenkel excitons’ is in the
range of 0.3-1 eV as opposed to 1-40 meV in inorganics.'' Another important
difference from crystalline, inorganic semiconductors is the relatively small
diffusion length of primary photoexcitations (excitons) in these rather amorphous
and disordered organic materials.'” The relatively poor efficiencies of the initial
single organic layer devices were boosted by the introduction of bilayer
heterojunctions. Tang reported in 1986 about 1% power conversion efficiency for
two organic materials (a phtalocyanine derivative as p-type semiconductor and a
perylene derivative as n-type semi-conductor) sandwiched between a transparent
conducting oxide and a semitransparent metal electrode.'® The energy difference
between the lowest unoccupied molecular orbital (LUMO) of the donor and
highest occupied molecular orbital (HOMO) of the acceptor could now serve as
the driving force for the dissociation of the Frenkel excitons and consequently
better efficiencies could be obtained. The observation of an extremely fast photo-
induced electron transfer from optically excited conjugated polymers to the Cg,
molecule (~50-100 fs) in the early 1990s led to the development of polymer—
fullerene bilayer heterojunction devices.'*'>'® A further breakthrough was the
concept of bulk heterojunction (BHJ) 7, where the active layer was deposited
from a physical blend of the polymer with fullerene, thereby increasing the donor-

acceptor interfacial area leading to more efficient exciton dissociation. Typically,
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a more soluble methanofullerene derivative of Cgq,buckyball, phenyl-Cq,-butyric
acid methyl ester (PCBM) is used in BHJs and remains by far the most commonly
used n-type component in organic photovoltaics, after its first successful synthesis
by Fred Wudl's group.'®

Even though the recent record for highest research cell efficiencies certified
by NREL (quoted in the previous section) belongs to a polymer : fullerene BHJ
system,' non-fullerene acceptors have been gaining momentum lately, with
rather high efficiencies of 11% being reported for indacene based small molecule
acceptors.” Small molecule based OSCs with fullerene acceptors are reported to
have efficiencies of 9%, with their unique benefits of simplified purification as
opposed to long hours of washing to remove lower molecular weight products in
the case of polymers and elimination of batch to batch variations, resulting in
more well defined products.?' Polymer : polymer BHJ systems, where both donor
and acceptor moieties are polymers, have also received considerable attention
owing to the improved molecular flexibility of both donor and acceptor groups.
Improved film forming properties and higher absorption coefficients are
additional qualities to their credit. > Albeit reduced electron mobilities and
formation of large phase separated domains in active layer blends were
encountered in many of the tested systems, recent reported efficiencies of 8%

makes them as competent.”

1.4 Basic Principles of Bulk Heterojunction Cells

The archetypal OPV device today (figure 1.3) consists of an active light absorbing
BHJ layer of donor polymer/ small molecule with an acceptor molecule, like
fullerene, sandwiched between two electrodes with different work functions.
Intermediate layers called charge extraction layers are included for better charge

transport by selectively blocking one type of charge carriers. Indium tin oxide
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(ITO) is traditionally used as the transparent conducting electrode. A layer of
poly(3 4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) serves as
the hole transport layer in many devices in use today. Additionally the
PEDOT:PSS is known to smoothen the surface imperfections and reduce the
surface roughness of ITO.> Upon illumination, the fraction of photons absorbed
by photo-active layer induces electron excitation from its HOMO to LUMO
creating neutral Frenkel excitons either in the donor or acceptor material. Excitons
migrate and charge transfer occurs at the donor-acceptor interface, if it exists
within the diffusion length. The exact mechanism by which electrons and holes
overcome the Coulomb trapping is still unsolved, but increasing evidence points
to the critical role of hot charge-transfer (CT) excitons in assisting this
process.”?**" In the absence of a donor-acceptor interface to dissociate the
excitons into free charge carriers, the excitons can undergo radiative and
nonradiative decay, with a typical exciton lifetime in the range from 100 ps - 1
ns.”® Once free charge carriers are generated, they are extracted and collected by
the selective contacts. Hence, the external quantum efficiency (EQE) as a
function of wavelength (A) is the ratio between the number of collected
photogenerated charge carriers and the number of incident photons, and is
ultimately the product of four efficiencies (17): absorption (A), exciton dissociation
(ED), charge separation (CS) and charge collection (CC), giving EQE (1) = 5, (1)
X Ngp (A) X s (A) X e (A)

20



(a)

(b)

Figure 1.3(a) normal (left) and inverted (right) device architectures of an OPV cell; in
the normal geometry the transparent electrode (ITO) serves as the positive electrode,
and the metal electrode (Al) is the negative electrode. In the inverted geometry the two
electrodes and the charge selective layers are switched around, such that ITO is the
negative electrode and the high work function metal (Ag) is the positive electrode; (b) is
a schematic of the cascade of energy levels across different layers of the device and the
series of different processes which constitutes the photovoltaic performance.
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An essential figure of merit to characterize solar cells is the power conversion
efficiency (PCE), which is defined as the ratio of energy output from the solar cell
to input light energy. It is calculated from the current-voltage (I-V) characteristics

(Fig. 1.4) of the cell under illumination, as
Pout — ISCVOCFF

n:

Pi Pillumination

. . . . . . IV,
where I, is the short circuit current, V. is the open circuit voltage and FF = =

SCVOC

is the fill factor representing the maximum area in the fourth quadrant of the I-V
curve under 1 sun. The globally used standard of 1 sun corresponds to an
irradiation intensity of 1000 W/m? and the solar spectrum corresponding to air
mass (AM) 1.5. Here AM indicates the amount of atmosphere sunlight must travel
through to reach the earth’s surface and AM1.5 describes the spectrum when the

sun is at a zenith angle®® of 48°.
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Figure 1.4: Schematic current-voltage characteristics of a solar cell, adapted from ref

30
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In general, a combination of techniques are necessary to study the cascade
of events from absorption to charge collection, as they occur at different time
scales after illumination, within the BHJ device. The singlet exciton in organic
materials is reported to have a lifetime of around 1 nanosecond’’ while charge
transfer in the presence of an acceptor like fullerene is an ultrafast process,
occurring on the order of tens of femtoseconds.’® Briefly, the exciton can
dissociate when its energy is larger than the energy of the electron—hole pair after
the electron transfer, often called a polaron pair or a charge transfer complex.***
The energy gain herein is therefore not as straightforward as implied by some
publications, where it is described as the energy offset between the LUMO of the
donor and the LUMO of the acceptor. The immediate step after exciton
dissociation is the formation of a Coulomb bound polaron pair which can either
geminately recombine or dissociate into free charges, whose probability depends

on the existent electric field, as given by Onsager-Braun model.*
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Figure 1.5: From light absorption to photocurrent in a bulk heterojunction solar cell,
Jfrom a kinetic point of view, (i) singlet exciton generation from an absorbed photon in
the donor material. (ii) diffusion of exciton to the acceptor interface. (iii) dissociation of
exciton by electron transfer to the electronegative acceptor molecules. (iv) separation of
the still Coulomb-bound electron—hole pair (v) charge transport of electron and
respective hole by hopping between localized states. At this state, nongeminate
recombination between independently generated electrons and holes can occur. (vi)
extraction of the charges - photocurrent. Reproduced from ref. 31
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1.5 Theory of charge transport in disordered organic
systems

As mentioned in section 1.3, the alternating double bonds present in the back-bone
of semi-conducting organic systems gives rise to their interesting electronic
properties. Both small molecules and polymers of interest in this context comprise

of a conjugated 7 electron system formed by the p,-orbitals of sp*- hybridized C-

atoms in these molecules. Since the 7 —bonding is significantly weaker than the o
bonds forming the back-bone of the molecules, the electrons are delocalized along
the overlapping orbitals, giving rise to conjugation. Due to the lesser degree of
overlap of p,-orbitals, the resulting molecular = and 7= * orbitals are less bonding
or antibonding, thus forming the frontier orbitals of the molecule.* Therefore, the
lowest electronic excitations of conjugated molecules are the = (bonding) - 7 *
(antibonding) transitions, corresponding to the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), respectively.?’

The energy levels become closely spaced as the delocalization length
increases, (Fig. 1.6) giving rise to band like transport somewhat similar to that
observed in inorganic solid state semiconductors in perfectly oriented crystals.
However, since organic molecular crystals are van der Waals bonded solids, the
intermolecular bonding is considerably weaker compared to covalently bonded
semiconductors like Si or GaAs. This results in a much weaker delocalization of
electronic wavefunctions among neighbouring molecules and hence a rather small
bandwidth.* This has direct implications for optical properties and charge carrier
transport, and room temperature mobilities in highly purified molecular crystals
only reach values of 1 to 10 cm*/Vs, which is two orders of magnitude less than in

polycrystalline Si.*®
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Figure 1.6: P, orbitals of a conjugated system interact to form the Frontier Molecular
orbitals. An array of atoms with efficient orbital overlap gives rise to a band like
structure, reproduced from ref. 39

In going from molecular crystals to disordered organic solids, the transport
properties are significantly affected by anisotropy arising from locally varying
polarization energies due to different molecular environments.*” This leads to
random spatial distribution of absolute values of molecular energies and a
Gaussian density of states for the distribution of transport sites. Experimentally,
this is observed as an inhomogeneous broadening of optical spectra such as
absorption, fluorescence and phosphorescence spectra. In the case of semi-
conducting polymers, further inhomogeneity is brought about by the torsional
disorder along the chain, which manifests itself in varying lengths of conjugated
segments within a single polymer chain. Accounting for such inhomogeneity, the
charge transport in disordered organic systems is best explained by the scenario of

incoherent hopping of carriers via randomly distributed localized states. This
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forms the core of Bissler’s formalism*' where the energy of sites within the
Gaussian distribution is given by

N —E*?
e exp(za2

where E is the energy measured relative to the center of the density of states, o is

g(E) = )

the standard deviation (width) of the Gaussian distribution of states (also called
disorder-parameter), and N is the concentration of localized states that charge

carriers can use for hopping transport.*

The variation in intersite energy is termed
as diagonal disorder while variations in intersite distances or positional disorder is
termed off-diagonal.*” From his Monte Carlo simulations, using the Miller—
Abrahams hopping rate, Béssler found the charge carrier mobility to depend on

temperature 7 and field F:

2 2

20 o 1/
Hoom = Heo ex0(—(5) +C(Go ) = DF )

X corresponds to spatial disorder, C and 2/3 are scaling factors from the

1/2
parametric fits. Thus the model accounts for reported dependencies of In ¢ o= F

2
and In « == 1/T observed experimentally.

1.5.1 Trap States

Electrical transport is always accompanied by more or less frequent capture of the
involved charge carriers in localized states. Such trapped carriers may be released
after a specific retention period or may recombine with carriers of opposite
charge. Traps are also classified as shallow or deep depending on their release
time, even though it is hard to make a clear distinction. Classical semiconductor
physics interprets trap states as energy sites situated in the energy gap of the
semiconductor. In other words, each localized state below the conduction band
edge, which is able to capture an electron, is an electron trap and each localized

state above the valence band edge, which is able to capture a hole, is a hole trap.
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In the case of strongly localized molecular states in amorphous organic systems, a
distinction between trapped and regular transport sites is not obvious. The concept
of transport energy level, which was first introduced for inorganic

semiconductors® and later extended to organic systems**

comes across as a
useful tool to this end. The transport energy level is analogous to band edge or
mobility edge in inorganic semiconductors. It describes the energy level from
which a trapped carrier is most probably released to move to a neighboring site
and only has a statistical meaning. Consequently, each state below the transport
energy level is a trap state while states above are regular transport sites. The
transport energy is a function of temperature and hence a state acting as trap state
at room temperature may become a transport site at lower temperatures.*® The trap
states maybe contributed by the inherent sites present in the tail of Gaussian DOS,
arising from structural defects or additionally from presence of extrinsic
impurities. An estimation of trap states can be experimentally obtained by the
technique of thermally simulated currents. This technique uses a linear
temperature ramp to thermally release trapped charge carriers and the resulting
current is recorded as function of temperature.

The experimental findings of a carrier concentration dependent mobility,*
due to filling of the Gaussian density of states, where lower states act as charge
traps, were simulated by a hopping master equation approach and fitted
parametrically, yielding an empirical description which is sometimes termed the

enhanced Gaussian disorder model.*’
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Figure 1.7: Schematic view of charge carriers transport by hopping between localized
states with a Gaussian energy distribution and disorder parameter o. Photogenerated
(or injected) charge carriers can be generated at higher energies, followed by a
relaxation of the charge carriers to a quasi-equilibrium. The steady-state charge
transport takes place around the effective transport energy, which depends mainly on
temperature and disorder. At 0 K temperature, the charge carriers relax to the deepest
states where they remain trapped. Adapted from ref. 31

1.5.2 Charge Carrier recombination

During the transport of separated charge carriers to respective electrodes,
the charge carriers can non-geminately recombine and no longer contribute to
photocurrent. The order of recombination is, in principle, determined by the
number of participants, and is thus crucial for the understanding of the origin of
the loss mechanism. The dynamics of charge carrier density is given by the

continuity equation
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AT
dt T

where G is the charge carrier generation rate, 8 is the bimolecular charge carrier
recombination coefficient and 7 is the carrier lifetime. (8n? quantifies bimolecular

recombination rate and n/t stands for monomolecular decay).

The type (order) of dominant recombination mechanism at a given point in
time after photo-excitation depends on the density of mobile charges present
relative to the trapped ones. Recombination of a mobile charge with a trapped
carrier is considered to be a first order process, despite the participation of two
constituents, if the density of trapped charges clearly exceeds the number of
mobile ones, therefore seeming inexhaustible. If the concentration of trapped
charges is similar or lower compared with the mobile ones, the bimolecular decay

1

will indeed be of second order.’’ In contrast, geminate recombination is

considered monomolecular since both participants originate from the same initial

State.

In low-mobility materials the second order recombination is expected to

follow Langevin’s theory,*” with a recombination rate given by

R= B, (np—nj)

where n-electron concentration, p-hole concentration and #;is the intrinsic carrier

concentration.

In a homogenous medium, the Langevin bimolecular recombination

coefficient 3, is directly related to the charge carrier mobility u# and is given by:

. q
pL = 880(113 + uyp)

where ¢ is the elementary charge, ¢, the effective dielectric constant of the
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medium, u, and y,; the electron and hole mobilities, respectively.

Several experimental investigations have shown that in bulk
heterojunctions, the observed bimolecular recombination is much weaker than

predicted by Langevin.**”°

Explanations have been attempted based on the notion
that the charge carriers are spatially separated due to the blend morphology, where
electrons and holes reside in the acceptor and donor material, respectively, and
can only recombine at the heterointerface, in contrast to Langevin’s assumption of
a homogenous medium. Thus, an additional factor for reducing the Langevin
recombination strength 7y is often encountered in reports on recombination
studies and in some cases is inferred as a direct indicator of the percolative
connectivity of the active layer blend.”' The direct relation between recombination
and mobility in the Langevin equation also exemplifies the non-triviality of
correlating separate parameters to overall efficiency of charge transport.

On a macrosecond timescale, considering a low conductivity regime where
diffusion is negligible, the current through a material is given by the charge carrier
density n and the carrier drift velocity v, where the latter is the product of
mobility 4 and electric field F,

Jj = env = enuF
It is important to note that since both mobility and density can depend on applied
electric field, a linear dependence of j on F is not obvious in case of disordered
organic systems.*

It is clear that knowledge of charge carrier mobility, density and their
dynamics are pivotal to the understanding of performance of any photovoltaic
device. Several techniques such as photo-induced carrier extraction by linearly
increasing voltage (photo-CELIV), time of flight (TOF), double injection (Dol),
Field effect transistors (FETs), space charge limited currents (SCLC), impedance
spectroscopy, etc. are utilized for the characterization of charge transport in

organic semiconductors. The work described herein makes use of photo-CELIV
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and TOF techniques to study charge transport in working and degraded solar cell

devices and will be further discussed in Chapter 2.

1.6 Degradation in polymer solar cells

Extensive research efforts through recent years have led to innovations in material
and device engineering, greatly improving our understanding and contributing to
achieving power conversion efficiencies (PCE) not far from the
commercialization threshold.”*”?

As stated by M. Jgrgensen et. al., >* there is however at least two other
important factors that enters the recipe for successful marketing of OPV
technology, one of them being lifetime and other one being the cost of processing.
Only a combined progress in all these three areas will truly benefit the technology

in terms of any application, which is termed ‘the unification challenge’.

Polymer

Zn0O
ITO

PEDOT:PSS

Figure 1.8 Schematic showing some of the degradation processes that commonly occur
in organic solar cells, 1 - triplet formation; 2 - triplet formation from charge-transfer
complex; 3 - singlet oxygen production; 4 - oxidation of polymer; 5 - oxidation of
electrodes; 6 - morphological changes; 7 - diffusion of metal ions; 8 - delamination; 9 -
poor conductivity and 10 - diffusion of H,O and O,.
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The issue of degradation in polymer solar cells is rather complex owing to
the plethora of degradation pathways that occur within the many layers
comprising the device architecture (figure 1.8). Currently, significant literature

54,55,56

can be found on this problem, including some excellent reviews, and

57,58 as a

lifetimes of several years has been achieved in few well-studied systems
result of growing interest in this area. It is unfortunate that many of the systems
used in the active layer blend often follow their own unique mechanism of

degradation, which limits the development of a generalized model system.

54,59 60,61 ,62

Research has identified numerous factors such as oxygen, water,
light,% 4% heat®-%7-% and mechanical stresses® -’ as some of the crucial
degradation triggers. Decline of photovoltaic performance with time is largely due
to a combined action of several interrelated mechanisms taking place at different
locations of the device, at specific kinetics. This often makes the realization of a
holistic understanding and the identification of specific root causes of degradation
challenging.”" Several strategies are employed to address either one or a
combination of these degradation pathways. Use of an inverted device architecture
where electrons flow from the high work function metal electrode to the
transparent electrode, was found to be rather stable to water ingress while oxygen
induced degradation was only partially addressed.”” Nevertheless, many groups
further reported enhanced PCE and considerably improved lifetimes for inverted
devices in the presence of both air and water. ”*7*"3"°In P3BHT:PCBM blends, the
vertical phase segregation due to the different surface energy of the two
components is found to be beneficial for inverted architecture.”” Similar novel
ideas in terms of device engineering’®’® have evidently contributed to addressing
the issue of degradation and is still an active area in research. However, the work
described herein is focused on the stability of the photo-active layer itself during

long times of operational conditions and only this aspect will be discussed further.

32



Considering the stability of photo-active layer, two crucial topics to be
discussed are photo-oxidative stability and nano-morphological evolution of the

active layer once being cast as a thin film.

1.6.1 Photo-oxidation of active layer

Most active layer polymers are stable to light in inert atmosphere. However they
are prone to photo-oxidation as was evidenced by the fairly rapid photochemical
decomposition of polyphenylenevinylene (PPV) based polymers in the early days
of research. Initial work by S. Chambon et al. found that photo-oxidation by via
abstraction of hydrogens on the carbon atom in the o position to the oxygen leads
to a reactive radical species and hence a propogative reaction.**! However, recent
studies found that the insertion of oxygen between the aromatic group and the
alkyl side-chains actually reduces this photo-degradative pathway, in effect
aromatic-oxy-alkyl side-chains can be preferably chosen while designing
intrinsically stable molecules.**

It was also observed that the presence of PCBM largely reduced the rates
of degradation of blend films owing to its radical scavenging properties.®

The succeeding work-horse material, the poly-3-hexylthiohene (P3HT),
was found to be much more stable®, following a different degradation pathway.
The photo-oxidation was found to be triggered by the oxidation of side-chain

starting with a hydroperoxide formation at the benzylic position as shown in

Scheme 1.1%
H HOO
[i—R hg,A R COOH
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Scheme 1.1. Photo-oxidation mechanism of P3HT, reproduced from ref. 54
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As observed for PPV based polymers, addition of PCBM was found to
considerably lower the rate of the process in P3HT:PCBM blends® although
further studies showed that oxidation of PCBM also formed traps for electron
transport, thereby reducing the mobility of these blends.®” The formation of an
excited charge transfer complex between P3HT and oxygen was reported®
resulting from photo-induced electron transfer from polymer to oxygen. Seemann
et al. interestingly reported the partial reversibility of current density loss in
P3HT:PCBM based devices, attributed to the p-doping of active layer by
oxygen.*

Stability studies of numerous polymers as neat and in blends with PCBM

have been studied to date, notably by Manceau et al.,”

who prepared a list of
relative stability of most commonly used monomers, as a guide to consider while
designing novel systems. General consensus form these studies is that the much
desired alkyl side-chains which render these systems soluble enough to be
solution processed, also deliver them prone to degradation. It is interesting to note
that sometimes minor structural variations can have profound stabilizing effects,

as demonstrated by the substitution of carbon by silicon in

cyclopentadithiophene.’!

1.6.2 Morphological stability

Active layer BHJs consisting of a mix of conjugated polymers and modified
fullerenes often form phase-separated microstructures arising from limited
polymer-fullerene miscibility. While maximizing the interfacial area facilitates
exciton dissociation, reasonably sized pure domains are required for efficient
charge transport to electrodes by forming complementary percolative pathways
that minimize charge recombination.’” Many studies have shown that the
performance of the device as a whole is linked to the morphology of the blend
film, i.e, the packing of molecules and size of domains formed. The active layer

morphology can be controlled by varying parameters, like chemical

34



93,94

composition, choice of solvent,” % presence of additives®*® and post-

99100 o slow drying.'® While such

deposition techniques like thermal annealing
developments definitely helped improve the device performance, it is now
recognized that the microstructure evolves over time once it has been formed
during production of the device. Small organic molecules like PCBM tend to
diffuse slowly or recrystallize over time especially at elevated temperature.'’> The
best structure for device performance will in all probability not be the
thermodynamically most stable. Such gradual changes in the microstructure
eventually leads to a decline of the photovoltaic performance of the concerned
devices. While many of the degradation pathways can be reduced to some extent
by employing efficient barrier layers, degradation arising from morphological
evolution needs to be addressed intrinsically. Morphology changes are clearly
observed with prolonged times of device operation where the presence of light and
temperature are inevitable.

PCBM is found reasonably well dispersed within the donor polymer rich
phase after initial processing.'” Under elevated temperatures typically reached
during realistic working conditions, the enhanced molecular mobility acquired
enables the PCBM molecules to diffuse through the film to form aggregates.'®
This lateral phase separation is found to enhance the PCEs during the initial few
minutes (for temperatures ~100°C) in blends with crystalline systems like P3HT
due to improved percolation paths.'” However, at longer times (>30 min) larger
domains of the order of tens of micrometers are formed by molecular diffusion of
PCBM out of the polymer matrix.'”® This clustering behavior, that starts from
nuclei that can form under the presumption that the system is sufficiently saturated
with its dispersed phase, and grows by adsorbing very small particles that diffuse
toward them, fits into the theory of Ostwald ripening, which is an act of lowering
the overall energy in the system.'”” Above a certain concentration, the PCBM

crystals also provide mechanical stress on the metal electrode, therefore possibly
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damaging the interface.'”™ The major consequence of temperature on BHJ devices
is thus the reduced interfacial area between the donor polymer and the acceptor
fullerene. Electrically, this means that the current drawn from the device under
illumination at short circuit drops.'%'%

Additionally, in the presence of light, PCBM is prone to dimerization in
solution'”, neat films''” as well as potential active layer blends.'"' While the
process of dimerization reduces the density of nucleation sites, it does not stop the
growth of clusters. ''> The photo-induced dimerization and subsequent
polymerization of fullerenes was found to occur in inert atmosphere by a [2+42]

113,114 and was

cycloaddition between (6,6) bonds on two adjacent fullerene cages
found to be reversible at temperatures of ca 100 °C.'""> Oxygen greatly inhibits this
process, attributed to O, molecules quenching the photoexcited triplet state, which
is thought to be a necessary precursor to the photo-polymerization process.'” In
addition, light exposure has been reported to greatly accelerate the diffusion of
any present O, molecules into interstitial voids of the fullerene lattice in the neat
solid phase, ultimately forming oxidized fullerene end-products instead.''® Such
photochemical reactions in the fullerene phase were reported to drive the intrinsic
photo-degradation in many active layer blends in inert atmosphere.'"’

Thus, it is essential to develop strategies to “lock” the desired morphology
achieved after the deposition of the active layer, which is extremely non-trivial,
due in part to the fullerene derivatives miscibility in the polymer phase, where
they readily diffuse throughout the polymer on short timescales.

Chemically cross-linking either or both the materials in the BHJ after
deposition is a rationally adopted strategy to avoid aggregation of fullerenes into
large domains. ''® Photo-oligomerization of PCBM on low-level light exposure of
already formed active layer films were reported to be beneficial in stabilizing the
polymer:PCBM active layer morphology and enhancing the device stability under

thermal annealing for an array of benchmark donor polymer systems.'"” Addition
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of small amounts of PCBM dimers in solution prior to deposition of active layer
were similarly reported to enhance device thermal stabilities for a variety of
polymer:fullerene BHJs.'*® The oligo(fullerene)s thus formed were reported to be
identical in photo-physcial properties with respect to PCBM. However,
temperatures of 100 ° C are sufficient to break the covalent bonds between the
photo-transformed PCBM and the oligo(fullerene)s reverts back to their pristine
state. '’

A good part of the work in this thesis demonstrates the synthesis of novel
poly(fullerene)s and their potential stabilizing effects in BHJ solar cells to this
end. A recently discovered route called the Sterically controlled Azomethine ylide
Cycloaddition Polymerization (SACAP) is explored to synthesize stable main-
chain poly(fullerene)s. Chapter 5 details the synthesis and characterization of

three novel poly(fullerene)s, and chapter 6 discusses their photovoltaic properties.

Figure 1.9: Coverpage of Adv. Func. Mat. 2013, 23, demonstrating photo-induced

fullerene dimerization, by Edman et. al.".
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Chapter 2

Technique and Methods

The incoherent hopping of charge carriers and dispersive transport properties
confers a high degree of complexity to the problem of probing charge transport in
disordered organic systems. The fundamental transport properties, particularly
mobility and recombination are subject to statistical distributions rather than
single unique values and are influenced by a range of parameters such as
temperature, electric field, morphology of film, purity and regio-regularity of the
molecule used, etc. As mentioned in section 1.5, several experimental methods
exist today to probe charge transport in organic systems, CELIV and TOF being

of interest for the work described in this thesis.

2.1 Charge extraction by linearly increasing voltage
(CELILV)

The technique of charge carrier extraction by linearly increasing voltage was
introduced about fifteen years ago by Juska et al.'** to study charge transport in
microcrystalline silicon at first and was soon applied in conjugated organic
systems.'* Conventionally, a linearly increasing voltage (triangular pulse) is
applied to extract thermally generated carriers and the mobility is obtained from
the peak extraction time of the corresponding transient. In organic
semiconductors, where the thermally generated carriers are low, an input light
pulse is typically employed to photo-generate the charges, wherein it is referred to

as photo-CELIV.'* The method was recognized to have overcome certain
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limitations of the traditionally used time of flight (TOF) technique, discussed in
the following section, including the possibility to study highly dispersive
transients as commonly observed in organic disordered systems. It also allows the
study of systems with high bulk conductivity and relatively short dielectric
relaxation time (z,) in contrast to TOF. Additionally, photo-CELIV serves as one
of the rare techniques to probe transport in samples with optimized fabrication
conditions for real working devices in terms of architecture and active layer
thickness.

A schematic illustration of the CELIV technique is given in Figure 2.1. In
this method, a linearly increasing voltage is used to extract equilibrium/photo-
generated charge carriers with density n and mobility ¢ from a film with a certain
dielectric permittivity ¢ and thickness d. The whole device is represented as a
capacitor with the film between two electrodes, with at least one of them being
blocking. With the application of a voltage ramp, the resulting transient consists of
an initial current step j, arising from the geometrical capacitance of the sample,

given as

. €gA
Jo=— (1)

where A is the voltage rise speed (V/s) of the applied voltage pulse (U(f) = At)
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Figure 2.1: Depiction of the photo-CELIV technique — application of a ramp pulse in
reverse bias after photo exciting the sample (above) results in the characteristic CELIV
transient (below) from which mobility is calculated.

The rise speed of the current following j, is caused by the bulk conductivity
of the sample. The time to reach the extraction current maximum ¢, is used for
the estimation of the drift mobility of equilibrium/photo-generated charge carriers.

Experimentally it is most convenient to make measurements when Aj = j,
(i.e, capacitive displacement current is comparable to conductivity current) so that
T, = t,, where ¢, is the transit time of the packet of carriers. This condition may
be achieved by choosing appropriate voltage ramp or adjusting input light
intensity, in case of photo-CELIV. The bulk charge carrier mobility is then
calculated as,

2d?

= 3At2, 4, (1+0.36Aj/jo) 2)
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Equation (2) takes into account the numerically estimated correction factor for

extraction length, assuming volume photogeneration.

Photo-exciting the sample prior to voltage sweep allows mobility
estimation of photo-generated carriers, while measurements in dark provides drift
mobility of equilibrium carriers. By varying the delay time between the
application of input light and voltage pulse, one can obtain information about
recombination on a microsecond time scale. The extraction of charge during the
delay time can be prevented by the application of an offset voltage to configure
flat band conditions or by the use of an electrical switch that holds the sample in

open circuit during the delay time.
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2.2 Time of Flight (TOF)

The time of flight technique was developed in early 1960s to study drift mobility
in non-crystalline molecular solids and remains widely used to date.'” In this
technique, the transit time (f,) of a two dimensional sheet of photogenerated
charge carriers drifting through a sample of known thickness (d) is determined
under a constant applied electric field (E=U/d). When the packet of charge carriers
reaches the opposite contact the photocurrent drops forming a characteristic kink

in the resulting current transient, corresponding to the transit time #,.

(a) (b)

t=0  o<t<t, t=t,

r

y

Input light pulse

/

el l !

4
<

Voltage

®

Time

(©)

Photocurrent

Time

Figure 2.2 : (a) The sample under constant bias is illuminated by a short light pulse (b)
charges photogenerated drift across the sample (c) shape of a typical TOF transient
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Figure 2.2 depicts the technique and the shape of an ideal TOF transient.
The sample is excited at time ¢,, after a certain delay time following the start of the
applied voltage (square pulse). In the output signal, (figure 2.2 ¢) an initial current
spike indicates the generation of both types of charge carriers. One species
instantly recombines at the illuminated electrode, while the other starts moving at
a constant velocity through the bulk of the sample. This uniform movement of the
package results in a plateau region in the transient. When it reaches the opposite
electrode, charge carriers from the packet start to recombine accompanied by a
drop of the photocurrent, leading to a tail in the transient. Ideally, the transit time
can be found from the time between this kink and the initial spike. However the
dispersive transport in disordered systems like organics often makes it hard to
observe a clear kink. Instead the initial spike and extraction blend together
necessitating the transit time to be discerned from log-log plot of photocurrent
versus time, from the intersection of an extrapolation of the plateau and a tangent
to the tail. This method can be called current mode TOF since mobility is
determined from the current signal.
The drift mobility is calculated as

d2

.U=U—tr 3)

Even though TOF is a technique widely used to estimate charge mobilities,
the condition of surface photogeneration of charge carriers requires large film
thicknesses with high optical densities (OD>10) and hence its applicability is
limited in optimized devices. However, volume photogeneration condition at high
light intensties can be used in thin devices to obtain information on charge carrier
recombination. A high intensity laser pump is used to photo-generate a reservoir
of charge carriers inside the film such that the amount of charge in the reservoir is
much larger than the charge stored on the sample electrodes (CU, C-sample

capacitance) due to applied external voltage U. With increasing input light
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intensity, the extractable charge Q, also increases and eventually saturates when

bimolecular recombination starts to dominate. As Pivrikas et. al.’*°

explains, if
the system exhibits fast Langevin type bimolecular recombination, the maximum
extractable charge will not exceed CU, irrespective of the volume of photo-
generated charge carriers. It is important to note that since the applied electric
field is screened by both positive and negative charge carriers present inside, the
electric field will be zero during carrier recombination and the diffusion controlled
charge carrier recombination will dominate in the reservoir. The experimental
bimolecular recombination coefficient () can be related to theoretically predicted
Langevin type of recombination (f;) as

B _ cUt,

ﬁL B Qete

“4)

where ¢, is the extraction time.
The Langevin bimolecular recombination coefficient §;can be calculated from the
knowledge of mobility,

B, = e (Uetn)
L EE&p

®)

where e is the elementary charge, u, and p;, are the electron and hole mobilities,

respectively.

2.3 Experimental setup

A schematic of the experimental set up for photo-CELIV is shown in figure 2.3. A
laser pulse is used to photogenerate charge carriers in the device. The laser is
synchronized with the applied triangle pulse from the function generator, which
controls the delay time as well. A standard oscilloscope can measure the output
voltage. If desired, a resistor can be added to the circuit to change the load
resistance for signal detection. The set up remains essentially the same for TOF,

except the use of a square voltage pulse instead of triangular one.
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Figure 2.3 Image and schematic of CELIV experimental setup.
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Integrating CELIV transients at different delay times (after subtracting the
capacitance part) provides us with charge carrier density dynamics on a
microsecond-millisecond time scale (figure 2.4). This provides us with knowledge
of recombination within the studied system, along with complementary

measurements.

‘ {\_L n(cm-3)

Vv

tdeI

Figure 2.4 Schematic of obtaining charge density dynamics with respect to delay time

TOF measurements employ essentially the same set up except for the use of
square pulse voltage.

Extraction current transient measurements detailed in this thesis were
carried out using a 0.1 mJ, 4.3 ns pulsed wavelength-tunable laser (EKSPLA NT
340) as illumination source. Voltage pulses were applied from a function
generator (Tektronix AFG 3011) and corresponding current transients were
sampled and recorded using an oscilloscope (Tektronix DPO 4054B). Neutral
density calibrated filters were used to vary the illumination intensity and the delay

time was controlled by the function generator.
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Chapter 3

Eftects of Photo-Degradation on

Charge Carrier Transport in
P3HT:PCBM Solar Cells

In this chapter, photo-degradation in prototype P3HT:PCBM solar cells are
studied with respect to charge carrier transport. Degradation of fully constructed
solar cell devices is carried out in controlled conditions in the presence of oxygen.
Evolution of charge transport parameters is probed by a combination of charge
extraction techniques, photo-CELIV and TOF. While the reduction in photo-
CELIV mobility is found to be within an order of magnitude over the course of
degradation, an increased equilibrium (dark) carrier density and enhanced
bimolecular recombination are inferred to be hindering the charge extraction
process.

Parts of this chapter have been presented at 6th International Conference on Hybrid and Organic
Photovoltaics (HOPV), Lausanne, Switzerland, May 2014 - ‘Effects of photo-degradation in P3HT:PCBM
solar cells studied by photo-CELIV’ (poster); M. Stephen, S. Karuthedath, T. Sauermann, K. Genevicius,
G. Juska, H.-J. Egelhaaf

Parts of this chapter have been published in ‘Degradation Effects on Charge Carrier Transport in
P3HT:PCBM Solar Cells Studied by Photo-CELIV and TOF’; M. Stephen, S. Karuthedath, T.
Sauermann, K. Genevicius, G. Juska, Proc. of SPIE 2014, 9184, 918424,

The research leading to these results has received funding from the European Union Seventh Framework Program

(FP7/2011) under grant agreement ESTABLIS no. 290022

47



3.1 Introduction

Among the many mn-conjugated polymers developed for potential organic
electronic applications, poly(3-hexylthiophene) (P3HT) is perhaps the most
extensively studied. Despite the fact that new promising materials with improved
properties exists today, P3HT remains of significant importance as a prototypical
benchmark hole conductor material in OPVs. In this chapter the effect of photo-
induced degradation in the presence of oxygen on bulk charge transport in
inverted BHJ devices based on P3HT:PCBM active layer is studied. As discussed
in chapter 1, the type of degradation dominating the device failure is governed by
environmental conditions and device architecture, like, the choice of metal
electrode.'”” Reese et al. showed that in devices with inverted structure, the
degradation under illumination in dry air affects mainly the active layer,
consisting of a reversible part, which is assigned to oxygen-induced doping and
an irreversible part, which is due to photo-oxidation.'*® Seemann ef al. went onto
further detail that, for silver electrodes, the kinetics of degradation is clearly
controlled by gas diffusion through or even around the top electrode into the
photo-active layer.'” While exposure of the cells to oxygen in the dark causes
only small changes in the JV-curves, presence of oxygen and light at the same
time rapidly deteriorates the device efficiency."”” Illumination of devices in dry
air (thus excluding any humidity effects) predominantly leads to a loss in short
circuit current (J,.), which decreases by more than 50% within 120 min of
exposure. A partial recovery of Jy. and thus the efficiency was also observed on
heat treatment of the degraded devices. The degradation of electrode being a
possible contributor to these findings was excluded from the absence of an S-
shape in the current-voltage characteristics of degraded samples.'’'Both the
reversible and the irreversible component of the observed degradation was thus
attributed to be arising from the photo-active layer, since the increase in surface

resistivity of PEDOT:PSS as a possible source was found to be negligible.'” In
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this chapter, the oxygen induced degradation of P3HT:PCBM solar cells under
illumination is revisited. Detailed investigations including charge carrier mobility,
charge carrier density and recombination measurements are performed to get an
insight of the irreversible degradation mechanism due to oxygen in P3HT:PCBM

solar cells.

3.2 Degrading the devices

BHJ devices based on P3HT:PCBM were fabricated in Belectric OPV GmbH,
with indium doped tin oxide (ITO) cathode and silver (Ag) grids as anode,
allowing them to be gas-diffusion open. Solutions of P3BHT:PCBM (1 : 0.8) were
prepared in water-free o-xylene (97%) by stirring at 80 °C overnight. The solar
cells were made by applying a hole- blocking layer on an ITO-glass substrate,
followed by the photo- active layer and the electron-blocking layer (EBL) with a
transparent electrode. For the EBL, the commercially available HTL Solar 246
from Heraeus was used and the top electrode was realized by using the
commercially available high conductive PEDOT PHCV®6 (in isopropanol, 99.5%
purity), combined with an evaporated silver grid electrode on top. All organic
layers were applied by doctor blading, with a thickness of 250 nm for the
resulting active layer.

Prior to degradation, devices were annealed at 140°C in glovebox for 5
minutes to gain a well-defined morphology for carrier transport often correlated
with improved photovoltaic efficiency.'*

then exposed to AM 1.5 irradiation in dry synthetic air (80 % Ny, 20 % O,, 0 %

All devices (non-encapsulated) were

H,0). The extent of degradation was monitored by UV/Vis-absorption
spectroscopy and the optical density loss was categorized against the J,. loss. To
deconvolute the effect of possible electrode degradation, the degradation of partial
devices (without top electrode) were compared with that of complete devices in

similar conditions, and were found to follow similar kinetics.

49



20~ (a)
] Illumination time [OD loss]
& 15+ 0min  [0%] b
g ——60min  [0.5%]
< 104 120 min [1%] -
= ] 240 min [2%]
2 51 -
e - )
5 0 4
c ]
o IJ
5 -9 A
(&) |
-10 r T r . r .
-1.0 -0.5 0.0 0.5 1.0
Voltage [V]
1.000 - (b) 41.0
0.995 4 40.8
Q 2
o -
T 0.990- 40.6 ©
] ]
N N
© ©
£ 0.985- 404 £
e =
) o
c —=— 0D c
0.980 — J 40.2
SC
0.975 4+ ' T ' T . T . T . — 0.0
0 50 100 150 200 250

degradation time [min]

Figure 3.1: a) Current density - voltage characteristics of P3HT:PCBM solar cells and
b) comparison of optical density loss with short circuit current loss; for different levels of
photo-degradation.
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Figure 3.1 shows the photovoltaic characteristics of the device at different
stages of illumination. The short circuit current density irreversibly drops to ~35%
within two hours of exposure, while the corresponding loss in OD is only 2%.
Hence the huge loss in J;,. cannot be attributed to loss in absorption, in agreement

139133 The loss in performance could then be associated

with reports in literature.
with consequent steps during photovoltaic conversion, namely exciton
dissociation, charge transport, extraction, etc., which we set about to investigate
by photo-electrical methods in this work.

Throughout the experimental duration, samples were held in a cryostat
(ICE) equipped with a temperature controller (Cryo-Con). All samples (pristine
and degraded) were annealed under vacuum at 140°C for 5 minutes prior to
measurements, in order to remove reversible degradation triggers. Photo-
generation was achieved by exciting the sample at 532 nm, with experimental
conditions detailed in section 2.3. For photo-CELIV measurements, the RC time
was determined to be approximately 50 ns calculated from the geometrical
capacitance and load resistance of 50 Q . Integral time of flight measurements

were performed using the same set up but with a square pulse instead of triangular

one for probing and a longer RC time of about 1 us.

3.3 Results and Discussion

3.3.1 Equilibrium carrier concentration

CELIV measurements in the dark reveal an increasing concentration of
equilibrium carriers as degradation proceeds. Figure 3.2 shows the variation of
extracted carriers in the dark with respect to degradation time, where the
equilibrium carrier concentration is found to be increase four-fold within 4 h of
illumination. Note that Figure 3.2(a) only provides a visual comparison and carrier

density calculations were carried out from CELIV curves with optimized ramps
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Current (mA)

for each sample, keeping a constant input voltage, to ensure a complete extraction
of charges without substantial injection.
The apparent increase in equilibrium carrier concentration is in good

B413536 and is often attributed to the effect of

agreement with previous reports
doping of the active layer by oxygen. Hintz et al. identified the presence of at
least two oxygen species with significantly different binding energies to P3HT.
The reversibly bound species was attributed to physisorbed oxygen which
probably forms a metastable charge transfer complex with the polymer upon
photoexcitation of the latter. The irreversibly bound species was assigned to
oxygen contained in photooxidation products.'*

The effect of such an increase in background concentration is expected to
be detrimental in device performance owing to the screening of effective built-in
field within the device. Such a trend in equilibrium carrier concentration with
progressive degradation has also been observed in complementary transient

137
L

absorption studies carried out by Karuthedath ef al. """ in samples prepared and

degraded in same manner.
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Figure 3.2 (a) Representative dark CELIV curves at identical experimental conditions of
R=50 Q, U=1V and ramp rates of 10" V/s, recorded for samples with varying extends of
degradation (b) Equilibrium carrier densities calculated from dark CELIV transients at
1V applied voltage and optimized ramp rates.
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3.3.2 Charge carrier mobility

Photo-CELIV has been employed to estimate the charge carrier mobility at
different times of degradation. The calculated values (Figure 3.3 b) correspond to
a delay time of 5 ps with a ramp of 10* V/s and an applied offset bias of ~0.5 V
for all the samples. An electrical set-up is used to compensate built in voltage
before the application of triangle pulse and hence to avoid carrier extraction
during the delay time. The photo-CELIV transients were recorded for a range of
delay times from 2-100 ps for each sample and the mobility is observed to be
more or less constant within this time range. Figure 3.3a shows the transients with
respect to delay time for pristine sample. The photo-CELIV mobility could be
argued to be the average mobility of both charge carriers, however, the
characteristic ,,, is said to be predominantly influenced by faster carrier, which
becomes significant when the carrier mobilities extremely differ from each
other."®

A reduction of the blend mobility of the order of four times is observed
over the degradation time. We obtain a value of 6.4x10™ cm?*/Vs for mobility of
pristine sample, which reduces to 1.1x10™ ¢cm?/Vs after 4 h of illumination.

The photo-CELIV transients also provide with relevant information
regarding trapping, as observed in the overlay of transients shown in Figure 3.3 c.
Note that the transients included here are not obtained from same intensity light
pulse since we had to use slightly higher intensity for more degraded ones to
fulfill the low conductivity condition. We cannot directly relate this to photo-
generation because of the observed variation of equilibrium carrier concentration
across samples. Another significant difference between the curves is the distinct
tailing for degraded samples. Transients corresponding to longer degradation
times fail to achieve complete extraction within the applied pulse duration,
indicating the presence of traps. The trapping effect is also evident from the peaks

getting broader, owing to a more dispersive transport.
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Figure 3.3: a) Representative photo-CELIV transients recorded for a range of delay
times for the pristine sample at constant voltage and ramp rate b) Trend of mobility with
respect to illumination time at 5 us delay for all samples, and c) overlay of photo-CELIV

transients at 1V applied voltage and 10" V/s ramp rate for samples with varying extents
of degradation

Time of flight measurements for determination of mobility were limited by the

thickness of the samples and clear transit times were not obtained due to RC
effects.
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3.3.3 Charge recombination studies

To study recombination, firstly charge carriers density dynamics on a micro-
second time scale was obtained from photo-CELIV measurements with long pulse
times and use of an electrical key to avoid any extraction during delay time. This
ensures that the drop in extracted charge density with increasing delay times is
purely due to recombination of charges held within the device. Figure 3.4 a shows
the transients recorded for delay times ranging from 100 ns to 1 ms with a ramp of
5x10° V/s, for the pristine sample. Figure 3.4 b summarizes the results obtained
for extracted charge with respect to delay time at different degradation points.
The plot suggests a slower recombination in more degraded samples and indicates
that the extracted charges tend to be present inside the device for longer times as
degradation proceeds. The recombination being slowed down could be an effect of
reduction of mobility and also a manifestation of the deep trapping effect. With
progressive degradation, more charges tend to be stuck in the device even after
hundreds of microseconds. Note that recombination at this time scale could not be
expected to be strictly of one kind throughout since the type of recombination is
also dependent on carrier concentration and would be changing from bimolecular
during short delay times when there exists a significantly larger photo-generated
carrier concentration relative to the trapped ones below the mobility edge, to
pseudo-monomolecular at longer times when most of the mobile carriers are
extracted or have recombined. Thus the increase in number of traps can also have
an influence on dynamics of interplay between these two mechanisms and time
scales at which the latter one starts to predominate, further complicating any direct

conclusions.
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Figure 3.4: a) Overlay of photo-CELIV transients recorded over a range of delay times,
without any applied offset, for the pristine sample with 1V pulse and a ramp rate of 5
10° V/s and b) overlay of calculated extracted charge density at each delay time across
samples with varying extents of degradation.
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Time of flight measurements at high light intensities and high resistances
were carried out to examine the trend of bimolecular recombination and the
Langevin reduction factor (f/f,) with longer times of degradation. TOF transients
are recorded at varying light intensities until they saturate, creating a reservoir of
photo-generated charges within the sample. Figure 3.5 a shows the calculated
extracted charge normalized to charge stored on contacts with respect to input
light intensity, which initially increases linearly and then saturates at higher light
intensities. The transients were recorded at 2V with 1 KQ resistance. At high
intensities the reservoir of charges formed inside the film screens the effective
electric field and forms a space charge region. The shape of transient
corresponding to reservoir extraction and its decay gives a quick view of whether
the recombination in the test system follows Langevin mechanism. Figure 3.5 b
shows an overlay of saturated transients for samples under study. The saturated
transient for the pristine sample clearly exhibits a plateau region before the main
current decay which is a signature of reduced Langevin recombination, as
expected in regio-regular P3HT-PCBM blends. From figure 3.5 a, we see that the
extracted charge reaches well above the capacitive charge, which further confirms
this behavior. From this plot it is apparent that the extracted charge from the
reservoir significantly reduces with progressive degradation and the decay
becomes increasingly featureless. With 4h of illumination, the characteristic
plateau almost disappears and tailing of the transient is also evident, resulting
from increased number of traps, in agreement with photo-CELIV measurements
as previously discussed. The extracted charge is quantified by integrating the
transient, given as Q, and extraction time, obtained by the difference between ¢, of
transients corresponding to high and low intensities, as shown in Figure 3.5 c is
given by 7, .

These results are summarized in Table 1.
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Illumlnatlon ﬁL

17.5 12.4 0.84 0.002
14.6 10.5 2.3 1.3 0.005
13.8 9.96 0.75 23 0.031
14.8 8.13 0.68 1.6 0.024

Table 1 : Parameters obtained from high light intensity TOF measurements.
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Figure 3.5: a) Extracted charge normalized to charge stored on contacts with respect to
intensity for pristine sample, b) Overlay of saturated integral TOF transients for different
samples, c) Representative integral TOF transients demonstrating extraction time t, for
pristine PSHT:PCBM
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Since bimolecular recombination depends on mobility, comparison of the
Langevin reduction factor /f, stands more rational than comparison of obtained
bimolecular recombination coefficients (f) as such. Applying equation 4 gives a
value of 0.002 for the reduction factor in case of pristine sample, in other words
an observed recombination of 500 times reduced than theoretically predicted one.
Such reduction in bimolecular recombination in annealed blends of P3HT (regio-

regular) : PCBM is known from literature.'*’

As the samples are degraded the
reduction factor increases and reaches 0.02 for 2% O.D loss, which corresponds to
a bimolecular recombination only 50 times reduced with respect to Langevin.
These measurements imply that during the initial fast recombination phase when
the photo-generated carrier density is sufficiently high and the recombination is
predominantly bimolecular, the kinetics of recombination is enhanced as

degradation proceeds.

3.4 Conclusions

In summary, an increase in the number of trapped charge carriers were evident
from the extraction current transients of P3HT:PCBM solar cells with progressive
degradation. The average mobility of the blend, as obtained from photo-CELIV
was found to be gradually reducing with increase in degradation time. The
increase in Langevin reduction factor with degradation, determined from integral
TOF measurements at high light intensities, hints at the destruction of ideal

nanomorphology reported for pristine P3HT:PCBM blends.
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Chapter 4

Photodegradation in Encapsulated
BDT-DPP based Solar Cells

In this chapter, the photo-degradation of a series of four benzodithiophene (BDT)
— diketopyrrolopyrrole (DPP) based polymers with different side-chains is studied
with respect to charge carrier transport. The devices were glass-encapsulated so
as to eliminate additional degradation triggers like oxygen and water. Analysis of
extraction current transients indicated the progressive formation of trap states as
being the most predominant effect influencing the process of charge extraction.
Probing the bulk charge transport by the techniques detailed herein, solely, was
found to be insufficient to distinguish between the possible variations in photo-
stability induced by a particular side-chain.

Parts of this chapter have been presented at European training school and conference on organic
photovoltaic stability (ESOS), June 2015, Cargese, Corsica, France — ‘Effect of degradation on bulk
charge carrier transport in BDT-DPP based polymer solar cells’ (talk); M Stephen, G. E. Morse, G.
Juska, K. Genevicius

Parts of this chapter have been published in ‘The Effect of Polymer Solar Cell Degradation on Charge
Carrier Dynamics in Benzodithiophene-Diketopyrrolopyrrole Polymers’; M. Stephen, G. E. Morse, N.
Blouin, O. Lozman, K. Genevi¢ius , G. Juska, Materials Chemistry and Physics 2016,
10.1016/j.matchemphys.2016.09.005.

The research leading to these results has received funding from the European Union Seventh Framework Program

(FP7/2011) under grant agreement ESTABLIS no. 290022
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4.1 Introduction

Many classes of new polymers have been designed, synthesized, characterized and
incorporated into photovoltaic devices owing to the extensive research efforts in
improving the efficiency of these devices."**'*! One can depict these polymers as a
combination of rigid ;- conjugated backbone substituted by side-chain groups.
The presence of side-chains is mandatory to ensure sufficient solubility in
required solvents, a much-desired trait for solution processibility of active layer.
Side-chains are also found to influence material properties like position of energy
levels and packing of the macromolecular chains.'**'*’ Current state of the art
polymer semi-conductors based on low band gap polymers are decorated with a
selection of linear and/or branched solubilizing side-chains. So far the impact of
these side-chains on the polymer order, phase separation and electronic properties
has been investigated only in benchmark materials and few studies report on their
impact on photostability. While in some cases the presence of side-chains itself is

144 1% optimizing the substituent

reported to trigger photo-degradation,
chains/functional groups allows for optimum and stable photovoltaic
performances. For example, the hexyl side-chain of P3HT is found to offer the
best compromise between solubility, morphology and favorable steric interactions
of side-chains (in case of regioregular P3HT) when compared to other alkyl side-
chains.'*® Xia et. al. reported enhanced photo-stability of co-polymers based on
indenofluorene unit by replacing the octyl side-chain with a phenyl ring.'"*” More
recently, insertion of ester or alcohol moieties on the side-chains was reported to

be beneficial for improved thermal stability of the prototype low band gap
polymer PCPDTBT based solar cells.'*®

Herein we use charge extraction measurements to study the effect of photo-
degradation in solar cell devices based on a series of benzodithiophene (BDT) —

diketopyrrolopyrrole (DPP) based polymers, with varying side-chains. The studies
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were intended to be an extension of investigation of photo-thermal stability in
these systems by Morse et al. as reported in his recent publication.'* The authors
detail changes in active layer morphology, crystallinity and absorption upon light
soaking and correlate it with evolution of photovoltaic performance of the devices.
Since the devices were of similar architecture and glass-encapsulated, the
difference in photo-stabilities were considered to be arising from the difference in
the nanomorphological properties of the blends, induced by the different side-

chains.

CgH
P1 Ry =0C2H2s Rp = E/\( o
CaHo
K CeH13
P2 R1 = C12H25 R2 = ‘g/\r
C4Ho
B~ _-Ci2Hos
P4 R,=H R, = % ~
CqoH24

S CoHs _ CgHis
Po Ri= i L Rp= %Y
C4H9 C4H9

Figure 4.1. Structure of polymers investigated in this study.

As reported in the aforementioned reference article, the series of polymers
P1-P6 (figure 4.1) were found to be similar in absorption, energy levels (IP
between 5.3 eV to 54 eV and EA between 3.8 eV to 3.9 e¢V) and transistor hole
mobility (0.02 cm?/Vs).
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Figure 4.2. Evolution of Jsc (® ), Voc (m), FF (&) and PCE (¥ ) upon AM 1.5

illumination in solar cell devices based on PI1-P6/PCBM bulk-heterojunction active
layer, taken from reference 10.

Excerpts from previously reported data is provided to convey the objective
of work:

Optimized photovoltaic devices based on P1-P6/PCBM blends as active
layer yields efficiencies of 5.1%, 4.4%, 2.7% and 2.9% for P1, P2, P4 and P6
respectively. On exposing the glass-encapsulated devices to continuous AM 1.5
illumination, devices based on P2 proved to be the most stable, retaining 80% of

its initial PCE after 110 h of illumination, known as its Tg,. The Ty, for P6 (37 h),
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P1 (23 h) and P4 (10 h) were significantly shorter (figure 4.2). Thus the observed
photo-stability of devices were in the order P2>P6>P1>P4.

From UV-visible spectroscopy and AFM/XRD data, PCBM dimerization
and ripening of blend morphology were hypothesized to be driving the photo-
degradation in thin films of PI1-P6/PCBM blends. Ripening refers to the
nanomorphological evolution of the active layer blend as a consequence of PCBM
diffusion, which is a purely thermal process. The diffusion strongly depends on
the polymer matrix, in other words, PCBM diffusion is favored if the polymer
chains are relatively mobile at the considered temperature.

The rather high stability of P2 was considered to be originating from
densely packed polymer aggregates attributed to the highly ordered linear side-
chains. This conforms to the co-relation of ordered molecular packing and
resulting dense films to an improved photo-oxidative stability reported in
literature."® Additionally, the relatively low solubility of the polymer indicated
lower PCBM miscibility, resulting in a reduced PCBM diffusion rate within the
film.

This work clearly showed that subtle changes in the side-chain could
significantly affect the morphological evolution of the blend and consequently the
device stability in well-encapsulated devices. Our work herein is of the interest of
gaining insight into possible effects on charge carrier mobility and dynamics
across the polymer series during the process of degradation. The technique of
photo-CELIV is particularly advantageous to this end since it can be employed in
fully constructed and operational OPV devices, allowing these measurements to
be made during degradation analysis. To elucidate the evolution of charge
transport parameters, photo-generated charge carriers were extracted and analysed
by photo-CELIV and high light intensity time of flight (TOF) techniques through

the course of degradation. Measurements were carried out on glass-encapsulated
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devices, which were exposed to AM 1.5 illumination for as long as 80 h, data

points being collected every 20 h.

4.2 Experimental

Device fabrication

Inverted structure devices were fabricated on 13 £/cm® photo-lithography
patterned ITO. The zinc oxide transport layer was formed by spin-coating a
solution of zinc acetate dihydrate in dimethylsulphoxide at 160 g/L. at 4000 rpm
for 10 seconds followed by a 5 minutes thermal anneal at 300°C. The active layer
was deposited by blade coating. On top of the active layer a uniform layer of
PEDOT:PSS was spin-coated at 1100 rpm for 130 s. The silver top electrode was
applied by vacuum deposition at 2x10° mbar at 1-5 A/s. The devices were
subsequently encapsulated with a top glass cover slide containing a 120 um cavity
in the center of the slide. The outer edge of the cover slide was sealed using UV
curing epoxy. The devices were exposed to AM 1.5 from a Newport 94082A
Solar Simulator and data was collected using a sourcemeter (Keithley 2400)

connected through a switch system (Keithley 2750).

Measurements

Experimental setup for photo-CELIV and TOF measurements were same as
detailed in section 2.3, the laser was tuned at 700 nm to better match the
absorption of the polymers under study. Due to the large RC time constant (small
thickness and large contact area), TOF measurements were limited to volume

photo generation regime under high light intensities.
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4.3 Results and Discussion

Dark CELIV transients are found to be increasing in amplitude in all the devices
as degradation proceeds (figure 4.3). A clear distinction between capacitive part
and conductive part is not apparent since the contacts are not completely blocking,
as usually observed in inverted structured devices. This could be due to the effect

of charge blocking layers being not strictly selective to the transport of one type of

charge carrier.
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Figure 4.3. Dark CELIV transients at various points in degradation for devices based on
polymers P1-P6.
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As discussed in chapter 3, unintentional doping upon degradation is
reported in literature and is thought to serve detrimental to the photovoltaic
performance by potentially redistributing the built-in field within the device.""'*?
Since the process of degradation in this study is oxygen free, as detailed in
reference 149, the doping of the active layer being oxygen induced does not
suffice a justifiable explanation. A change in dielectric constant of the photo-
active layer upon degradation cannot be ruled out since the trapped carriers (as
will be discussed in following sessions) can potentially induce polarization effects
within the medium. The evolution of nanomorphology into large phase separated
domains could result in isolated regions with distinct crystallinity and

conductivity. Change in dielectric permittivity and consequently the capacitive

current j, stands as a reasonable proposition in this scenario.

The mobility values obtained from photo-CELIV transients for the series of
polymers at various illumination times can be seen in figure 4.4b. The mobility
values of pristine devices are an order of magnitude lower than reported hole
mobilities of neat polymers from field effect transistor measurements, except P4,
which exhibits similar mobilities in both measurements. A difference in transistor
and photo-CELIV mobilities can result from the basic difference in configuration
of samples used for these measurements and consequently the direction of
transport being probed (vertical/horizontal to substrate). At the moment a reason
for the rather high photo-CELIV mobility particularly in case of P4 is not obvious.
It has been acknowledged that the CELIV peak is influenced by both carriers and
hence the average mobility is obtained. However, in cases where the electron and
hole mobilities are highly unbalanced, it could be argued that the obtained
mobility is predominantly of the faster carrier.'” Considering this gain in mobility
not being reflected in the short circuit current density of P4 based devices, it is

probable that the CELIV peak is predominated by electron transport in this case.
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Figure 4.4 (a) Overlay of representative photo-CELIV transients at 2 us delay time at
different points in degradation for PI; (b) Photo-CELIV mobilities obtained for devices
based on polymers P1-P6 at different points in degradation.
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Through the course of degradation, the photo-CELIV mobilities of all
studied systems are found to remain unchanged, within the experimental error.
Clarke et. al. reported a similar trend in photo-CELIV mobilities during the photo-
degradation of silole-based solar cells.'”* Evidently, the amplitude of the transients
at longer times increases in degraded samples, which might result from trapped
charge carriers being extracted, as the higher voltages at longer times promote

emission from traps.

While the tailing of transients provide clear evidence for increasing number
of trapped carriers, this technique does not afford information about the energy of
additional levels created or time-scales of trapping and de-trapping. However, the
fact that mobility remains more or less constant, together with the appearance of
tailing of transients, suggests that the release time for trapped carriers are longer
than transit time, indicative of deep trapping. The representative f,, of the
transients being not affected by trapped carriers is even more probable if it is the

slower carriers that are primarily trapped.

Micro-second time scale dynamics of charge carrier density at each point of
degradation was obtained by varying the delay time between illumination and
voltage pulse (Figure 4.5) in photo-CELIV. An electrical key is used to keep the
device in open circuit during the delay time, ensuring no extraction of charges and
hence the charges lost during delay time are solely due to recombination.

The plot reveals the recombination rate being considerably slower than
bimolecular (slope <1), even in pristine case, for the series of polymers. The
recombination dynamics in this time scale (us-ms) appears to remain unaltered
during degradation for P1 and P4, while P2 and P6 shows slightly slower
recombination once degraded, as discerned from the reduced slope of the plot for

degraded samples. Large-scale phase separation of donor and acceptor domains
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within the bulk heterojunction is expected to reduce the recombination rate by the

reduced probability of charge carriers to meet.
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Figure 4.5. Charge carrier density dynamics with respect to delay time obtained from

photo-CELIV for devices based on polymers P1-P6 at different points of degradation.

Volume photogeneration TOF studies (RC >> t,) have been carried out at
illumination intensities high enough to saturate the observed transients, thereby
creating a reservoir of photo-generated charges within the film. The extraction
time ¢, is obtained from difference between ¢,, of transients corresponding to
highest (saturated) and low (amount of photogenerated charge is much lesser than

CU) intensities, as detailed in Chapter 3.
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Figure 4.6. (a) Representative TOF transients for pristine EPI1, with increasing input
light intensity until the transient saturates; (b) Extraction times obtained from TOF for

devices based on polymers P1-P6 at different points of degradation.
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The high light intensity TOF transients (figure 4.6) reveal increasing
extraction time with progressive degradation in all the studied polymers in the
series. This supports the observation of longer-lived charges in degraded samples
in photo-CELIV. The reservoir of charges created would be expected to fill in the
trap states and hence the decay of charges should be predominantly resulting from
bimolecular recombination. The fact that the extracted charge density as well as
the extraction time increases with progressive degradation could be directly
related to the probability of meeting of the type of carriers. This implies the
increasing phase separation between the domains of the bulk heterojunction,
resulting in purer domains of each phase. The observed tailing of TOF transients
further suggests that more charges are trapped within the device as degradation

proceeds.

4.4 Conclusion

The evolution of charge transport properties of solar cell devices based on a series
of poly(benzodithiophen-alt-diketopyrrolopyrrole) derivatives with different side-
chains have been analysed using current extraction techniques. Based on the
obtained results, we conclude that increase in trapped carriers play the most
dominant role in determining charge transport properties of the blend on a
macroscopic time scale. Since our devices were glass encapsulated, this behaviour
is considered to be arising from inherent properties of the blend rather than
external triggers from water or oxygen ingress. However, complementary studies
are required to single out the potential effects of side-chain variation in terms of
charge transport and photo-stability. More time-resolved measurements as well as
methods that can quantify the number of trap states are considered desirable to

this end.
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The present study also highlights the significance of inherent photo-thermal
stability of active layer blends. The degradation of devices herein have been
evidently driven by evolution of the blend morphology, as reported by Morse et.
al. As discussed in section 1.6.2, the diffusion of fullerene molecules within the
BHJ is acknowledged to be a root cause of this undesirable phenomenon. Recent
work in our group revealed the potential of oligofullerenes in combating the fast
initial degradation of OPV devices on exposure to thermal stress, effectively
improving their shelf-lives."”” This concept is further exploited in the following
chapters, which details the formation of stable main-chain poly(fullerene)s via a
one-pot synthetic route and further discusses their photo-physical and photovoltaic

properties.
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Chapter 5

Novel poly(fullerene)s for
photovoltaic applications

This chapter details the synthesis and characterization of three different
poly(pyrrolidinofullerene)s obtained via the SACAP route, which is based on the
Prato reaction. The use of PCBM in place of Cgy as a co-monomer is found to
yield higher molecular weights and improved solubilities, affording easier
handling and purification. First part of the chapter reports on the formation of
poly(PCBM-benzene) with weight average molecular weights (M,,) as high as
25500 g mol™ as obtained from GPC. A second part of the chapter explores the
use of thiophene flanked DPP in SACAP polymerizations to yield structures with
alternating fullerene and chromophoric units.

Parts of this chapter have been published in

‘Sterically Controlled Azomethine Cycloaddition Polymerization of Phenyl-Cq-Butyric Acid Methyl
Ester’; M. Stephen, H. H. Ramanitra, H. Santos Silva, S. Dowland, D. Bégué, K. Genevicius, K. Arlauskas,
G. Juska, G. E. Morse, A. Distler, R. C. Hiorns, Chem. Commun. 2016, 52, 6107

And will be published in

‘An alternating poly(fullerene) containing dyes for photovoltaic applications’; M. Stephen, S. Dowland,
A. Gregori, H. R. Ramanitra, H. S. Silva, C. M. S. Combe, D. Bégué, C. D.-Lartigau, K. Genevicius, K.
Arlauskas, G. JuSka, A. Distler, R. C. Hiorns, submitted.

Modelling studies included in this chapter have been carried out by Dr. Hugo. S. Silva and Dr. Didier
Bégué at UPPA.

Cyclic Voltammetry measurements have been carried out by Mr. Artiom Magomedov at Kaunas
University of Technology.

The research leading to these results has received funding from the European Union Seventh Framework Program

(FP7/2011) under grant agreement ESTABLIS no. 290022
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5.1 Introduction

Since the initial discovery of fullerenes by Kroto ef al. in 1985,"°

their unique
properties promising for diverse applications has attracted scientists across various
disciplines. The science of fullerenes has thus evolved into a rich multidisciplinary
field including organic/bio electronics'”’, pharmaceutics'*® and nanotechnology. **°

The name “fullerene” derives from the US-American architect Richard
Buckminster Fuller, who became famous for the development of geodesic domes
in the 1960s. Fullerenes consist of carbon atoms only and, thus, constitute a novel
carbon allotrope next to the well-known graphite and diamond.'® The smallest
fullerene that has been identified is Cy', and the largest has well over 100
carbons. The most symmetrical, and therefore the most stable fullerene is Cgy,
followed by C;y, with the others being much less stable.'®! However, these carbon

clusters are insoluble or sparingly soluble in most solvents and consequently, are

difficult to handle.

Figure 5.1. Structures of C (left) and PCs;BM (right)

The structure of Cg, (figure 5.1) resembles that of a soccer ball, consisting
of 20 hexagonal and 12 pentagonal rings as the basis of an icosahedral symmetry

162 Bach carbon atom is bonded to three others and can

(1) closed cage structure.
be described approximately by an sp” configuration. However, curvature of the
fullerene cage leads to a small admixing of the sp’ character,'® effectively

exhibiting an orbital hybridization of sp>*’. The bonds between two hexagons
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([6,6] bonds) are found to be shorter than those between a hexagon and a pentagon
([5,6] bonds) and the lowest energy Kekulé structure of Cg, is that with all the
double bonds located at the junctions of the hexagons ([6,6]-double bonds).'®
Consequently, the [6,6]-double bonds are found to be most susceptible to
chemical reactions. The chemistry of Cg is characteristic of electron deficient
alkenes, hence it reacts with nucleophiles with its [6,6] bonds being good
dienophiles. Nucleophilic addition and cycloaddition reactions are commonly
exploited for chemical modifications on the fullerene sphere.'® Release of surface
strain is known to be an additional driving force for the formation of exohedral
adducts.'*

Functional fullerenes not only can maintain the unique characteristics of
pristine fullerenes, such as high electron affinity'®’ and superior ability for
electron transport,'®'® but also can provide desirable processability. So far, the
soluble methanofullerene derivative, 6,6-phenyl-Cg;-butyric acid methyl ester
(PC;BM) and its C;y analogue PC;;BM remain the most widely used acceptors
for BHJ solar cells. Their use in organic photovoltaics (OPV) was cemented by
the observation of an extremely fast photo-induced electron transfer from optically
excited conjugated polymers to the Cg molecule in early 1990s.'”"'"! The
additional quality of self-organisation in such a way as to favour electron
collection and percolation in active layer blends has benefited their use in
BHJs.!7>173

Today, as the OPV community is focused on improving stability of these
devices, controlling the nanomorphologies of active layer blends over longer
working periods becomes increasingly relevant.'”* As discussed in section 1.6, the
tendency of fullerene spheres to diffuse through the film to form aggregates,
especially at elevated temperatures typically reached during realistic working
conditions, is undesirable in this regard.'” Functionalized fullerenes have been
reported to restrain the diffusion and crystallization of PCBM, greatly enhancing

the morphological stability of active layer blends.'”® Use of copolymers in which
poly
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the donor and acceptor moieties are covalently bound so as to prevent their large-
scale segregation comes across as a stimulating concept in this regard. A few
examples found in literature include diblock co-polymers bearing bridged

177,178,179

iminofullerenes, or double-cable polymers where fullerene moieties are

covalently grafted onto a m—conjugated polymer backbone through an

180,181 : : :
" However, such structures obtained via grafting

alkylphenylene linkage.
approaches do not strictly preclude the aggregative behavior of fullerenes.'”
Incorporating fullerenes into the main-chain of a polymer is a rational
strategy to this end, since it effectively restricts the motion of individual spheres
within the film. However, co-polymers with Cgy units in the main-chain of the
polymer are scarcely known, primarily due to the difficulty in monitoring the
number of additions to the Cgy sphere, resulting in cross-linked products, besides
the formation of regioisomeric mixtures due to the unique symmetry of
fullerenes.'®* Nevertheless, prior work by Hiorns ef. al. demonstrated directed,
paired radical additions to Cg ring at 1,4-positions via the atom transfer radical

'} However, the requirement of CuBr

addition polymerization (ATRAP) route.
for the formation of radicals in ATRAP elicits concerns of detrimental impact on
device operation with even minute residual impurities.'*

Recent work in our group showed the potential employability of so-called
Sterically controlled Azomethine ylide Cycloadditon Polymerization (SACAP)
route for obtaining high molecular polymers, where the use of sterically
cumbersome groups provided for a certain degree of control over the additions to

'3 The added benefits of being a one pot synthesis and free

the fullerene sphere.
from metal catalysts makes this route particularly interesting. As reported in
reference 185, studies carried out by Ramanitra et al. explored correlations
between steric bulk of co-monomer, temperature and reaction times to the final
yield and properties of the product formed with Cq, via SACAP. Molecular
weights as high as 10840 g mol™ (M, against polystyrene standards) were obtained

using dodecyl-terephthalaldehyde as co-monomer in dichlorobenzene. It was
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found that the choice of comonomer has a great role in determining the molecular
weights of the final products: the greater the bulk of the comonomers, the more
effective the blocking of multiple attacks on the fullerene and the reduced the

number of cross-links.

OH A {
H S N L N
O)\/ N N R =0 _002 R CH2

H,0

Scheme 5.1. The Prato reaction.

The mechanism of SACAP is based on the well-known Prato reaction,
which is a [1,3] dipolar cycloaddition of azomethine ylide across the [6,6] position
of the fullerene (Scheme 5.1). The required ylide is produced by condensation of
N-methylglycine (sarcosine) with an aldehyde, which in turn reacts with fullerene
affording exclusively the product of cycloaddition across a 6,6 ring junction of the

"% The Prato reaction is a powerful route to obtaining 2-substituted N-

fullerene.
methyl-3,4-fulleropyrrolidines with the choice of starting aldehyde. When the
reaction is carried out in the presence of large excesses of reagents, up to nine
pyrrolidine rings can be introduced.'®’

This chapter demonstrates the extended scope of SACAP route to yield co-
polymers incorporating Cgy as well as PCBM in the main-chain. The first part
follows up on the work reported by Ramanitra et al., where the feasibility of
incorporating PCBM instead of Cgyas co-monomer in obtaining poly(fullerene)
structures is exemplified. Synthesis and detailed characterization of an alternating
poly(fullerene) based on terephthalaldehyde and PCBM units is reported. The
product poly{[bispyrrolidino(phenyl-Cg¢,-butyric acid methyl ester)]-alt-[2,5-
bis(octyloxy)benzene]} (PPCBMB) is found to be soluble in common organic
solvents and displays molecular weights (M,) >25000 g mol” from GPC data,

against polystyrene standards. When compared to the SACAP of Cgp,'® it is found
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that PCBM permits the formation of even higher molecular weight polymers with
greater solubilities and easier handling.

A second part of the chapter (section 5.3) reports on inclusion of dye
moieties to obtain polymers and oligomers made of alternating dye and fullerene
units, with an extended absorption in the visible region. The SACAP route is
employed with diketopyrrolopyrrole (DPP) as co-monomer to yield polymers and
oligomers with molecular weights greater than 5600 g mol”" with Cg, and greater
than 11200 g mol” with PCBM. The products obtained are named poly[(dodecyl
dithiophene-diketopyrrolopyrrole)-alt-bispyrrolidinofullerene] (PDPF) and
poly[(dodecyl dithiophene-diketopyrrolopyrrole)-alt-(bispyrrolidino-phenyl-Cg;-
butyric acid methyl ester)] (PDPPCBM).

5.2 Synthesis & characterization of PPCBMB

The polymerization was carried out in accordance with Scheme 5.2 as a one-pot
reaction using commercially supplied products. Comonomers with alkoxy-
aromatic groups were chosen due to their expected high solubility and stability
against photo-oxidation.** From the SACAP of Cg,'" it was found that 2,5-
bis(octyloxy)terephthalaldehyde provides reasonably high molecular weights,
however, the reaction did tend towards slight crosslinking due to the relatively
small size of the comonomer; the use of 2,5-bis(dodecyloxy)terephthalaldehyde
yielded much higher molecular weights. However, the latter was not commercially
available, whereas 2,5-bis(octyloxy)terephthalaldehyde was. Furthermore, it was
expected that the phenyl butyl methyl ester group on PCBM would arrest any
tertiary additions to the Cq sphere.

The knowledge acquired from previous experiments with SACAP in our
group went a long way towards optimising the reaction conditions. The required
ylide is afforded from the reaction of N-methylglycine (sarcosine) with 2,5-

bis(octyloxy)terephthalaldehyde. Given the relatively low reactivity of Csy bonds,
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the temperature was elevated to 150 °C to help the reaction forward. The ratio of
reagents (1:2:1, respectively, PCBM : sarcosine : 2.5-
bis(octyloxy)terephthalaldehyde) was chosen so as to avoid the formation of tris-
adducts, known to appear when reaction times are relatively long.'®® Fullerene is
known to undergo sigma-sigma reactions under exposure to light, and forms
crosslinked ethers with oxygen.'® PCBM also forms ethers.'” Therefore the
reaction was carried out under anaerobic conditions and under cover from UV

light.

Scheme 5.2 Synthetic route to PPCBMB. Note that a most probable regioisomer is
shown.

It is known that purifications of polymers containing fullerene can be
troublesome; the Cg tends to aggregate with the product. However, we found that
the product was easy to purify. It was reprecipitated from methanol and Soxhlet-
washed with acetone for three days (until the brownish colour of the wash solution
disappeared). The product was then recovered by toluene and dried under vacuum
for two days. It was found to be well soluble in common organic solvents (for
example, 30 mg mL™" in xylene was feasible), indicating a very low degree of
crosslinking between chains. The product was shiny black in appearance and

formed smooth thin films when cast from solution. (Figure 5.2)
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Figure 5.2. Image of PPCBMB powder (left) and thin film (~50 nm) of PPCBMB on
ITO-glass substrate casted by blade coating from o-xylene.

A general mechanism of the reaction is given in scheme 5.3. Firstly, the
dialdehyde reacts with sarcosine to generate the azomethine ylide, which is a 1,3
dipole. Since our reaction consists of two equivalents of sarcosine with one
equivalent each of dialdehyde and PCBM, it is a reasonable to expect ylide
formation on both sides of terephthalaldehyde, which in turn carries forward the
polyaddition as shown in scheme 5.3 b. It is thought that in SACAP, tertiary
additions are reduced by employing sterically cumbersome comonomers.

The number of additions is controlled to just two per fullerene by the ratio
of reagents and the steric bulk of the DPP. There are, however, 30 [6,6]-bonds
around the Cg, and therefore when there are two additions to the sphere, there are

88 When there are three additions, 46

eight possible regioisomers (figure 5.3).
regioisomers are possible. Therefore, in the case of PDPPCBM, there are the two
additions as well as the phenyl ester group already present; in effect, we can

expect anywhere up to 46 regioisomers along the chain.
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Scheme 5.3 Mechanism of SACAP reaction; (a) dialdehyde reacts with sarcosine to
generate the 1,3 dipole - azomethine ylide; (b) The 1,3-dipole generated in-situ reacts
with dienophile ([6,6]-bond of PCBM) in a concerted fashion (1,3 dipolar cycloaddition)
to provide the corresponding pyrrolidine and repeated cycloadditions yields the polymer.
Note, for the sake of clarity, only the most probable regioisomer is shown.
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trans-1

Figure 5.3. Addition patterns of bisadduct isomers."*®

The GPC curve of a representative sample of PPCBMB in THF is shown in
Figure 5.4. The monomodal peak eluting at ca. 17 min indicates an absence of
oligomers and unreacted reagents. The estimated molecular weights, against
polystyrene standards, are 7000 g mol™ (A,) and 23000 g mol” (M,), with a
dispersity (D = MW/MH)191 of 3. It is acknowledged that molecular weights of
fullerene containing polymers with respect to polystyrene standards are extremely
underestimated due to reduced solubility of these materials in THF relative to
polystyrene, resulting in a lower hydrodynamic volume'®* as well as possible 7t- 7t
interactions between fullerene units and polystyrene stationary phase retaining
them for longer times."” Indeed, we found that in our apparatus, PCBM and
toluene eluted at ca 22 min, erroneously indicating that PCBM would have a mass
of 110 g mol'! Therefore these values considerably underestimate the real
molecular weight of the materials. The small bump at 21.85 min corresponds to
PCBM (figure A2.12, appendix 2). Deconvolution of the peaks indicated that
there was less than 0.3% residual PCBM.

85



50.8-
(D)
D
3
g -
o]
£
£0.44 PCEM
[
()
=

0.0-

10 20 S 30 40
Time (min)

Figure 5.4 Representative GPC profile (THF, 30 °C, 330 nm) of PPCBMB.

Representative NMR spectra of the starting materials and the product are
shown in Figure 5.5. The only new peaks seen in the polymer fall in the region
where one would expect the protons on the pyrrolidine ring to appear, where the
comonomers do not have any contributing protons. The peak in the aldehyde

region seen with bis(octyloxy)terephthalaldehyde disappears.
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Figure 5.5 Overlay of 'H NMR (CDCl,, ambient temperature) of: (1) PCBM; (2) 2,5-
bis(octyloxy)terephthalaldehyde; and (3) PPCBMB

The '"H NMR (figure 5.6) shows a broad signal in the aromatic region
peaked at 7.38 ppm that appears to have six shoulders spanning from 8.25 to 7.00
ppm. From the NMR spectrum of monomer, it was observed that the phenyl
substituent on PCBM showed multiplets centred at 7.94 ppm, 7.55 ppm and 7.47
ppm. The phenyl group of 2,5-bis(octyloxy)terephthalaldehyde resonates at 7.42
ppm. Hence at this moment it is not clear whether the presence of different
isomeric forms, or variations along the polymer chain, contribute to the shoulders.
The general broadness of all the peaks confirm that the material is polymeric in
nature. The broad signal centered at 5.02 ppm arises from protons within the
pyrrolidine linkage, whereas the rather sharp signal at 3.61 ppm is attributed

methyl esters and is convoluted with oxymethylene protons in the alkyl side-
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chain. The pyrrolidine N-methyl protons and PCBM propylene protons create a
broad signal centred at 2.52 ppm. The aldehyde end groups afford the small broad
bump at 10.46 ppm while a sharp peak at 10.03 ppm represents a tiny amount (ca

0.1 wt%) of comonomer.
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Figure 5.6 '"H NMR (CDCI,, ambient temperature) of PPCBMB, with the inset showing
the aldehyde region enlarged.

Given the aforementioned mismatch between GPC estimated and real
molecular weights, an attempt at a further estimation was made using 'H NMR. It
was assumed that each macromolecule carried on average one —CHO group, not
unreasonable given that the polymerization is a polyaddition."* Integrating the 'H
NMR peak at 0.85 ppm for pendent comonomer methyl groups gave a value of
109 versus 1 for the aldehyde protons at 10.46 ppm. Assuming a respective ratio

of six methyl protons to 1 aldehyde proton in the repeating unit, we infer the
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degree of polymerization to be 109/6 = 18.2. Multiplying this by the repeating unit
molar mass affords M, = 24670 g mol, which is considerably higher than that

shown by GPC, and most likely closer to the real value.

OCgH47

n-p X

Figure 5.7 °C NMR (CDCl,, ambient temperature) of PPCBMB

Figure 5.7 shows the ?C NMR of PPCBMB. The peaks corresponding to
the fullerene cage are broadened by the polymeric nature of material and merged
with peaks due to substituent phenyl quaternary carbons. The carbons associated
with the pyrrolidine linkage are observed at 40.1 ppm and 69.2 ppm,
corresponding to N-methyl and methine groups, respectively. The resonance of the
methylene group appears to have merged with the triplet of chloroform, as

revealed by the 2-D NMR shown in figure 5.8. The 2-D NMR further confirms
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these results, with notable correlations for methine, methylene and methyl groups

of the pyrrolidine linkage.
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Figure 5.8 HSQC 2D NMR (CDCl;, ambient temperature) of PPCBMB. Data points in
blue correspond to methine and methyl groups while those in green indicate methylenes.

The DOSY 'H NMR spectrum of PPCBMB (figure Al.1, appendix 1)
shows the diffusion profile of the polymer. The protons are all in the same regime,
confirming the monomodal nature of the molecular weight distribution.

Theoretical calculations were carried out to gain insight into the molecular
geometry of PPCBMB. Marchesan ef al. demonstrated the order of preferential

additions among the numerous possible tris-adduct structures for azomethine ylide
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cycloadditions to the Cg, sphere.'” The relative yields of the tris-adducts indicated
the favored formation of trans-2, trans-3, equatorial, followed by trans-3, trans-4,
equatorial and by the tris-adducts displaying a cis-2 addition pattern. The
nomenclature used here is adopted from Hirsch et al."”® Basically, if we call the
three addends 1, 2, and 3, the first stereo chemical relationship is between 1 and 2,
the second between 2 and 3, and the third is between 3 and 1. However, the
relative complexity of the peaks and the numerous isomers that are possible means
that the identification of regioisomers cannot be performed without extensive
studies using model molecules. It is expected that this will be the focus of future
work. It is most likely though, given the steric bulk of the substituents considered,
that cis-isomers are excluded. Furthermore, we would expect the polymer to be
regio-irregular.

To model the most probable isomeric structure of the repeating unit, PCBM
was treated using DFT with B3LYP/6-31G** theoretical level (appendix 2).""’
Calculations were carried out assuming the regions of highest LUMO density to
be the target of successive attacks,” to give the most probable tris-adduct PCBM-
2 in Figure 5.9. Calculations detailed in appendix 2 estimate the relative LUMO
levels to be raised in case of PPCBMB with respect to PCBM. It also predicts the

reduction of electron affinity and the electrophilicity.

Figure 5.9. LUMO frontier orbitals for the most probable tris-adduct constituting the
repeating unit of PPCBMB optimized using DFT B3LYP/6-31G** level of theory.
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The U.V visible absorption spectrum of PPCBMB in toluene is shown in
figure 5.10. In comparing the absorption spectra of PCBM, PPCBMB and 2,5-
bis(octyloxy)terephthalaldehyde, it is found that the characteristic absorption
maximum of 2,5-bis(octyloxy)terephthalaldehyde is lost due to disruption of
conjugation by removal of aldehyde groups during the reaction. The absorption
maximum of PPCBMB is also blue shifted with respect to PCBM owing to a

disruption of fullerene cage conjugation.'”®

PPCBMB
1.0 4

Bis-(octyloxy)terephthalaldehyde
PCBM
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Figure 5.10. Normalised absorption of PCBM, 2,5-bis(octyloxy)terephthalaldehyde and
PPCBMB in toluene. Inset shows an image of solutions of PPCBMB and PCBM in
toluene.

The electronic states, that is, HOMO/LUMO levels of PPCBMB were
investigated by using cyclic voltammetry (CV). The oxidation and reduction

cyclic ~ voltammogram of a solution of PPCBMB in ortho-
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dichlorobenzene/acetonitrile (4:1 v/v) is shown in figure 5.11
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Figure 5.11 Cyclic voltammetry profile of PPCBMB.

Considering the energy level of ferrocene/ferrocenium is 4.8 eV below vacuum,
the LUMO of PPCBMB is estimated using the equation

Eivmo= - (Eip+4.8) eV
This yields a value of for £ ymo = -3.34 eV for PPCBMB and E;ymo= -3.8 eV for
PCBM, under identical experimental conditions, conforming to values reported in
literature for PCBM."***% This confirms the prediction of raising of LUMO levels
by modeling studies previously discussed.

From Tauc’s plot®®' (figure A2.10, appendix 2) E, opt. of PPCBMB is
estimated to be 2.26 eV, which gives Eyomo = -5.6 €V.

Calorimetric characterisations were carried out to understand the thermal
degradation profile and identify possible phase transitions. Figure 5.12 shows the
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
thermograms, respectively, of PPCBMB. The TGA demonstrates that the material
is thermally stable to around 320 °C. PCBM is known to degrade at around 400
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°C.?"? The DSC curve, being smooth, indicates that the material is most likely

amorphous, although further studies are required.
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Figure 5.12. (a)TGA and (b) DSC thermograms of PPCBMB.

94



5.3 Synthesis & characterization of PDPF and
PDPPCBM

A lot of work has gone into developing dyads and triads of fullerenes and

203,204 206,207

dyes such as diketopyrrolopyrrole (DPP), phenothiazine,”” perylene,
porphyrins,”® corroles,”® and phthalocyanines®'® for OPVs. It is understood that
these materials will show improved light gathering due to the dye transferring

211

excitation energy to the fullerene.” DPP is of interest because of its high

stability, industrialized production,*'? its use as a chromophore in solar cells and

213219 and its ability to raise the open-circuit voltage (V) of

good charge mobility,
an OPV cell.”"” Flanking the DPP core with thienyl units is known to boost the
hole mobilities of these systems.”'® To our knowledge, alternating polymers of
dyes and fullerenes have not been formed before. In the following section, the
preparation and characterization of DPP-fullerene alternating main-chain
polymers via SACAP in a facile one-pot reaction is detailed. It is expected that
these materials would combine the opto-electronic properties of their smaller dyad
and triad cousins, with the strengths of polymers.

The synthetic route to obtaining the two exemplar copolymers is detailed in
Scheme 5.4. Alkylation of dithiophene-diketopyrrolopyrrole (1) was carried out
using a literature procedure to give the well-defined products as indicated by 'H
and ?C NMR in Figure A1.2 of the appendix 1.*'" Lithiation of dodecyl-DPP (2)
with LDA at -78 °C, followed by addition of N-formylpiperidine, afforded the
corresponding dialdehyde 3.*'® Apart from being sensitive to oxygen, temperature
variations made during the reaction were found to have a strong impact on final
yields. While many trials afforded a mixture of mono and di-aldehydes, a precise
control of temperature yields pure dialdehyde, eliminating the need for tedious

separation techniques.
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Scheme 5.4. Reactions forming the alternating copolymers PDPF and PDPPCBM: a) -
bromododecane, K,CO3;, 18-crown-6, DMF, 47%, b) lithium diispropyl amide, N-
formylpiperidine, 2, THF, HCI, 46%;, c) Cs), N-methylglycine, 3, 1,2-dichlorobenzene,
67.1% for PDPF; d) PCBM, N-methylglycine, 3, 1,2-dichlorobenzene, 72.2 % for
PDPPCBM.

SACAP polymerisations were carried out in accordance with prior work,
i.e., at 150 °C for 18 h in 1,2-dicholorobenzene with a ratio of 1:2:1, respectively,
for C¢p or PCBM : sarcosine : 3. Considering the sensitivity of fullerene to oxygen
and light, care was taken to maintain the reaction setup under nitrogen
atmosphere, protected from UV-light. The brut product was Soxhlet washed for
several days to remove unreacted reagents, with PDPF requiring significantly
more time (i.e., six days with subsequent reprecipitation versus 16 h) than its
PCBM counterpart, due to the difference in monomer solubilities. Figure A2.7 in

appendix 2 shows an overlay of GPC traces obtained for toluene fraction and
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hexane fraction from Soxhlet wash of PDPF.

Figure 5.13. PDPPCBM during Soxhlet extraction with toluene (left) and reprecipitation
from methanol (right).

Figure 5.14 shows the overlay of GPC curves for PDPF and PDPPCBM.
Peak deconvolution indicated that PDPF retained ca 1wt% of Cg, even after
several days of Soxhlet washing, and a negligible amount (0.2% relative mass) of
PCBM in the purified PDPPCBM product. It is worth noting that the optical
density of Cgq at the operating wavelength of 330 nm is thrice that of the
copolymers, as discerned from absorption spectra of respective solutions with
same concentration (vide infra). As mentioned before, the molecular weight
estimations obtained from GPC against polystyrene standards do not justify
fullerene-containing systems. PDPF is indicated to have an M, = 900 g mol™ for a
dispersity (P = M,/M,) of 2.8, whereas PDPF has an M,, = 3300 g mol” and P =
1.9; evidently these values are erroneous. Using chlorobenzene rather than THF as
an eluent improves the elution of the materials slightly: PDPF is found to have M,
=2050¢g mol” and P = 2.0, whereas PDPPCBM has an M, = 3600 g mol” and P

= 2.0, and while more accurate, these values remain doubtful.
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Figure 5.14. GPC profiles (THF, 30 °C, 330 nm) of PDPF and PDPPCBM

Prior work has shown the benefit of counting off consecutive peaks,
assuming that each represents the growth of the chain by one repeating unit,
thereby calculating a more realistic molecular weight.>"® While Giigel et al.
demonstrated this for GPC data showing clearly distinct peaks, the same strategy
could be applied for the apparent shoulders of the visibly more homogenous peaks
we obtained. In the case of PDPF, discrete shoulders indicate the presence of
oligomers with 1-3 repeating units before reaching a peak with 4 monomers,
indicating that M, = 5650 g mol™. Visual inspection indicates that the oligomers
reach a maximum of around 10 repeating units. However, in the case of
PDPPCBM, much higher molecular weights are attained, with M, reached with
around 7 repeating units, i.e., M, = 11200 g mol” and a maximum probably
around 20 or so repeating units. It appears that the difference in solubilities and
perhaps electronic properties of Cqo and PCBM influences their distinct retention
times within the column, which is reflected in their respective elution times in
figure 5.13. It can be assumed, however, that the values for dispersity are self-

consistent and that they are around 2 would confirm the polyaddition nature of the
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reaction.”* Interestingly, that B is higher for PDPF than PDPPCBM indicates that
the former was arrested by precipitation from solution, whereas the latter was able
to undergo a more ideal polyaddition. However, the values are several times lower
than those for SACAP polymers made using Cqo or PCBM with a more soluble
2,5-bis(octyloxy)terephthalaldehyde comonomer, suggesting that their relatively
poor solvation is hindering the reaction.””’

The 'H NMR of PDPF in Figure 5.15 was recorded in 1,4-dichlorobenzene
at 80 C due to its limited solubility in CHCl;. This adds to the possibility of
formation of aggregates in the solution, which is perhaps manifested in the nature
of NMR peaks, affording several sharp shoulders in comparison to more
homogenously broadened peaks in case of PDPPCBM. The *C NMR confirms
the general structure and the polymeric nature by the breadth of the peaks.

The 'H NMR of PDPPCBM in CDCI; shows broad signals centered at 5.04
ppm and 2.86 ppm, arising from the protons within pyrrolidine linkage and those
of N-methyl group, respectively. The chain end aldehydes afford a small bump at
10.01 ppm. In the aromatic region, thiophene rings gives the broad signal centered
at 8.91 ppm and the substituent phenyl rings gives rise to a broad signal centered
at 7.36 ppm with several shoulders, which is not unexpected considering the
multiplets observed in this region in bare PCBM. A broad signal centered around
4.05 ppm and rather sharp signal at 3.62 ppm correspond, respectively, to protons
of dodecyl chain in the immediate vicinity of nitrogen and terminal methyl
protons of ester group. The alkyl groups of the ester afford the broad signals
centered at 2.71 ppm while the large signals centered at 1.21 ppm and 0.86 ppm
correspond to alkyl groups of dodecyl chain.
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An attempt at estimating molecular weights from NMR, using the integrals
from aldehyde chain-ends and methyls from the comonomer dodecyl chains,
found that for PDPPCBM, M, = 128600 gmol’, i.e., 38 times higher than that
obtained from GPC, and for PDPF, M, = 635000 g mol™', 700 times higher! These
calculations assume that relaxations are equivalent, and that the reactions
underwent perfect polyadditions. However, a plausible discrepancy of relaxation
times and presumable scenario of chain closing reactions delivers these
calculations unreliable.

The °C NMR of PDPPCBM (Figure 5.16) shows broad peaks from ca. 135
to 155 ppm due to combined resonances of fullerene cage and quaternary carbons
associated with thiophene, pyrrolopyrrole and substituent phenyl groups. With
respect to PDPF, additional peaks are observed for PDPPCBM at ca. 128 ppm
arising from aromatic phenyl carbons. Carbons associated with the pyrrolidine
links resonate at 79 ppm (methine), 70 ppm (methylene) and 40 ppm (N-methyl).
These results are further substantiated by the HSQC 2D NMR shown in Figure
5.17. Furthermore, the relative purity and monomodal nature of the molecular
weight distribution of PDPPCBM was confirmed through the use of DOSY 2D
NMR regime (Figure Al.4, appendix I). The corresponding spectrum for PDPF

could not be recorded due to its lower solubility.

101



c-g

== T r T T 150 T T T T ro=sm T T T I T T [pl?)m]r

1V W y—

200 150 100 50 0 e
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Modeling studies concentrated on PDPPCBM to identity the most probable
structures, the localization of HOMO and LUMO frontier orbitals and their energy
levels, their UV-visible absorption profiles, and explore possible transfer of
excited electronic states between DPP and PCBM moieties. The geometries of the
ground state of DPP, PCBM and PDPPCBM molecules were performed in Orca
3.0.37*" and optimized with the B3LYP/6-31G** level of theory.””> To best
estimate the most likely PDPPCBM isomer, the two DPP groups were added to
the PCBM in succession choosing the highest LUMO densities as the target point
for cycloaddition giving rise to the pyrrolidine group. Reference 223 gives full
details of this procedure for a model system employing analogous comonomers
adding to PCBM. UV-visible electronic transitions were calculated using these
geometries but in the CAM-B3LYP function”* with the 6-31G** base.” We find
that the addition of the DPP to the PCBM structure considerably increases the
oscillator strengths (i.e., absorbances) particularly in the principal transition in the
same band, i.e., at 437.1 nm, 425.6 nm, 424.0 nm and 422.8 nm (2.837, 2.913,
2.924 and 2.932 eV) (Figure A2.8). These values are by no means definitive; they
may shift considerably depending on environmental parameters, which we have
not taken into account. The frontier orbitals were calculated to have the following
energies: for DPP, <H|E|H> = -5.9219 eV and <L|E|L> = -1.3734 eV; for PCBM,
<H|EH> = -6.7372 eV, and <L|E|L> = -2.1036 eV. As shown in Figure 5.18,
these frontier orbitals (HOMO-1 and HOMO) are both localized on the DPP,
however, while the LUMO is on the PCBM, the LUMO+1 is delocalized across
PCBM and DPP. Furthermore, these results suggest that a charge transfer is
possible from an excited DPP state to PCBM; indeed one would expect an
increase in the short circuit current (Jy) on placing these materials in a

photovoltaic device.
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Figure 5.18. Most probable isomers formed by successive cycloadditions of DPP
moieties to the PCBM fullerene sphere, showing the frontier orbitals for: a) HOMO-1; b)
HOMO; ¢) LUMO; and d) LUMO+1.

The absorption spectra of solutions of same concentration for dodecyl-DPP
(2), PDPF and PDPPCBM in toluene are shown in Figure 5.19. Extinction
coefficients of the order of 10* M'cm™ (Figure A2.4) are observed for both
macromolecules over a wide wavelength range of 300-650 nm. The spectra of the
co-polymers clearly have contributions from absorptions of both comonomers.

The strong absorption of Cgy at 334 nm is reduced to a shoulder around same
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wavelength in PDPF, while in PDPPCBM, no significant feature is observed in
the region corresponding to PCBM’s absorption at 330 nm. For both copolymers,
a definite red shift of the order of 25 nm for PDPF and 22 nm for PDPPCBM in
the absorption edge is observed, with respect to absorptions arising from the DPP
(2) group. This suggests the presence of strong molecular orbital interactions
between the fullerene and DPP moieties. That this possibility is occurring is also
suggested by the emission studies shown in Figure 5.18. Here an efficient photo-
luminescence quenching of the DPP moiety by fullerene in both PDPF and
PDPPCBM is found, indicative of energy or charge transfer from DPP to
fullerene. An additional experiment was done by blending DPP (2) with
Cso/PCBM 1in toluene solutions in 1:1 ratio. The total concentration of the solution
was adjusted to have an absorbance of 0.1 O.D, similar to that in the
aforementioned quenching experiment. Photo-luminescence measurements
revealed no effective quenching of the emission of DPP moiety for the aforesaid
concentration and loading of quencher (figure A2.5, appendix 2). This points out
the benefit of covalently linking donor and acceptor moieties for facilitating

energy/charge transfer.
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Figure 5.19 Absorption (above) and emission (below) spectra of PDPF, PDPPCBM,
Ceo, PCBM and 2 in toluene.
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From Tauc’s plot (figure A2.10, appendix 2), the optical band gap is calculated to

be 1.90 eV for PDPF and 1.96 ¢V for PDPPCBM.

/ ;
/====ﬁ —_—
PDPPCBM

PDPPCBM

Figure 5.20 Solutions of PDPPCBM, PDPF, Cs) and PCBM in toluene; and thin films
(~50 nm) of PDPF and PDPPCBM on ITO substrates.

Cyclic voltammetry measurements yielded values of E; yvo = -3.61 eV for
PDPF and E; ymo= -3.42 eV for PDPPCBM. From Tauc’s plots, the HOMO levels
were then deduced as Eyomo = -5.51 eV for PDPF and Eyomo = -5.38 for

PDPPCBM.
PDPF ~
PDPPCBM
\
-2l.4 —2I.0 -1].6 —1l.2 —01.8 —0'.4 0!0 -2].0 -1l.6 -1I.2 -Ol.B -OIA 0:0
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Figure 5.21 Cyclic Voltamogram of PDPF (left) and PDPPCBM.

Figure 5.22 shows a schematic of relative energy levels of the three

different poly(pyrrolodino)fullerenes discussed in this chapter.
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Figure 5.22 Energy levels of HOMO/LUMO for PDPF, PDPPCBM and PPCBMB relative to
PCBM.

The nature of thermal decomposition of co-polymers were characterized by TGA
(Figure 5.21). Both materials portray reasonable thermal stability up to 300 °C,
the behavior being similar to the terephthalaldehyde-fullerene copolymer
previously reported. A gradual weight loss accounting for up to 1% weight until
300 °C in PDPPCBM could be justified by residual solvent loss. The DSC
thermograms of the copolymers in Figure A2.3, being smooth and featureless,
would tend to indicate constrained structures given that one would expect 7,s
arising from the side-chains. Further studies are required to elucidate the long-

range structures of these materials.
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Figure 5.23. TGA thermograms of PDPF and PDPPCBM (N, 10 °C min™).

The photovoltaic properties of PPCBMB, PDPF and PDPPCBM are detailed in
Chapter 6.

5.4 Conclusions

To sum, the wide scope of SACAP route in obtaining innovative main-chain
poly(fullerene)s is demonstrated. The use of PCBM in place of Cg leads to more
soluble macromolecules in higher yields. The use of highly soluble co-monomers
like terephthalaldehyde permits the formation of relatively pure high molecular
weight poly(fullerene)s. The inclusion of large aromatic chromophores to yield
alternating dye-fullerene oligomers and polymers is found to be feasible with the
use of DPP as co-monomer in SACAP. The raised LUMO levels and high thermal
stability of these novel materials make them promising for organic electronic

applications.
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Chapter 6

Photovoltaic properties and
thermal stabilizing effects of
poly(pyrrolidinofullerene)s

This chapter details the photovoltaic properties of organic solar cell devices
incorporating poly(pyrrolidinofullerene)s discussed in chapter 5. Inverted solar
cells devices were made with poly(pyrrolidinofullerene)s as acceptor and various
donor polymers were explored to make up the active layer blends. The devices
exhibited improved open circuit voltages, suggesting the raising of LUMO levels
of poly(pyrrolidinofullerene)s with respect to PCBM. The best devices had PCEs
of 0.9%, the reduction in short circuit currents being the main reason for the low
efficiencies. When subjected to prolonged thermal stress, devices incorporating
poly(pyrrolidinofullerene)s were found to be significantly more stable than
control devices based on PCBM.

Device fabrication, photovoltaic characterization and PL quenching measurements described in this chapter
have been carried out with Dr. Simon Dowland at Belectric OPV GmbH

The research leading to these results has received funding from the European Union Seventh Framework Program
(FP7/2011) under grant agreement ESTABLIS no. 290022.
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The three different poly-(pyrrolidinofullerene)s described in chapter 5 were
tested for their potential use in photovoltaics by fabricating solar cell devices of
inverted architecture and their power conversion efficiencies (PCE) were recorded
under simulated sunlight (AM 1.5). Devices were fabricated in Belectric OPV
GmbH, Niirnberg, during a short visit of four weeks. The fabrication procedure
hence comprised of industrially relevant conditions. The active layer solutions
were prepared in o-xylene and deposited via blade coating. All steps of fabrication
were done in air, except the metal electrode, which was thermally evaporated in
high vacuum (10 mbar) with a final active area of 25 mm®. Even though these
conditions are known to be non-optimal for best device performances, these were

. g . . . . 22
chosen inline with industrial requirements.**®

Figure 6.1. Image of fabricated devices incorporating poly-(pyrrolidinofullerene)s in
active layer blends with KP115 (blue, far left) P3HT (red, centre) and Si-PCPDTBT
(dark green, far right)
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6.1 Device fabrication procedure

All devices discussed in this chapter were fabricated using the standard procedure
give below:

ITO coated glass substrates were cleaned by sonication in acetone and
isopropyl alcohol. ZnO was coated onto the clean substrates from a nanoparticle
suspension (5 wt% in ethanol) and annealed at 140 °C in air. The initial solutions
of donor and acceptor moieties in o-xylene were prepared by stirring at 80 °C
overnight under air. The active layer was coated from a blend solution containing
the required donor:acceptor ratio in o-xylene, followed by a layer of PEDOT:PSS
(Heraeus) and subsequent annealing in nitrogen at 140 °C for 5 min. All
aforementioned depositions were carried out with a doctor blade. The devices
were completed by thermal evaporation of silver under high vacuum to produce
cells with 27 mm? active area. The current voltage characteristics were measured
under N, using a Keithley 2400 source meter and a Xenon arc lamp with an

intensity of approximately 100 mWem™.

6.2 P3HT:poly(fullerene) based devices

The poly(fullerene)s were first tested as acceptor in P3HT based solar cells. The
active layer solutions were made up with a donor:acceptor ratio of 1:0.8,
conforming with optimized conditions for P3HT:PCBM cells and stirred
overnight at 85°C. Two sets of devices were made; one with addition of 1-
methylnaphthalene (5% by volume) into the active layer and another without any
additive.

As seen in Figure 6.2, the devices incorporating the additive were found to

be slightly outperforming the ones without.
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Figure 6.2. PCE of devices made with poly(fullerene)s as acceptors, (above) labeling:
MS23-PDPF, MS25-PPCBMB, MS27-PDPPCBM; representative IV-characteristics of

corresponding devices including methylnaphthalene as additive in the active layer in
each case (below).
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Table 2 summarizes the photovoltaic characteristics of devices incorporating
poly(fullerene)s as acceptor and the control device made with PCBM, with 1-

methylnaphthalene (5% by volume) added in the active layer in each case.

Table 2: Summary of photovoltaic characteristics of devices with additive.

jse(mMAcm™®) Voe (V) FF (%) PCE (%)
PDPF 1.53+£0.055 | 0.62 £0.004 50+2.8 0.46 +0.027
PDPPCBM 1.22+0.086 | 0.77 £0.005 49 +42 0.45 +0.067
PPCBMB 0.98 +£0.029 | 0.80+0.003 51+2.1 0.40 +0.026
PCBM (control) 9.22+0.292 | 0.54 £0.002 63+1.7 3.17+0.030

A definite gain in V,. is obtained with respect to PCBM for all three
poly(fullerene)s studied, of the order of 80meV for PDPF and >200 meV for
PDPPCBM and PPCBMB. 1t is notable that the gain in V. is higher for PCBM
based polymers composed of tris-adducts, relative to the Cqy based polymer
comprised of fullerene bis-adducts. These trends in V. arise as a result of raised
LUMO levels with subsequent additions to the fullerene sphere, as evinced by
cyclic voltammetry measurements detailed in Chapter 5. However, a decline in
short circuit currents reduces the overall photovoltaic efficiency of devices
incorporating these poly(fullerene)s as acceptor moieties, with the experimental
conditions mentioned herein.

The occurrence of photo-induced charge transfer from P3HT to
poly(fullerene)s is proved by the quenching of photoluminescence (PL) of P3HT.
PL quenching was calculated relative to the emission of a pristine P3HT film and
corrected for the absorption of the films (figure 6.3). The quenching efficiency
increases with increase in loading of poly(fullerene)s and significant quenching is
observed only at high loading of poly(fullerene)s in the film. This suggests that
the interfacial area between P3HT and poly(fullerene)s in the blend films with

acceptor ratios normally employed in photovoltaic devices is not optimal for
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efficient exciton quenching, indicative of a non-percolative nature of the two

components in the blend matrix.
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Figure 6.3. PL quenching of P3HT with increasing poly(fullerene) loading, at an
excitation wavelength of 450 nm
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Figure 6.4. Normalised absorption profiles of PSHT:PDPPCBM blends ; labeling MS27
- PDPPCBM
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Figure 6.4 shows the U.V-visible absorption spectra recorded for
P3HT:PDPPCBM films with different weight ratios of the two components. The
vibronic shoulder at 600 nm observed in neat P3HT almost completely disappears
with a poly(fullerene) loading of 50% (ratio of 1:1). This characteristic feature of
regio-regular P3HT’s absorption is reported to be arising from inter-chain
interactions and is highly sensitive of its crystallinity.”*” The significant reduction
of this feature in blends with relevant acceptor weight loading is indicative of a

more amorphous nature of blend brought about by the addition of poly(fullerene).
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Figure 6.5. Photo-CELIV mobility of P3HT:poly(fullerene) (1:0.8) devices.

Photo-CELIV measurements on the aforementioned devices based on
P3HT:poly(fullerene) with 1:0.8 ratio of donor:acceptor afforded mobilities of
order of 1x 10 cm?Vs (figure 6.5), the values being comparable to those
obtained from P3HT:PC4BM systems fabricated in a similar manner, as presented

in Chapter 3.
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6.3 Exploring more donor systems

Further, more experiments were done with low-band gap donor polymers Si-
PCPDTBT and KP-115, with structures shown in figure 6.6. Devices were made
with PDPF as acceptor, varying the donor polymer. The blade temperature was

also varied through different sets of devices to optimize the blade coating

procedure.
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Figure 6.6. Structure of Si-PCPDTBT (left) and KP115 (right)
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Figure 6.7. Variation of PCEs obtained for devices made with PDPF as acceptor

in blends with KP115 and Si-PCPDTBT, the active layer being coated at different

blade temperatures.
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The donor: acceptor ratios were kept the same as optimized conditions with
PCBM for each donor polymer, i.e, (1:2) for both KP115 and Si-PCPDTBT with
respect to PDPF. KP115 is particularly interesting for industrial applications
owing to the relatively high thicknesses (>200 nm) of the active layer that can be

228 :
The power conversion

used without detrimental effects on efficiency.
efficiencies are found to be highest for KP115 based devices, while using PDPF as
an acceptor (figure 6.7). The improved PCEs mainly originate from increased
short circuit currents obtained from KP115 based devices. During the device
fabrication, the blend films made from KP115 appeared smoother to the naked
eye, which was also reflected in the smoothness of Ag layer deposited. Hence the
observed increase in extracted currents is likely to be linked to a more favorable

morphology formed in thin films of KP115 blends with respect to other donor

polymers explored.
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Figure 6.8. Absorbance of active layer films of devices incorporating KP115, P3HT and
Si-PCPDTRBT, respectively as donors, with PDPF as acceptor.
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Owing to the relatively better performances of KP115 based devices,
further experiments were done with blends comprised of KP115 as donor and
PDPPCBM as acceptor. Figure 6.9 shows the representative current-voltage
characteristics of KP115 based devices, with PDPF and PDPPCBM as acceptors,
respectively. Both short circuit current and open circuit voltages obtained are
higher for KPI115:poly(fullerene) based devices, in comparison to
P3HT:poly(fullerene) based ones, which is reflected in their PCEs. KP115
reportedly has lower lying HOMO levels with respect to P3HT, affording higher

_— 228
open circuit voltages.
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Jec (MACM2) Vo (V) FF (%) PCE (%)
PDPF 247+015  0.74+0.004 0.42+0.009 0.77+0.05
PDPPCBM 2.28:0.09 0.89+0.001 0.40+0.012 0.81+0.05
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Figure 6.9 Representative current voltage characteristics of KP115:PDPPCBM (red)
and KP115:PDPF (blue) devices, with a donor:acceptor ratio of 1:2, values being an

average of 16 cells.
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Keeping the optimized blade temperatures, the donor-acceptor ratio was then
varied across different sets of devices with KP115:PDPPCBM active layer.
Another set of devices were made with ternary blends of KP115, PDPPCBM and
PCBM with varying PDPPCBM:PCBM ratio, keeping the overall donor:acceptor
ratio constant, at 1:2. From figure 6.10, it can be seen that devices with 60%
weight fraction of PDPPCBM is optimal for KP115:PDPPCBM based devices
with an average PCE of 0.8%. For ternary devices consisting of KP115, PCBM
and PDPPCBM, the PCEs are found to be decreasing with increasing content of
PDPPCBM. The lowest content of PDPPCBM in the studied ternary blends was
20% (with respect to PCBM). The control devices (KP115:PCBM) yielded
average PCEs of 2.0%.

24 T T T r T ' T ' T
2.2 4 --H-- % of PDPPCBM in KP115:PDPPCBM blend
T --@--9% of PCBM relative to PDPPCBM in 1
2.0+ KP115:(PCBM+PDPPCBM) blends with ~
18 T overall donor:acceptor ratio of 1:2
1.6 T -
= 14 !
X T ivalent to 1:2 !
rox. n : .
0 1.2 approx equivalentto 12 | ®
5
1.0 T T oty 1
08 +"- :: i __—’i\
0.6 SPtat | s
0.4 o .
1 [ [ ]
02— ———— | |
20 40 60 80 100

Weight 'fraction’ (%)

Figure 6.10. PCEs of devices with different weight ratios of donor and acceptor in
KP115:PDPPCBM blends (black squares) and PCEs of devices based on KPI115:
(PCBM+PDPPCBM) blends, with varying weight ratio of PCBM and PDPPCBM (red
circles), data being an average of 16 cells.
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Figure 6.11. Photo-CELIV mobilities obtained for devices consisting of varying amounts
of PDPPCBM loading with respect to PCBM, keeping a constant donor:acceptor ratio of
1:2 with respect to the donor polymer KP115 (above) ; photo-CELIV transients recorded
for the corresponding devices at similar light intensities and delay time of 2 u s (below) ;

labeling : MS27 = PDPPCBM
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Photo-CELIV measurements on the aforementioned devices based on KP115:
(PCBM-+PDPPCBM) blends were carried out to comprehend possible effects on
charge transport brought about by the addition of PDPPCBM into the blend
matrix. As stated before, the composition of PDPPCBM was varied across
samples while the overall donor:acceptor ratio was kept constant at 1:2 with
respect to KP115. From figure 6.11, it is apparent that the average mobility of the
blend is not significantly affected by increasing loading of PDPPCBM into the
KP115:PCBM blend. A more evident change observed is perhaps in the
conductivity current of the recorded transients for same input light intensities and
delay times. Since the amplitude of the transient can be directly related to the
extractable carrier density, this suggests the presence of a severe loss mechanism
in place with as low as 20% by weight loading of PDPPCBM. Tracing the origin
of the apparent reduction in extractable free charges demands extensive studies
since it could be a related to one or combination of several events from charge

separation to extraction occurring at different timescales.

6.4 Thermal Stability Studies

The aforementioned devices were then subjected to thermal stress at 120°C up to
100 h. Data points were frequently collected during the initial times (15 minutes to
start with), the intervals being increased at longer times, to record the so-called
“burn-in” phase on exposure to thermal stress, where the cells degrade rapidly
during the first few hours, followed by a more stable phase.**’ Figure 6.12 shows
the evolution of PCE for devices consisting of ternary blends of KP115,
PDPPCBM and PCBM with varying weight percents of PDPPCBM loading.
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Figure 6.12. Evolution of PCE for devices consisting of PCBM+PDPPCBM as acceptor,
with varying amounts of PDPPCBM loading, keeping KP115 as donor and a
donor:acceptor ratio of 1:2, data being an average of eight cells. (above); Normalized
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as acceptor during thermal degradation (below).
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Figure 6.13. Evolution of photovoltaic characteristics of devices based on KP115:PCBM
(above) and KP115:PDPPCBM (below), on exposure to thermal stress.
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From figure 6.12, it is evident that devices containing a higher loading of
PDPPCBM exhibit higher stability to thermal stress. Normalizing the PCEs allows
us to have a clearer picture of the evolution of PCE, as shown in figure 6.13. Here
the data points correspond to PCEs of devices consisting of KP115:PCBM (1:2)
and KP115:PDPPCBM (1:1.5) as active layer, fabricated in similar conditions.
The decline of J,. appears to be the main factor driving the degradation in
control devices, which is slowed down in PDPPCBM containing systems
affording their improved stabilities (figure 6.14). The potential use of PDPPCBM
as a stabilizer in active layer of organic solar cells is evident from these
experiments. Identifying an optimal blend of PCBM and PDPPCBM to achieve
stable devices without sacrificing much on the efficiency is the key. This concept
was not explored further during the time of this thesis due to time limitations, but

stays prospective for future studies.

6.5 Conclusions

Three different poly(fullerene)s synthesized during this thesis were tested for their
photovoltaic performance as acceptors in blends with three different conventional
donor polymers P3HT, Si-PCPDTBT and KP115. The resulting devices afforded
highest PCEs when blended with KP115 compared to other two systems. The
intermixing of the donor and acceptor systems when a small molecule like PCBM
is replaced with a polymer, is discerned to be non-optimal for charge transfer,
from photo-luminescence quenching studies. The donor polymer : poly(fullerene)
blends possessed reasonable charge carrier mobilities from photo-CELIV
measurements. Thus the rather low efficiencies of devices incorporating
poly(fullerene)s in the active layer is most likely related to large scale phase
separation of donor-acceptor moieties, which is reported as a common problem
with many polymer:polymer BHJs.*> However, more studies on controlling the
morphology of these blends needs to be carried out to unlock their full potential. It

is also noted that all the donor polymers tested herein are known to form
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crystalline domains in their thin films. Employing rather amorphous donor
polymers may result in a higher miscibility of the distinct donor and acceptor
polymers and is a concept worth exploring. Although the use of poly(fullerene)s
reduced the extracted current densities with respect to control devices made with
PC¢BM, thermal degradation studies revealed potential stabilizing effects of
poly(fullerene)s in the blend. Choosing an ideal weight ratio of
PCBM:poly(fullerene), where the weight percent of poly(fullerene) fits the notion
of an additive is expected to allow for formation of stable blends without

compromising on efficiency.
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Summary

This thesis dealt with documenting the charge transport features during
degradation in organic solar cells in the former part and detailed the synthesis and
characterization of novel poly(fullerene)s in the latter part.

Current transients were recorded and analyzed during the process of photo-
degradation of functional solar cell devices using photo-CELIV and TOF
techniques. Extraction current transients of the benchmark P3HT:PCBM revealed
a slight reduction in average mobility of the blend and evidently an increased
number of trapped carriers with progressive degradation. Integral TOF
measurements at high light intensities evinced the increase in Langevin reduction
factor (f / p;) with degradation, indicating the enhanced possibility of
recombination when the regime is strictly bimolecular. This hints at the disruption
of ideal nanomorphology which is reported to be linked to the highly reduced
Langevin recombination in pristine P3HT:PCBM blends.

Similar experiments were carried out on a series of benzodithiophene —
diketopyrrolopyrrole polymers in an effort to understand the role of side-chain and
molecular order on the photo-stability of finished devices. The evolution of charge
transport properties of encapsulated devices on exposure to simulated sunlight was
documented and analysed using photo-CELIV and TOF techniques. The results
indicated the increase in deep-trapped carriers to be the most dominant factor
determining charge transport properties of the blend on a macroscopic time scale.
An understanding of the distinct effects of side-chain variation and subsequent
morphological changes on charge transport properties was not possible solely
from these measurements, which calls for complementary studies to quantify the
density of trap states.

Furthermore, the Sterically controlled Azomethine ylide Cycloaddition

Polymerization (SACAP) is explored to synthesize main-chain alternating
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poly(fullerene)s in one-pot, metal-free conditions. The use of terephthalaldehyde
and PCBM in SACAP permitted the formation of soluble poly(fullerene)s with
probable molecular weights of M, >24 600 g mol™, as discerned from THF GPC
and easy handling. Moreover, the first examples of polymers and oligomers
consisting of alternating dye and fullerene units were demonstrated by the use of
DPP as co-monomer in SACAP route. Use of PCBM in place of C4, permits
higher solubilities and greater ease in handling and purification. Even though the
cis-isomers are most likely to be excluded, the identification of regioisomers
requires extensive studies using model molecules.

When used in photovoltaic devices, high Vs are found arising from the
modification of the Cg4y sphere. However the reduced short circuit currents resulted
in lower efficiencies of poly(fullerene) containing devices relative to PCBM.
Photo-CELIV studies indicated the active later blends to possess reasonable
charge mobilities (1x10™ ¢cm?/Vs) and thus the reduced short circuit currents are
likely arising from morphological effects, as suggested by photo-luminesence
quenching studies. The donor and acceptor polymers are probably forming large
phase separated domains in the BHJ, which is undesirable for charge transfer and
transport. Nevertheless considering these are only preliminary results, there is
plenty of room for device optimization in terms of solvent, processing conditions
etc. More importantly, the devices made with poly(fullerene)s demonstrated
enhanced thermal stabilities relative to PCBM, with burn-in effects greatly
reduced.

Future studies calls for probing charge transport and recombination, and
understanding the evolution of nano and meso-morphologies of these new

materials in bulk heterojunctions.
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Appendix 1

Synthetic Routes

PPCBMB

2,5-Bis(octyloxy)terephthalaldehyde (0.21 g, 0.55 mmol), PCsBM (0.50 g, 0.55 mmol)
and N-methylglycine (0.10 g, 1.11 mmol) were dissolved in degassed 1,2-
dichlorobenzene (20 mL) and stirred at 150 °C for 18 h, then poured into methanol (250
mL). The precipitate was recovered by filtration directly into a Soxhlet thimble, acetone
washed for four days, and recovered as a shiny black powder. Yield: 75% (0.48 g). GPC:
My, = 23000 g mol™; M, = 7500 g mol™'; D = 3.00 (THF, 30 °C, 330 nm).

NMR: 'H NMR (400.6 MHz, CDCls) & = 10.46 (broad, -COH). 8.26 — 6.84
(broad, aromatics), 5.41-4.62 (broad, -CH-N-, -CH>-N-), 4.18 — 3.41 (broad, -
OCH(CH;)sCHs, -COOCHs3), 2.82-2.17 (broad, -CH;-N-, -(CH,);COOCHj3), 1.68-1.07
(broad, -OCHy(CH,)sCH3), 0.93 (broad, -OCH,(CH,)sCH;) ppm. “C NMR (100.16
MHz, CDCl3) & = 173.52 (s, -COOCH3), 152.07-113.89 (m, aromatics), 69.19 (m, -CH,-
N-, O-CH»(CH,)sCH3), 51.58 (s, -COOCH;3; ) 40.14 (s, -CH3-N-), 34.11-31.93 (m, -
(CH,);COOCH3), 29.38-22.17 (m, -OCH2(CH»)¢CH3), 14.22 (s, -OCH2(CH2)sCH3) ppm.

2D-HSQC NMR (CDCl,), d = & = 7.44, 128.03 (aromatics); 5.41, 76.70 (-CH-N-
); 4.81-3.87, 69.19 (-CH>-N-, -OCH>(CH;)¢CH3); 3.62, 51.58 (-COOCHj3); 2.80-2.61,
40.14 (-CH3-N-); 2.63-2.28, 34.11-33.84 (-(CH,);COOCHj3); 1.68-0.99, 31.90-22.17 (-
OCH,(CH>)sCH3); 0.93,14.22 (OCH2(CH2)¢CH3) ppm.
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Figure A1.1. DOSY 2-D 'H NMR (C,D,, ambient temperature) of PPCBMB. Note the
impurity due to grease at 0.1 ppm.
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2,5-bis(dodecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione (2)

3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2,5)-dione (1, 1.06 g, 3.53 mmol), 1-
bromododecane (2.60 g, 10.50 mmol) and anhydrous K,CO; (1.71 g, 12.25 mmol) were
dissolved in anhydrous DMF (16 mL). Catalytic amount of 18-crown-6 was added and
the mixture was stirred at 120 °C overnight. The reaction mixture was allowed to cool to

room temperature, filtered on Buchner and washed several times with water and

methanol. Yield: 1.03 g (47%).

DMF an.
H
+ CHg(CHy)1oCH,Br 18-crown-6
K>CO3 an.
JAN

Scheme A1.1 Synthetic route to 2.

'H NMR (400 MHz, CDCl;) & = 8.92 (dd, J = 1.2 Hz, 2H, Ar-H), 7.64 (dd, J =
1.2 Hz, 2H, Ar-H), 7.28 (convoluted with solvent peak, 2H, Ar-H), 4.07 (t, /= 8 Hz, 2H,
-CH»(CHy)19 CH3), 1.73-1.25 (m, 10H, -CHy(CH,);o CH3), 0.88 (t, J = 7.2 Hz, 3H, -
CHy(CH,),0 CH3) ppm.

BC NMR, (100 MHz, CDCls): § = 161.71 (s, Ar-CO), 140.35 (s, Ar-C), 135.57
(s, Ar-C), 130.98-128.93 (s, Ar-C), 108.18 (s, Ar-C), 42.56 (s, -CHy(CH,),o CH3), 32.23-
23.01 (s, -CHa(CHz)10 CH3), 14.44 (s, -CH2(CHz)10 CH3) ppm.
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Figure A1.2 "H NMR and °C NMR of 2 (CDCls, ambient temperature).
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5,5'-(2,5-bis(2-dodecyl)-3,6-dioxo0-2,3,5,6-tetrahydropyrrolo[3,4-c|pyrrole-1,4-
diyl)bis(thiophene-2-carbaldehyde) (3)
3,6-Bis(thiophen-2-yl)-2,5-bis(dodecyl)pyrrolo[3,4-c]pyrrole-1,4-dione (2, 0.50 g, 0.79
mmol) was dissolved in anhydrous THF (15 mL) and cooled to -78 °C. Lithium
diispropyl amide (1.6 mL of 2 M solution in THF, 3.2 mmol) was added dropwise and
temperature was raised to 0 °C over an hour. N-Formylpiperidine (0.36 mL, 3.20 mmol)
was added dropwise and the mixture was stirred under nitrogen for 2 h. 10 mL of 1 M
HCI1 was then added and the mixture was extracted with dichloromethane, dried over

MgSO, and reprecipitated from methanol. Yield: 46% (0.251 g)

Scheme A1.2 Synthetic route to 3.

'H NMR (400 MHz, CDCl3) & = 10.04 (s, 2H -COH), 9.09 (d, J = 4 Hz, 2H, Ar-
H), 7.89 (d, J= 4 Hz, 2H, Ar-H), 4.11 (t, J= 8 Hz, 2H, -CH,(CH,),0 CH3), 1.73-1.25 (m,
10H, -CH,(CH,) 10 CH3), 0.87 (t, J = 8 Hz, 3H, -CH,(CH,) 0 CH3) ppm.

BC NMR, (101 MHz, CDCL): 6 = 182.81 (s, -COH), 161.05 (s, Ar-CO), 146.60
(s, Ar-C), 140.15-136.16 (s, Ar-C), 42.47 (s, -CHy(CH,),o CH3), 31.91-22.69 (s, -
CH,(CH,) 9 CH3), 14.12 (s, -CH,(CH,),0 CH3) ppm.
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Figure A1.3 "H NMR and °C NMR of 3 (CDCls, ambient temperature).
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PDPPF

N-methylglycine (0.06 g, 0.62 mmol), 3 (0.20 g, 0.31 mmol) and Cg (0.23 g, 0.31 mmol)
were dissolved in 1,2-dichlorobenzene (45 mL). After degassing the solution under
reduced pressure, the mixture was stirred at 150 °C for 18 h and dropped into methanol.
The precipitate was recovered by filtration onto a Soxhlet thimble. After washing in
hexane for three days, the product was reprecipitated from methanol and hexane washed
for another three days. The product was dried under reduced pressure. Yield: 67.1%
(0.296 g).

'H NMR (400.6 MHz, 1,4-dicholorobenzene) & = 10.10 (s, -COH) 9.27 (broad,
aromatics), 8.03-6.92 (broad, aromatics), 5.47 (s, -CH-N-), 5.16-4.97 (d, -CH,-N-), 4.62
— 3.94 (broad, -CH>(CH,),0CHs), 3.25-2.74 (broad, -CH;-N-), 2.27-1.29 (broad, -
CHa(CH,)10CH3), 1.09 (broad, -CH,(CH,)10CH;) ppm. “C NMR (100.16 MHz, 1,4-
dichlorobenzene) 6 = 161.10 (s, aromatics), 150.06-139.48 (m, aromatics), 108.80 (s,
aromatics), 79.46 (-CH-N-), 70.23 (s, -CH»-N-), 42.39 (-CH>(CH;),0CH3), 40.13 (s, -
CH3-N-), 32.10-22.84 (m, -CH,(CH,);0CH3), 14.11 (s, -CH(CH,);0CH3) ppm.
2D-HSQC NMR (1,4-dichlorobenzene), d = 6 = 9.50-9.14, 134.97 (aromatics); 8.14-
6.75, 131.19-126.45 (solvent, aromatics) ; 5.62-4.73, 79.46 (-CH-N-) ; 5.11-4.02, 70.23
(-CH>-N-) ; 4.53-4.08, 42.39 (-CH»(CH>)10CH3) ; 3.27-2.76, 40.13 (-CH3-N-) ; 2.17-1.27,
32.10-22.84 (-CH2(CH>),0CHs3) ; 1.09, 14.11 (-CH2(CHz)10CH3) ppm.

PDPPCBM

N-methylglycine (0.031 g, 0.35 mmol), 3 (0.122 g, 0.18 mmol) and PCBM (0.16 g, 0.18
mmol) were dissolved in 1,2-dichlorobenzene (8 mL). The degassed solution was stirred
at 150 °C for 18 h and dropped into methanol. The precipitate was Soxhlet washed in
acetone for 16 h and the product recovered from toluene as a shiny, maroon powder.
Yield: 72.2% (0.203 g).

'"H NMR (400.6 MHz, CDCl;) & = 10.01 (s, -COH) 8.91 (broad, aromatics),
8.27-6.95 (broad, aromatics), 5.58-4.40 (broad, -CH-N-, -CH,-N-), 4.34 — 3.82 (broad, -
CH,(CH»)10CH3), 3.81-3.48 (-COOCHs), 3.02-2.13 (broad, -CH3-N-, -(CH>);COOCH3),
1.80-0.93 (broad, -CHx(CH.,)10CH3), 0.86 (broad, -CH»(CH),0CH3) ppm.
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BC NMR (100.16 MHz, CDCl;) & = 173.77 (s, -COOCHs), 161.34 (s, aromatics),
149.91-128.23 (m, aromatics), 107.95 (s, aromatics), 78.81 (-CH-N-), 69.70 (s, -CH,-N-
), 51.78 (s, -COOCH3), 42.14 (-CH(CH,)10CH3), 40.35 (s, -CH3-N-), 34.12-22.72 (m, -
(CH;);COOCH;3, -CH,(CH,);0CH3), 14.19 (s, -CH,(CH,)0CH3) ppm.

2D-HSQC NMR (CDCly), d = & = 9.18-8.77, 135.26 (aromatics); 8.30-6.9,
133.48-127.29 (aromatics) ; 5.12-4.78, 78.81 (-CH-N-) ; 5.10-4.78, 69.70 (-CH,-N-) ;
4.33-3.84, 42.14 (-CH,(CH,),oCH3) ; 3.81-3.46, 51.78 (COOCH3) ; 3.12-2.60, 40.35 (-
CH3-N-) ; 2.96-2.12, 35.27-31.22 (-(CH,);COOCH3) ; 2.13-0.63, 30.90-20.31 (-
CHy(CH>)10CH3) ; 0.86, 14.19 (-CH,(CH,),0CH3) ppm
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Figure A1.4. DOSY (2-D) NMR (C¢Dg, ambient temperature) of PDPPCBM.
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Appendix 2

Experimental Details and Equipment

Chemicals

All starting materials, except for PCBM (PV-A600) from Merck KGaA
(Germany), were purchased from Sigma-Aldrich (France) in their analytical
grades and used as received. Toluene and THF were distilled from their respective
drying agents, i.e., sodium or sodium and benzophenone, under dry nitrogen. 1,2-
Dichlorobenzene (DCB) was degassed under reduced pressure and nitrogen-

flushed prior to use.
Equipment and Software

Photo-CELIV measurements were carried out by illuminating the sample using a
0.1 mJ laser pulsed at 3-5 ns (EKSPLA-NT 340). Triangular pulses with a rise
speed of 2 x 10* V s™ were applied using a function generator (Tektronix AFG
3011) and current transients were recorded using an oscilloscope (Tektronix DPO
4054B) with 50 Q input impedance. Variable delay times (t4) were controlled by

the function generator.

'H (400.6 MHz), "*C (100.16 MHz), and 2-D NMRs were recorded on a Bruker®
Avance 400 spectrometer at ambient temperature using solvents as indicated.
Characterisations using size exclusion chromatography (SEC) were performed at

30 °C with THF as eluent at a flow rate of 1 mL min'l, a toluene flow marker, a

bank of 4 columns (Shodex KF801, 802.5, 804, and 806) each of length 300 mm
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and diameter 8, the whole controlled by Malvern pump (Viskotek, VE1122)
connected to Malvern VE3580 refractive index and VE3210 UV-visible detectors.
Calibration was against polystyrene standards and samples (0.5 to 4 mg mL™)
were pre-filtered. UV-visible spectra were recorded on a Shimadzu UV-2450PC
spectrophotometer. Steady-state emission and excitation spectra were recorded at
1 nm resolution using a photon counting Edinburgh FLS920 fluorescence
spectrometer with a xenon lamp.

Cyclic voltammetry studies were carried out using a three-electrode assembly cell
from Bio-Logic SAS and a micro-AUTOLAB Type III potentiostat-galvanostat.
Measurements were performed using a glassy carbon electrode in 1,2-
dichlorobenzene/acetonitrile  (4:1  v/v)  solutions containing 0.1 M
tetrabutylammonium hexafluorophosphate as electrolyte, Ag/AgNO3 as the
reference electrode, and a platinum-wire counter electrode at a scan rate 50 mVs™.

The final results were calibrated with the ferrocene/ferrocenium (Fc/Fc+) couple.

139



Modelling Studies

All calculations employed the RIJCOSX approximation run in Orca 3.0.3

230
software.

Figure A2.1. LUMO frontier orbitals for PCBM optimized using B3LYP/6-31G** level
of theory. Note: The eight known attack positions for bis-adduct formation were studied
by Time Dependent Density Functional Theory (TDDFT).

Figure A2.2. LUMO frontier orbitals for PCBM-1 optimized using B3LYP/6-31G** level
of theory.

The vertical electron affinity (EAy), adiabatic electron affinity (AE,p), the
chemical potential (u), hardness (7), electrophilicity (w), and the reorganization
energies (A) for subsequent gain and loss of an electron were similarly derived at
the B3LYP/6-31G** level of theory using Orca 3.0.3 software and the results of

the calculations are presented in Tables S1 and S2. The vertical electron affinity
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was calculated by removing one electron from the neutral molecule and not
permitting geometrical relaxation, whereas for the adiabatic electron affinity,
relaxation was allowed. The difference between the ground state total energy of
the neutral molecule and the total energy of the reduced state gives the value of
the electron affinity. Within the vertical scenario, one can note that whichever
attack happens to the fullerene sphere causes a decrease in the electron affinity.
The electrophilicity (w) can be thought of as ‘electrophilic power’. It can
be used to describe the resistance of the system to exchanging an electron with the

surrounding environment, and is related to u and n by: ®°

2
In this case it was found that modifications reduced the electrophilicity, as
expected, but also that the type of modification of the sphere and the presence of
comonomer arms can impact negatively on w.

Reorganization energies were calculated using an unrestricted open-shell
wave function scheme for the Kohn-Sham orbitals. Although spin contamination
is not systematic in DFT calculations, we monitored the mean value of < §* > in
order to confine deviations within a maximum 10% of the expected value for a 12
spin system. The ground state, however, was calculated in a restricted open-shell
scheme, not allowing any spin polarization. It was found that the reorganization

energies on electron transfer increase with successive modifications of the sphere,

which may suggest a reduction in electron mobility at the molecular level.
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Table A2.1. Energetic values calculated for C,, PCBM, and the most probable
structures PCBM-1 and PCBM-2.

EAy (EV) EA,, (EV) u(EV) 5 (EV) w(EV) LUMO (EV)

Ceo 0 0 0 0 0 0
PCBM | -0.07 -0.06 024  -034 008 0.3
PCBM-1  -023 021 054  -061 024 036
PCBM-2 | -0.59 -0.55 088  -058 -053  0.80

Table A2.2. Calculated reorganization energies () with respect to the reference, C,.

Ar(MEV) A, MEV) A, (MEYV)

Ce 0 0 0
PCBM 0.80 8.45 9.25

PCBM-1 6.98 25.96 32.93
PCBM-2 20.62 49.75 70.35

To sum, it should be noted that the values given in Tables S1 and S2

1’ S6.,87

indicate general trends only at a molecular leve morphological effects are not

taken into account, and they may result in a reversal of the observed results.

Calorimetry

Thermogravimetric analyses (TGA) were performed on a TA Instruments TGA
Q50 at a heating rate of 10 °C min"' under nitrogen. Differential scanning
calorimetry was performed on a Perkin Elmer DSC8000 with solid samples in
aluminium crucibles at a heating/cooling rate of 10 °C min" under a flux of N,
maintained at 20 mL min™. Data treatment was performed with a Pyris™ series

DSC8000 software.
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Figure A2.3 DSC Thermograms of (a) PDPF ; (b) PDPPCBM.
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Figure A2.5 Fluorescence emission of physical blends of DPP and fullerene, PDPF and
PDPPCBM.
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Figure A2.7 GPC overlay of toluene fraction and hexane fraction from Soxhlet wash of
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Figure A2.8 Calculated UV-visible spectra for DPP, PCBM and PDPPCBM using

CAM-B3LYP and the 6-31G** base.>' A total of 30 transitions were calculated and then

placed within an energy envelope using the Gaussian function with 0.125 eV FWHM.
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Figure A2.9 UV-Vis absorption of PPCBMB in solutions of toluene, ortho-
dichlorobenzene and solid state.
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Figure A2.11 Cyclic voltammogram of PCBM.
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