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Summary

Organic semiconductors have recently emerged as a promising alternative to standard inor-
ganic semiconductors for many commercial applications. Their ability to be processed from solution
combined with their unique mechanical resistance paves the way for low cost roll-to-roll production
of flexible devices. While, for screen and lighting applications, organic light emitting diodes are al-
ready well-established on the market, further understanding and development remains to be achieved
for organic-based field effect transistor and photovoltaic devices to be commercially viable. Espe-
cially, the impact of supramolecular self-assembly on the opto-electronic properties of organic semi-

conductors persist in being a key challenge.

The original work presented in this thesis explores the poorly understood relationship between supra-
molecular assembly of solution-processed organic semiconductors and the corresponding perfor-
mances in transistor and photovoltaic applications. Additionally, novel strategies and tailored molec-
ular tools are developed as to permit rational engineering of the self-assembly and offer unprece-

dented control over the device performances.

In brief, this thesis first addresses the controversial band-like temperature dependence of the charge
carrier mobility in organic semiconductors. An alternative physical origin for this behaviour is pro-
posed by considering a temperature dependent biphasic equilibrium in solid-state using a small mol-
ecule, coded DPP(TBFu),, which offers a unique case study for this new model. This work then ex-
plores the underlying mechanism behind aliphatically-linked organic semiconductors to control the
crystal structure, focusing on two distinct dimers based on DPP(TBFu),. The linker position in these
dimers is found to greatly affect the self-assembly and the driving force governing crystallization
events, overall leading to either enhanced hole mobility in transistor or enhanced thermal stability in
photovoltaic devices. Following work demonstrate a simple charge cascade self-assembly in solar
cells based on crystallinity differences between a host blend and an amorphous ternary compound,
exceeding 30 % enhancement in the power conversion efficiency. Finally, the effect of the polymer
molecular weight on blend self-assembly and photovoltaic performances is investigated for an amor-

phous polymer coded PDPP4AT-TT and a semicrystalline one, coded PBTTT.

Keywords: Organic semiconductors, organic field effect transistors, organic photovoltaics, hopping transport, self-as-
sembly, supramolecular assembly, aliphatic linker, ternary photovoltaic, bulkheterojunction.
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Résumeé

Dans le but d’une application commerciale potentielle, les semiconducteurs organiques se
sont récemment révélés étre une alternative prometteuse aux semiconducteurs inorganiques. En effet,
la possibilité de les imprimer a partir d’une solution permet une fabrication plus économique. Qui
plus est, leur résistance mécanique unique rend possible le développement de technologies sur des
substrats flexibles. Bien que les nouvelles technologies en matiére d’écrans ou simplement d’éclai-
rage soient de plus en plus basées sur des semiconducteurs organiques, il reste énormément d’efforts
a fournir afin d’étendre leur utilisation aux transistors pour I’¢lectronique ou aux technologies photo-
voltaiques. Cependant, le rdle crucial de I’assemblage supramoléculaire sur les propriétés optoélec-

troniques de ces matériaux demeure une barriére pour leur utilisation a grande échelle.

Les travaux originaux présentés dans cette theése explorent la relation entre la structure supramolécu-
laire de ces semiconducteurs organiques et leurs performances en tant que transistors et cellules so-
laires. En vue d’améliorer le contrdle de cet assemblage intermoléculaire, de nouvelles stratégies ainsi
que des outils de type moléculaire sont développés. Ils permettent ainsi une ingénierie rationnelle de

la structure supramoléculaire sans précédent.

En bref, cette theése traite tout d’abord de la controverse concernant le transport de bande dans les
matériaux organiques. Celui-ci est suggéré par la dépendance de la mobilité des porteurs de charge
sur la température. Cependant, ce phénomene peut aussi étre considéré comme le résultat d’un équi-
libre biphasique dépendant de la température et dans lequel les porteurs de charge sont en fait locali-
sés. Cette nouvelle théorie permet d’expliquer le comportement unique de transistors, basés sur une
molécule codée DPP(TBFu)., avec la température. Ce travail explore ensuite les mécanismes sous-
jacents qui permettent a des dimeres, c’est-a-dire deux molécules de DPP(TBFu), attachées par des
chaines aliphatiques, de contrdler la structure cristalline. La position d’attache du dimere influence
énormément sur les résultats obtenus. Dans un cas, le dimére aide la mobilité des porteurs de charge
dans les transistors alors que dans 1’autre, il permet d’améliorer la stabilité thermique des cellules

photovoltaiques.

En vue de permettre un auto-assemblage facile de cellules solaires avec une structure ternaire offrant

une cascade de charges, une stratégie est ensuite développée. Cette derniere permet d’améliorer le



rendement de conversion de plus de 30 %. En conclusion, I’effet du poids moléculaire sur 1I’assem-
blage supramoléculaire et les performances dans les cellules solaires est étudié pour deux polyméres,

un amorphe codé PDPPAT-TT et un semicrystallin codé PBTTT.
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Chapter 1 Introduction

ince the discovery of semiconducting behaviour in polyacetylene in 1977,' which
earned Heeger, MacDiarmid and Shirakawa the Nobel prize, the field of organic
semiconductors (OS) has attracted a tremendous interest from research and industry.
Despite their rather poor performances, as compared to inorganic semiconductors, OS represent a
unique alternative given their potential low cost roll-to-roll processing as well as their outstanding

mechanical resistance, paving the road for flexible electronics.

Main applications using organic semiconductors encompass not only electronic application but also
lighting and energy conversion from solar energy. The latter was introduced by Tang in 1986, demon-
strating the first example of a flat heterojunction organic photovoltaic (OPV).? One year later, Tang
et al. reported the first example of organic light emitting diode (OLED);? A technology routinely used
in smartphone’s screens. In the meantime, the first example of organic field effect transistor (OFET)
is developed by Koezuka and coworkers.* Thirty years later, improving performances, stability and

overall cost but also understanding the underlying physical processes remain key challenges in the

field of OS.

1.1 Organic semiconductors

In a general sense, semiconductors are isolating materials that under certain circumstances can exhibit
charge transport properties. As a matter of fact, semiconducting behaviour arises only when charge
carriers are present in the active material, which can be induced by photon absorption, doping or
injection of free charges. In this respect, organic semiconductors are carbon-based small molecules
or polymers that can reversibly accommodate charge carriers, as holes or electrons, onto their n-
conjugated backbone. This extended n-electrons system arises from the occupation of overlapping p.
orbitals arising from sp? hybridization with electron distribution reaching out perpendicularly to the

molecular plane.®> These molecular orbitals (MO) are responsible for the molecule optoelectronic



Introduction

properties as they constitute the highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO). The difference between LUMO and HOMO energy levels — called
band gap (Eg) — defines the minimum energy required for electronic excitation from the ground state

to the excited state.

While, for a given molecule in vacuum, the HOMO and LUMO have well defined energy levels as
predicted by Hiickel MO theory, this is not the case in thin films where the relative molecular orien-
tations will give rise to a distribution of states. Indeed, quadrupoles inherent to the negatively charged
n-orbitals extending out of the molecular plane in combination with dipoles arising from the presence
of heteroatoms in some molecular structures are well known to affect the energetics of surrounding
molecules.® This effect can be limited in single crystal where a finite number of packing confor-
mations exist. Nonetheless, in thin films the paracrystalline nature (e.g. lack of long range order) as
well as polymorphisms, common for organic materials, leads to a tremendous amount of possible
conformations within the film and hence broad energy distribution of the HOMO and LUMO levels.
In addition, electronic coupling between neighbouring molecules leads to extension of the n-conju-

gation and induces narrower Eg in thin films than in vacuum.’

1.1.1 Transport in organic semiconductors

The typical metric describing transport in semiconductors is the charge carrier mobility, which di-
rectly relates the drift velocity of the charge carriers in the material to the applied electric field. At
the state-of-the-art, charge carrier mobility in OS have been reported to exceed 10 cm? V! g1 8-10
While this is impressing for the field, it remains several orders of magnitude lower than inorganic
semiconductors such as silicon, which exhibits charge carrier mobilities about 2 orders of magnitude
higher.!! The main reason behind this stark difference in performances is attributed to the much
weaker Van der Waals intermolecular interactions in OS as compared to the strong covalent bonds in
Si.12 This leads to larger intermolecular distances (e.g. several Angstroms) and weak electronic cou-
pling that impedes delocalization of the charge carriers over significant distances as generally found
in inorganic semiconductors.® In addition, charge carriers in OS generate a lattice distortion leading
to significant phonon coupling as encompassed in red in figure 1-1 for poly-3-hexylthiophene
(P3HT).** Quasi-particles which encompass the charge carrier as well as the structural deformation

are called polarons.
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Neutral structure Polaronic structure

Figure 1-1. Neutral (left) and polaronic (right) structures of poly-3-hexylthiophene as reported in Ref 14.

Polaron being in most cases localized on a single molecule transport in thin films occurs via series of
hop from one molecule to another. Intermolecular charge transfer via hopping can be described either
by Miller-Abrahams or Marcus equations for charge transfer rate. The former is a simplified model
considering activation energy to be non-zero only if hop from a state i to a state j is upward in energy.

It can be expressed as,®

Ej — Ei)
kgT
voexp(—Srij) ifEj—E; <0

voexp(—(Srij)exp (— if Ej—E; >0

kegr =

(1.1)

Where v, is the attempt-to-escape frequency, § the inverse localization length, 7;; the distance be-
tween the two states and E the energy of the respective states i and j. The rate constant for electron

transfer can then be related to the mobility using Einstein relation as,*®

eD ea?

T TRt &

With D the diffusion coefficient and a an average hopping distance which would be equal to the
lattice constant if mobility was measured over a dimer.” This equation has been successfully used to
predict the mobility of organic semiconductors through the Gaussian disorder model (GDM) devel-

oped by Bissler!® or variable range hopping model (VRH).' Nonetheless, Miller-Abrahams equation
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completely neglects any reorganizational energy during the charge transfer, inherent to polarons pre-
sent in OS. Such polaronic behaviour can be accounted for using Marcus equation which can be
written as,?°

2r [ 1 (Ao + AG)?
B (1.3)

ker =307 ek, P 40k5T

With J is the transfer integral, Ay the reorganization energy and AG° the variation in Gibbs free energy
(note that AG® = 0 in a homogenous film). In the case of OS this equation is of crucial importance in
the experimental field as it allows to easily extract physically significant parameters as reorganiza-
tional energy from temperature dependent data. It is interesting to note that while polaronic nature of
OS has been experimentally demonstrated, VRH models based on Miller-Abrahams hopping are now-
adays better at simulating mobility in OS.?! In any case, choice of the adapted hopping model can be
done considering disorder and temperature of the system. Indeed, close to 0 K lattice vibration and
thus polaronic behaviour is reduced, favouring Miller-Abrahams type of hopping. Also, in case of
high energetic disorder the GDM should be used. In contrast, close to room temperature (RT) and in

presence of significant crystallinity, Marcus equation should be considered.

Notable exceptions have nonetheless observed band-like transport mechanism in OS — where band-
like refers to charge carriers delocalized over a small number of sites as opposed to band transport.
Signature of this band transport is generally seen as a negative temperature dependency of mobility
as opposed to thermally activated mechanism (e.g. hopping) aforementioned. Indeed, theory for band
transport predicts a power law decay of the mobility with temperature of the form y < T~%, with «
depending on the phonon scattering mechanism.?? Handful of groups have supported their findings
with hall effect measurements and other techniques.'%23725 Despite these reports, band-like transport
mechanism remains controversial, especially given that mobilities in OS are flirting with the Mott-
loffe-Regel limit, predicting a minimum mobility around 1 cm? V! s™! for viable band transport.?5:’
Moreover, negative mobility dependence on temperature should not be routinely assigned as a signa-
ture of band-like transport in OS given that it can also arise from weak intermolecular Van der Waals

interactions as will be discussed in chapter 3.

To conclude the discussion on transport in OS, it is important to not only consider polaron transfer

between neighboring molecules, but also how morphology in thin films — as opposed to single crystals
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— will affect the overall mobility. Indeed, structural defects and paracrystallinity in thin films results
in a rough energy landscape as mentioned above, which can lead to molecules with deeper LUMO or
higher HOMO levels than their surroundings. Such energy wells, called trap states, can greatly affect
the mobility if the charge carrier density and applied electric field are not high enough to balance
them. These trap states are especially present at interfaces, as air or substrate interfaces, but also at
the interface in between crystalline domains at the grain boundaries. The latter is well known to limit
the mobility within the bulk of the thin film acting as a structural defect with weak electronic coupling
and significant offset in HOMO levels, leading to either trap state or energy barrier. This kind of
limitation is understood in term of percolation pathways and emphasize the critical role of self-as-

sembly in thin film.2®

1.1.2  Self-assembly and molecular engineering

Processing techniques as vapour phase deposition can be used to manufacture highly ordered thin
films of OS (e.g. single crystals) as commonly done in the field of inorganic semiconductors. How-
ever, one of the main advantage of OS is their potential to be solution-processed from ink using
techniques such as spin-, bar-, spray-, drop- or dip-coating, paving the way for low cost applications.
While the method of choice for processing organic thin films is certainly bar-coating — or similar
meniscus coating techniques — given its compatibility with roll-to-roll process, spin-coating is rou-
tinely used in research to manufacture small scale devices, despite the poor temperature control it
offers, unfortunately affecting reproducibility. This choice is mainly motivated by the inherent kinetic
aspect of spin-coating which allows trapping metastable morphologies for high-performance de-
vices.?® Such example illustrates well the key role of the supramolecular assembly on device perfor-
mance, underlining the importance of understanding and controlling the thin film growth. Nonethe-
less, despite the tremendous amount of efforts invested by the community, it remains challenging to
predict the self-assembly. Already in vacuum, organic molecules possess orientational as well as ro-
tational degrees of freedom which introduce a new level of complexity over the supramolecular as-
sembly as compared to inorganic semiconductors.® Moreover, OS are paracrystalline materials gen-
erally lacking long range order mainly because of their weak intermolecular Van der Waals interac-
tions as m-n stacking, H-bonding, and so on. When solution-processed, several strategies and tools
have been developed over the years to affect and regulate OS self-assembly but current understanding

is limited to systematic studies which can hardly be generalized.
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Figure 1-2. Self-assembly mechanism of OS either (a) isodesmic (elongation with a single equilibrium constant) and (b)
cooperative (activation step followed by elongation). (c) schematic representation of the degree of aggregation as func-
tion of temperature for the respective mechanisms.

Two main mechanism can be seen for film growth from solution, either isodesmic or cooperative
(depicted on Figure 1-2).3° The former implies that the rate of self-assembly is independent whether
a molecule assembles with an aggregate or a single molecule. On the other hand, cooperative mech-
anism refers to a nucleation and growth process where self-assembly between single molecules is
limiting the overall process. Solution-processed crystalline OS are usually seen to follow a coopera-
tive mechanism.?° Hence, self-assembly can be separated in two main steps: nucleation and growth.
Nucleation being a stochastic process, it is especially difficult to control. Nonetheless, several studies
have demonstrated the key aspect of solvent evaporation rate as well as the solvent-solute interac-
tions.3132 Indeed, nucleation will happen upon saturation of the solution which is determined by the
solubility of the molecule in solution and the temperature. Another common strategy to control nu-
cleation is the use of additives acting as nucleation inducing agents which lower the activation energy
for nucleation.?*3* In contrast, crystal growth offers a wide range of opportunities for fine control of
the morphology. Indeed, the kinetic nature of the process allows catching some metastable states and
to regulate crystal domain size. Post-annealing, either solvent or thermal, is likely the most used strat-
egy to manage crystal gowth.3>3¢ Solvent annealing consist of having the solid film in contact with a
solvent saturated atmosphere which helps diffusion and rearrangement of molecules in solid-state.3’

Thermal annealing is only different in the sense that it uses thermal energy instead of solvent vapour
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to trigger molecular reorganization inside the film.3® Affecting crystal growth during the processing
is also possible for example using high boiling point solvent additive such as diiodooctane (DIO).3°
Researchers have also reported the possibility to induce crystal domain alignment in thin films, mostly
using a shearing strategy but also via additional forces during processing as gravitational or centrifu-

gal forces or even using pre-patterned substrate to induce the directionality.?®

While these strategies constitute a potent toolbox for controlling the supramolecular assembly of a
given OS, the ease of molecular engineering remains one of the most powerful feature of OS. Indeed,
current synthetic knowledge allows rational design as well as fine tuning of the molecules opto-elec-
tronic properties; A strategy also widely used to investigate the impact of the supramolecular assem-
bly in thin film over the performances. As aforementioned, OS by definition is composed of a conju-
gated core which is responsible for the optoelectronic properties of the molecule. However, the con-
jugated core by itself usually exhibits poor solubility and requires additional solubilizing alkyl chains
to be amenable for solution process. Engineering of these side chains has been extensively explored
as a way to control the self-assembly without affecting optoelectronics properties. 4° Unfortunately,
it requires case to case optimization and, hence, significant synthetic efforts. In this respect, a new
class of flexibly linked materials — where conjugated cores are tethered together via an aliphatic linker
— is emerging as a powerful tool to subtly control the supramolecular assembly, with a direct strain
over the conjugated core though without affecting the optoelectronic properties itself.4144 This family

of flexibly linked molecule will be further discussed in chapter 4.

Finally, it should be noted that while small-molecules have well defined chemical structure, it is not
the case of polymer OS, which have to be described by an average molecular weight (M,) in combi-
nation with a molar mass dispersity (Pu). Several works (vide infra) have demonstrated the im-
portance of M, on self-assembly. As a general rule, it seems that increasing the polymer chain length
is beneficial for the performances up to a certain threshold where polymer chain entanglement starts
to limit the performances as typically seen by Gasperini et. al. for poly(2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophene) (PBTTT).%°

1.2 Organic field effect transistor

Among the many applications for OS, OFET has attracted a lot of scientific attention. Underlying

reasons of this success are multiple. On one hand its impressive potential in the ever growing market
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of everyday electronics, development of the internet of things and sensor application makes this tech-
nology economically appealing. In particular, its mechanical resistance defies competition for the
field of flexible electronics as electronic skin or paper. On the other hand, the simple structure of the
device offers unique opportunity to measure materials charge carrier mobility and understand the

underlying physical processes involved in polaronic transport.

1.2.1 Working principle

Field effect transistor is a three-probe device which is essential for logic circuit in electronic applica-
tions as microprocessors. It is composed of two electrodes in Ohmic contact with the active layer and
a gate electrode separated from each other by a dielectric layer as schematized in Figure 1-3. The
principle of a FET is to turn on or off the current flowing in between the source and drain electrodes

by applying a bias in between source and gate electrodes, resulting in a logic response.

.
/’@

Figure 1-3. Schematic of a bottom-gate, bottom-contacts OFET. Architecture can also vary with for example top-con-
tact and/or top gate electrodes.

The source-gate bias (Vgs) induces the presence of charge carriers at the gate dielectric interfaces, as
schematized on Figure 1-4. In the case where intrinsic charge carrier concentration of the OS is neg-
ligible, no field effect transport will be seen at Vgs =0 V. If Vgs <0 V, then the active material at the
gate dielectric interface will form a hole accumulation (electron depletion) layer where hole transport
will take place for p-type materials (materials which exhibit hole mobility). In contrast, at positive
Vs, a hole depletion (electron accumulation) layer will form, favouring electron transport in n-type
material (materials which exhibit electron mobility). Materials which exhibit both electron and hole

mobilities are called ambipolar materials and will generate current at both positive and negative Vgs.
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In addition to the charge carrier mobility, the current ratio between on and off states (Ion/Iorr) as well
as the threshold voltage (Vi) constitute the three main figures of merit of FET. The latter defines the
minimum Vgs required to create a conductive path which is often related to density of trap state
present in the conductive layer. Early reports have actually shown that surface dipoles at the SiO»
dielectric interface attributed to silanol groups can generate trap-states.*® Such dipoles can be re-
moved by functionnalizing the interface with a self-assembled monolayer (e.g. using octadecyltri-
chlorosilane (OTS)); A strategy commonly used to influence the active interface. On the other hand,

Ion/logr gives a measure of the signal to noise ratio.

V=0V V<0V V>0V
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LUMO :/——

Energy

Gate /_
HOMO &

+h+
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+
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dielectric Transport region — Z s

Figure 1-4. Schematic of the gate / gate dielectric / active material junctions when (a) no gate bias is applied and under
(b) negative gate bias and (c) positive gate bias.

In addition to commercial applications, OFET offer a convenient way to selectively measure hole or
electron mobility of OS simply by regulating Vgs. Indeed, the FET current response as function of
the source-drain voltage (Vps) can be simplified by considering two distinct regimes. At low Vps the

source-drain current (Ips) will increase linearly with Vps, while at high Vps, Ips tend toward a plateau.
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This consideration leads to the following expressions for Ips, from which it is trivial to extract mo-

bility:
w
Ips =y Ci- Vas = Vr)Vps Vs << (Vas = V1) 4

w
Ips = ﬂsatciﬂ (Ves — VT)Z Vps > (Vas — V1) (1.3

Where, C; is the gate dielectric capacitance, W the channel width, L the channel length. Mobility

being strongly dependent on temperature, it is conventionally measured at RT.

1.2.2  Recent advances and challenges in OFET

OFET application for full organic displays implies structural constraints in order to achieve a good
display resolution and brightness, leading to a minimum mobility about 1.5 cm?* V! s71.47 Recent
advances in OFET, through molecular and supramolecular engineering as to minimize energetic dis-
order and reorganizational energy while maximizing the transfer integral, have led to mobilities ex-
ceeding this threshold. Historically, material-based on highly crystalline small molecules have
reached higher mobilities than polymers. This class of small molecules mainly consist of acenes and
heteroacenes, pentacene probably being one of the most popular member. Nevertheless, in most cases
these acene cores suffer from poor solubility given their strong intermolecular n-r stacking and re-
quire additional solubilizing groups, such as triisopropyl-silylethynyl (TIPS), to be solution-pro-
cessed. Anthony et al. first developed spin-coated TIPS-pentacene OFET that resulted in mobilities
above 1 cm? V! s with a cofacial n-n stacking allowing strong electronic coupling as well as 2D
transport (preferable to 1D type of transport).*®4° Notably, by blade coating TIPS-pantacene Diao
and coworkers achieved mobilities up to 11 cm? V! s7! through shearing process that favour a non-
equilibrium polymorphic structure with better transport properties.>® Another example of well-per-
forming highly crystalline small molecule is alkyl substituted benzothienobenzothiophene (Cp-
BTBT) which can achieve ground-breaking mobilities up to 31 cm? V! 57! using advanced printing

technique were formation of a single crystal is triggered by diffusion of an antisolvent.5!
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Figure 1-5. Schematic of the lamellar 2D paracrystalline packing structure of P3HT.

In stark contrast, polymers do not exhibit a similar level of crystallinity mainly because of their mo-
lecular weight distribution leading to a paracrystalline behaviour. Nonetheless, fully amorphous pol-
ymers with limited energetic disorder mobilities can still achieve reasonable mobilities up to 102 cm?
V-1 5715253 which is about two orders of magnitude higher than mobilites observed in amorphous
small molecule based OFET.>* Despite the poor intermolecular coupling expected for amorphous
materials, in polymers, polarons can still be efficiently transported along the backbone through intra-
molecular transport reducing the number of hops required to cross the channel.> In semicrystalline
polymers such as the archetypal P3HT, where supramolecular assembly consists of a lamellar struc-
ture with layers of n-n stacked conjugated backbone separated by aliphatic chains (Figure 1-5), mo-
bility essentially arises from a combination of intra- and intermolecular transport in 2D, the aliphatic
chains acting as an insulating layer in between the planes. One of the key aspect to obtain this semi-
crystalline lamellar morphology has been to use regioregular P3HT, with monomeric units always
attached together through the 2- and 5-positions (head to tail) leading to equally spaced aliphatic
chains along the backbone, as shown by Bao and coworkers.>® The importance of the supramolecular
domain orientation was demonstrated by Sirringhaus et al., which reported that having the (010)-axis

oriented parallel to the substrate (edge-on) and not perpendicular (face-on) is essential for efficient



Introduction

charge transport along the plane.>” The effect of molecular weight on the microstructure has also been
widely investigated, especially the work from Brinkmann et al. which highlighted the highly crystal-
line nature of low M, (<7kDa) which form fibrillary structure in contrast to the semicrystalline nature
of high M, (>19 kDa).>® Using solvent fractionation, the former was found to be detrimental for hole

mobility.>®

One of the most astonishing polymers in terms of its self-assembly was discovered by McCulloch et
al. by coupling a fused thienothiophene with a thiophene monomer, leading to poly(2,5-bis(3-alkylthi-
ophen-2-yl)thieno[3,2-b]thiophene) (PBTTT).%%6! The more rigid conjugated backbone in combina-
tion with the sparser alkyl solubilizing groups offers a unique highly ordered edge-on lamellar struc-
ture resulting in terraces like structure observable by atomic force microscopy corresponding to the
interplanar spacing. This polymer has led to mobilities about 1 cm? V! s, 2 orders of magnitude
higher than for P3HT. Recent studies from Gasperini et al. on the effect of M, have shown that, in
contrast to P3HT, PBTTT exhibit 3 different morphologies upon increasing the M,.*> A similar fibril-
lar structure below 20 kDa is replaced by the terraces structure from 20 to 50 kDa which in turn
disappear for an entangled structure above 50 kDa. The terraces structure a this medium M, exhibited
the best transport properties, underlining the importance of the self-assembly. Gasperini and cowork-
ers further demonstrated the crucial role of the supramolecular assembly over intramolecular transport
by synthetizing a PBTTT based polymer consisting of 8 kDa molecule tethered together through an
aliphatic linker.** This new flexibly linked polymer exhibited terraces like structure as well as en-
hanced mobility while intramolecular transport is left unaffected through the isolating aliphatic

chains.

Another class of polymers, named donor-acceptor (D-A) polymer, consist of alternating electron de-
ficient and electron rich units in order to reduce the bandgap. While this strategy is extremely attrac-
tive for solar energy conversion application, optical properties of the polymer have no direct incidence
on the performances in OFET. Nonetheless, it seems that the strong Van der Waals interactions be-
tween donor and acceptor units might lead to smaller intermolecular distances and hence better trans-
fer integral, favourable for transport.® Among D-A polymers, a family based on diketopyrrolopyrrole
(DPP) as the electron deficient unit and thiophene-based electron rich unit has appeared as promising
high mobility ambipolar materials with both hole and electrons mobilities exceeding 1 cm? V! 571,63
Increasing the molecular weight has even lead to mobilities exceeding 10 cm? V! 5.5 Many other

D-A polymers with high mobilities have been reported, but will not be presented here. It is worth
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noting that the supramolecular assembly of these polymers do not follow the same trend than thio-
phene-based polymers where well-ordered lamellar structure is beneficial for good transport proper-
ties. In contrast, D-A polymers exhibit higher mobilities despite their poorly ordered structure as
observed by X-ray diffraction and even thin films exhibiting preferential face-on orientation.*’ This
brings into debate the understanding and design rules for charge transport, demonstrating that highly
ordered systems is not required for high mobility. Actually, Noriega et al. proposed a unified expla-
nation where only short range crystalline domains would provide good intermolecular transport while
connection in between these disordered aggregate would be provided via intramolecular pathways
(see Figure 1-6).5> Recently published results from Son et al. have shown using a thiophene based
random copolymer that in spite of the decreased crystallinity as compared to P3HT, mobilities in the
order of 1 cm? V! s are achievable.®® The lower energy barrier they observed is consistent with the
idea that small yet well dispersed aggregate are sufficient to provide good intermolecular transport in

polymer while large crystals as in P3HT often exhibits high resistance in between aggregates.

Overall, this short survey of the literature underlines the importance of self-assembly for high mobil-
ity OFET as well as the singular complexity of the structural transport mechanism. Simple strategies

to generally address and increase control over supramolecular assembly is thereof critical for the field.

1.3 Organic photovoltaic

Substituting limited energy resources as fossil fuels by renewable energy resources while facing a
growing energy demand is a major challenge of the century. Moreover, reducing greenhouse gas
emition in the atmosphere through carbon-free energy resources is critical to prevent drastic climate
change. Among the many renewable energy sources (i.e. wind, biomass and so on...), the solar en-
ergy is one of the most promising candidate given the tremendous raw power reaching the earth sur-
face estimated about 184 W m™.5” Assuming a power conversion efficiency for photons to electricity
of 15 % and based on a world energy consumption in 2015 about 17.5 TW,%8 less than 0.13 % of the
earth surface would provide enough energy for humanity. As a benchmark, urban areas covers about
0.9 % of the earth surface including more than 0.13 % of impervious surface®® which means that
integrating photovoltaic modules in architectural components as roofs, walls, roads and so on... can
potentially meet the global energy demand. Nonetheless, two major challenges remain to be solved
for this technology to be competitive on the energy market. As a matter of fact, solar energy produc-

tion is subject to great variability during day time and seasons, requiring an adequate technology for
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safe and large scale energy storage. In addition, the levelized cost of solar energy production is still
high as compared to fossil fuels, nuclear or even wind energies. Such cost results from a balance
between the actual production cost of the device, its power conversion efficiency (PCE) and its life-
time. While crystalline sillicon p-n junction is the most mature technology reaching PCE close to the
theoretical limit proposed by Shockley and Queisser,’® the high production cost drastically limits its
applications. To address this issue, a whole new class of low-cost photovoltaic technology has been

developed, among which photovoltaics based on organic semiconductors.

Figure 1-6. Schematic of the transport mechanism in polymer. On the left, highly crystalline blend with transport lim-
ited at the grain boundaries. On the right, poorly crystalline polymer with numerous small aggregation sites yielding a
good balance between inter- and intramolecular transport.

1.3.1 Working principle

Organic photovoltaics essentially consist of a photoactive layer sandwiched in between two elec-
trodes as schematized in Figure 1-7. Careful optimization of the electrodes work functions is neces-
sary to guarantee charge carrier selectivity at the contact, typical choices are low work function metals
as aluminium for the cathode and high work function materials as gold or silver for the anode. It is
common to use interlayers to improve charge carrier selectivity and contact energy at the interface
such as poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) or MoOs and ZnO or
TiOx at the anode and cathode respectively.”! Indium-doped tin oxide (ITO) is routinely used as a

transparent bottom electrode with small surface roughness.
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Cathode

Figure 1-7. Schematic of a typical bulkheterojunction solar cell architecture.

In contrast to OFET devices, OS for applications in OPV do not require exceptionally high charge
carrier mobilities (typical mobilities are in the range of 10°-107 cm? V! s1),72 a consequence of the
small active layer thickness (about 100-200 nm). However, the optical property of the active layer
which is mainly defined by the band gap of its molecular constituents, is primordial for maximizing
photon harvesting from sunlight. In order to generate free charge carriers, the photoactive layer con-
sists of a heterojunction between at least two organic materials, an electron donor and an electron
acceptor. Indeed, upon light absorption, the low dielectric constant characteristic of OS (g, = 3) leads
to significant Coulomb attraction between the photoexcited electron and hole, leading to the for-
mation of a Frenkel exciton with binding energy in the range of 100 — 500 meV that is much higher
than thermal energy (Figure 1-8, /).> The additional driving force to split such exciton must hence be
provided by the energy difference between the LUMO (if the exciton is generated on the donor mol-
ecule) or the HOMO (if the exciton is generated on the acceptor molecule) levels of the donor and
acceptor molecules (Figure 1-8, iii). Therefore, the interface is a key aspect of the active layer, as
exciton generated further away from the interface than their corresponding diffusion length (typically

10-20 nm) will recombine to the ground state (Figure 1-8, D). This consideration leads to a first

design rule for optimum morphology which is that the domain size for donor or acceptor molecule
should not exceed the exciton diffusion length (Figure 1-8, ii). Moreover, to optimize the charge

generation, the interfacial area between donor and acceptor should be maximized.
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Figure 1-8. (a) schematic depicting the main physical processes involved in solar to current energy conversion (i-iv)
and the main competing detrimental mechanisms (D and R ). HOMO and LUMO levels are drawn as well defined en-
ergy levels for simplicity, though an equivalent Gaussian distribution is shown as reminder that they actually consist of
a distribution of energy levels. (i) absorption of light leading to the formation of a Frenkel exciton. (ii) Diffusion of the
exciton to the donor-acceptor interface. (iii) Electron transfer to the acceptor allowing formation free charge carriers.
(iv) Free charge carrier transport to the interface. (D ) Excitonic decay. (R ) Charge carrier recombination. (b) sche-
matic representing an ideal donor (red) and acceptor (purple) intermixed morphology. Processes contributing to cur-
rent generation are shown in green while potential detrimental process (R ) is shown in red dashed line. (c) schematic
of an non ideal morphology presenting isolated domains without percolation pathway to electrodes as well as large
domains in which exciton decay before reching the interface.

Once free charge carriers have been generated, electrons and holes still have to be transported via
diffusion or drift to the respective electrodes (Figure 1-8, iv). For that to be possible, it is critical that
percolation pathways to the contacts exist for virtually every donor and acceptor molecules in the
active layer so that the free charge carriers generated do no end up spatially trapped in an energy well
(as depicted in Figure 1-8c¢). Finally, free charge carrier extraction mechanism is in direct competition

with recombination processes (Figure 1-8, R). As the latter takes place at the interface between donor

and acceptor, it implies that the donor-acceptor interfacial area should be minimized to favour charge
extraction. In summary, in addition to engineering of the donor and acceptor optoelectronic proper-
ties, the active layer requires a careful balance of the donor-acceptor interfacial area as well as their

respective domain size and percolation pathways.

Solar cells electrical characteristic depend on light as well as the load applied between the electrodes.
One can distinguish three main cases as depicted on Figure 1-9. (1) When no load is applied on the

external circuit, charge carriers are free to move from one electrode to another so that fermi levels are
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at equilibrium in the device and no power is generated. In such short-circuited configuration, bimo-
lecular recombination is normally negligible and the current density (Jsc) should be representative of
the number of generated free charge carrier inside the device. It is therefore strongly affected by the
optical characteristic of the blend. (2) When the load applied on the external circuit is infinite, then
free charge carriers cannot be extracted at electrodes and must recombine through bimolecular re-
combination. Generated free electrons and holes will then accumulate in the active layer until reach-
ing a steady state where recombination and generation fluxes for free charge carriers are equal. That
leads to a potential build-up (Voc) between the two electrodes at open circuit. Even though no power
can be extracted as no current flows in the electrical circuit, the Voc is representative of the maximum
work that can be extracted from a single charge carrier. It is mainly dependent on the difference
between the HOMO level of the donor and the LUMO level of the acceptor as well as energetic
disorder within the film.”® (3) The operation regime of the solar cell is found in between Jsc and Voc,
in this range the power — defined as P = JV — will reach a maximum value (B, ) at the singular
point (Vmax, Jmax), where operation of the solar cell is optimum. From these value one can define the

fill factor (FF) of the solar cell as,

FF — Pmax — ]mameax
IscVoc JscVoc (1.6)

The PCE of the solar cell can then be defined as,

_ Prax _JscVocFF

= 1.7
P B (1.7)

Where Py, is the incident light power density. These four parameters (Jsc, Voc, FF and ) are the key
figures of merit of any solar cells upon given light intensity. Conventionally, characterization of a
solar cell is performed at an irradiance P;;, of 1000 W m™ using the Air Mass 1.5 standard terrestrial

solar spectral irradiance distribution.
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Figure 1-9. Typical J-V characteristic of a photovoltaic device under dark and light conditions and the main figures of
merit.

1.3.2  Recent advances and challenges in OPV

Originally, OPV were first conceived as flat heterojunction by depositing sequentially the donor and
the acceptor materials which strongly limited the interfacial area. A turning point was the discovery
of the bulkheterojunction (BHJ), obtained from single-step deposition of the active layer using a blend
solution of donor and acceptor. The resulting morphology presents high interfacial area leading to
enhanced Jsc.”#”> Even though such processing technique provides limited control — mainly through
processing conditions or post-treatment (see section 1.1.2) — over the self-assembly, it is routinely
used in state-of-the-art devices to reach the optimized morphology for high PCE. Further progress in
regard of the PCE has mainly been achieved through molecular engineering, which will shortly be

discussed thereafter.

From a historical perspective, electron accepting materials have been mainly dominated by fullerene
derivatives, in particular the family of [6,6]-phenyl-Cx-butyric acid methyl ester (PCBM), despite
difficult synthesis and purification. Physical reasons behind such hegemony are numerous; One can
cite their good electron mobility, low reorganizational energy, relatively high dielectric constant (ca.
4.4) or even beneficial entropy effect for charge separation ensuing from their central symmetry
which provides 3D transport.”®’” Nevertheless, in recent years alternative materials presenting high
efficiencies have started to arise,’® notably through imposing a twist between conjugated planes of
perylene diimide (PDI) or DPP-based molecules.”! State-of-the-art devices based on 3,9-bis(2-

methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
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d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (ITIC) small molecules as electron acceptor and

reaching up to 13 % have recently been demonstrated.?

In contrast, electron donating materials are generally polymer-based, the typical example being of
course P3HT which combined with PCBM yields PCE in the 3-4 % range.® It is worth noting here
that while PBTTT represents a step forward for OFET devices, PCE observed in OPV are actually
lower. The underlying reason for this loss in performance is the unique ability for PBTTT and PCBM
to form a co-crystal impeding the good charge collection efficiency in the system.88> A clear limita-
tion to P3HT-based solar cell is its large bandgap (Eg = 2 eV) which cannot convert the red part of
the solar spectrum. In this respect, the class of D-A alternating polymer with narrower band gap has
paved the way for high efficiencies reaching beyond 10 % PCE. Hendriks et al. reported DPP-based
polymers that have reached close to 8 % PCE.% Another subclass of high efficiency D-A polymers
consist of thienothiophene and benzodithiophene units (PTB) among which a specific polymer coded
PTB7 has been repeatedly reported with PCE exceeding 10 %.87-8° High crystallinity being more of
a drawback in BHJ OPV — as it favours large scale phase segregation of the donor and acceptor
material, reducing the interface — development of small molecule for p-type materials has attracted
less attention than polymer, in spite of their well-defined electronic structure. One of the model ma-
terial for small molecule OPV is a D-A-D symmetrical DPP derivative, 6-bis(5-(benzofuran-2-yl)
thiophen-2-y1)-2, 5-bis (2-ethylhexyl) pyrrolo [3, 4-c] pyrrole-1, 4-dione (DPP(TBFu).) introduced
by Walker et al. in 2009 and reaching over 3 %.%° State-of-the-art small molecule devices nowadays

reach over 9 % efficiency.?12

In order to further improve performances of the active layer, a common strategy is to add in a third
molecular component within the blend, a strategy globally referred to as ternary OPV.%3% This is
widely used to improve light absorption of the active layer through co-donor or co-acceptor solar

9-98 and is also a powerful tool to tune

cells adding molecules with complementary absorption spectra
the open circuit voltage in the cell through formation of an organic alloy.*® In flat junctions, presence
of a material with narrow E; at the interface can drastically increase the exciton diffusion length
through long range energy transfer processes as Forster resonance energy transfer.’®® Moreover, in-
tegrating a ternary compound with intermediate HOMO and LUMO levels at the donor acceptor in-
terface is a well-known strategy to reduce recombination, the ternary molecule acting as a depletion

region which forces electrons and holes appart.1°17193 Finally, wide range of ternary additives have

been developed to help controlling self-assembly and stability of the BHJ.104105
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1.4 Stability of organic semicondutcor based technology

Long term stability is essential for commercial application of organic semiconductors and remain a
critical challenge to address. Estimating lifetime of a device is simply done by measuring performance
over time. Lifetime required for application being about several years, investigation of stability is
performed under accelerated aging process by increasing the temperature (conventionally to 80 °C).
Instability in OS based technology can be either of chemical (e.g. stability of the molecule itself) or
physical (e.g. stability of the supramolecular assembly) nature. Most organic semiconductors suffer
from poor chemical stability in air. That is a direct consequence of their LUMO levels lying relatively
high in energy (in the range of 3-4 eV vs vacuum) which permits direct reduction of water and oxygen,
producing persistent radical cations on the structure and bleaching of the polymer.1% Two main strat-
egies exist to remedy this issue. Device can be encapsulated to limit contact of the OS with air, though
this strategy requires the processing of the device to take place under inert atmosphere.1%”/1% On the
other hand, significant effort have been invested on designing materials with lower LUMO levels that

would have improved stability in air.%

Physical instability encompasses morphological change of the active layer as well as diffusion of
electrodes within the active layer, impeding the perfomances.1% The former is especially challenging
in OPV where, in most cases, the optimal BHJ supramolecular assembly corresponds to a thermody-
namical metastable state resulting from kinetic constraints during processing. Therefore, with time,
the morphology of the blend will tend to change toward a thermodynamic equilibrium different from
the optimum structure, resulting in performance losses. Strategies to solve this intrinsic instability
can be distinguished in two categories; the ones addressing the kinetic stability of the blend by slow-
ing down the degradation process and the ones focusing on the thermodynamic aspect of the blend
by trying to overlap the optimum morphology with the thermodynamic equilibrium. The former es-
sentially consists in crosslinking the active layer to limit the phase segregation.!® It relies on the
presence of functional groups (e.g. azide) within the blend that will react upon UV exposure or heat-
ing to form intermolecular covalent bond, freezing the morphology. Its main drawback is the stochas-
tic nature of the reaction which can modify the conjugated backbone of the active molecules. In con-
trast to such brutal concepts, elegantly addressing thermodynamics of the blend seems more promis-
ing. Visionary work from Siuvla et al. reported a novel amphiphilic molecule to attend to the intrinsic
phase segregation of P3HT:PCBM blends, ultimately obtaining stable PCE for 10 h.1% More recently,
Schroeder et al. synthetized a PCBM dumbbell which was found to imporve the thermal stability of

20



Introduction

the blend.*? In addition, Gasperini et al. have showed that adding only 1 wt.% of a flexibly linked
polymer inside a DPP(TBFu)2:PCBM blend can significantly improve the stability of the device.*!
All these publications have in common that they address the crystallinity of the BHJ to avoid large
scale phase segregation through crystallization. In this respect, designing a single material that would
self-assemble into an optimal configuration through crystallization would be ideal. Guo et al. has
reported a photovoltaic device with 3 % PCE solely based on a conjugated blockcopolymer satisfying
those requirements.!'! However, rational design of the polymer to further improve PCE is yet limited
by the living polymerization synthetic method, even though promising results of novel coupling

method have recently been reported.!!?
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Chapter 2 Experimental methods

omplete experimental methods used to fabricate and characterize materials and de-
vices presented in chapter 3 to 6 are discussed in this section. Given that this thesis
mainly focuses on physical aspect of the materials, synthetic routes and full char-
acterization of organic semiconductors that have been synthetized for the next chapters are presented

in the appendix.

2.1 Purification technique

2.1.1 Size exclusion chromatography

Size exclusion chromatography also known as gel permeation chromatography (GPC) in an entropi-
cally driven separation technique in which molecules can be separated based on their hydrodynamic
volume.! It simply consists of stacked porous beads in a chromatography column (as represented in
green, Figure 2-1). Upon injection of a polymer with large Py, small polymer chains will interact
with the pores, leading to long travel time through the column while the long polymer chains, not
able to enter the pores, will flow straight through the column. It ensues that high M, fractions can be
collected in the early time after injection while low M, is collected lastly. GPC is equipped with a
simple UV-vis absorption detector at the output in order to monitor accurately the elution time of the
polymer fraction. In analytical configuration, GPC can only be used as a relative technique that relies
on column calibration, for example using tagged polystyrene with known M, as references. It can also
be used as a preparatory technique to fractionate a crude polymer (large Pu) into fractions with var-

ying M, and narrower Dy.

27



Experimental methods

w
1w 5
! =
ph- =
i
~4 TZ = &
: & s
s = =
E = 3 o
¥ ]
i i = 3
/‘\vf:"."\- A =< Large Small
L '_'\_r,’f molecules molecules
E:-'k: N7
(;{:)ICL\J\ "EI- b Elution time
w ;\.@/'f E
OC0

= b Detector

Figure 2-1. Schematic of a GPC setup with porous beads in green. The polymer is represented in red with long chains
migrating faster than short chains due to difference in interaction with the porous beads. Absorption is measured in
Sfunction of time at a selected wavelength resulting in a typical Gaussian distribution.

In this work analytical GPC (Shimadzu) was performed using a PSS SDV analytical linear M column
(8 x 250 mm?) with a mobile phase consisting of chlorobenzene (CB) at 80 °C at 1 mL min™' using
polystyrene fluorescein labelled standards (PSS) as reference. Preparatory GPC (Shimadzu) was car-
ried out by injecting the polymer sample at a concentration of 5 mg mL™! in a PSS SDV preparative
linear M column (40 x 250 mm?) with chlorobenzene at 80 °C as mobile phase at a constant elution
flow of 10 mL min ™. Fraction collection was carried out every 20 s. Single fractions were then ana-
lysed through the analytical size exclusion column as described above. The CB was removed, and the

samples were stored in an argon glovebox until further use.

2.2 Opto-electronic properties characterization

2.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a three electrodes technique which relies on a reference electrode to
quantify the absolute potential at which electrochemical processes take place. It is of critical im-
portance for OS characterization as it allows to accurately measure HOMO and LUMO onset posi-
tion. In addition to the reference electrode, the setup consists of a working electrode that is a conduc-
tive substrate onto which the active component is casted and a counter electrode, such as a Pt wire.

The three electrodes are then placed in an electrolyte (to provide conductivity) and connected through
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a potensiostat. In this configuration, the potensiostat can apply a bias on the working electrode relative
to the fixed potential of the reference electrode, while measuring the current flowing between the
working and counter electrode. Before testing any material, it is important to measure a baseline
without active material to make sure that no parasitic processes occurs within the potential window
under consideration (e.g. water reduction). When the OS is present, an associated reductive peak
(negative current) and oxidative peak (positive current) will appear corresponding respectively to the
LUMO and HOMO of the material. The onset is extracted as the intersection between the tangent to
the peak and the baseline. It is worth noting that most OS are not stable through these redox processes.
Hence the sample must be changed after each measurement. Moreover, high lying LUMO and deep
HOMO levels as for P3HT and PCBM respectively are out of the potential window and must be

inferred from the bandgap of the material.

CV was performed on drop-casted films over a platinum working electrode (if not specified other-
wise) within a 0.5 M tetrabutylammonium hexafluorophosphate solution in acetonitrile at a sweeping

rate of 50 mV s vs. an Ag/Ag" reference electrode and using a SP-300 potentiostat from biologic.

2.2.2  Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-vis) is a technique which characterize light-induced electronic
transition within a material. A monochromatic light with intensity I, (measured via a reference) is
shined through a sample and on a detector which measures the intensity I after the sample. The loss

in intensity through the sample can be expressed as Iy = I + I, + I,, with I, the amount of light

absorbed by the material and I, the light lost by diffuse and direct reflection. The ratio I / I, is defined

as the transmittance of the sample, while the absorbance can be expressed according to Beer-Lambert

law as,

AQA) = —log (i) — () d
I .1

Where £(A4) is the extinction coefficient and d is the optical path length through the sample (ideally
the thickness of the sample). It is clear that this expression only holds while reflective contributions
are negligible as compared to absorption. Even though this consideration is generally true in thin film
0OS, some sensitive calculations, as internal quantum efficiency which will be discussed later, require
the exact total absorption of the film. Such measurement is achieved using an integrating sphere to

collect all photons not absorbed by the sample.
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Absorption spectra were recorded with a UV-vis-NIR UV-3600 spectrophotometer from Shimadzu.
Temperature-dependent absorption spectra were measured using a custom-made heater for the solid-
state samples. In order to calculate the internal quantum efficiency, total absorbance was measured

using an integration sphere.

2.3 Supramolecular assembly characterization

2.3.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is an analytical technique measuring the energy required to
heat up a sample relative to a reference at a controlled rate in °C min"' and under inert atmosphere to
limit oxidation. It results in a linear behaviour with a slope corresponding to the specific heat capacity
of the sample. Deviation from the linear behaviour indicates that the sample undergoes a phase tran-
sition which can be of either first or second order. The former is a thermodynamical transition which
by definition will be associated with a latent heat as crystallisation, melting and so on. Hence they
can be described by an onset temperature at which phase transition occurs and an enthalpy (AH)
obtained by integrating the peak corresponding to the transition (as depicted on Figure 2-2). Transi-
tion from an initial phase to a final phase can either release or absorb energy, respectively exothermic
(AH < 0) or endothermic (AH > 0) , depending on which of the initial or final state in thermody-
namically favourable. Enthalpy of melting is of peculiar interest in this work as it conveys the total
energy required to break all Van der Vaals interactions within the crystal structure, which are crucial
to assessing crystallinity of the solid phase. In contrast, second order transitions do not involve a
change in thermodynamic state but a vibrational excitation of the same thermodynamic state, hence
they are not associated with a latent heat. A typical example in semiconducting polymer is the glass
transition which conveys a change in viscosity of the material associated with a change in specific
heat capacity that can be detected by DSC. It arises from an increase in degrees of freedom with the
same packing structure caused by thermal expansion and/or vibration. It is important to understand
that the glass transition temperature depends on the scan rate and thereof cannot be considered a
physical constant. Altogether, these first and second order transitions are critical to the understanding

of the packing structure evolution with temperature and hence to assess thermal stability.?
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Figure 2-2. Schematic of a I*' order phase transition with position of onset temperature and the associated enthalpy.

Differential scanning calorimetry was performed using a Perkin-Elmer DSC8000 calibrated with in-
dium and zinc at a scanning rate of 10 °C min’!. Samples were prepared by drop-casting from a
precursor solution and evaporation of the solvent under argon atmosphere at RT (unless specified
otherwise). The samples were then dried under vacuum. Enthalpies were calculated by integrating

over the phase transition.

2.3.2 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful technique to probe a sample surface with nanometric
resolution relying on forces arising between the sample surface and a sharp tip mounted on a cantile-
ver. These forces encompass Van der Vaals forces, electrostatic interactions, contact forces and so
on. AFM presents several advantages over popular electron microscopy techniques with comparable
high resolution. On one hand, it returns information over the z-direction with a resolution over a few
Angstrom. On the other hand, while AFM is mainly used to measure topography of the surface, it can
also be used in a variety of other modes, even allowing to manipulate single molecules on a surface.
The three main modes that will be used in this work are tapping mode, Young modulus (YM) mapping
and Kelvin probe force microscopy (KPFM), all performed in air. A brief review of these techniques

is proposed in the next three paragraphs.
a) Tapping mode

Tapping mode is an AFM technique were the cantilever is excited to a resonance frequency using a
dither piezo. It is preferred to the normal contact mode given that the oscillation of the tip in the z-
direction provides a more secure approach on the surface during scanning in the xy-direction. The
surface is then located through minimizing the force exerting on the cantilever by varying the position

of the sample using a feedback loop. In addition to the height, tapping mode returns two other key
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figures which are the amplitude and phase of the cantilever oscillation. Change in the former should
simply be minimized as in example a reduction in amplitude could result from a tip hitting too hard
on the surface. The phase however is extremely interesting as it can convey very small change in Van
der Waals forces, in example arising from a change in chemical structure on the surface, which are
too weak to be addressed by the feedback loop. Hence the phase can potentially indicate change in

composition of the surface (e.g. as reported by Gasperini et al.).3
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Figure 2-3. Schematic of atomic force microscopy operating in tapping mode to scan the surface profile. The surface
presents DNA-wrapped carbon nanotubes.
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b) Force curve mode

Young modulus mapping simply consists in an array of force curves each measured by pressing the
tip against the sample while measuring deflection of the cantilever. A typical force curve for organic
semiconductor is depicted in Figure 2-4. During the approach of the surface no bending of the can-
tilever occurs. Once close to the surface, attraction forces will deflect the cantilever downward and
as the tip start pushing on the surface, repulsive forces will deflect the cantilever upward. Converting
deflection to the force exerted on the cantilever requires the inverse optical lever sensitivity obtained
by thermal calibration of the cantilever. Force measurement requires a typical indentation of the sur-
face about 5 nm, in order to have enough contact data to extract the YM. In general, with OS, there
exist a slight hysteresis between approach and retraction force curves, suggesting that tip induces
deformation with relaxation time longer than measurement time (>0.5 s). The YM can then be ex-
tracted by fitting the force curve using an appropriate model. Given the adhesion characteristic of OS,
the Derjaguin-Muller-Toporov (DMT) model is used as to account for attractive forces between tip

and surface, leading to the following expression:*

2/3

Ac = (F 4 2myR,)?/3

T2rs 2.2)

Where A is the contact area with the surface similar to indentation distance, F is the repulsive force
exerted on the tip, y is the work per unit area required to balance attractive forces, R  is the combined
curvature radius of the contact and K is the combined reduced young modulus of the different mate-

rials i (E") expressed as,
-1
K= 4 Z 1
3 E! 2.3)

Knowing the young modulus of the cantilever through thermal calibration, the YM of the surface can
then be calculated for each force curves and plotted as function of xy-postion or as a distribution of

YM.>6
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Figure 2-4. Schematic of force curve measurements with the 3 main regions: (i) non-contact, (ii) attractive force bend
the tip downwards and (iii) repulsive forces bend the tip upwards.

¢) Kelvin probe mode

Kelvin probe force microscopy is based on electrostatic forces exerting on the tip when it is close to
the surface. In this method, each line of the image needs to be scanned twice. The first pass is done
in normal tapping mode with a mechanical excitation in order to measure the surface profile. In the
second pass, the probe is maintained at a distance Ah (inversely proportional to the lateral resolution)
above the surface while following its profile. During this scan the conductive tip is no more excited
mechanically but electrically by applying an AC bias (V) on it. The electrostatic force acting on the
tip during this pass can be expressed in term of a parallel plates capacitor with F o< V2.7 The voltage
difference between the tip and the surface can be written as V = (Vpe — Vepp) + Vacsin(wt) with
Vepp being the contact potential difference, V- any external bias applied on the tip or sample and w
the frequency of the electrical excitation. From this expression it is clear that IV will reach a minimum

when V- = V¢pp. Hence, the force acting on the cantilever will be minimized when an additional
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direct bias equal to the contact potential difference is applied on the tip. This is achieved by varying
the Vp through a feedback loop. This technique can also be explained in term of energy diagram as
schematized on Figure 2-5. When tip and surface are at electrical equilibrium, a force is generated in
between surface and tip, the air acting as a dielectric. By applying an external bias on the tip, the
potential diagram can be shifted back to its original position before electrical equilibrium, cancelling
the force on the cantilever. From the diagram in Figure 2-5, it is clear that the applied DC potential

required to cancel the force on the cantilever can be define by the difference between the respective
work function (@) of the the tip and surface as Viopp = % (<D5ur face — CDTip). Hence, if the work func-

tion of the tip is known, this method can be used to quantitatively measure the work function of a
surface on the nanometric scale. It should be noted however that quantitative measurements should
only be performed under inert environment to limit oxidation or adsorption of chemicals as water on
the surface which will affect the absolute work function. In addition, etching of the tip during height
measurements can significantly affect its work function and thus the absolute result. Therefore, this
method is more suited to extract relative informations. An extension of KPFM is the surface photo-
voltage measurement which is obtained from a difference between measurement in dark condition

and under illumination as,

) 1 )
Light Light
V.. = plight _ ypark ~ —(cb ig Dark )
e

ph = YcpPD CPD = Surface ~— * Surface

(2.4)

Which gives information on the photoinduced variation of the surface work function, assuming that
the tip work function remains unaffected under light. This method gives useful insight over the pho-

togenerated holes or electrons accumulation near the surface.?
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Figure 2-5. (Top) schematic depicting the 2 pass working principle of KPFM in tapping and electrical mode. (bottom)
energy level schematic of the surface and tip (i) before electrical contact, (ii) after electrical contact but without any
DC bias so that the presence of a dielectric layer between the tip and surface leads to a force bending the tip and (iii) in
electrical contact after the force exerted on tip has been cancelled by a DC bias.

d) Experimental details

AFM characterization were carried out on an Asylum Research Cypher S using Atomic Force
AC240TS cantilever in tapping mode, AC240TS and AC160TS for force curve measurement and
AC240TM as conductive tips for KPFM measurements (all cantilever manufactured by Olympus). In
all cases AFM is measured directly on the sample surface in air and at room temperature except in
chapter 3 where samples were delaminated from an OTS-treated substrate using UV-cured adhesive
(Nordland) prior to measuring AFM at the interface. Light source for KPFM measurements under

illumination was provided by white LEDs situated above the sample and cantilever.
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2.3.3  X-ray spectroscopy

Grazing incidence X-ray spectroscopy (GIXRD) data relates directly to the crystal structure of the
sample. When an incident X-ray beam is scattered by particles in a sample, resulting waves will either
have constructive or desctructive interactions. According to Bragg’s law, coherent scattering will

only be found when the following expression is verified.

Zdi Sln(@) =ni (2.5)

Where d; is the interplanar distance, 8 the scattering angle, n is a positive integer related to the order
of reflection and A the wavelength of the incident X-ray. The first term in this equation, 2d; sin(8),
refers to the difference in optical path of photons scattered on neighbouring planes (see Figure 2-6).
Hence, Bragg’s law states that constructive interactions will only arise when the wavelength is an
integer of this optical path difference. The experiment then consists of varying the angle of the inci-
dent X-ray beam and detecting any constructive signal that is diffracted of the surface. Data can then
be presented as function of 26 or q, (qy,) vector for out-of-plane (in-plane) diffraction. The use of
q, vector is preferred as it is independent of the light source wavelength and hence more prone to
direct data comparison in the field, in contrast to 26. This g vector is defined in reciprocal space as

the difference between incident and scattered light vectors and can be expressed as,

2T (2.6)

Most GIXRD data presented in this work will be as function of q,. Crystal correlation length (CCL)

can then be obtained using Scherrer’s equation:

2m 2.7)
FWHM

CCL =

Where FWHM is the full width at half maximum obtained by fitting the diffracted peak as function
of q, with a Pseudo-Voigt equation. Hence, sharpness of the diffracted peak can be associated to the

crystallite perfection and/or size.’
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Figure 2-6. Schematic of X-ray scattering in a crystalline lattice with spacing d and incident angle 6. It is explicit from
geometrical considerations that the difference in optical path is 2d sin(0).

Grazing incidence X-ray diffraction was measured with a D8 Discovery (Bruker) diffractometer using
Cu Ko radiation source (1 =0.15418 nm) and a Ni B-filter. During measurements incident beam angle
was kept at a constant angle of 0.2 ° while detector was rotating with a scan rate of 0.05 ° min™! and

a step width of 0.01°.

2.4 Electrical characterization

2.4.1 Organic field effect transistor

As the working principle of OFET has already been covered in the previous chapter, this section will

only discuss the experimental details for fabrication and characterization of OFET.

Bottom-gate, bottom-contact FETs were fabricated using pre-patterned test substrates (Fraunhofer
Institute for Photonic Microsystems) whose source and drain contacts were composed of a 30 nm
thick gold layer on top of a 10 nm thick titanium adhesion layer. A 230 nm thick silicon oxide layer
was used as gate dielectric and n-doped silicon wafer as the substrate and gate electrode. The channel

width was 1 cm and the length either 10 or 20 pm as specified in the work. The transistor substrates
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were cleaned by sequentially rinsing with acetone, deionized water, and isopropyl alcohol. After dry-
ing under nitrogen, the substrates were subsequently exposed to a nitrogen plasma for 15 min. If
specified, substrates were soaked in a 10 mM octadecyltrichlorosilane (OTS, Acros organics) solution
in toluene for 15 min at 80 °C under argon prior to rinsing with toluene and drying. The active
material was spin-coated from 10 mg mL™' precursor solution, generally resulting in ca. 50 nm thick
films, as measured by profilometry. All solutions and films were prepared under argon atmosphere

and the former were allowed to stir under heating overnight.

Electronic testing of the FETs was carried out in a nitrogen atmosphere at RT, if not specified other-
wise, using a custom-built probe station and a Keithley 2612A dual-channel source measure unit.
Temperature control of the probe station was performed using a multistage thermoelectric cooler
(Thermonamic) for temperature below RT and a custom-made hotplate for temperatures above RT.

The field-effect mobility was extracted from the saturation region as presented in section 1.2.1.

2.4.2  Organic photovoltaic

As already mentioned for OFET, working principle of OPV has been discussed in the previous chap-
ter. Therefore, this section will only cover the experimental details for fabrication and characteriza-

tion of OPV.

Solar cells were fabricated on a glass substrate patterned with 300 nm of ITO. A 40 nm layer of
PEDOT:PSS (Ossilla M121 Al 4083) was first spin-coated at 3000 rpm for 1 min prior to annealing
at 130 °C in air. The BHJ active layer was then spin-casted from the adequate precursor solution. An
80 nm thick aluminium cathode was deposited (area 16 mm?) by thermal evaporation (Kurt J. Lesker
Mini-SPECTROS). Prior to testing, samples underwent post annealing treatment as specified in the

work.

Electronic characterization was performed under simulated AM1.5G irradiation from a 300 W Xe arc
lamp set to 100 mW cm™ with a calibrated Si photodiode (ThorLabs). Current—voltage curves were
obtained with a Keithley 2401 source measure unit. Device fabrication was performed under an argon

atmosphere and testing was performed under nitrogen atmosphere.

2.4.3  Space charge limited current

Space charge limited current (SCLC) measurements is a powerful technique to extract charge carrier
mobility of a material. It requires fabrication of specific device architecture similar to OPV but with

relatively thick active layer (>200 nm) and selective contacts for either hole-only (e.g. PEDOT:PSS

39



Experimental methods

or MoOx / Au or Ag) or electron-only (e.g. ZnO or TiOx / Al) diodes. The mobility can then be

extracted using the Mott-Gurney law in the space charge limited regime,*°

9egquV?
J= 8 2.8)

Where ] is the current density, € the dielectric constant of the material, &; is the vacuum permittivity,

U the charge carrier mobility, L the thickness of the device and V the applied bias.

Hole only diodes were fabricated on a glass substrate patterned with 300 nm of ITO. A 40 nm layer
of PEDOT:PSS (OssillaM121 A14083) was first spin-coated at 3000 rpm for 1 min prior to annealing
at 130 °C in air. The active layer was then spin-casted under argon atmosphere at 3000 rpm from a
chloroform solution at 30 mg mL™" (stirred overnight at 40 °C). A 4 nm thick MoOs interlayer was
deposited prior to 80 nm thick silver top electrode by thermal evaporation (Kurt J. Lesker Mini-
SPECTROS). Testing was performed under nitrogen atmosphere with a Keithley 2401 Sourcemeter.

2.4.4 Quantum efficiency

External quantum efficiency (EQE), also known as incident photon to electron conversion efficiency
(IPCE), is a wavelength dependent measurements defined as the ratio between the density of incident
photons (Npp,) and the density of collected charge carriers at the electrodes (N, ). It is widely used to

understand the spectral contribution of the blend to the observed current. The probability of photons

to electrons conversion depends on the efficiency of 3 main physical processes in the active blend as,

N..(4
EQE(A) = W((A)) = (D) 1es(D) Neor 2.9
p

Where 1, is the light harvesting efficiency, 155 is the exciton splitting efficiency and 7, is the free
charge carrier collection efficiency. The latter should normally not be dependent on the wavelength
of the original photon. The measurement setup requires a tuneable monochromatic light source to
illuminate the device while measuring the current output. In order to calculate N, the power density
of the incident light (P;,) must be measured through a calibrated diode. Ny, can then be expressed

per unit of time as,

A
Npp(A) = Pin(4) e (2.10)
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. . h S :
With h as Planck constant, ¢ as light speed and TC the energy contained in one photon according to

Planck’s relation. Finally, from the current density output J, N.. can be expressed per unit of time
as,

J)
Nec(A) =—7 2.11)

EQE is then obtained by substituting expressions for Ny, and N¢ inside equation (2.9). The internal
quantum efficiency (IQE), also known as absorbed photon to electron conversion efficiency (APCE),
consist in accounting for 77,5 and can be expressed as,

EQE(A)

IQE(A) = ——5 = nes(D) (2.12)

M (A) Nes(A) Mot
Indeed, 1,y can be measured by UV-vis spectroscopy as the total absorption of the sample at each
wavelength. EQE can then be corrected to reflect only losses associated with excitons or free charge
carriers recombination. IPCE was performed using a 75 W Xe arc lamp light source and a mono-

chromator (from optical building block). A calibrated photodiode was used to measure the incident

number of photons at each wavelength.

2.4.5 Impedance spectroscopy

Impedance spectroscopy (IS) is an advanced electrical characterization technique which involves
measuring a current response to a small sinusoidal voltage perturbation with varying the frequency.

Potential (E;) can be expressed as,

Et:EDC-I_EAC eiwt (213)

With Ep the constant bias, E4. the amplitude of the excitation bias, w the frequency and t the time.
As long as the amplitude of the perturbation is small enough, the system should react linearly. Hence,

the current oscillation will exhibit the same frequency with a phase shift ¢,

Iy = Ipc + Ic /@9 (2.14)

With I and I, the current response to the constant bias and the excitation bias respectively. The

impedance of the sinusoidal component of the system can be expressed as,
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EAC eiwt
7 =

S ip 2.15
Iy eilwt=9) Zoe o

Finally, using Euler relationship, equation (2.13) can be rewritten as a real and imaginary part, Z' and
Z'" respectively, both depending on the phase shift.

o Z' = Zycos
Z = Zy[cos(p) + i sin(e)] {Z” _ Zoosin((((f))) (2.16)

Data is then presented as a Nyquist plot with Z" = f(Z") or as a Bode plot (Z and ¢ vs. log(w)). In
order to relate such data to physically relevant parameters, models based on equivalent circuit are

used to fit IS data. Typical model used in this work is shown in Figure 2-7.

CPE,

Figure 2-7. Equivalent circuit used to fit IS response in the following chapters.

With Rg the series resistance, R; and CPE; the resistance and the constant phase element associated
with the process i respectively. This equivalent circuit is well suited to model Nyquist plots exhibit-
ing a single semicircle with an eventual slightly flattened shape. The equivalent capacitance of the
constant phase element (C) can be calculated as function of its time and phase constant (respectively

Q and n) using the following expression:

_@R)m 2.17)

¢ R

With R is the parallel resistance and 0 < n < 1. It ensues from this expression that if n =1 the
constant phase element behaves as an ideal capacitor. It is important that equation (2.17) is only valid
for a CPE in parallel to a charge transfer resistance. Finally, the lifetime of the process can be calcu-

lated as,
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7, =R; G (2.18)

Impedance spectroscopy was carried out under inert atmosphere using a SP-300 potentiostat at fre-

quencies ranging from 1 MHz up to 1 Hz. Fitting of the data was performed using Zview software.
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Chapter 3 Observation of bell-shaped tem-
perature dependence of hole mobility in hop-

ping regime

nterpretation of the charge carrier mobility temperature dependence in organic semicon-
ductors which deviates from the expected thermally-activated mechanism is subject to
strong controversy in the field. Indeed, many examples of organic materials exhibiting
apparent band-like behaviour have been reported to date, despite the intrinsic small charge carrier

delocalization compared to the molecule size.

In this work, a bell-shaped temperature dependence of the hole mobility extracted from field effect
transistor devices based on a DPP(TBFu), small molecule is reported. The low mobility inherent to
DPP(TBFu); solution-processed thin films exclude the possibility of significant delocalization and
band-like transport as a potential explanation, making it a unique system to understand deviation from
standard thermally activated regime. The bell-shape temperature dependent mobility, as observed, is
found to be strongly affected by annealing steps and crystallization of the DPP(TBFu); as found by
GIXRD. AFM images and Young modulus measurements reveals the presence of a poorly crystalline

phase in the transport channel with appearance of crystalline platelets upon annealing.

Based on temperature dependent UV-vis measurements indicating a loss in intermolecular electronic
coupling with increasing temperature, and the presence of isosbestic points, we hypothesize that the
loss in mobility with temperature arises from the presence of a poorly aggregated meso-phase with
high rotational and/or translational degree of freedom and poor transfer integral which is in equilib-
rium with the poorly crystalline phase. This equilibrium is then expressed as an isodesmic self-as-
sembly which in turn leads to a model that effectively describes the observed mobility data. Thereof,
we propose a new explanation for the negative mobility dependence on temperature in the frame of

thermally-activated mechanism. More importantly, our result shows that mobility dependence over
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temperature exhibiting a negative slope should not be accepted as a signature for band-like transport

in organic devices

3.1 Introduction

The exact transport mechanism occurring in OFETs — especially in the state-of-the-art devices that
deviate in behaviour from a thermally-activated transport mechanism — remains controversial. A clear
understanding of the transport mechanism is however crucial for rationally improving mobility in
organic semiconductors.! Therefore, unravelling the underlying physical processes that can lead to

deviation from the expected hopping behaviour is an important and urgent goal of the field.

Large structural disorder in combination with the weak Van der Waals intermolecular interaction in
organic semiconductors generally leads to localization of charge carriers on a single molecule at dis-
crete energy levels. Diffusion then occurs via hopping between sites. In a hopping mechanism, the
charge carrier mobility can either be expressed in term of Miller-Abrahams? or Marcus® equations, as
explained in chapter 1. A common aspect in both of these thermally-activated models is their positive
charge carrier mobility dependence on temperature. In contrast, crystalline inorganic semiconductors
normally exhibit carrier transport in continuous energy bands with charge carriers delocalized over
distances several times the unit cell size. In such case, mobility is related to temperature through a
power law such as u o< T~%, with a depending on the scattering mechanism.* Accordingly, this band-
type transport mechanism results in a negative charge carrier mobility dependence on temperature —

the opposite of a typical organic semiconductor.

Interestingly, a handful of reports focusing on transport in organic semiconductors have observed
negative slopes in Arrhenius plots, which are commonly interpreted as a signature of delocalization
of charge carriers and band-like transport mechanism within the film. Here, band-like refers to delo-
calization occurring over a small number of sites only, as opposed to band transport. In 2004, Pod-
zorov et al. and, later, several other groups, reported such behaviour for crystalline small molecules.>~
9 In the last decade, a handful of reports have claimed to identify a transition temperature from hop-
ping to band-like transport further supporting their findings by measuring the mobility via the Hall
effect.’913 Based on these initial works, several more recent works reported band-like transport in
OFET solely based on the mobility dependence with temperature.'4-18 However, mobilities measured

in these works (in the range of 1-10 cm? V' s at RT) are close to the Mott-Ioffe-Regel limit stating
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that the minimum mobility for considering a valid band transport mechanism is ca. 1 cm? V' s as-
suming a reasonable lattice spacing of 2.5 A.1>2° This limit leads to a strong controversy within the
field as to whether a band-type transport mechanism actually occurs in organic semiconductors.
Hence researchers have been looking for alternative explanations. Notably, in 2010, Sakanoue et al.
reported a band-like temperature dependence which they attributed to thermal lattice fluctuation ra-
ther than fully delocalized charge carriers.?! This theory considers the diffusion of charge carriers to
be limited by transient localization events arising from the large intermolecular lattice vibrations, in
turn leading to dynamic fluctuations in the transfer integral.?? In contrast, non-linear charge transport
behaviour with bias or temperature, suspected to be fingerprints of Luttinger liquid behavior?® (1D
metallic transport), have recently been accounted for simply using a VRH model with field-assisted
hopping.2* Moreover, it appears that negative charge carrier mobility dependence on temperature
could exceptionally arise from a hopping mechanism. As a matter of fact, such inversions in temper-
ature dependence have been previously reported while studying intramolecular charge transfer of
dyads in solution. This unexpected behaviour was found to arise from additional temperature-depend-
ence of the reorganizational energy,? transfer integral?® or even from complex kinetics?” resulting in

bell-shaped Arrhenius plots.

Overall, it seems that — even though some organic semiconductors seem to indeed exhibit band-like
transport — in some cases mobility vs. temperature data might be misinterpreted and could also well
be explained in term of hopping mechanism. In this respect, our work aims at undermining the routine
interpretation of negative dependence for charge carrier mobility as function of temperature as a sig-

nature of band transport mechanism.

Herein we investigate the transport mechanism relevant to DPP(TBFu)y, a fruit fly material among
small molecule semiconductors. We report a bell-shaped Arrhenius plot for the hole mobility for
DPP(TBFu), small molecule based OFET. Hole mobilities being well below the Mott-loffe-Regel
limit, a band transport mechanism cannot be considered as a viable explanation. Strong field depend-
ence and presence of trap states are investigated as potential causes for deviation from thermally
activated regime. However, the inverted region is found to originate from a breakdown in transfer
integrals in poorly crystalline regions with increasing temperature, ultimately leading to a loss in
mobility. We show that this phenomenon can be modelled considering temperature dependent equi-

librium between two populations with distinct electronic coupling.
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3.2 Results

3.2.1 Temperature dependent FET measurements

The effect of temperature on charge transport properties of DPP(TBFu), was investigated for devices
as-cast from chlorobenzene and subsequently thermally annealed at 90 °C, 130 °C and 170 °C. For
all conditions, output curves exhibit clear linear and saturated behaviour with weak non linearity at
the onset, consistent with a small contact resistance (see appendix, Figure A-1 to A-4).18 Saturated
hole mobilities, extracted from the corresponding transfer curves (see appendix, Figure A-5) are
found to be in good agreement with hole mobilities extracted from linear regime (see appendix, Figure
A-6). Varying the FET channel direction or length did not impact in any significant way over the
OFET results.
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Figure 3-1. Temperature dependence of the field effect mobility extracted from saturated regime in DPP(TBFu); OFET
(channel length of 20 um) as-cast and annealed at 90 °C, 130 °C and 170 °C for 1 hour and corresponding fit using
equation (3.11) developed in this work. Black dashed lines indicate typical power law decay with exponent -0.5 (top)

and -2 (bottom), typical range for transport governed by band or transient localization theory.

Figure 3-1 shows the hole mobility of DPP(TBFu), spin-casted thin films extracted from the OFET
saturation regime (plain symbols) and hole-only diodes in space charge limited current devices (open
circles) as a function of temperature. At temperatures lower than 243 K, the FET mobility for as-cast
DPP(TBFu); (solid circles, Figure 3-1) increases with temperature as expected from thermally acti-
vated transport mechanism. In stark contrast, the mobility is found to deteriorate with temperature

above 243 K, resulting in a bell-shaped temperature dependence. After annealing the device at 90 °C
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for 1h (solid squares, Figure 3-1) FET mobility is found to increase by 1 order of magnitude. How-
ever, the bell-shape dependence is still present, with an inversion at ca. 253 K. Notably, above 340 K
the current drops down below setup sensitivity, suggesting almost non-existent hole mobilities. Sim-
ilar behaviour is found after further annealing the device at 130 °C (solid triangle, Figure 3-1) with
a slight increase in the temperature at which maximum hole mobility is found to ca. 263 K. Finally,
device annealed at 170 °C (solid star, Figure 3-1) exhibits a linear trend close to RT, even though a
negative slope is still present at much higher temperature (ca. 370 K). This bell-shape behaviour in
FET is found to be in good correlation with the Ion/Iorr ratio, further supporting that the loss in
mobility at high temperature is real and does not arise from an artefact in the output curve (see ap-
pendix, Figure A-7). Indeed, optimum values for the lon/Iorr ratio are found at temperatures similar
to where optimum hole mobilities are measured, consistent with the higher Ion. In addition, it is con-
sistent with the trend observed in the threshold voltage (see appendix, Figure A-7), where the thresh-
old voltage decreases with increasing temperature — as expected from the smaller amount of trapped
charges at high temperature. Notable exception are found in the case of as-cast FET and annealed at
90 °C, where the threshold voltage is found to increase back up again close to RT, suggesting the

formation of new hole-trapping states with increasing temperature.

In order to study the interface, SiO> substrates were functionalized with a monolayer of octadecyltri-
cholrosilane (OTS). Hole mobilities measured from OTS functionalized DPP(TBFu), FET (see ap-
pendix, Figure A-8) are found to be in the same order of magnitude than non-functionalized FET.
Moreover, the bell-shape dependence is still present, indicating that the SiO2 surface it-self is not

responsible for the inversion.

As the DPP(TBFu); is well-known to irreversibly self-assemble into crystalline domains upon ther-
mal annealing, we investigated the reversibility of the temperature dependent measurement. Mobility
in as-cast DPP(TBFu), was measured while cooling down from RT and heating back up again to RT
(see appendix, Figure A-9a). A slight hysteresis can be found at low temperature, probably caused by
the strong temperature gradient. Nonetheless, the bell-shape mobility dependence is present either
when cooling or heating the FET. The good agreement between mobilities measured at RT before
and after the cycle demonstrate that no irreversible modification of the film occurs during the exper-
iment. A similar experiment was performed on DPP(TBFu); annealed at 90 °C for temperature ranges
above RT (see appendix, Figure A-9b). The hole mobility at RT is found to improve by 3-fold after

the heating-cooling cycle, certainly caused by a thermal annealing effect inherent to the measurement
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inducing irreversible crystalisation. While this annealing effect is not negligible, it remains much

smaller than the actual drop in hole mobility observed upon increasing temperature.

Field dependence of the hole mobility was investigated as a possible cause for the inversion behaviour
observed in Figure 3-1, given that the Poole-Frenkel (PF) relationship ( p « exp(\/E / T1'5) ), pre-
dicts a negative slope with temperature (assuming the PF term dominates the mobility). Hole mobil-
ities measured at different temperatures for as-cast and annealed samples are shown in Figure 3-2
according to the PF relation. The field was assumed to be directly proportional to the applied source-
drain voltage Vs as E = Vpgs/L with L the channel length. For all samples, the logarithmic mobility
as function of square root of field are seen to be fairly linear, in agreement with a PF behaviour. For
as-cast FETs and the FET annealed at 90 °C, the mobility exhibits negligible dependence on the
electric field at high temperature only (e.g. 300 K and 286 K), corresponding to the deep inverted
region in Figure 3-1. Notably, the increasing field dependence at lower temperature suggests that, at
very low field, the hole mobility might be increasing with temperature even for samples not annealed
at 170 °C as expected for a thermally activated mechanism. This eventuality will be further discussed

below in section 3.3.2.
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Figure 3-2. Field dependence of the mobility extracted from saturated regime in FET (channel length of 10 um) meas-
ured at different temperature for (a) as-cast devices and annealed at (b) 90 °C, (c) 130 °C and (d) 170 °C.
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3.2.2  Effect of annealing on the supramolecular assembly

All the temperature dependent mobility data presented above exhibit a critical effect of the thermal
annealing step temperature. In this section we scrutinise the effect of thermal annealing over the su-
pramolecular assembly, crystallinity and energetics of DPP(TBFu): in thin film. First, the curing ef-
fect of the annealing step was investigated by GIXRD as presented on Figure 3-3a. In all cases, a
strong out-of-plane diffraction peak at 2@ of 6 ° can be seen which corresponds to the (020) reflection
induced by layers of n-n stacked DPP(TBFu), separated by alkyl chains.?® Despite the similar thick-
nesses of the all the samples (ca. 50 nm) the scattering intensity is found to significantly increase
upon annealing. Furthermore, the FWHM, which is inversely proportional to crystallite size and per-
fection through Scherrer’s equation,?® clearly decreases with annealing temperature. Overall, these
two results demonstrate that the main effect of the annealing step is an improved crystallinity. It is
important to note that this crystallization process is essentially irreversible upon cooling and does not
correlate with the reversible change in mobility. However, it suggests that poorly crystalline domains
gradually disappear with annealing. These amorphous domains could be critical to understand the

hole mobility behaviour with temperature.

Generally, such poorly crystalline domains are characterized by rough energetic landscape. Hence we
examine the presence of trap states within the film by cyclic voltammetry (CV). Figure 3-3b shows
the CV results of the first oxidation scan for as-cast and annealed films (30 nm thick) on FTO sub-
strates. The measured current density can be related to the density of state (DOS) as | = dse?g(Er),
assuming negligible porosity, where d is the thickness of the layer, s the scan speed and g(Ey) the
DOS at given energy level.3° A main oxidation peak can be seen at -5.4 eV with an onset at ca. -5.2
eV which can be attributed to the HOMO energy level of DPP(TBFu),. This is in good agreement
with HOMO level reported in previous work.3! Interestingly, the DOS above the HOMO level de-
creases significantly with annealing, revealing potential hole trapping states which seems to be par-
tially cured by annealing. The presence of these states was further confirmed by impedance spectros-
copy performed on hole-only diode in dark conditions and presented in Figure 3-3c. The chemical
capacitance C, was extracted from the impedance response by fitting with a single semi-circle (see
appendix, Figure A-10). The DOS can then be obtained using the trivial relation C, = e?g(Er).*° At
low applied voltage (ca. 0.5 V), a small DOS peak appears for samples as-cast and annealed at 90 °C.
These peaks disappear on samples annealed at 130 °C and 170 °C. The exponential increase observed
at higher voltage for all samples is attributed to the HOMO level. Overall, this result seems to confirm

the presence of hole trapping states above the HOMO level which are suppressed with annealing. It
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is worth noting that, lacking a reference electrode in this solid-state configuration, the energy axis is
given relative to the fermi level of the counter electrode. Thus, unnatural broadness of the peak orig-

inates from the floating counter electrode fermi level upon applied voltage.
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Figure 3-3. (a) Out-of-plane grazing incidence wide angle X-ray scattering of as-cast DPP(TBFu); and annealed at 90
°C, 130 °C and 170 °C. (b) density of state calculated using cyclic voltammetry data and (c) using chemical capaci-
tance extracted from impedance spectroscopy for as-cast devices annealed at 90 °C, 130 °C and 170 °C.

The change in crystallinity was further investigated by imaging the active layer interface in contact
with SiO; where the transport occurs. This was achieved by delaminating the DPP(TBFu); layer from
the OTS fonctionalized SiO> substrate and imaging the morphology at RT in air by atomic force
microscopy tapping mode. Data, presented in Figure 3-4, shows the evolution of the mophology with
annealing. The as-cast sample exhibts uncorrelated features, typical of an amorphous or poorly
crystalline interfacial layer (here the term interfacial layer refers to the DPP(TBFu), at the SiO:
interface only, in contrast with the bulk of the film which can exhibit stark differences in
morphology). Upon annealing at 90 °C, 130 °C and 170 °C, platelet features progressively appear,
consistent with an increasing crystallinity of the interfacial layer. Furthermore, the YM distribution

corresponding to these images was extracted by fitting the force curve with a DMT model accounting
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for adhesion (see chapter 2).32 It can be seen that the mean YM increases from ca. 80 MPa to ca. 120
MPa for samples as-cast and annealed at 170 °C respectively, consitent with a tighter packing induced
by crystalization. It is worth noting that the as-cast layer exhibits a sharp YM distribution, in contrast
to annealed films which exhibit broader distributions. The significant YM distribution overlap in
between samples as-cast and annealed at 90 °C or even 130 °C indicates a heterogeous composition
of this surface layer after mild annealing, which likely consists of different degree of crystalline and
amorphous regions. Finally we note that only the YM distribution of the sample annealed at 170 °C
does not overlap the as-cast one, indicating that poorly crystalline domains are smaller than tip

resolution (< 9 nm).
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Figure 3-4. Atomic force microscopy height images (scale bar 100 nm) and corresponding distribution of the Young
modulus of the SiO/DPP(TBFu), interface measured on DPP(TBFu);delaminated films as-cast and previously an-
nealed at 90 °C, 130 °C and 170 °C. Dashed lines in the histogram correspond to Gaussian fit of the Young modulus
distribution for as-cast (blue) annealed at 90 °C (green), 130 °C (orange) and 170 °C (red).
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3.2.3  Insight into the degree of aggregation by temperature dependent UV-vis

Finally, the change in aggregation was studied by UV-vis spectroscopy as function of temperature.
As it can be seen on Figure 3-5a, in the solid-state at RT, DPP(TBFu), exhibits 3 main spectroscopic
transitions at ca. 557, 599 and 670 nm. The latter is well-known to be related to disorder within the
film, as it strongly decreases upon annealing.3! However, in earlier work, we reported that this tran-
sition does not simply scale with a relative loss in melting enthalpy of DPP(TBFu); but rather origi-
nates from a specific type of slip-stack n- stacking similar to J-aggregation.33> We note that, while
annealed samples all exhibit similar spectral shape, the absorption intensity increases with annealing
temperature. Given that films all have similar thicknesses (ca. 50 nm) this suggests a stronger extinc-

tion coefficient.
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Figure 3-5. (a) UV-vis spectrum of DPP(TBFu); in solution (CHCI3) and thin films as-cast and annealed at 90 °C, 130
°C and 170 °C and measured at RT as well as molten (~300 °C). (b - d) Relative differential absorption (spectrum at
300 K as baseline) at different temperature for thin films as-cast and annealed at 90 °C, 130 °C and 170 °C.
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In order to follow the evolution of the spectra with varying temperature, relative differential absorp-
tion with respect to spectrum at RT for samples annealed at 90 °C, 130 °C and 170 °C is presented in
Figure 3-5c¢-d. Data were measured while cooling down the sample as to reduce potential contribu-
tion from the annealing effect inherent to the measurement on the results, though we note that obser-
vations were found to be reversible upon reheating. For all annealed samples, the three peaks exhibit
a loss in intensity with increasing temperature, consistent with decreased extinction coefficient. The
intensity loss is similar for the three peaks, with exception for the sample annealed at 90 °C where
low energy peaks exhibit greater loss in intensity on similar temperature range. It is worth noting that
peak positions obtained by deconvolution of the spectrum using a linear combination of three Lo-
rentzians peaks (see appendix, Figure A-11 and Figure A-12) all undergo a linear hypsochromic shift
upon increasing temperature ranging from 0.1 to 0.2 nm per decade. Moreover, looking at the 670
nm peak, a stronger shift is found for samples annealed at 90 °C than 130 and 170 °C with respective

slopes 0f 0.2, 0.14 and 0.11 nm per decade.

Finally, an obvious key feature in the relative differential absorption data is the presence of 4 isos-
bestic points. Isosbestic points are commonly attributed to an equilibrium between two species with
distinct absorption spectra.’*3> Figure 3-5a also present the absorption spectrum of non-aggregated
DPP(TBFu),, either dissolved in CHCl3 or molten at 300 °C (importantly, these two spectra are only
qualitative as there is no correlation with the aforementioned thin films thicknesses). Nonetheless,
both spectra are characterized by a significant bathochromic shift as compared to the solid-state. This
leads to a transition peak around 630 nm for monomers which is in very good agreement with the
spectral region that exhibit an increase in extinction coefficient with temperature in Figure 3-5c-d.
Overall, it supports the idea that a reversible equilibrium is present within the film between two phases
that could be associated with aggregated and non-aggregated molecules. It is worth recalling that the
formation of the crystalline phase with increasing temperature is not reversible and hence should not

be associated with the aforementioned phases in equilibrium.

33 Discussion

3.3.1 Beyond band theory

While the bell-shaped dependence presented in Figure 3-1 is often explained as a transition from
hopping to band-like transport (e.g. as reported by Yamashita and co-workers),!! the low hole mobil-

ities characteristic of DPP(TBFu), (< 102 cm? V-!'s™!, well below the Mott-loffe-Regel limit), suggest
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that charges are localized on single molecules rather than delocalized. DPP(TBFu), being a small
molecule, potential contribution from charges delocalized along the backbone on significant distances
can be excluded. In addition, the sharp breakdown in hole mobility observed for FET annealed at 90
°C does not match a power law typically expected for band transport or even transient localization
theories. Altogether, these elements refute band transport mechanism as a plausible explanation for
the observed negative dependence of hole mobility on temperature. Rather, charge carriers in
DPP(TBFu), are expected to be localized on a single molecule and follow a hopping mechanism.
Given the relatively high temperature range (close to RT) studied in this work as well as the crystalline
nature of DPP(TBFu);, we actually expect the hopping mechanism to be better described by Marcus
equation rather than the GDM model. Using Einstein relation, the charge carrier mobility can be

expressed from the Marcus equation as,3®

2
= ﬁz_"jz ;exp (_ Ea ) G.1)
T 7 |4mgkyT ksT

Where u is the charge carrier mobility, a the hopping distance, | the overlap integral and Ay the

reorganization energy for an average hop (see section 1.1.1). Then, a main issue remains: how can
theory for thermally activated transport mechanism account for the bell-shape temperature depend-

ence of hole mobility observed in this work?

3.3.2  Exploring field dependence of the mobility

A transport pathway with both crystalline and amorphous domains including the presence of trapping
sites must exhibit rough energetic landscape (e.g. potential trap states) which can lead to a strong field
dependence of the mobility. Indeed, previous work from Li et al. suggested that field dependence of
the mobility in the context of VRH model could account for non-linear transport.?* Indeed, the tem-
perature dependence of the mobility observed in this work can be fit fairly well using a general ex-

pression of the form proposed by Parris et al.,3’

E

° o \? eakE
U = Hoexp —ﬁ—t‘h(ﬁ) + A,
B B

il (3.2)
o

3
(eor) 4
kT 3

With uy an exponential prefactor, o the Gaussian distribution width for the energy, E the electric field

and A; are fitting parameters. As the first and second term represent polaronic behaviour and GDM
respectively, the third term describes the empirically defined field dependence of mobility following

a PF relationship, as mentioned above. From equation (3.2), it is trivial that if mobility gets dominated
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by the PF term, a negative dependence of the mobility on the temperature would arise. We exclude
this possibility given that the experimentally determined mobility field-dependence is not strong
enough to fully account for the inversion. Indeed, the fitting parameter for the field dependence can
be extracted out of the field dependent mobility data presented in Figure 3-2. As mobility follows a

PF relationship then data in Figure 3-2 result as a straight line with slope,

3
o \2 ea

[ __ (3.3)

(kBT> A3] o

From the temperature dependence of this slope, one can trivially obtain the fitting prefactor of the PF

din(uw)
NE

3

2
temperature dependent term corresponding to 4, /% (ki) (see appendix, Figure A-13). Knowing
B

the field, we experimentally obtain a typical PF prefactor in the order of 10* K, while a good fit of
the data would require a prefactor more than 1 order of magnitude higher. Hence field dependence of

the hole mobility fails to fully explain the observed bell-shape behaviour observed in Figure 3-1.

3.3.3 Exploring transfer integral variation with temperature

Another possibility for the bell-shaped mobility is the eventuality of the intermolecular transfer inte-
gral collapsing with increasing temperature. In a way, this idea of a transfer integral strongly depend-
ent on temperature was already reported by Davis et al. who observed a bell-shaped Arrhenius plot
that they ascribed to a complex torsional motion dependent on temperature within dyads in solution
which in turn affects the transfer integral.?® While this exact mechanism is intrinsic to the specific
dyad molecules used in that work and cannot be extended to DPP(TBFu); in the solid-state, variation
in intermolecular electronic coupling with temperature is strongly suggested by the UV-vis data. In-
deed, the decreasing intensity of the respective electronic transitions with temperature indicates a
decreased absorption coefficient within the film, under the reasonable assumption — given the low
incident monochromatic light intensity — that the sample is not saturated by photons (in which case
the lower intensity would naturally arise from broadening of the peak). The hypsochromic shift ob-
served with increasing temperature further supports the notion of a deterioration of the n-r stacking
upon increasing temperature. The stronger intensity loss, as well as hypsochromic shift, observed on
sample annealed at 90 °C as compared to samples annealed at 130 °C and 170 °C is consistent with
the presence of poorly crystalline regions and structural defects (aforementioned in section 3.3.1).

Indeed, weak n-m interactions are more prone to deteriorate with increasing temperature.
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3.3.4 Theory and modelling behind variation in electronic coupling

In general, the transfer integral associated with a structural conformation is considered to only change
marginally with temperature.’® Thereof, the development of a reasonable model for such a loss in
electronic coupling with increasing temperature must rely on a change in packing structure exhibiting
different electronic coupling. That is supported by the presence of isosbestic points in Figure 3-5 that
confirms the existence of two phases (A and B) in equilibrium with high temperature, seemingly
favouring a poorly or even non-aggregated phase (B). In addition, Sharenko et al. have reported that
solution-processed thin films of DPP(TBFu). exhibit a cold crystallization at temperatures (Tc) as
low as 323 K.*° Hence, for cooperative crystallization to take place at Tc, reorganization of
DPP(TBFu); molecules must be facilitated by significant rotational and/or translational modes of
motion.*® The latter can originate from phase transitions from an initial phase (A) to a transition state
(B) (higher in energy) from which it can reorganize as a crystalline phase (C), as depicted in Figure

3-6.

Initial state (A) Transition state (B) Crystalline state (C)
A A A
S & S
g 2 g
w E o
3 3 g
& i [
()
> P »
Molar volume Molar volume Molar volume
e, S~

Figure 3-6. Schematic of the energy landscape as function of molar volume for a I*' order reversible transition between
initial state A and transition state B. Crystallization can then happen from the high energy transition state B to crystal-
line state C. Black dot represent the actual state of a molecule.

Transition from phase A to phase B would then be the origin of the change in intermolecular elec-
tronic coupling with temperature. In this respect, we postulate that phase B must exhibit a signifi-
cantly reduced intermolecular transfer integral relative to phase A, which is the very basis of the
model. Moreover, molecules in phase B — being characterized by a significant loss in aggregation
(vide supra) — will be assimilated to monomers. That, the self-assembly mechanism from non-aggre-
gated state B to aggregated state A will define how the population in state A and B will evolve with

temperature. In order to simplify the treatment, we will not consider the presence of the third phase
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C in the blend but just an equilibrium between phase A and B. The underlying reason is that the
inhomogeneous distribution of phase C within phase A (in equilibrium with phase B) leads to com-
plex percolation considerations which greatly complicate the model development. However, the as-
sumption behind the fact that no phase C is present nor generated during the mobility measurements
is that mobility can be defined by transport only through phase A and B. While this might hold for

as-cast FET, it is certainly not true for annealed sample as we will discuss below.

Let us then consider a solid solution of phases A and B. The evolution of the number of molecules in
state A vs. state B will depend on the kind of mechanism governing self-assembly which could be
cooperative or isodesmic. The clear sigmoidal trend present in Figure 3-7 of the mobility at high
temperature suggests that an isodesmic mechanism will be more appropriate to model the data and
will thus be considered in this work. Even though, we note that a posteriori using a cooperative model
such as the one describe by Smulders et al.** for self-assembly is also possible and does not limit the
model as expected from the marginal difference between the two trends. Considering isodesmic self-

assembly, the fraction of molecules in state A can then be described in function of temperature as,*>43

Ny 1
Na+Np + exp (—AH

a

= Tm) (3.4)
RT2
Where a is the degree of aggregation, N, and N are the number of molecules in state A and B
respectively, R the gas constant, AH the enthalpy and T,,, the temperature where ¢ = 0.5 associated
with the phase transition from B to A. Notably, equation (3.2) is popular to model the thermodynamic
excitations of glass forming liquids.*® The stochastic nature of an isodesmic process — as no specific
nucleation centres are present — consequently leads to a homogenous mixture of A and B phases on
the molecular scale. As defined above, phase A and B essentially differ by their intermolecular inter-
actions. Let us then define their respective transfer integral /4 and /5, which will be assumed as tem-
perature independent and wich satisfies the relation /4, >> J. The probability for a hole to hop be-

tween two molecules with electronic coupling /4 can then be expressed as,

Npky

=—°2= (3.5

Py

Where k, and kg are rate constant for hole transfer in state A and B respectively. Assuming that

reorganizational energy is the same for state A and B, then equation (3.5) can be rewritten as,
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2
NaJa (3.6)

p=——2A
A NaJa® + NgJg°

Similarly, the probability for a hop to occur in between two molecules with intermolecular coupling

Jp can be expressed:

2
NB]B (3.7)

Pp = —————
P N + NpJp?

We can then express the mean transfer integral experienced by a hole while hopping through this
system by taking the geometrical average of the transfer integral for each hop (J;) over a number of

hops n as,

J= lim (]_[Ji) -

As in this model, J; can only take two values (e.g. /4, and Jg), equation (3.8) can be rewritten for a

large number of hops as,

- (3.9
J=14"Js"® = exp[PsIn(J,) + Pgin(Jp)]
Finally, by substituting equation (3.6) and (3.7), we get:
J=exp [a]AZ In(J)+(1—a) ]len(]B)] 10
@)+ (1—a) g 10

One can then express the mobility as to account for variation in transfer integral with temperature by

substituting J within equation (3.1) by equation (3.10) as,

y ea? 2m 1 ( E, )exp [za]Az nJy)+0—-a) ]len(]B)] 3.11)

= — exp(———=
keT # | 4magksT P\ kpT )i+ (1—a)ls’

With E, approximated as E, = %0 (see equation (1.3)).
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Table 3-1. Thermodynamic parameters describing the temperature dependent behaviour of the hole mobility
in OFET for different annealing temperatures according to the isodesmic self-assembly model.

Annealing Ao [meV] J o [meV] Jp [meV] T,, [K] AH [k]/mol]
As- 629.9 30.0 2x10° 206.3 -
90 516.7 54.5 0.1 209.8 -
130 556.2 107.0 04 201.8 -
170 883.1 275.5 41.5 373.6 -
5 RS 1.4x10° m B .
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Figure 3-7. Temperature dependence of the field effect mobility extracted from saturated regime in DPP(TBFu)2 OFET
(channel length of 20 um) as-cast and annealed at 90 °C, 130 °C and 170 °C for 1 hour and corresponding fit using
equation (3.11) developed in this work.
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3.3.5 Application of the isodesmic model

Data presented in Figure 3-1 can now be fit using equation (3.11) (also shown in Figure 3-7). In
particular, the absence of crystalline domains in the as-cast sample — strongly suggested by the AFM
data measured at the buried interface — makes it an ideal dataset to apply the model. The latter suc-
cessfully fits as-cast FET mobility as function of temperature, returning physically significant param-
eters (summarized in Table 3-1). As a matter of fact, /4 >> Jp is verified, the former exhibiting an
electronic coupling about 30 meV which is physically relevant. The parameter T, is found to be
around 206 K, that is about 30 K lower than the observed inversion, which makes sense as when a =
0.5, the mean transfer integral can be approximated as | ~ J,. In addition, the enthalpy associated
with this transition is lower than that measured for the melting of DPP(TBFu): (ca. 40 kJ mol™).33
Finally, the reorganization energy is found to be ca. 630 meV — corresponding to an activation energy
of ca. 158 meV — which is higher than previously reported values for other organic system usually
closer to 100 meV.**#> While this is consistent with the lower hole mobilities measured in this work,
it is important to also note that the temperature dependence of the exponential prefactor is routinely
neglected in the literature when extracting E,, which can lead to significant underestimation of E,.
Overall, our simple model demonstrates that a phase transition occurring within the transport channel
can physically account for the inverted temperature dependence of the mobility observed in this work,

while remaining in the frame of hopping theory.

As cast Annealed at 90-130°C Annealed at 170 °C

Poorly
crystalline
regions
A==8

Crystalline
domains

©

Typical
hole transport
pathway

Figure 3-7. Schematic of the 3 phases present in the film as expected from AFM measurement. As-cast (left) present
only a poorly crystalline phase, A, which is in equilibrium with the transition phase B. Respective population of these
two phases is temperature dependent. After annealing at 90 °C and 130 °C a crystalline phase appears, though no per-
colation pathway through this crystalline phase exist. Then mobility remains highly affected by the equilibrium between
phase A and B. When annealed at 170 °C, direct percolation pathway starts to form through the crystalline channel,
limiting the effect of equilibrium between phase A and B on the mobility.
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As previously mentioned, the model considers no crystalline phases and should therefore only be
used to fit the as-cast data unless taking into account a third phase C in combination with complex
percolation criteria. However, we found that the model can still fit temperature-dependent mobility
data of FET annealed at 90 °C and 130 °C (and even at 170 °C as will be discussed later). Indeed,
very similar reorganization energy and transition temperature are obtained, respectively 596 + 80
meV and 208 + 5 K. Hence, it suggests that the FET devices annealed at 90 and 130 °C are still
limited by the same phase transition as the as-cast FET despite the presence of crystalline domains.
This can easily be rationalized if crystalline domains are isolated from each other by a poorly crys-
talline phase (equivalent to a blend of A and B phases). As illustrated in Figure 3-8, hole transport
will then be largely affected by the population ratio of phase A and B and thereof, by temperature.
This is in good agreement with AFM data where platelets are visible (suggesting crystalline regions)
while YM distribution strongly overlap the as-cast one (suggesting remaining poorly crystalline re-
gions). In terms of fitting parameters, the main effect of annealing arises from an increase in transfer
integral and a decrease in the enthalpy of the transition. Indeed, the presence of crystalline domains
are expected to increase the mean transfer integral. As the model does not consider an electronic
coupling for the crystalline phase C (J), the enhanced mean electronic coupling is reflected on J,
and Jg. The loss in enthalpy associated with the transition from phase A to B can also be rationalized
given that crystalline phases do not undergo this phase transition. Thereof, as we do not account for
this third population, which is not participating to the enthalpy, the overall molar enthalpy of the
system must decrease according to AH! = 8 AH®, where AH® is the real molar enthalpy of the A to

B transition as extracted from the as-cast sample and S is the poorly crystalline fraction composed of

Nc¢

phases A and B (expressedas § = 1 — NatNoiNe

with N the number of molecules in state C). Con-

sequently, in samples annealed at 90 °C and 130 °C, B can be calculated from the enthalpy ratio
relative to as-cast conditions, which yields respectively ca. 58 % and 29 % of poorly crystalline re-
gions. Interestingly, the degree of poorly crystalline regions can also be assessed by integrating the
YM distribution as shown in Figure 3-9. The overlap fraction between YM of annealed samples and
as-cast sample can be extracted as the y-value at the crossing point between the integral curve and the
vertical blue dashed line marking the YM threshold below which domains are supposed to be poorly
crystalline. It can be seen that values of 5 obtained with the model for samples annealed at 90 °C and
130 °C (see green dashed line and orange dashed line) are in very good agreement with the as-cast
YM overlapping fraction. This strongly supports the validity of our approach even when the crystal-

line phase is present.
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Figure 3-8. Integrated Young modulus distribution presented in Figure 3-4 of as-cast sample and annealed at 90 °C,

130 °C and 170 °C. Blue dashed-line represents the threshold defining the overlap with YM of as-cast sample. Green

and orange dashed lines indicates the fraction of poorly crystalline regions obtained from the model for samples an-
nealed at respectively 90 °C and 130 °C.

Finally, it can be seen from Figure 3-7 that the inversion of the mobility temperature dependence in
FET annealed at 170 °C can still be fairly well fit using equation (3.11). However, the resulting T,
(ca. 373 K) strongly differs from the T,,, obtained for samples annealed at lower temperature which
was around 210 K. This strongly suggests that the mobility is not limited by transport within poorly
crystalline region as transport pathways mainly through crystalline domains exist (as illustrated in
Figure 3-8 and supported by AFM and YM data). Before further discussing the new origin for the
inversion in this last sample, it is important to keep in mind that the morphology of the active layer
is largely beyond our initial assumption for the model where no crystalline phase is present. Indeed,
the AFM image in combination with YM distribution suggests that it is mainly composed of crystal-
line platelets. Therefore, we will first discuss the origin of the inverted trend for the mobility in the
frame of our model and then focus on alternative eventualities. In the former case, mobility would
simply be limited by a new transition state that is in equilibrium with the crystalline phase around
373 K. In other words, at this high temperature phase C undergoes a transition to a fourth phase, D,
which is an excited state of C with lower electronic coupling. Hence, we are back to our original
assumption considering only two phases in equilibrium but with a distinct phase transition. Alterna-
tively, the mobility loss with temperature could arise from a breakdown in percolation pathway at the
grain boundaries. This would likely be caused by the presence of a thin layer (<9 nm) of phases A/B

in between crystalline domains. As such percolation argument is not taken into account by equation
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(3.11), it cannot fit the data with reasonable physical parameters. Finally, we cannot exclude that
strong thermal lattice fluctuations (in the frame of transient localization theory) could limit the
transport given the high temperature and reasonable mobility. However, it is important to note that
the previously reported power law dependence p o T ~2 for transient localization is not strong enough

to account for the loss in mobility observed in this work.?2

Further establishing our hypothesis of self-assembly governing the temperature dependence of the
mobility through calculation of the transfer integrals in play would require a complex simulation
study of DPP(TBFu), molecular packing which is beyond the scope of the current work. Nonetheless,
it is well-known that the transfer integral is highly affected by the relative orientation of the neigh-
bouring molecules. Though no calculation were made for DPP(TBFu); itself in the literature, it is
sound to consider that conformational change between the two phases could lead to drastic change in
the charge transfer rate as reported for other organic molecules.*® Indeed, in the case of our model
applied to DPP(TBFu),, it only supposes a change in transfer integral about 2 order of magnitude.
This seems reasonable when comparing to the transfer integral dependency over angle and distance
reported for neighbouring pentacene or hexabenzocoronene.*” Nonetheless, DPP(TBFu): itself would

need to be studied using similar computational method for conclusive proof of this hypothesis.

34 Conclusions

We report a bell-shaped hole mobility dependence on temperature for DPP(TBFu), FET, with hole
mobilities well below the Mott-loffe-Regel limit, excluding significant charge delocalization. Rather,
our hypothesis invokes a thermally activated transport mechanism where the inverted region arises
from a collapse of the transfer integral in poorly crystalline regions present at the SiO»/DPP(TBFu),
interface. These poorly crystalline regions are already known to crystallize at temperature as low as
320 K and hence to undergo a phase transition toward a poorly aggregated meso-phase below this
temperature. The latter is expected to greatly impact the transfer integral between neighbouring mol-
ecules and in turn the mobility. In addition, we bring the breakdown in aggregation and electronic
coupling in relation with an isodesmic self-assembly mechanism which successfully models the data,
resulting in physically significant parameters. Most importantly, this work demonstrates that mobility
dependence over temperature exhibiting a negative slope should not be accepted as a signature for

band-like transport in organic devices, but also considered in term of hopping transport.
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Chapter 4 Engineering the self-assembly of
diketopyrrolopyrrole-based molecular semi-

conductors via an aliphatic linker strategy

lemental solid-state self-assembly of molecular semiconductors is a key aspect for

controlling the optoelectronic properties of organic electronic materials. Herein, we

investigate the use of a flexible linker strategy to control the self-assembly of a so-
lution-processable diketopyrrolopyrrole semiconductor coded as DPP(TBFu),. Two distinct di-
mers—prepared with varied linker position relative to the orientation of the conjugated core—reveal
the effect of connectivity on the solid-state self-assembly and optoelectronic properties—favoring
either H- or J-type aggregation. The dimer with a “vertical” linker orientation exhibits a poor crystal-
linity in neat films, but improves hole mobility in OFETs by 10-fold, reaching 3.0 x 102 cm?V !s™!
when used as an additive in with DPP(TBFu),. Distinctively, the dimer with a “horizontal” linker
orientation does not enhance charge carrier transport, but is found to affect the thermal stability of
donor:acceptor blends in OPVs with PCBM. Devices retain 90% of their initial conversion efficiency
after 5 hours of thermal stress, compared to only 45% for control devices. Thermodynamic and kinetic
rationale further suggest that this flexible linker strategy represents a powerful tool to control supra-
molecular assembly in molecular semiconductors without altering the nature of the core conjugated

segment.

This chapter has been adapted from “Engineering the self-assembly of diketopyrrolopyrrole-based molecular semicon-
ductors via an aliphatic linker strategy” (Jeanbourquin, X. A.; Rahmanudin, A.; Gasperini, A.; Ripaud, E.; Yu, X.;
Johnson, M.; Guijarro, N.; Sivula, K., J. Mater. Chem. A, 2017, 5, 10526-10536)
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4.1 Introduction

As demonstrated in the previous chapter, the ultimate optoelectronic performance of molecular sem-
iconductor-based device is severly dictated by its supramolecular self-assembly in the solid-state,
which in turn is strongly influenced by n-m interactions between the conjugated segments. These in-
termolecular interactions have proved quite challenging to predict! and to control? without altering

the semiconductor core properties. Moreover, phenomena such as structural polymorphism,3~ defects

6-8 10-

formation,®® strain,? and domain orientation/grain boundaries'®!® have been identified as additional
complications that confound the rational engineering of molecular semiconductors. Thus developing
generalizable tools to improve our understanding and ability to control the supramolecular self-as-
sembly of organic semiconductors independently of altering the core m-conjugated unit is an im-

portant goal.*#1>

Previous investigations have already begun to address this objective using process engineering based
techniques®® such as forcing directionality and/or spatial confinement during solution casting, which
can influence polymorphism'’~*° and the crystal domain size/orientation.®2° Processing additives
such as inert polymers or small molecule nucleation promotors have also been shown to influence the
self-assembly of molecular semiconductors.?! While these processing-based techniques have shown
an encouraging level of control, they are essentially extrinsic, i.e. they can be greatly affected by
external factors such as substrate, solvent, evaporation rate, and are not generalizable towards arbi-
trary molecular structures. In contrast, routes for controlling molecular self-assembly by engineering
the solubilizing side chains can preserve the electronics of the semiconducting core.?? This route has

23-28 9nd to a lesser extent for small molecule

been widely investigated for m-conjugated polymers,
organic semiconductors.?®-3! Indeed, since the self-assembly of a typical molecular semiconductor
with standard aliphatic solubilizing chains is dominated by n-m interactions, side chain engineering
offers limited control. Including heteroatoms to promote hydrogen bonding, ionic coordination, or
other specific interactions can offer increased influence over the self-assembly, but can also alter the

electronic properties potentially leading to the introduction of trapping states.??

Recently, a promising strategy to control supramolecular assembly without altering the semiconduct-
ing core has been suggested via the covalent tethering of conjugated segments with flexible non-
conjugated chains.3?73° Indeed, employing flexible linkers in conjugated polymer systems—which
break continuous backbone conjugation—have already shown promising effects by easing chain ri-

gidity, increasing processability, and offering unique self-assembly motifs.>**3 In contrast, when
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flexibly linking small molecule semiconductors, n-r stacking can be hindered due to the conforma-
tional restrictions, which can alter crystal domains size leading to more isotropic charge transport,
and increased thermal stability of the solid-state morphology.3? Melt processing was even recently
demonstrated with this approach.** Despite these encouraging results employing the flexible linker
approach, a clear understanding of the mechanism by which these flexibly-linked molecular systems
affect intermolecular self-assembly is lacking. Thus, in order to develop this approach towards a
functional tool to control supramolecular assembly in molecular semiconductors, more insight into
the additive effect is needed. Herein we employ a model molecular semiconductor system and differ-
ent linking strategies to prepare two distinct dimers with the same conjugated core. The effect of the
linker positions on the optoelectronic properties and self-assembly are scrutinized from both thermo-

dynamic and kinetic perspectives.
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4.2 Results and Discussion

To investigate the effects of the covalent linking strategy for controlling the self-assembly of solution-
processable molecular semiconductors, we choose DPP(TBFu); as the model n-conjugated unit. DPP-
based small-molecules, especially DPP(TBFu)., have been reported as promising electron donor mol-
ecules for organic photovoltaics when used in combination with PCBM as electron acceptor,* and
their self-assembly into well-ordered crystalline domains is known to have an important effect on the

device performance?®® as seen in chapter 3.

Two dimers based on DPP(TBFu), were synthetized using an unbranched aliphatic chain as a linker
between the two conjugated segments. A horizontally linked dimer, coded H-(DPP),, was connected
at the 5-benzofuran position, while a vertical connection in the dimer coded V-(DPP); is placed at the
imide position where the branched solubilizing chain normally resides. Figure 4-1 shows the struc-
ture and synthetic strategy to prepare the two dimers. H-(DPP), was synthesized based on a modified
procedure from previous work on an aliphatically-linked DPP(TBFu), polymer.33 For the coupling of
one benzofuran group onto the dibromominated DPP(T) core (1), we found that the typical Suzuki
coupling conditions strongly favoured the di-functionalized DPP(TBFu), even when only one equiv-
alent of the borylated benzofuran was used.*” However, using a Stille coupling method with polar
aprotic DMF as a solvent instead of the conventional non-polar toluene together with the stannylated
benzofuran (2), gave high yield of the mono-benzofuranated product, likely due to the role of DMF
as a catalytic inhibitor.*® The subsequent symmetric coupling of this mono-functionalized DPP with
1,6-bis(2-(trimethylstannyl)benzofuran-5-yl)hexane (3) gave the H-(DPP)> dimer (4). On the other
hand, the V-(DPP), dimer was synthesized by first linking two mono-alkylated DPP(T) (5) units via
an alkylation with a Cyo aliphatic chain at the imide position. The product was subsequently coupled
using a Suzuki coupling with excess borylated benzofuran (6) to give the vertically linked V-(DPP),
(7). Full synthetic details are available in appendix B.
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Figure 4-1. Chemical structures and synthetic strategy of the novel DPP(TBFu); based dimers, V-(DPP); and H-
(DPP)..

4.2.1 Impact of the flexible linker on the supramolecular assembly

Normalized UV-vis absorption spectra of the two dimers as well as the parent monomeric
DPP(TBFu), (coded as M-DPP in this chapter) dissolved in chloroform are shown in Figure 4-2a.
The three molecules have identical absorption spectra in solution, which is in good agreement with
previously published data for the parent M-DPP.* Indeed, aliphatic substituents are not expected to
greatly affect the electron density of the conjugated core. In the solid-state UV-vis of the dimers cast
from chloroform into thin films, the V-(DPP), dimer exhibits a spectrum qualitatively similar to the
M-DPP (see normalized spectra Figure 4-2b). However, we note the presence of an increased back-
ground signal and broader peaks—Ilikely stemming from poor film formation of the V-(DPP), which
is due to its relatively low solubility (ca. 1 mg mL™', compared to >20 mg mL"" for the horizontally-
linked dimer or M-DPP), resulting in the presence of aggregates in the film. Considering the horizon-
tally-linked dimer, while the absorption peaks of H-(DPP); in the solid-state appear at similar wave-
lengths and with similar peak widths compared to M-DPP, a clear change in the relative peak inten-
sities is evidenced. The peak at 560 nm of H-(DPP), shows a relative decrease in intensity compared
to M-DPP, whereas the peak at 665 nm exhibits an increased relative intensity. This change in solid-
state absorption between M-DPP and H-(DPP), suggests a possible difference in the solid-state self-

assembly motif.
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Figure 4-2. UV-vis and crystallographic characterization. The normalized optical absorption spectra measured in
chloroform solution (a) and in solid-state thin films (b) are shown for the parent M-DPP, and the two dimers H-(DPP);
and V-(DPP);. (c¢) Out-of-plane grazing incidence X-ray diffractograms of M-DPP, H-(DPP); and V-(DPP); obtained
from chlorobenzene drop-casted films.

In order to further investigate a possible change in self-assembly or crystal packing of the dimer
molecules compared to the parent M-DPP, grazing incidence X-ray diffraction (GIXRD) was per-
formed on solid-state thin films prepared by drop-casting. The resulting out-of-plane diffractograms
are shown in Figure 4-2c where M-DPP exhibits a primary peak at a scattering vector value of ¢, =
0.435 A™!, which is in good agreement with previous reports.>® This primary peak has been assigned
to the (020) reflection corresponding to a stacking distance of 14.4 A between layers of overlapped
(n-n stacked) M-DPP molecules separated by solubilizing alkyl chains.>® We note that the scattering
peak for the reported n-m stacking distance (ca. 3.5 A) is typically not sufficiently intense to be ob-
served in thin film XRD measurements. The V-(DPP), dimer exhibits a peak at a similar g, value
compared to the primary M-DPP peak, suggesting that the vertical linking strategy does not affect the
interplanar stacking distance. However, we observe a drastically smaller scattering intensity by al-
most two orders of magnitude despite similar film thickness, implying a significantly reduced crys-
tallinity. An interplanar stacking peak is also observed for the H-(DPP), dimer, however, at a lower
g- value of 0.39 A~! (stacking distance of 16.1 A). This larger interplanar stacking distance is surpris-
ing given that the solubilizing alkyl chains are identical in the M-DPP and the H-(DPP),. However,

74



Engineering the self-assembly of diketopyrrolopyrrole-based molecular semiconductors via an aliphatic linker strategy

this difference together with the additional peaks at g, = 0.60 and 0.76 A~! support the notion of a
unique molecular self-assembly in the H-(DPP), dimer thin film. We note that the intensity of the
scattering was also one order of magnitude lower than the M-DPP, suggesting a decrease in crystal-

linity similarly with the V-(DPP), dimer.

The different supramolecular self-assembly of the H-(DPP), dimer implied by the GIXRD results, is
consistent with the solid-state UV-vis results, considering previous studies of M-DPP and similar
molecules. Indeed, previous work from Nguyen and co-workers suggests that the relative magnitude
of the 665 nm optical absorption peak is inversely correlated to the amount of intermolecular n-n
stacking interactions in M-DPP films (since this peak decreased with annealing temperature relative
to the peak at 590 nm).*> Moreover, previous work with a set of similar (monomeric) DPP-based
molecules with varying units substituting the benzofuran (e.g. triphenyl amine or pyrene) reported a
similar trend in the UV-vis data compared to our H-(DPP), dimer.>? A pyrene-functionalized DPP
molecule in that work exhibited a very strong self-assembly due to its planarity, while the more bulky
structure of a triphenyl amine derivative was suggested to hinder the n-n stacking. Interestingly, their
optical absorption data indicate the presence of a strong peak around 650 nm for the triphenyl amine
derivative, whereas this peak is negligible in the case of the pyrene-substituted DPP. This observation
further reinforces the view that the presence of the UV-vis peak at 665 nm is either due to a decreased
amount of n-m stacking or to an increased m-m stacking distance. However, if this peak only was
attributed to a larger disorder within the film (decreased amount of -m stacking), we would expect
the V-(DPP), dimer to exhibit a stronger relative absorption at 665 nm compared to H-(DPP), due to
its drastically lower crystallinity implied by the GIXRD results. As this is not the case, an altered -
7 stacking of the H-(DPP), dimer is thus likely the cause of the altered UV-vis spectrum. More spe-
cifically, the H-(DPP), dimer reasonably self-assembles with a different overlap of the n-conjugated
cores compared to M-DPP. Indeed, other DPP-based molecules have been reported to self-assemble
with varying amounts of co-existing H-aggregate and J-aggregate character within the structure,

which strongly affects their optical absorption properties.>3

The hypsochromic shift observed in M-DPP when going from solution to solid-state (e.g. from 580
nm to 560 nm) is typically ascribed to the direct overlap of the n-conjugated cores (H-aggregation).
On the other hand, the bathochromic shift leading to the peak at 665 nm in solid-state is characteristic
of staggered overlap (J-aggregation). Therefore, even though both the M-DPP and H-(DPP). exhibit
combined H- and J-aggregate character, the self-assembly of H-(DPP), likely consists of more stag-
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gered overlapping nature compared to the parent M-DPP, which would explain both the reduced ab-
sorption at 560 nm and the strong peak at 665 nm. We note that while it is common for J-aggregates
to exhibit a narrower absorption peak with higher extinction coefficient and smaller Stokes shift com-
pared to H-aggregates, the apparent broadness of the peak at 665 nm is caused by the overlap of
transitions that can be resolved by deconvolution (see appendix B, Figure B-1). Moreover, a smaller
Stokes shift observed in fluorescence emission measurements in H-(DPP); films compared to M-DPP

films (100 nm vs 145 nm) corroborates the self-assembly hypothesis (see appendix B, Figure B-1c).

A possible origin for the different solid-state behaviour of the H-(DPP). dimer could be due to intra-
molecular interactions between the two conjugated cores of the H-(DPP), dimer, (e.g. folding on
itself). To investigate this possibility, we measured the UV-vis spectrum of H-(DPP); in solution with
increasing amounts of a non-solvent (MeOH) at very low concentrations to promote intramolecular
self-assembly. The UV-Vis data (see appendix, Figure B-2) shows that the intensity of the peak at
665 nm increases with the H-(DPP) concentration, suggesting that this peak arises from intermolec-
ular rather than intramolecular self-assembly. Moreover, insight into the self-assembly mechanism of
H-(DPP) in methanol can be obtained by plotting the aggregation fraction in function of the concen-
tration as previously reported.>* This data shows that the self-assembly follows a cooperative mech-

anism as opposed to an isodesmic model, indicating a nucleation and growth mechanism.

To further investigate the different solid-state behaviour of the dimers relative to the parent M-DPP,
we next examined the compounds by differential scanning calorimetry (DSC). Figure 4-3a shows the
second heating and cooling curves of the pure materials as well as blends of M-DPP containing dif-
ferent ratios of the dimers. The parent M-DPP exhibits an endothermic transition onset at 224 °C
when heating at 10 °C min! while an exothermic transition begins at 206 °C during cooling, attributed
to, respectively, melting and crystallization. Scans of the vertically linked dimer show no detectable
thermal transitions, consistent with a poor crystallinity suggested by the GIXRD results, and suggests
that the vertically linking strategy prevents the conjugated core self-assembly in the solid-state leav-
ing only an amorphous film. In contrast, we did observe phase transitions with the horizontally linked
dimer. The first heating scan of H-(DPP); (Figure 4-3a, broken line) after preparing the sample via
drop casting from chloroform shows an endothermic transition at 186 °C, considerably lower than
M-DPP (note that no difference in melting temperature was noted in M-DPP between the first and
second scans). Upon cooling, a weak exothermic transition was observed at 147 °C. The subsequent

(2") heating scan (solid line) exhibited an exothermic transition starting at 121 °C followed by an
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endothermic transition at a temperature of 165°C. This behaviour suggests that a kinetically limited

crystallization occurs when cooling the melt at 10°C min™'.

Indeed, upon increasing the cooling rate from 1 to 100°C min', the subsequent heating scan shows
an increase in the enthalpy of the exothermic transition (see appendix, Figure B-3) confirming this
view. However, the melting temperature remains constant at ca. 165°C regardless of the cooling rate
indicating the formation of a consistent crystalline phase distinct from the M-DPP. Moreover, the
enthalpy for the melting phase transition of H-(DPP), is similar to that of M-DPP (35 J g"! and 50 J
g ! respectively), which, contrary to the disparate scattering intensity observed by GIXRD, suggests
that the horizontal linking strategy does not drastically reduce the crystallinity of the material. The
different behaviour during the first heating scan is likely due to the effect of casting the materials
from solvent, which results in a different self-assembly compared to freezing the melt with potentially
solvent residues. Indeed, polymorph formation has been observed®! in this class of materials even

without flexible linker.
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Figure 4-3. Differential scanning calorimetry of the dimer materials. (a) shows the second heating and cooling (10 °C
min~') scans of M-DPP, V-(DPP),, H-(DPP); (the broken line in represents the first heating scan from a drop-cast

sample), 10 wt% V-(DPP); in M-DPP and 10 wt% H-(DPP); in M-DPP. (b) shows the second cooling only curves for
blend samples of M-DPP:H-(DPP); in wt. ratios as indicated (where 0:1 represents pure dimer).
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The different solid-state self-assembly of the two dimers compared to the parent molecule was next
further probed by blending 10 wt% of each dimer into M-DPP and examining the DSC response. The
second heating and cooling scans are shown in Figure 4-3a for 10 wt% V-(DPP), and 10 wt% H-
(DPP),. The effect of blending the vertically-linked dimer into M-DPP was minor: a slight melting
point depression of 4°C to 220°C is noted, and the crystallization began 2°C earlier at 208°C. How-
ever, the blend with H-(DPP), exhibited a significant freezing point depression of ca. 10°C and a

complex supercooling behaviour.

The effect of blending the H-(DPP), and M-DPP on the crystallization was further investigated by
combining these two materials at different weight ratios. The second cooling scan is reported in Fig-
ure 4-3b for each indicated M-DPP:H-(DPP); ratio. Interestingly, addition of 25 wt% of M-DPP
within H-(DPP); (e.g. aratio of 1:3) also results in a depression in crystallization temperature of about
40 °C. Taking all of the blend ratio results of Figure 4-3b together shows that M-DPP suppresses the
crystallization of H-(DPP), while H-(DPP), also suppresses the crystallization of M-DPP. Such a
behaviour can not be rationalized with the view that both compounds solidify in the same crystal
structure with different degrees in supercooling caused by kinetic limitations, as in such case the
crystallization temperature would be expected to increase with the addition of M-DPP into the dimer
matrix. Indeed, the observed behaviour is consistent with colligative properties indicating that M-
DPP and H-(DPP), form a solid solution upon blending with AH™* > 0 and implying that pure H-
(DPP); and M-DPP self-assemble with different stacking motifs. Confirmation of the different crystal
structure of H-(DPP), was next sought by preparing single crystals of H-(DPP) via the vapour diffu-
sion crystal growth method. However, we were unable to form single crystals sufficiently large for
X-ray analysis. Nonetheless, given the complexity of self-assembly in solution-processed films (as
indicated by the difference between the first and second heating scans of the H-(DPP),), a single
crystal sample would likely not be representative of the structures relevant to thin film charge

transport.

Nevertheless, the UV-vis, GIXRD, and DSC results data taken together provide a clear picture that
the horizontal linking strategy in the H-(DPP), dimer effectively achieves the goal of the study: to
modulate the molecular self-assembly without changing the conjugated core elements of the semi-
conducting molecule. In contrast, the vertical linking strategy leads to a dimer with poor solubility

and a drastically reduced self-assembly in the solid-state.
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4.2.2  Effect on the charge carrier mobility

To understand the effect of the molecular self-assembly on the electronic performance of the materi-
als, charge transport in solution-processed thin films was measured by fabricating bottom-gate bot-
tom-contact organic field effect transistors (OFETs). Table 4-1 summarizes the main transistors char-
acteristics, while device output characteristics and transfer curves are given in appendix, Figure B-4
and Figure B-5. As-cast M-DPP thin films gave hole mobility extracted from saturated regime (un)
values similar to previously reported work (10 cm?V~'s71),3 while un in pure H-(DPP), films was
found to be only slightly lower (Table 4-1). However, after thermally annealing at 110 °C, the un for
M-DPP increased by one order of magnitude, while un for H-(DPP), was only enhanced by a factor
of two. The increase in charge transport in M-DPP has been explained by Viterisi et al. who showed
that strong intermolecular n-m interactions at the benzofuran moiety act as a driving force for crystal-
lization upon annealing.>® Reasonably, the aliphatic linker on the benzofuran moiety in H-(DPP), can
kinetically hinder this n-m stacking leading to a hole mobility which is less affected by thermal an-
nealing. Neat V-(DPP), thin films exhibited a hole mobility lower than 10° cm?V~'s™!, which was
attributed to poor self-assembly of the resulting in ineffective intermolecular charge transport. Indeed,
in previous studies of a flexibly-linked polymeric M-DPP, the absence of thin film self-assembly was
also correlated to a poor OFET mobility.®® In addition the poor solubility of the V-(DPP), and the
resulting poor thin film formation is also likely a factor in the poor mobility.

Table 4-1. Average hole mobility () extracted from saturated and linear regime, on/off ratio and threshold voltage of

the different OFET devices presented in this study in annealed conditions. Parameters for as-cast devices are given in
parenthesis.

Active layer Content (wt. %) Hsar (cm’ V' s7)) Hein (e’ V1 s7) On/off ratio Vr (V)
Neat M-DPP - 6.5 x 10 (3.0 x 10°) 2.2 %104 7.0 x 10? (85.2) -10 (-11)
Neat H-(DPP); - 24 x10° (1.1 <107 9.7x 107 1L0x102 (38 3 (10
Neat V-(DPP); - <1x10° <1x10° <10 -10

Blend 1 7.9 x 10 (1.7 x 107) 4.1 x10* 1.7 x10° (85.5) -11 (-15)
M-DPP:H-(DPP);

5 8.3 %10 (1.7 x 107) 3.9x10* 3.0 x 10° (5.1 x10°) -6 (-11)

10 1.1 x10° (1.7 x107) 4.8 x10* 34 x10° (1.2 x 10°) -5 (-10)

25 7.9x10° (1.3 x107) - 39x10°  (76) =20 (-30)

Blend 1 16 x10° (1.5 x107) 6.4 %107 47<10°  (61) 6 (25
M-DPP:V-(DPP);

5 2.0x10% (3.0 x107) 7.7 %10 2.6 x 10° (45) -7 (-17)

10 3.0x10% (1.7 x107) 9.2 x 10 6.4 x10° (4.7 x 10°) 9 (-13)

25 1.6 x 10 (2.4 x107) - 1.1 x10° (1.3 x10°) -8 (-12)
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As distinct behaviour of the of H- and V-(DPP). dimers was observed by DSC when blending with
M-DPP, we next sought to understand how this behaviour translates into altering charge transport
characteristics. Figure 4-4 shows un as a function of the amount of dimer blended within films of M-
DPP with as-cast and annealed devices. The values for the pure M-DPP are also shown (blue markers
at 0 wt%). Despite the established different self-assembly of the horizontally-linker dimer, its addition
up to 10 wt% does not significantly alter un. However, upon the addition of 25 wt%, the annealed
devices exhibit a reduced un approaching that of the pure (annealed) H-(DPP),. In contrast, V-(DPP);
addition up to 10 wt% results in an order of magnitude increase in un for both film conditions. Un-
fortunately, further increasing the amount of V-(DPP); resulted in a decrease in un which is attributed

to the aforementioned poor crystallinity and film formation of the vertically-linked dimer.
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Figure 4-4. Average hole mobility (u;) extracted from saturated regime in OFET devices prepared with pure M-DPP

(blue markers) and M-DPP blended with the dimer molecules H-(DPP), (green markers) and V-(DPP); (red markers).

Circle markers represent values from as-cast thin films while triangles indicate values taken from devices annealed at
110 °C for 10 min.
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Figure 4-5. Atomic force microscopy height trace images (scale bars 2 um) of annealed films containing M-DPP (a),
and with 10 wt% addition of (b) H-(DPP); and (c) V-(DPP):.
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Topographical analysis of the OFET thin films by AFM (Figure 4-5), gives a plausible explanation
for the behaviour of un with respect to the addition of the dimer molecules. While we note that AFM
gives an impression of the morphology at the semiconductor/air interface, and not the structure of the
buried semiconductor/dielectric interface (where charge transport occurs in the OFET device struc-
ture employed in this work), comparisons between morphology and charge transport are routine and
can offer useful insight. In our case, the thin film morphology of the pure M-DPP film (Figure 4-5a)
exhibits the expected haystack morphology with needle-like features ca. 1um in length and 100 nm
in width corresponding to crystal domains.3* The thin film with 10 wt% H-(DPP),, shown in Figure
4-5b, shows similarly sized features and an increase in RMS roughness from 2.25 nm (pure M-DPP)
to 4.38 nm (10 wt% H-(DPP)). In contrast, the film with added V-(DPP), exhibits a much smoother
surface (RMS 0.79 nm) without needle-shaped domains (Figure 4-5¢). Since grain-boundaries and
void spaces between crystals grains are known to limit charge carrier transport though thin films,>
the reduced presence of grain boundaries in the film with the vertical dimer could reasonably explain
the higher mobility, which is observed at optimum loading before the self-assembly is perturbed too
much by the poorly crystalline dimer. Indeed, the DSC data of the M-DPP with 10 wt% V-(DPP),
(Figure 4-3a) does show a sharper crystallization peak compared to the neat M-DPP, and a slightly
earlier onset of crystallization. These features suggest that V-(DPP); may act as nucleation promotor,
inducing a more homogeneous crystallization of the film, which is consistent with AFM topography
results. For the horizontally-linked dimer, we note that the topography of the pure H-(DPP), film
(Figure 4-6a) shows a much smaller grain size (but does reveal features consistent with a semicrys-
talline film). The increased presence of grain boundaries in this case reasonably explains its lower

mobility despite the substantial crystallinity. However, we cannot discount a reduced transfer integral
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(electronic coupling)°® for intermolecular charge transfer that may result from the different molecular

self-assembly.

Figure 4-6. AFM height images of (a) neat H-(DPP); and (b) M-DPP.

4.2.3  Structural stability enhancement of the bulkheterojunction

Given the interesting behaviour of the dimers in OFET devices, we next sought to investigate their
performance in bulk heterojunction OPVs. Devices were fabricated with PC¢1BM as the electron ac-
ceptor and a donor:acceptor ratio of 6:4. Current-voltage curves for representative devices after a
standard annealing treatment (110 °C for 10 min) are shown in Figure 4-7. We note that all as-cast
devices (tested before thermal annealing) performed poorly with short circuit current densities (Jsc)
of ca. 1-2mA cm™ (see J-V curves of as-cast devices in Figure 4-7b), similar to previously reported
performances.* The standard M-DPP:PC¢BM 6:4 device (dark blue curve, Figure 4-7) reached a Js
of 9 mA cm 2 and a power conversion efficiency (PCE) of ca. 3.5 % after the annealing treatment.
We note that the state-of-the-art efficiency for this system has been reported above 4 % using M-
DPP, and the lower performances observed here can be attributed to the use of PCs1BM instead of
PC71BM. Generally in the M-DPP:PCBM system, the performance enhancement upon annealing is
known to be caused by a phase segregation of the donor and acceptor phases driven by the crystalli-
zation of the M-DPP.%® Optimum demixing results from this crystallization and creates a BHJ with a
high interfacial surface area to afford high free charge carrier generation but also continuous donor
and acceptor phases for effective charge carrier transport. Adding a small amount (10 wt%) of either
of the dimers into the donor component in the BHJ did not significantly affect the J-V behaviour in
our case as seen by the light blue and red J-V curves in Figure 4-7 (corresponding to H-(DPP); and
V-(DPP), addition, respectively). This is in contrast to the OFET results where the 10 wt% of V-
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(DPP), produced a change in thin film morphology and a large increase in charge carrier mobility
after annealing. The different distances required for charge carrier transport (100 nm in OPV vs. 20
pm for OFET) is likely the cause for this absence of any effect of the V-(DPP); addition. Indeed,
grain-boundary limited charge transport is less likely to constrain the performance of the OPV given

the thin active layer thickness.
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Figure 4-7. (a) J-V curves of photovoltaic devices based on bulk heterojunction Donor:PCsiBM at a weight ratio of
6:4. The donor component consists of M-DPP with added dimer as indicated. Devices were annealed at 110 °C. (b) J-V
curves of (as-cast, unannealed) photovoltaic devices based on bulk heterojunction Donor:PCs;1BM at a weight ratio of
6:4. The donor component consists of M-DPP with added dimer as indicated.

Due to the poor solubility of the vertically linked dimer, OPV devices with higher fraction of V-
(DPP); as additive were not considered, however blends with increasing amounts of the horizontally
linked dimer were tested. In the case of the OPV device with pure H-(DPP), as the donor phase (dark
green curve in Figure 4-7) we found that the annealing step did not significantly affect the J-V-curve
and the Js remained at the low as-cast value of 1.5 mA cm™. A small Js. which does not change upon
annealing can either be due to a large degree of phase segregation in the as-cast device (which limits
free charge carrier generation), or to the lack of crystallization of the H-(DPP). during the annealing
conditions, leaving the blend in a well-mixed state which enhances charge carrier recombination.
Since no large-scale phase segregation was observed in the film prepared with H-(DPP), (vide infra)

the latter explanation is most reasonable. Indeed, blending of H-(DPP), into M-DPP in the donor
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component of the BHJ exhibited intermediate Js.’s after annealing, as shown in Figure 4-7, suggest-
ing a tunable degree of phase segregation in the films is present after the thermal annealing. It is worth
noting that the trend of the annealed Js in function of the H-(DPP), content corresponds well with
the trend observed in Figure 4-3b for the DSC crystallization temperature. Indeed, the smallest Jsc
in the OPV devices is found to be at 75 wt% H-(DPP); (1:3 monomer to dimer), which also corre-
sponds to the DSC curve showing the lowest crystallization temperature. The lower driving force for
crystallization implied by the behaviour of this composition in the DSC characteristics suggests that
the Js is the lowest in this device as the PCBM forms a well-mixed (non-phase segregated) active
layer. To confirm the differing phase segregation in H-(DPP),:PCBM blends, solvent cast BHJs were
further studied by DSC. Differences between the first and second heating scan from solvent cast BHJs
heating past the melting transitions are shown in Figure 4-8. Interestingly, when H-(DPP), is blended
with PCBM over a wide range of composition, the donor melting transition is present on the first
heating scan but disappears on the second heating. This is in contrast to M-DPP:PCBM blends where
the melting transition is present also on the second heating scan, and thus indicates that the H-(DPP)

has a relatively increased interaction with PCBM.
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Figure 4-8. Heating curves measured by differential scanning calorimetry for a) different ratios of H-(DPP),:PCBM
blends and b) M-DPP:PCBM (6:4) on first heating (solid line) and second heating (dashed line). (exothermic down)
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Even though phase segregation control using the H-(DPP), as additive offers no improvement of the
PCE in this system since an ideal BHJ can already be realized with the known optimized annealing
treatment, it remains a potential tool to affect the thermodynamic equilibrium of the BHJ. Indeed,
upon long thermal treatments the standard M-DPP:PCBM BHJ is known to further phase segregate,
expelling the PCBM and leading to a drop in PCE.33 Moreover, the general lack of a detectable glass
transition temperature in small molecule semiconductors®” means that the “cold crystallization” and
continued phase segregation can occur at temperatures lower than the annealing temperature®® albeit
at lower rates. This inherent morphological instability remains a key issue for the long-term stability

of OPVs based on crystalline molecules.>®

a) No Dimer b) 10 wi% H-(DPP),  c) 10 wt% V-(DPP),

20 pm 20 pm 20 Jim

Figure 4-9. Optical microscopy images of thermally annealed (5 h 100 °C) M-DPP:PCBM bulk-heterojunction thin
films (a) without added dimer and (b) with 10 wt% H-(DPP), and (c) with 10 wt% V-(DPP); included in the blend.

In initial experiments of the long-term annealing of BHJs with added dimers, we noticed a significant
qualitative difference in the morphology. Optical micrographs of the BHJs after annealing for 5 hours
at 100°C with or without 10 wt% of either dimer are shown in Figure 4-9. Indeed, the neat film of
M-DPP:PCBM exhibits dark aggregates that have previously been identified as phase-segregated
PCBM domains.?! The BHJ prepared with 10 wt% of the V-(DPP): in the donor component phase
also showed segregation under the same annealing conditions (Figure 4-9c); However, the effect was
slightly attenuated. Surprisingly, the H-(DPP), dimer showed no indication of any large-scale phase
segregation (Figure 4-9b), suggesting an improved BHJ thermal stability. It is worth noting that 10
wt% H-(DPP), offers a more stable BHJ than 10 wt% V-(DPP), despite its higher degree of crystal-
linity as observed from GIXRD and DSC data. This observation suggests an important role of the
molecular packing of H-(DPP); for engineering the BHJ stability.
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OPV devices prepared with 10 wt% of either dimer and annealed after deposition of the top electrode
did not show significant difference in performance upon long-term annealing (data not shown). In all
cases a significant decrease in PCE at short annealing times was observed with or without the dimer
present. This decrease can be attributed to chemical degradation within the active layer due to reaction
with the aluminium cathode.*® In order to decouple morphology changes from possible chemical in-
stability in presence of the cathode, thermal annealing was performed prior to aluminium deposition
for BHJs with 10 wt% H-(DPP), dimer as the behaviour of this blend was found to be more promising
in the optical micrographs presented in Figure 4-9. The PCE as a function of the active layer anneal-

ing time is presented in Figure 4-10.
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Figure 4-10. The OPV power conversion efficiency of M-DPP:PCBM devices with and without 10 wt% H-(DPP); as a
function of the active layer annealing time at 100 °C. The inset shows J-V curves for M-DPP:PCBM for devices an-
nealed for 10 min (solid lines) and 5 h (broken lines) with (green) and without (blue) addition of 10 wt% H-(DPP),.

As expected, the data demonstrate a faster as well as greater PCE loss for the OPV device prepared
without the dimer, losing more than 50 % of its original performance after 5 hours of annealing.
However, devices containing 10 wt% H-(DPP), exhibit only a slight loss in performance (about 10
%) after 5 h of annealing, retaining a PCE of 2.7 %. J-V curves corresponding to the devices are
shown in the inset of Figure 4-10. As expected upon annealing, the change in PCE is correlated with

a decrease in Js.. This can be rationalized as a larger phase segregation leads to a smaller electron
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donor/acceptor interface possibly leading to larger exciton recombination. For BHJs without the di-
mer additive, a significant drop in V. also appears upon annealing. While a change in V. is generally
attributed to change in recombination pathways, in this case, the Vo decrease is more likely caused
by a smaller shunt resistance caused by the large phase segregation. This is supported by the dark J-
V curves (see appendix, Figure B-6) which clearly indicated a smaller resistance near short-circuit
conditions. Overall, these OPV device results demonstrate the advantage of morphological control

over the BHJ via the H-(DPP), additive.

Altogether, the different behaviours of the dimers as additives in BHJ OPVs can be rationalized by
their different interactions with the parent M-DPP. The aforementioned nucleation promoting effects
of the V-(DPP); dimer do not offer any significant improvement over the BHJ morphology obtained
by optimized thermal annealing of the as-cast blend, and since this dimer at 10 wt% loading does not
significantly hinder the ability of the M-DPP to crystallize, no apparent changes in OPV device per-
formance are evidenced. On the other hand, from the DSC results the horizontally-linked dimer has
a clear thermodynamic influence on the self-assembly of the M-DPP to crystallize. This effect rea-
sonably translates into a reduced interaction parameter between the donor and acceptor in the blend®°
and thus a reduced phase separation during annealing. While this does lead to a more stable bulk-
heterojunction when 10 wt% of the H-(DPP)> dimer is used in the donor phase, we note that an in-
creased miscibility of the donor and acceptor is not necessarily beneficial for OPV operation. Indeed,
the benefit of improved carriers charge separation implied with a well-mixed blend is offset by an
increase in charge trapping,®! as previously mentioned, which reasonably explains the poor behaviour

of the OPVs when the H-(DPP), dimer is purely used as the donor.

4.3 Conclusion

In this work we present a strategy directed toward increasing understanding of the effects of self-
assembly in solution-processed molecular semiconductors on their optoelectronic properties. We de-
signed two novel DPP(TBFu);-based dimers using an aliphatic linker approach that allows retaining
a well-defined conjugated core while also controlling the interactions and self-assembly of the semi-
conducting moiety. The “vertically-linked” V-(DPP)., and the “horizontally-linked” H-(DPP),, di-
mers were found to retain the optical band-gap of the parent DPP(TBFu), molecule, but exhibit very
different self-assembly properties. For H-(DPP),, solid-state UV-vis, GIXRD and DSC data suggest
the aliphatic linker partially lowers Van der Waals interaction between neighbouring conjugated cores

while DSC data show only a slightly reduced melting enthalpy and a positive enthalpy of mixing
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between the horizontal dimer and the parent molecule, confirming a different solid-state self-assem-
bly. In contrast the vertically-linked dimer was poorly crystalline and likely acted as a nucleation
promoter for the parent DPP(TBFu).. Both dimers maintained ability to transport charge in OFET
devices, although at a reduced hole mobility. Blends of V-(DPP), and the parent DPP(TBFu), showed
an enhanced mobility by a factor of 5-10 in annealed and as-cast films, respectively, up to 3.0 x 10~
cm?V~'s7! in the bottom-contact bottom-gate configuration. This increase was correlated to a change
in thin film morphology, caused by the potential nucleation promotion effect of the dimer, where
fewer large charge-trapping grain boundaries are observed but the crystallinity of the DPP(TBFu); in
the thin film remains present. In contrast, blends of H-(DPP), and the parent DPP(TBFu)., did not
show a significant increase in hole mobility, but OPV devices including 10 wt% of H-(DPP); in the
donor phase yielded a significant increase in device stability under thermal stress (retaining 90 % of
the initial PCE after 5 hours compared to only 45 % for the control). In this case, the increased ther-
modynamic miscibility between the donor and acceptor phases when including the H-(DPP), prevents

large scale phase segregation.

Overall, this work demonstrates that linking conjugated segments into dimers with a flexible aliphatic
chain is a promising approach to control molecular self-assembly without changing the nature of the
semiconducting molecular core. The linker position has a significant effect on the self-assembly of
the resulting dimer, which in turn alters the optoelectronic properties in the solid-state and gives in-
sight into the effects of self-assembly apart from other factors. We demonstrate that by using dimers
as additives in functional devices, either kinetic (e.g. nucleation promotion by the vertically-linker
dimer) or thermodynamic (e.g. controlling the interactions of mixing with the horizontally-linker di-
mer) aspects of the molecular self-assembly can be tuned to offer unique control over the thin film
morphology and device performance. Since our flexibly-linked dimer strategy is easily generalizable
to a large set of solution processable molecular semiconductors (given the ubiquitous present of ali-
phatic solubilizing chains), the extension of this concept to other systems will likely lead to an in-
creased understanding of the important relation between molecular self-assembly and the perfor-

mance of organic electronic devices.
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Chapter 5 Amorphous ternary energy cas-
cade molecules for bulk heterojunction photo-

voltaics

ernary bulk heterojunctions with cascade-type energy level configurations are of

significant interest for further improving the power conversion efficiency of organic

solar cells. However, controlling the self-assembly in solution-processed ternary
blends remains a key challenge. Herein, we leverage the ability to control the crystallinity of molec-
ular semiconductors via a Spiro-linker to demonstrate a simple strategy to induce the self-assembly
of an ideal energy cascade morphology. Spiro-bifluorene (SF) derivatives with optimized energy lev-
els from diketopyrrolopyrrole (DPP) or perylene diimide (PDI) components, coded as SF-(DPP)4 and
SF-(PDI)s, are synthesized and investigated for application as ternary components in the host blend
of P3HT:PCBM. Differential scanning calorimetry and x-ray/electron diffraction studies suggest that
at low loadings (up to 5 wt%) the ternary component does not perturb the crystallization of the do-
nor:acceptor host blend. In photovoltaic devices, up to 36 % improvement in power conversion is
found when adding 1 wt% of either SF-(DPP)4 or SF-(PDI)4 and is attributed to an increase in fill
factor and open circuit voltage, while at higher loadings PCE decreased due to lower short circuit
current density. Comparing quantum efficiency measurements (where light absorption of the SF-
(DPP)4 was found to give up to 95 % internal conversion) suggests that improvement due to enhanced
light absorption or to better exciton harvesting via resonance energy transfer are unlikely, supporting
the conclusion that the SF-compounds are excluded to the donor:acceptor interface by crystallization

of the host blend.

This chapter has been adapted from “Amorphous ternary energy cascade molecules for bulk heterojunction photovolta-
ics” (Jeanbourquin, X. A.; Rahmanudin, A.; Yu, X.; Johnson, M.; Guijarro, N.; Liang, Y.; Sivula, K., ACS Appl. Mater.
Interfaces, 2017, under review)
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5.1 Introduction

The use of a ternary BHJ (e.g. including a third active component in the donor:acceptor BHJ) has
recently been established as a powerful approach to engineer high efficiency OPVs.? ™ Blending mul-

7-10

tiple donor molecules to extend the absorption spectrum’~" or using additives to control morpho-

13-17 exemplify the advantages of ternary systems.

logy'! or doping,'? as well as a cascade strategy
Energy cascade ternaries, in particular, represent an elegant and versatile way to mitigate bimolecular
recombination in OPVs. This approach consists of including a tertiary molecule with intermediate
energy levels ideally at the interface between donor and acceptor domains so that free photogenerated
holes and electrons accumulate on the donor and acceptor materials, respectively, and are spatially
separated by the cascade molecule. Several reports even show the possibility to enlarge the exciton
harvesting distance through long range energy transfer from the donor to the cascade material, pro-
vided that the donor has a larger band gap.’'®! These two considerations lead to well-known design
rules for the energetics of cascade molecules: HOMO and LUMO energy levels must be in between
those of the donor and acceptor while retaining a narrow absorption band gap. Molecules matching
these properties have been successfully used in planar junction devices with the ternary compound

selectively placed at the interface, reaching over 8 % PCE.!® In BHJ OPV, PCE over 11 % has been

recently reported.?’

Despite these encouraging results, the relative improvement in performance when applying the ter-
nary cascade approach to the BHJ remains inferior to the planar junction configuration in part due to
the inherent morphological complexity of the BHJ active layer. Indeed, controlling the self-assembly
of a ternary BHJ into the ideal cascade morphology—especially driving the cascade compound to the
donor:acceptor interface—remains a key challenge. Concrete efforts to prepare ternary blends with
one component at the interface of the other two have been reported by Honda et al. using a silicon
phthalocyanine derivative in a PSHT:PCBM host blend.?! The self-assembly of that system was later
ascribed to surface energy differences in between the three materials,?? which limits the chemical
nature of the cascade material. Moreover, engineering surface energies in the BHJ blend remains non-
trivial. Alternatively, Gu et al. have recently reported the formation of a multi-length-scale ternary
morphology attributed to crystallization of P3HT, allowing the formation of two distinct donor phases
working as sub-cells in parallel.* Even though this system does not form an ideal cascade structure,
the use of the host blend crystallization as a driving force for the self-assembly is a promising and
simple strategy to engineer ternary morphology. Inspired by recent work employing a spiro linker?*

26 to control the 3D self-assembly and crystallinity in materials for organic electronics, herein we
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demonstrate that controlling crystallinity can be used for efficient self-assembly of cascade BHJ to-
wards formation of an ideal cascade structure. Specifically by using an non-crystalline “amorphous”
cascade molecule as the ternary component and by tuning the crystallinity of the electron donor and
acceptor phases thereby driving ternary molecule to the interface leads to a maximum 36 % improve-

ment in PCE of a P3HT:PCBM solar cell.

52 Results and discussion

5.2.1 Optoelectronic and packing properties of the ternary molecules

In order to demonstrate the self-assembly of an ideal cascade morphology using an amorphous ternary
additive, two molecules (Figure 5-1) were synthetized via the Suzuki coupling reaction between
functionalized conjugated aryl groups and a spiro-core. The spiro-core is chosen to discourage long-
range pi-pi stacking in the material, while perylene diimide derivative, commonly coded as PDI, and
a diketopyrrolopyrrole derivative, coded as DPP, are used as aryl groups, in order to tune the energy
levels of the molecule. The PDI aryl group yields the molecule here coded as SF-(PDI)4, which was
recently reported as an electron acceptor for OPV?>2¢ and alternatively coupling the DPP yields a
novel molecule coded SF-(DPP)4. Full synthetic information are given in appendix C. Electrochemi-
cal properties of both molecules were measured by CV in order to position their respective HOMO
levels. As it can be see on Figure 5-1d, two irreversible oxidation waves at -5.4 eV and -6.0 eV vs
vacuum are present for SF-(DPP)4 and SF-(PDI)s4 respectively, which we attributed to the HOMO
levels of the molecules. The LUMO position was then inferred from the optical properties of both
molecules measured by UV-vis spectroscopy (Figure 5-1¢). The bandgap for SF-(DPP)s and SF-
(PDI)4, estimated from onset absorption, are found to be 1.7 eV and 2.05 eV respectively. Energy
levels are summarized in Figure 5-1c together with the host blend components. The optoelectronic
properties of SF-(DPP)s and SF-(PDI)4 are similar to those reported for parent DPP(TBFu), and PDI

derivatives?’?®

supporting the notion that the band gap and energy levels of the overall spiro molecule
can be effectively engineered by varying the aryl groups. It can be seen that the P3HT:PCBM system
accommodates well both spiro derivatives as potential cascade molecules given their intermediate
highest occupied and lowest unoccupied molecular orbital (HOMO and LUMO respectively) energy

levels. Therefore, this classic system was chosen as the host blend to test our new ternary materials.
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Figure 5-1. Chemical structure of the ternary small molecules used in this work (a) SF-(DPP), with R; = 2-ethylhexyl
and (b) SF-(PDI)4 with R> = 2-hexyldecyl. (c) Energy levels and band gap of the active molecules used in this work. (d)
cyclic voltammetry of drop casted films over a platinum working electrode. (e) UV-vis absorption spectra of SF-(DPP)4
and SF-(PDI), in CHCI; (dotted lines) and in solid-state thin films (solid lines).

DSC measurements of pure SF-(DPP)4 and SF-(PDI)4 did not exhibit any indication of crystallinity.
In the thermogramms of the pure materials (Figure 5-2a) no particular melting or crystallization
peaks are seen, strongly suggesting that both compounds lack crystalline ordering in the solid-state.
This is supported by GIXRD data measured on spin-coated films (Figure 5-2b) where no out-of-

plane diffraction peak can be seen for either molecules.

5.2.2  Exclusion of ternary molecules from crystalline phases

In order to examine the mixing behavior of the spiro derivatives in the presence of P3HT and PCBM,
DSC measurements of pure P3HT or PCBM as well as blends with 10 or 25 wt% of either ternary
component were performed. The (second) heating scans are shown in Figure 5-3a with the solid and
broken lines, respectively representing the addition of SF-(DPP)4 and SF-(PDI)4. It can be seen that

pure P3HT (red trace) exhibits an endothermic melting transition at ca. 234 °C. This peak remains
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present after addition of either spiro additive up to 25 wt%. A sharp endothermic (melting) transition
is also seen for pure PCBM (black trace) at ca. 282 °C. Similarly to the P3HT, the addition of SF-
(PDI)4 does not significantly affect the melting transition of PCBM. However, when blending the SF-
(DPP)4, the PCBM melting transition strongly decreases in intensity and melting temperature (down
t0 266 °C for 25 wt%). Interestingly, a small exothermic transition appears at ca. 182 °C which likely

originates from the crystallization of a kinetically frustrated mixture created during cooling of the

melt.
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Figure 5-2. (a) differential scanning calorimetry second heating and cooling curves of drop casted SF-(DPP), and SF-
(PDI), from dichlorobenzene at 80 °C with a scan rate of 10 °C min™. Black arrows indicate scan direction. (b) Out-of-
plane grazing incident wide angle X-ray diffraction of neat SF-(DPP)4 and SF-(PDI)4 thin films.

The melting enthalpy extracted from the DSC data allows the estimation of the relative crystallinity
of the donor or acceptor component in the blends with the ternary component (Figure 5-3b).2° In the
case of P3HT, the relative crystallinity only slightly decreases upon addition of both additives and
never drops below 95 %, supporting the notion that SF-(DPP)4 and SF-(PDI)4 do not disrupt signifi-
cantly the crystallinity of P3HT and are excluded from the pristine crystalline P3HT domains. In
contrast, the PCBM shows a significant decrease in relative crystallinity with about 38 % loss when
25 wt% of the SF-(DPP)4 additive is included. This suggests that the additive mixes with the PCBM
and limits its crystallization to some extent. Nonetheless we note that at 1 wt% of the additive the

relative PCBM crystallinity remains 94 %. On the other hand, the PCBM phase exhibits a relative
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crystallinity higher than 88 % at 25 wt% SF-(PDI)4 content, suggesting this additive mixes less with
the PCBM.
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Figure 5-3. (a) differential scanning calorimetry second heating curves of neat P3HT, neat PCBM and with varying
amount of SF-(DPP), (solid lines) and SF-(PDI), (dotted lines). Scale bars represent 0.2 mW g~'. (b) relative crystallin-
ity (based on melting enthalpies) of PCBM (dots) and P3HT (triangles) as a function of additive content.

While the melting transition behavior gives an indication of the mixing of the additives with host
donor and acceptor in the solid-state, the DSC measurement conditions are significantly different than
the conditions that occur during solution processing the BHJ into a thin film. Thus, further investiga-
tion over the crystallinity of P3HT or PCBM blended with one of the additives, SF-(DPP)4, in thin
films spin casted from dichlorobenzene and annealed at 140 °C for 10 min were performed using
GIXRD (out-of-plane) and electron diffraction, respectively, to assess the crystallinity of P3HT and
PCBM (see appendix, Figure C-1 and Figure C-2). The FWHM (Figure 5-4) of the diffraction peaks
is well-known to be inversely proportional to crystallite size and quality in paracrystalline materials
according to Scherrer’s equation (see section 2.3.3).3%3! Pristine P3HT is found to have a FWHM of
ca. 0.55 nm™! corresponding to a crystal coherence length (CCL) of 11.4 nm. Further addition of SF-
(DPP)4 does not significantly affect the FWHM for P3HT, as blend of 25 wt% SF-(DPP)s still exhibits
a FWHM of ca. 0.56 nm™". In the case of pristine PCBM, a much larger FWHM of 3.52 nm™ is
calculated, as expected from its lower crystallinity. Upon addition of 1, 10 and 25 wt% SF-(DPP)a,
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the FWHM increases only slightly to ca. 3.71, 3.81, 4.18 nm™! respectively, which is in good agree-
ment with the aforementioned DSC results and supports the view that the SF-(DPP)4 additive does
not form a co-crystal with the P3HT or PCBM nor does it significantly affect the crystallinity of the
pure donor and acceptor components. We note that no meaningful CCL can be extracted for FWHM

data from the electron diffraction of PCBM.3?
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Figure 5-4. Full width at half maximum of PCBM (right axis) and P3HT (left axis) diffraction peaks as a function of SF-
(DPP)4 content.

5.2.3 Effect of the ternary molecules in OPV

The application of the ternary additives in BHJ OPV devices was next investigated in optimized
P3HT:PCBM host blend BHJs. We note that the PCE observed at the optimized 6:4 ratio (see appen-
dix, Figure C-3) under the best conditions without any ternary additive (ca. 2.5 %) is slightly lower
than the average PCE reported of 3.0 % due to the relatively large device area used (0.16 cm?) and
the fact that PC71BM and Ca (as a cathode interlayer) were not employed in this study. We also
established that, upon addition of 5 wt% SF-(DPP)s to the host blend, no change in optimal
P3HT:PCBM blending ratio was found (see appendix, Figure C-4). Atomic force microscopy height
images of film surface, shown in appendix Figure C-5, further confirm that the bulk heterojunction

morphology remains largely unaffected by addition of SF-(DPP)s.

The effect of varying the content of SF-(DPP)4 or SF-(PDI)4 on the performance was then investigated
by fabricating devices containing 0, 1, 2.5, 5 and 10 wt% of the ternary additive. The device figures

of merit (averaged over at least 4 different devices) are plotted on Figure 5-5 as a function of additive
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concentration with the corresponding J-V curves. It can be seen that addition of 1 wt% SF-(DPP)4
results in an increased PCE up to 3.2 % compared to the 2.5 % of the control blend (about 28 %
improvement). This increase can be mainly attributed to the enhancement in fill factor (FF) (14 %),
which improves from 0.43 to 0.49 upon SF-(DPP)4 addition. The open circuit voltage (Voc) also
increases by 20 mV. Taken together, the Voc and FF improvements suggest a reduced recombination
within the BHJ. Partially due to the extended absorption spectrum of the SF-(DPP)s compared to the
host blend, a slight improvement in short circuit current (Jsc) is also observed. Further addition of
SF-(DPP)4 seems to deteriorate the device performance as both Jsc and FF decrease. In contrast, the
Voc continues to improve gradually from 0.52 V up to 0.67 V upon addition of SF-(DPP)4 up to 10
wt%. Similar enhancement in Voc for ternary devices has been attributed to the additional density of
states** as well as alloy formation,*>-*® however these studies have only been demonstrated on misci-
ble ternary blends, which is not the case of SF-(DPP)4 reported here (as demonstrated by the DSC
results). Rather the improvement in Voc in our case could result from either a doping effect or miti-

gated recombination at open circuit and will be further discussed thereafter.
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Figure 5-5. Photovoltaic device performance with added amorphous cascade molecules. (a) and (b) shows typical J-V
curves with varying amount of SF-(DPP)4 and SF-(PDI),, respectively. (c) average figures of merit (PCE, Jsc, Voc and
FF) as a function of SF-(DPP)4 (blue) and SF-(PDI)4 (green) content in P3HT:PCBM BHJ OPVs.

The SF-(PDI)4 additive exhibits a very similar performance trend to SF-(DPP)4, with a 36 % improve-
ment in PCE at 1 wt% (due to increases in Voc and FF) reaching an efficiency of ca. 3.5 %. Since
SF-(PDI)4 also improves the Jsc (to a lesser extent than SF-(DPP)4) this suggests that the extended
absorption spectrum is not the main origin for the device improvement. At higher content than 1 wt%
of SF-(PDI)4, except for the enhancement in Voc, all the figures of merit are seen to decrease, simi-
larly to SF-(DPP)4. Taken together, the higher PCE for the SF-(PDI)4 additive at 1 wt% as compared
to SF-(DPP)4 at the same concentration supports the conclusion that the role of extended absorption
as well as any possible extended exciton harvesting distance in the SF-(DPP)4 system are negligible.

This is plausible given the intrinsic low optimum concentration of the additive and already optimized
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morphology. In stark contrast, the addition of 9,9'-spirobifluorene (the unfunctionalized spiro-core
molecule, with E; = 3.8 eV) results in a loss in PCE at 1 wt% further supporting the cascade mecha-

nism (see appendix, Figure C-6).
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Figure 5-6. (a) External and (c) internal quantum efficiency of the host blend and containing 1, 2.5 and 10 wt% SF-
(DPP)y. (b) shows the corresponding UV-vis data. (d) recombination lifetime obtained from fitting (solid lines, inset)
the impedance spectroscopy response (dots, inset) at open circuit under 1 sun for increasing content of SF-(DPP)4 (0, 1,
2.5, 5, 10 wt%).

5.2.4 Confirming the ideal self-assembly

In order to gain further insight into the working mechanism the amorphous cascade additives, we next

focused in detail on the effect of the SF-(DPP)4 additive by estimating the internal quantum efficiency
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(IQE) (Figure 5-6¢) from external quantum efficiency and absorption data (Figure 5-6a and b). The
host blend device exhibits IQE values close to 60 % (square markers in Figure 5-6¢) in line with
previous reports.” Adding 1 wt% SF-(DPP), gives higher IQE values over the entire absorption range
correlating well with the observed enhancement in Jsc (circle markers in Figure 5-6¢). Strikingly, the
photons absorbed by the SF-(DPP)4 at 685 nm reach an IQE of 95 %, suggesting that essentially all
excitons generated within SF-(DPP)s molecules are efficiently dissociated into free charge carriers
and collected. This strongly supports the argument that SF-(DPP)4 successfully self-assembles at the
interface between P3HT and PCBM molecules, either in between crystalline domains or within amor-
phous domains, leading to an ideal cascade morphology. Further addition of SF-(DPP)4 leads to an
overall decrease in IQE, accounting for the loss in Jsc. It is worth noting that the IQE at 685 nm
decreases significantly more than IQE within the P3HT absorption region, which translates into a loss
in exciton splitting efficiency within the SF-(DPP)4 phase. This loss could be attributed to SF-(DPP)4
domains growing larger than exciton the diffusion length. However, one might also consider that the
disrupted crystallinity of PCBM at high SF-(DPP)4 content, as seen from DSC data, could account
for a PCBM amorphous rich region at the interface, surrounding SF-(DPP)s molecules which leads

to hole trapping state formation.

Charge carrier lifetimes were extracted from impedance spectroscopy (IS) data under 1 sun illumina-
tion at open circuit as this technique is well-known to provide useful insight into recombination
losses.*® The impedance response of the devices (see Nyquist plots inset Figure 5-6b) always exhib-
ited a single semicircle at low frequency which was fit using a simple constant phase element (CPE)
parallel to a resistance (Rrec). The latter, Ry, which can be associated to the electrical resistance
through recombination channels, is found to increase by more than one order of magnitude with ad-
dition of SF-(DPP)4 (see appendix, Figure C-7). This supports the view that the recombination rate
decreases in the presence of the amorphous cascade additive at the interface of the P3HT and PCBM.
The trend in recombination life-time, shown in Figure 5-6b as a function of additive concentration,
indicates a longer free charge carrier lifetime with increasing SF-(DPP)4, and confirms that recombi-

nation is mitigated in presence of the ternary additive.
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Figure 5-7. Kelvin probe force microscopy images of thermally-driven phase segregated sample measured at domains
interface with varying amount of additives. Top images (black) shows KPFM measured under dark conditions while
bottom images (red) shows surface photovoltage built-up images obtained by substracting KPFM unde light and dark
conditions. Scale bar 2 um.

Surface photovoltage built-up images, shown in Figure 5-7, further supports a mitigated recombina-
tion. Samples were thermally annealed at 150 °C for 5h to drive large scale phase segregation in order
to have well distinct PCBM and P3HT phases. The phase exhibiting larger work function in dark
condition (yellow phase, top images) can be attributed to PCBM due to its deeper HOMO level (phase
on the right of the image). Consequently, P3HT should have lower work function and hence lower

Vepp which corresponds to the phase on the left of the images. While no major change in Vcpp can
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be seen in the dark upon varying the additive content, the photovoltage built-up strongly increases
with addition of either additive. Indeed, at 10 wt% additive content, work function of the P3HT region
significantly increases while the work function of PCBM decreases under illumination. This clearly
indicates accumulation of respectively holes and electrons on the PCBM and P3HT phases. In per-

spective, the host blend shows almost no photovoltage built-up, which confirms the cascade mecha-

nism.
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Figure 5-8. (a, b) Short circuit current as function of light intensity expressed in sun (1 sun = 100 W cm™) for varying

loadings of either additives. (c) Schematic depicting limitations of this approach due to isolation of crydstalline do-
mains in the BHJ.
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Interestingly, lifetimes (Figure 5-6d) are especially longer at high loadings (e.g. 5 and 10 wt%), de-
spite their poor J-V performances. Actually, 5 and 10 wt% SF-(DPP)4 or SF-(PDI)4 devices both
exhibit a sublinear dependence of the Jsc as a function of incident illumination intensity as seen on
Figure 5-8a and b, which is typically characteristic of high recombination.’® However, the aforemen-
tioned considerable increase in recombination lifetimes at higher loadings contrasts with this possi-
bility. Rather, this sublinear behavior and loss in performance could reasonably be caused by the
formation of a space charge layer,* or, less likely at open circuit, poor transport. Under the assump-
tion that the amorphous additive is excluded from both the donor and acceptor phases at all loading
concentrations, upon increasing the loading there reasonably must exist a loading limit above which
amorphous region generated by the spiro additive would isolate some donor or acceptors domains,
breaking down the percolation pathways and favoring the formation of a space charge layer within
the BHJ (since isolated donor or acceptor domains will accumulate free charges upon light illumina-
tion) and deteriorating the transport. Such possibility is illustrated in Figure 5-8c. While the morpho-
logical verification of this condition is complicated by the optimal donor:acceptor domain size present
in P3HT:PCBM BHIJs (ca. 20 nm) and the similar chemical nature of the components, the experi-
mentally demonstrated decrease in the OPV device performance at higher loadings reasonably
demonstrates this fundamental drawback of the amorphous ternary cascade approach. Despite this,
the increased performance of the control BHJ upon optimized loading of the amorphous ternary cas-
cade molecules, observed in this work, gives promise for this approach to enhance the performance

of high performance OPVs based on semi-crystalline materials.

53 Conclusions

In conclusion, in this work we have combined the aspects of the exclusion of an amorphous ternary
additive from a crystalline donor:acceptor blend for BHJ OPVs with the energy cascade approach to
establish a proof-of-concept of the amorphous ternary cascade approach. By employing DPP and PDI
chromophores with the ideal energy levels to enhance the electron and hole separation in a
P3HT:PCBM BHJ OPV and controlling the chromophore mixing with the P3HT and PCBM by using
a spiro linking strategy, we demonstrated the successful exclusion of the ternary additives from the
host blend using DSC and crystal domain size results. At optimized ternary loadings (e.g. 1 wt%) an
improvement of up to 36 % relative to the host blend (from a PCE of 2.5 % to 3.5%) was found with
the SF-(PDI)4 additive while a similar improvement (28%) was also observed with the SF-(DPP)4

additive. The change in the device performance metrics upon additive inclusion together with the
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different UV-vis absorption properties of the two additive molecules and the quantum efficiency
measures (which showed an impressive 95% IQE of the SF-(DPP)4 in optimized blends) indicated
that the improvement was not due to increased light absorption or by increasing the exciton harvesting
distance through FRET. Further investigation by impedance spectroscopy supported the view that the
improvement was due to a lower recombination within the active layer at optimized conditions, while
at high additive loading (e.g. 5-10 wt%) a decrease in performance was reasonably attributed to for-
mation of a space charge layer likely caused by the isolation of crystalline P3HT or PCBM domains
by the ternary compound. The promising performance demonstrated and the simplicity of the strategy
demonstrated herein could likely be extended to high efficiency paracrystalline blends to further in-
crease the PCE without requiring a complex optimization, assuming that the segregation and interfa-

cial properties are similar to the P3HT:PCBM system.
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Chapter 6 Effect of molecular weight 1n
diketopyrrolopyrrole-based and thienothio-
phene-based polymers for photovoltaic appli-
cations

ontrolling the supramolecular self-assembly of organic molecules has been chal-
lenging the scientific community for decades. Indeed, the complex interplay of
physical parameters governing this self-assembly confound a universal understand-

ing, even more for BHJ.

In polymers, the intrinsic molecular weight distribution is known to strongly affect the macromolec-
ular assembly. Herein, we investigate the effect of M, on the performances of OPV devices containing
a DPP-based polymer (PDPP4T-TT) or PBTTT polymer as donor and PCBM as acceptor. Using GPC
fractionation, well defined polymer chain length with narrow polydispersity are obtained. PDPPAT-
TT based solar cells are found to have an optimum PCE at high M,, attributed to the change in solu-
bility which affects the BHJ morphology during the initial casting of the active layer. In stark contrast,
PBTTT based devices are found to reach an optimum performance at a medium M, of 35 kDa, in
agreement with a self-assembly very similar to that of the neat PBTTT. Overall, this chapter high-
lights the role of these two polymers M, on the self-assembly of the active BHJ layer and the perfor-

mances in OPV.

This chapter was adapted from “Effect of Molecular Weight in Diketopyrrolopyrrole-Based Polymers in transistor and
Photovoltaic Applications”, Gasperini, A.; Jeanbourquin, X. A.; Sivula, K., J. Polym. Sci., Part B: Polym. Phys. 2016,
54, 2245-2253
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6.1 Introduction

In addition to cascade mechanism presented in the last chapter, molecular engineering has been
widely used to enhance the PCE of organic solar cells. In that perspective, the donor-acceptor “push-
pull” alternating co-polymer strategy has recently expanded the number of polymer structures giving
outstanding performance in OPV. Copolymers based on diketopyrrolopyrroles?, carbazoles3, inda-
cenodithiophene*® and isoindigo® acceptor moieties can be straightforwardly polymerized with donor
groups (e.g. thiophene or benzothiadiazole) using step-growth polymerization chemistry based on
robust carbon-carbon cross coupling reactions (e.g. Stille or Suzuki reactions). Interestingly, this new
generation of semiconducting polymers often lacks the significant long-range solid-state crystallinity
(based on n-stacking interactions) well-known in “first generation” model semiconducting polymers
like regioregular P3HT’ and PBTTT®. An increased backbone rigidity has been identified as a rea-
sonable explanation for superior semiconducting performance despite the lack of crystallinity.® In-
deed, recent studies on this new class of polymers suggest that in absence of extended m-stacking
motifs in the solid-state, charge transport occurs mostly uni-dimensionally along the highly rigid con-
jugated backbone with occasional intermolecular hopping through sparse m-linkages present in
stacked aggregates.>° This charge transport mechanism implies a significant importance of the effect
of polymer chain length (as characterized by the polymer chain number average molecular weight,
M,) on the semiconducting performances. However, the study of the effect of polymer molecular
weight and molecular weight distribution (or molar-mass dispersity, Pu) is confounded by the step-
growth polymerization techniques used to prepare the materials, which lead to variable molecular

weight and Py often over 2 implying a wide variation of chain lengths in a single polymer sample.

Indeed while much is now known regarding the effects of M, and Py on the archetypal P3HT*%*2 and
PBTTT,**1% much less is known about the new class of polymers synthesized using step-growth tech-
niques. A few studies have recently suggested a strong link between M, and device performance.>
20 However, the high Py and relatively low range of molecular weights investigated in these works
(Typically up to an M, of about 50 to 80 kDa) renders precise conclusions on the effects of M, and
Dy weaker due to the considerable overlap among each MW distributions. Moreover it is not known
whether the effects of chain entanglement!32! are important for the highest molecular weight chains.
In this respect, systematic studies like reported for OPV-based P3HT?? are needed to better elucidate
the effects of M, and Py on the photovoltaic performance of this new class of donor-acceptor step-

growth polymers.
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In this work, we employ standard Stille coupling polymerizations and the subsequent fractionation
by preparative GPC to precisely characterize the effect of M, on the performance of a diketo-
pyrrolopyrrole-thienothiophene copolymers, coded PDPPAT-TT, based solar cells using PCBM as an
electron acceptor. We isolate fractions ranging from M, of 6 kDa to 80 kDa with extremely low
polydispersity (Pu < 1.3) and characterize the OPV figures of merits and thin film molecular packing
behaviour as function of M,. Additionally, we extend our investigation into the effect of M,, on PBTTT
when used as donor in BHJ photovoltaic devices. This approach highlights the stark difference in
optimal supramolecular assembly between these two family of polymer, even in presence of an ac-

ceptor moitey.

Normalized absorption (a.u.)

6 7 8 9 10

Retention volume (ml) Retention volume (ml)
Figure 6-1. Analytical gel permeation chromatograms of selected a) PBTTT and b) PDPP4T-TT fractions separated by
prep-GPC are shown as the normalized detector response versus elution volume of the mobile phase. The gray line rep-

resents the crude polymerization chromatograph. The reported My and Py values for each fraction are versus polysty-
rene standards. For clarity, not all fractions employed in subsequent analysis are shown here.
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6.2 Results and discussion

6.2.1 Fractionation of the polymers

Stille coupling based step-growth polymerization used to obtain all the polymers investigated in this
study produced batches with extremely high polydispersity indexes. To access samples with a defined
M, and a low Dy we employed a preparatory size exclusion chromatography column which affords
separation of polymers chain length based on their characteristic hydrodynamic volume in solution.
Starting from initial crude bacthes it was possible to afford separation of polymer chains lengths with
M, ranging from 9 to 80 kDa and narrow Dy (typically 1.1—1.3) as shown in the analytical GPC traces
in Figure 6-1. To avoid aggregation and precipitation of longer polymer chains inside the column,
the prep-GPC system was maintained at a relatively high temperature (80 °C), and low concentration
of polymer was used in the mobile phase (chlorobenzene). Similarly to other reports molecular
weights are calculated through a calibration curve based on poly(styrene) standards. We note that the
actual polymer M, can be slightly different from that estimated by PS standards due to a reported
nonlinear relationship.?® In addition, care must be taken to correlate M, and chain length when com-
paring polymers with different repeating units. For this work, we note that the estimated length of a
polymer repeat unit (based on standard bond lengths) divided by the molecular weight of the respec-
tive repeat unit gives values for PDPP4T-TT and PBTTT of respectively 1.5 and 1.8 nm kDa'!. Thus,
assuming that both polymer structures exhibit comparable hydrodynamic volumes as a function of

chain length, at identical M,, PBTTT will exhibit a polymer chain length about 1.2-fold longer.

Table 6-1. Average figures of merit calculated from at least four devices for PBTTT:PCBM and PDPP4T-TT:PCBM
devices with different polymer MW.

M (kDa) Dy Jse (mA/cm?) Voc (V) FF () PCE (%) Rieries (2)
PDPP4T-TT 9 1.3 1.3+0.1 0.62 +0.01 0.57 £ 0.01 0.44 +0.02 104 £ 2
30 1.2 22402 0.62 +£0.01 0.67 £0.03 0.89 £0.07 25+1
70 1.3 44101 0.60 + 0.01 0.56 + 0.02 1.41 +£0.08 90 £ 1
14 2.1 26101 0.62 +£0.01 0.63 £0.02 0.94 £0.07 3241
PBTTT 10 1.2 29+0.2 0.60 +£0.01 0.37 £0.02 0.61 £ 0.05 298 + 4
16 1.2 32402 0.60 £0.01 0.46 £0.02 0.89 £ 0.05 201 +3
35 1.2 43403 0.60 £ 0.01 0.45+£0.01 1.14 £ 0.07 176 £ 2
80 1.2 32402 0.59 +£0.01 0.36 £0.01 0.65 +0.04 5635

26 2.0 3.7+£03 0.56 £0.01 0.53 £0.02 1.06 +0.06 56+1
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6.2.2 The effect of PDPP4T-TT’s M, on the photovoltaic performance

The BHJ between polymer and fullerene was optimized for PDPP4T-TT:PCs;BM blends and found
to give the best performance at a weight ratio of 3:7 from CHCl3; with a BHJ active layer thickness of
ca. 150 nm, which is in agreement with previous publications on similar materials.'® No significant
variations in optimal processing conditions were found with the different M, fractions, allowing fair
comparison of the performances. Figures of merit for PDPP4T-TT:PCBM solar cells at different M,
are summarized in Table 6-1, while typical J-V curves are shown on Figure 6-2. The open circuit
voltage (Voc) and fill factor (FF) of the PDPP4T-TT solar cells are similar to comparable materials.°
The higher short circuit current (Jsc) obtained in previous reports was afforded by using DIO as an
additive optimize the morphology. Here, no DIO was used in order to avoid any other effect than the

M, on the morphology.

24 — 9 kDa Py =1.3)

—— 30 kDa (Py=12)
T s 70 kDa Br=1.3)
. = =« 14 kDa @1=2.1)

1 | |
0.0 0.2 0.4 0.6
Voltage (V)

Figure 6-2. J-V characteristics of PDPP4T-TT:PCBM BHJ solar cells using different polymer M,. Polymer fraction
with high polydispersity is shown in grey dashed line.

Overall, the PCE increases with M, resulting in a more than 3-fold enhancement when going from 9
kDA to 70 kDa. This improvement can be mainly attributed to the higher Jsc obtained at 70 kDa as
the Voc and FF remain almost unaffected. However, it is important to note that the FF is slightly
improved at 30 kDa. Interestingly, the original fraction with large Py, does exhibit poor PCE as com-
pared to the best performing high M, fraction, demonstrating the beneficial effect of fractionation to

isolate long polymer chains for optimum PCE in this system. Generally speaking, the observed trend
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in PCE with M, is in excellent agreement with reported OFET performances as function of M,, where
hole mobility increases until a plateau at high M,.2* Hence, a trivial rationalization for the improved
PCE with M, is the higher mobility in the donor phase which would favour collection efficiency of
free charge carriers. However, increasing the active layer thickness from 150 nm to 200 nm results in
similar enhancement for all M,, suggesting that charge carrier collection is not a limiting factor. This
is in good agreement with the higher series resistance measured in the high M, fraction relative to the
30 kDa one (see Table 6-1). This indicates that the higher hole mobility expected in the device is not

the main underlying reason for the better PCE.

25.00 nm

18.75 —|

1250

Figure 6-3. Tapping-mode atomic force microscopy images of the surface morphology of spin-casted thin films of
PDPPAT-TT at (a) 9 kDa, (b) 30 kDa, (c) 70 kDa and (d) large Pwm fractions.

To gain further insight into the differences in device performance, the morphological characterization
of the BHJ surface was performed by AFM (Figure 6-3). Interestingly, it can be seen that the 9 kDa
BHJ film shows a smoother surface compared to the 30 kDa BHJ. While small features of around 50
and 100 nm, respectively, for low and high M, can be observed. Surprisingly, at the medium M, of
30 kDa, the BHJ forms a very different morphology with large domains of approximately 250-500

nm.
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Figure 6-4. Young modulus mapping images of 9 kDa (a), 30 kDa (b) and 70 kDa (c) PDPP4T-TT:PCBM thin films.

Nanomechanical mapping, also shown in Figure 6-4, was used to identify the different phases present
on the surface of the PDPP4AT-TT:PCs1BM BHJs. This measurement allows calculating the Young
Modulus (YM) of the indented surface and previous studies have shown that PCBM has a typical YM
greater than 10 GPa, while polymers have relatively low YM (< 3 GPa).2>~%” It can be seen that the
large domains present on the surface of the 30 kDa BHJ film are mainly composed of PCBM as they
present a YM larger than 10 GPa. Such a morphology strongly suggests the formation of a PCBM-
rich surface due to a vertical segregation of the BHJ during spin casting.?®?° The presence of the
PCBM-rich surface in contact with the Al top electrode may explain the smaller series resistance
observed with this fraction of polymer. Indeed, the average YM of the surface of the BHJ prepared
with the 9 kDa fraction is smaller and has an appearance suggesting that more intermixing of the
components is present at the BHJ surface, and for the blend prepared with the 70 kDa polymer frac-
tion, no regions with YM higher than 10 GPa are observed on the surface indicating that the PCBM
in the film is likely well intermixed with the 70 kDa polymer. Although we cannot discount a vertical
phase segregation of the film with the polymer at the surface in this case, this is unlikely given the

relatively high Jsc observed.

As the devices shown in the present study for PDPP4T-TT do not undergo any annealing process, the
nanoscopic morphology will be formed during drying of the precursor solution. In such case, the
different phases present in the film are known to be determined by the demixing process occurring
during the spin coating step.?® Therefore, the difference in solvent interaction between the polymer
and the PC¢1BM plays a crucial role in this system. Indeed, the stark difference in surface BHJ mor-
phology and composition demonstrates that the M, critically affects the self-assembly, probably by

affecting the solubility of the donor component. Thereof, decrease in solubility with M, is likely to
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cause the change in morphology and the enhanced device performance discovered in this work. Fur-
ther study of the film formation process by in situ techniques®® and of the resulting film by advanced

TEM techniques®! may give important insights into the origin of the observed differences.

6.2.3 The effect of PBTTT’s M, on the photovoltaic performance

Further investigation over the effect of the M, in PBTTT:PCBM BHJ photovoltaic devices will now
be discussed. Indeed, as discussed in chapter 1, the outstanding performances of PBTTT in OFET
starkly contrast with the poor PCE reported for OPV. Therefore, while the effect of M, on OFET

performance has already been the focus of many studies, it has never been extended to OPV.

‘| —
0
f}‘E 71 ]
w
<<
E 24
-3 ——10kDa (Pu=1.2)
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Figure 6-5. J-V characteristics of PBTTT: PCBM solar cells at different Myn. Polymer fraction with high polydispersity
is shown in grey dashed line.

The PBTTT:PCBM BHIJ was optimized for PBTTT:PCsBM blends and found to give the best per-
formances when processed at a weight ratio of 2:8 from DCB. Similarly to PDPP4T-TT, no signifi-
cant variations in optimal processing conditions were found with the different M, fractions. The best
PCE obtained for these devices is similar to the previously reported values (around 2 % without ad-
ditives).3?34 Overall, the PCE of PBTTT:PCBM solar cells is seen to increase significantly with M,
up to 30 kDa as can be seen on Figure 6-5 and Table 6-1; In a first time, due to the enhancement of
the FF and in a second time due to an increase in Jsc. However, further increase to 80 kDa results in
adrastic loss in efficiency, back down to similar PCE as the low M, fraction. Interestingly, the original

fraction with large Dy exhibits an excellent PCE close to the best performing M, fraction, which
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demonstrate that fractionation of the M, with low Dy is not required for optimal PCE. Once again,
the trend observed in OPV is similar to the one previously reported for OFETs, with the 30 kDa
giving the highest performances.’®* However, in the case of PBTTT, the series resistances are depict-
ing the opposite trend to PCE and mobility with the lowest Rs at medium M,. Hence, the higher hole
mobility of the 35 kDa PBTTT could be the origin of the enhanced performances in this film.

Figure 6-6. Tapping-mode atomic force microscopy images of the surface morphology of spin-casted thin films of
PBTTT at (a) 10 kDa, (b) 35 kDa, (c) 80 kDa and (d) large Pw fractions.

To gain further insight, morphological characterization of the BHJ surface was performed by AFM.
Height images of the 10, 35 and 80 kDa PBTTT films are shown in Figure 6-6. It can be seen that
the low M, fraction has a much rougher surface than the 35 kDa film which suggests a poorer film
formation. In stark contrast, the high M, PBTTT shows a surface morphology composed of small
domains approximately 50 nm in size. The large amount of grain boundaries present in the 80 kDa
film — probably originating from entanglement of the polymer chains — is likely to cause the decrease

in both Jsc and FF observed.

Taken together, the optimum performance obtained at medium M, is in good agreement with the co-
crystal formation reported in PBTTT:PCBM blend. Indeed, the thin film morphology seems governed
by the crystallization of the bimolecular crystal, instead of the solution demixing behavior aforemen-
tioned for PDPP4T-TT. Therefore, the self-assembly in PBTTT:PCBM BHIJ blend or neat PBTTT

behaves very similarly with no stark difference in optimum M,,.
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6.3 Conclusion

The effect of polymeric donor’s M, on the performance of BHJ photovoltaic devices was investigated
for PDPP4T-TT and PBTTT in combination with PCBM. The DPP-based polymer shows optimum
PCE at high M,, where previous work also reported the optimum mobility. Despite this obvious cor-
relation, the enhancement in PCE is rather attributed to the stronger polymer demixing with PCBM
during the processing, given the larger series resistance of the film in combination with the conspic-
uous surface morphology change. As the enhancement is seemingly caused by solubility parameter,

optimum M, might also depend on solubilizing group and processing conditions.

In stark contrast, PBTTT is found to behave very similarly than in OFET with a M, fraction around
35 kDa that renders optimal performances. The formation of a cocrystal in presence of PCBM having
very similar supramolecular assembly than the neat polymer it-self is consistent with this behaviour.

This is supported by the series resistance drop at this medium M,.

Overall, there is a clear breach between PBTTT and PDPP4T-TT concerning their optimum chain
length for self-assembly in OPV. The characteristic paracrystallinity of PBTTT seems to govern the
self-assembly in the blend, whereas the amorphous character of PDPP4T-TT leads to a self-assembly
governed by the delicate balance of the donor and acceptor respective solubility. Such a strong de-
pendence on processing condition is highly detrimental for large scale applications. Hence further
work on understanding and controlling the self-assembly are greatly needed for this class of polymer.
In addition, it ensues from the optimum high M, of PDPPAT-TT that selecting this high M, fraction
with narrow Dy is highly beneficial for the PCE. In contrary, fractionation of the PBTTT M, distri-

bution does not result in significant improvement.
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Chapter 7 Concluding remarks and perspec-
tives

fficient engineering of the supramolecular ordering of organic semiconductors is
limited by the current understanding of the self-assembly event and available toolkit
to control it. In the present thesis, we aim to address these two issues by unravelling
the thermodynamic parameters that govern charge transport in molecular semiconductors and using
them as a platform to develop new tools and strategies to efficiently control the morphology of active

layers for OFET and OPV apllications.

Chapter 3 reports a unique bell-shaped temperature dependence of the mobility in a range well below
the Mott-loffe-Regel limit in OFET based on a DPP(TBFu), small molecule. Surprisingly, these find-
ings contrasted with the most extended transport theories in the field (e.g. band-like or hopping
transport) bringing out a missing mechanism, key for broadening the understanding on the actual
transport mechanisms in organic semiconductors. In conclusion, we propose a new theory where this
anomalous mobility variation with temperature arises from a temperature dependent equilibrium in
between polymorphic structures with stark differences in intermolecular electronic coupling, which
can be successfuly described with the help of an isodesmic self-assembly model. Overall, our work

conciliates hopping transport mechanism with a negative temperature dependence of the mobility.

We next investigated the working mechanism whereby aliphatically-linked conjugated molecules
control the self-assembly of organic semiconductors. More specifically, two novels DPP(TBFu); di-
mers with distinct linking position, either on the DPP core or on the benzofurane position, were ex-
plored. The former was found to act as a nucleation promoter in presence of the monomer, amelio-
rating the charge transport in DPP(TBFu); by reducing the amount of grain boundaries present in the
film. In stark contrast, the other dimer was found to favour another polymorphic structure with re-
duced driving force for crystallization. When used as an additive, the dimers demonstrated an unpar-
allel control on the thermodynamic of the DPP(TBFu)2:PCBM phase segregation, ultimately leading
to an enhanced stability of the PCE in OPV.
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Concluding remarks and perspectives

Finally, we discussed a simple strategy to engineer the self-assembly of charge transfer cascade solar
cells based on crystallinity differences between host-blend and the ternary material. In this case, using
amorphous spiro-based small molecules within P3HT:PCBM host blends was demonstrated to

achieve PCE improvements about 30 %.

As a matter of fact, the self-assembly in BHJ is unquestionably more complexe than for a neat mate-
rial. In this respect, we investigated the effect of the polymer molecular weight on the self-assembly
and performances of paracrystalline PBTTT and amorphous PDPP4T-TT-based solar cells. We found
that while both exhibited optimum PCE in OPV at the same M, observed for optimum mobility in
OFET, the improvement in PDPP4T-TT OPV did not originate from enhanced mobility of the donor

phase but rather from a more favourable intermixing with the fullerene phase.

This work raises two main future directions. On one hand, further demonstrating the critical role of
phase transition on the electronic coupling and consequently the charge carrier mobility could be a
stepping stone in understanding the controversial charge transport mechanism in OS. In this respect,
in depth study of DPP(TBFu), might reveal necessary. However, the inherent complexity of this
unique system (e.g. the interfacial behaviour being very different than the bulk) makes it not well
suited for studies. It might actually be easier to apply the model on another, more homogenous, sys-
tem. For instance, PBTTT is well known to exhibit a liquid crystalline phase transition before melting,
which can be tracked by DSC. Hence, applying our model in combination with experimentally meas-
ured enthalpy and transition temperature to fit a hypothetical deviation from Marcus equation in
PBTTT hole mobility as function of temperature would represent a simple way to establish the via-

bility of our approach.

On the other hand, providing evidence of the universality of the concepts investigated in chapter 4
and 6 by implementing them in state-of-the-art system would assess the actual benefits for commer-
cial application. In particular, as demonstrated in this thesis the great potential of aliphatically linked
molecules for controlling the thermodynamics of the BHJ morphology and packing structure of OS
is not only limited to hypothetic commercial devices, but also has a direct impact in research to un-
ravel the effect of supramolecular assembly on performances of any OS. In addition, this strategy has
recently been proposed as an efficient way to lower the melting temperature of OS. This is highly
relevant for moving towards the cheaper and greener melt processing techniques. Finally, it should
be noted that the potential of these flexibly linked compounds as plasticizers to enhance the mechan-

ical stability of the active layer remains in its infancy so far. In a more general vein, enlarging this
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strategy to state-of-the-art materials seems a logical path, especially for molecules exhibiting high

crystallinity (e.g. acenes, perylenes).
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Figure A-2. Output curves measured at specified temperatures at different gate voltages for DPP(TBFu); FET
after annealing for 1h at 90 °C with channel length of 20 um.
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Figure A-3. Output curves measured at specified temperatures at different gate voltages for DPP(TBFu); FET
after annealing for 1h at 130 °C with channel length of 20 um.
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Figure A-5. Transfer curves measured at specified temperature with channel length of 20 um of DPP(TBFu),
FET (a) as-cast and after annealing for 1h at (b) 90 °C, (c) 130 °C and (d) 170 °C.
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Figure A-10. (a) Typical impedance responses at an applied potential of 0.48 V and corresponding fit using
equivalent circuit presented in (b) for hole-only diodes as-cast and annealed at 90 °C, 130 °C and 170 °C, meas-
ured in the dark.
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scopic transitions using a linear combination of three Lorentzian functions. The respective Lorentzian peaks are
also shown.
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Figure B-1. Deconvoluted absorption spectrum of a) M-DPP and b) H-(DPP); using a sum of 3 Lorentzian func-
tions for the fitting. c) Absorption spectrum (solid) and emission spectrum (dashed) of H-(DPP); (green) and M-
DPP (blue) in solid-state.
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Figure B-2. (a) Absorption spectrum of H-(DPP), in methanol at different concentration. Light green dashed
line shows absorption spectrum of H-(DPP), dissolved in CHCI; while dark green dashed line shows solid-state
absorption. (b) Aggregated fraction obtained from the absorption at 700 nm in function of concentration in
MeOH. Fitting for cooperative self-assembly is shown in dashed line.
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Figure B-3. Differential scanning calorimetry heating curves of H-(DPP); drop-casted sample at 10°C min™' af-
ter cooling from the melt at different speed as indicated.
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Figure B-4. Output curves for transistors (channel length 20 um, channel width of 1 cm) prepared with neat M-
DPP, 1, 5, 10 wt% H-(DPP); and 1, 5, 10 wt% V-(DPP); and annealed at 110 °C for 10 min. Measured on more
than 6 months old devices.
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Figure B-5. OFET device transfer curves for the neat M-DPP and blend transistors as-cast (a) and after anneal-
ing (b) at 110 °C for 10 min. (channel length 20 um, channel width of 1 cm)
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Figure B-6. J-V curves in dark conditions of M-DPP:PCBM neat and with 10 wt% H-(DPP); after 5 h annealing
prior to aluminium deposition.
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Svnthetic Procedures

All reagents were of commercial reagent grade (Sigma-Aldrich, Acros or Fluorochem) and were used

without further purification. Toluene, Chloroform, Tetrahydrofuran (Fisher Chemical, HPLC grade)
and chlorobenzene (Alfa Aesar, HPLC grade) were purified and dried on a Pure Solv-MD Solvent
Purification System (Innovative Technology, Amesbury, United States) apparatus. Normal phase sil-
ica gel chromatography was performed with an Acros Organic silicon dioxide (pore size 60 A, 40—
50 um technical grade). The 1H and 13C NMR spectra were recorded at RT unless otherwise stated
using per-deuterated solvents as internal standards on a NMR Bruker Advance I11-400 spectrometer
(Bruker, Rheinstetten, Germany). Chemical shifts are given in parts per million (ppm) referenced to
residual 1H or 13C signals in CDCls (respectively, 7.26 and 77.16) and dichloromethane-d> (respec-
tively 5.32 and 53.84). EI-MS spectrum was recorded on an EI/CI-1200L GC-MS (Varian) instru-
ment. Atomatic-Pressure-Photoinonization-Source (APPI) MS spectrum was recorded on an
ESI/APCI LC-MS Autopurification System with a ZQ Mass detector (Waters, Milford, United States)
instrument using a positive mode. Matrix-Assisted-Laser-Desorption/lonization Time-of-Flight
(MALDI-TOF) MS spectrum are recorded on a Bruker MALDI-TOF AutoFlex speed instrument us-
ing alpha-cyano-4-hydroxycinnamic acid, and 2,5-Dihydroxybenzoic acid as matrix. DPP(TBFu):
was synthesized according to literature procedure (Adv. Funct. Mater. 2009, 19, 3063-3069). Both
H-(DPP), and V-(DPP), were purified using a Biotage Isolera™ Spektra Accelerated Chromato-
graphic Isolation System™ with a Biotage ZIP® Sphere cartridges (60um spherical silica) before
device fabrication. Synthesis of 2,5-Dihydro-3,6-di-2-thienyl-pyrrolo[3,4-c]pyrrole-1,4-dione
(DPP(Th)>- 1) (see J. Polym. Sci. A Polym. Chem. 2010, 48, 1669-1675)

Preparation of stannylated Benzofuran moieties

1,6-di(benzofuran)hexane was synthesized based on our previously published procedure (Chem.
Sci. 2014, 5, 4922-4927): To a solution of 1,6-dibromohexane (2.0 g, 8.2 mmol) in dried tetrahydro-
furan (80 mL), magnesium turnings (418.4 mg, 17.2 mmol) was added dropwise at 0 °C over 1 h
under argon. This was then allowed to warm up to room temperature and left to stir for 4 h. 5-bromo-
benzofuran (3.39 g, 17.2 mmol) and dichloro[1,3-bis(diphenylphosphino)propane]nickel (5 % eq,
0.41 mmol) were added quickly at —30 °C and was then left to stir at room temperature for 12 h.
Saturated ammonium chloride was added to quench the reaction (approximately 30-40 mL). Diethyl
ether was then used to extract the organic phase from the crude mixture, subsequently washed with
brine and dried over magnesium sulfate, filtered and concentrated under vacuum. This was then sub-
jected to silica gel chromatography using hexane as an elution solvent to obtain a white solid after

precipitation in methanol affording the product (2.1 g, 80.5 %).
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1H NMR (400 MHz, CDCl3) & 7.63 (s, 2H), 7.45 (d, J = 11.0 Hz, 4H), 7.16 (d, J = 8.2 Hz, 2H), 6.75
(s, 2H), 2.74 (t, J = 7.8 Hz, 2H), 1.70 (p, J = 7.2 Hz, 2H), 1.35 (dd, J = 20.6, 6.6 Hz, 8H). 8¢ (400
MHz, CDCLy) 145.01, 137.43, 124.99, 120.39, 110.93, 106.42, 35.92, 32.19, 29.76, 29.74, 29.63,
29.58, 29.34.

General procedure for the stannylation of Benzofuran and 1,6-di(benzofu-
ran)hexane
1-Benzofuran or 1,6-di(benzofuran)hexane (1 eq) was placed in an oven-dried 100 mL Schlenk flask

and degassed by three vacuum/nitrogen cycles. Anhydrous THF (20 mL) was injected and the solu-
tion was cooled to -78 °C for 15 min after which, N-butyllithium (2.5 M in hexanes, at 1.1 and 2.1
eq respectively) was added slowly, and the reaction was left stirring for 1-2 h. Tributyltin chloride
(1.1 and 2.1 eq, respectively) was added slowly, the reaction was allowed to heat up to room temper-
ature over 12 h. H,O (10 mL) was then added to quench the reaction, after which the crude was then
concentrated under vacuum, diluted with water (200 mL), 1 M NaOH (50 mL) and extracted with
hexane. The organic phase was collected, dried over MgSQy4, followed by solvent removal under

vacuum to afford a yellow-oil of 4a at a yield of 96 % and a white solid of 4b at a yield of 67 %.

4a: 1H NMR (400 MHz, CDCL) § 7.66 (dd, J = 16.3, 7.6 Hz, 2H), 7.33 (dt, J = 16.5, 7.6 Hz, 2H),
7.05 (d, J = 2.2 Hz, 1H), 0.54 (d, J = 2.1 Hz, 9H); ¢ (300 MHz, CDCls) 193.83, 155.18, 127.76,
127.14, 124.09, 123.39, 116.76, 112.55, -9.55.

4b: 'H NMR (400 MHz, CDCL3) & 7.43 (d, J = 8.3 Hz, 3H), 7.37 (s, 2H), 7.09 (d, J = 8.3 Hz, 2H),
6.90 (s, 2H), 2.71 (t, J = 7.6 Hz, SH), 1.77 — 1.57 (m, 6H), 1.43 — 1.16 (m, 24H), 0.44 (s, 18H); 8¢
(300MHz, CDCls) 136.86, 127.98, 124.42, 119.60, 117.40, 110.45, 35.89, 32.24, 29.74, 29.72, 29.63,
29.57,29.29.

Preparation of diketopvyrrolopvrrole(DPP) derivatives

General Procedure for the symmetric bi- or selective mono-alkylation of
DPP(Th): (1), EHDPP(Th): (2b), and Decyl-(EHDPP(Th):): (7a)

DPP(Th)z (1) or EHDPP(Th):2 (2b) and anhydrous K,COs3 were stirred in anhydrous (DMF) under
Argon at 130 °C for 1 h. 2-EthylhexylBromide or 1,10-dibromodecane was then added dropwise and
the reaction mixture was stirred at 130 °C for a further 20 h for a symmetric bi- or selective mono-

alkylation. The reaction mixture was allowed to cool to room temperature then it was poured into ice

water (1 L) and the resulting suspension was stirred for 1 h. After the solid was dried under vacuum
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to give the crude product, and separated via silica gel column chromatography using Hexane/Chloro-

form mixture as eluent.

For (EH):DPP(Th)2 (2a), 1 eq of DPP(Th)2 (1) and 2.5 eq of 2-EthylhexylBromide was used to
obtain the final product as red crystals after recrystallization with Ethanol (Average Yield 88 %).

1H NMR (400 MHz, CDCl3) § 8.92 (d, J = 3.9 Hz, 2H), 7.65 (d, J= 5.0 Hz, 2H), 7.30 (d, /= 4.3 Hz,
2H), 4.13 — 3.98 (m, 4H), 1.89 (p, J = 6.3 Hz, 2H), 1.33 (dd, J=37.4, 16.5, 9.2, 5.0 Hz, 8H), 0.89 (dt,
J=9.1,7.1 Hz, 6H). MS: 524.25 (APPI): Calcd.[C30H40N202S2]: 524.78.

For EHDPP(Th)2 (2b), 1 eq of DPP(Th)2 (1) and 1 eq of 2-EthylhexylBromide was used to obtain
the product as a red powder after precipitation with hexane/chloroform mixture at average Yield

58 %.

1H NMR (400 MHz, CDCls) & 8.86 (d, J = 3.7 Hz, 1H), 8.49 (s, 1H), 8.40 (d, J = 3.7 Hz, 1H), 7.69
(d,J=5.1Hz, 1H), 7.63 (d, J= 5.0 Hz, 1H), 7.37 — 7.23 (m, 5H), 4.06 (q, J = 7.1 Hz, 2H), 1.89 (q, J
= 6.7 Hz, 1H), 1.48 — 1.18 (m, 8H), 0.98 — 0.82 (m, 7H). 5¢c (300 MHz, CDCI3) 135.46, 132.18,
130.89, 130.61, 129.23, 128.49, 45.91, 39.11, 30.22, 28.35, 23.54, 23.07. MS: 412.13 (APPI): Calcd.
[C22H24N202S2]: 412.57.

For Decyl-(EHDPP(Th)2)2 (7a), 2 eq of EHDPP(Th)2 (2b) and 1 eq of 1,10-dibromodecane was
used to obtain the product as a dark red solid with an average yield of 65 % after separation via

chromatography using CHCIs as eluent, and precipitation in CH>Clo:Methanol.

1H NMR (400 MHz, CDCl3) § 9.00 — 8.77 (dd, J = 26.7, 3.9 Hz, 4H), 7.70 — 7.56 (d, J = 5.1 Hz, 4H),
7.36 — 7.18 (m, 4H), 4.18 — 3.92 (dh, J = 14.8, 7.4, 6.6 Hz, 8H), 2.08 — 1.63 (m, 12H), 1.49 — 1.11
(m, 12H), 0.96 — 0.74 (q, J = 7.2 Hz, 12H); 8¢ (300 MHz, CDCls) 161.76, 161.36, 140.38, 140.06,
135.38, 135.17, 130.69, 130.64, 130.59, 130.57, 129.84, 129.73, 128.65, 28.40, 108.05, 107.57,
63.03,45.86,42.18, 39.09, 32.74, 30.22,29.91,29.25, 29.16, 29.09, 29.05, 28.35, 26.79, 26.76, 25.64,
23.52, 23.08, 14.05, 10.50.

General Procedure for the bromination of DPP(Th): (1) and Decyl-
(EHDPP(Th)2): (7a)

To a solution of 1 or 7a in an Argon filled chloroform flask, wrapped in aluminium foil to exclude
light at 0 °C, N-bromosuccinimide at 2.1 eq and 4.2 eq respectively. After the reaction was completed
as indicated from TLC, the mixture was poured into cold methanol, and left to stir for 1h. The pre-

cipitate was filtered and the solid was washed with methanol (2 x 200 mL) then dried under vacuum.
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The crude product was recrystallized from Hexane/chloroform to give the product as a dark purple

solid of (EH):DPP(ThBr): (3) (Yield =78%) and Decyl-(EHDPP(TBr)2): (7) (Yield=57.8%).

(3) 1H NMR (400 MHz, CDCl3) & 8.67 (d, J = 4.2 Hz, 4H), 7.25 (d, J= 4.2 Hz, 4H), 3.97 (h, J= 7.8 Hz,
4H), 1.86 (q, J= 6.5 Hz, 2H), 1.45 — 1.21 (m, 16H), 0.91 (q, J = 7.4 Hz, 12H); MS: 567.95 (APPI): Calcd.
[C22H22Br2N202S2]: 570.36.

(7) 1H NMR (400 MHz, CDCls) & 8.68 (dd, J = 23.8, 4.1 Hz, 4H), 7.29 (s, 5H), 6.97 (d, J = 3.7 Hz,
1H), 3.97 (tq, J = 14.9, 7.3 Hz, 2H), 3.58 — 3.36 (m, 1H), 1.85 (q, J = 6.5 Hz, 1H), 1.72 (p, J = 8.3,
7.6 Hz, 1H), 1.49 — 1.08 (m, 22H), 1.00 — 0.75 (m, 7H). MS (APPI): m/z [M]'= 1273.10

General Procedure for Stille Coupling the optimization of
(EH)DPP(TBFu)(ThBr) (5)
In a 100 mL oven-dried Schlenk flask, EHDPP(TBr), (2.89 g, 4.24 mmol), BFSnMes (2) (1.19 g,

4.24 mmol) and tetrakistriphenylphosphine palladium(0) (0.489 g, 0.423 mmol) were placed. The
flask was then degassed by three vacuum/nitrogen cycles. Anhydrous DMF or toluene (15 mL) was
then injected into the flask and the solution mixture was stirred for 12 h at 100 °C under Argon. After
cooling to room temperature, the reaction mixture was poured into water (300 mL) with brine (30
mL). The precipitate was filtered over Celite, washed with water and methanol, and then washed with
CHCI; until the washings were colourless. The organic extract was then dried over MgSQs, and the
solvent was removed under vacuum and the product was purified by column chromatography (hex-

ane/DCM) to afford EHDPP(TBFu)(ThBr) as a dark blue solid (1.50 g, 49.2 %)).

1H NMR (400 MHz, CDCl3) § 9.03 — 8.95 (d, J = 4.2 Hz, 1H), 8.68 — 8.61 (d, J = 4.2 Hz, 1H), 7.64
—7.56 (m, 2H), 7.56 — 7.48 (d, J= 8.1 Hz, 1H), 7.38 — 7.30 (td, J = 8.2, 7.8, 1.4 Hz, 1H), 7.30 — 7.20
(s, 9H), 7.09 — 7.04 (s, 1H), 4.14 — 4.03 (m, 2H), 4.03 — 3.91 (m, 2H), 2.01 — 1.77 (m, 1H), 1.48 —
1.16 (m, 12H), 1.01 — 0.78 (m, 14H). MS (ESI): m/z [M]'= 721.1962

Hexyl-(EHDPP(TBFu):): (6) H-(DPP);

In a 50 ml oven-dried Schlenk flask 144 mg of 1,6-bis(2-(trimethylstannyl)benzofuran-5-yl)hexane
(144 mg, 0.22 mmol) and EHDPP(TBFu)(ThBr) (353 mg, 0.49 mmol) were added in 10 ml of anhy-
drous chlorobenzene under an Argon atmosphere using 2 mol% of tris(dibenzylideneacetone)dipal-
ladium and tri(o-tolyl)-phosphine as a catalyst. After, 24 h the reaction was left to cool down, and the
crude was allowed to precipitate in methanol, and collected via filtration with several hexane and
methanol washings. The crude was then filtered over Celite, washed with water and methanol, and

then washed with CHCI3 until the washings were colourless. The organic extract was then dried with
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MgSOs, and the solvent was removed under vacuum and the product was purified by column chro-

matography (hexane/DCM) to afford H-(DPP); as a dark blue solid (1.50 g, 49.2 %).

1H NMR (400 MHz, CDCl3) & 8.9 (t, J = 3.0 Hz, 4H), 7.55 (q, J = 5.2, 4.1 Hz, 6H), 7.50 (d, J = 8.1
Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 6.9 Hz, 2H), 7.23 (s, 4H), 7.13 (d, J = 8.4 Hz, 2H),
7.01 (s, 2H), 6.94 (s, 2H), 4.17 — 3.97 (m, 5H), 2.68 (t, J= 7.6 Hz, 2H), 1.93 (q, J= 6.5 Hz, 3H), 1.67
(t,J=7.3 Hz, 3H), 1.35 (dq, J = 45.5, 12.4, 10.0 Hz, 24H), 0.91 (dt, J = 13.5, 7.0 Hz, 15H); 5¢ (400
MHz, CD,Cly) 125.40, 125.37, 123.55, 121.25, 111.15, 103.72, 103.59, 53.96, 53.89, 53.69, 53.62,
53.42,53.35,53.15,52.88,29.96, 28.51, 28.12, 26.37, 23.10; MS (MALDI-TOF): m/z [M]'= 1596.19

N-EthylHexy-N-Decyl-Bis-EHDPP(TBFu): (7) V-(DPP);

In a 50mL Schleck flask, Decyl-(EHDPP(TBr)2)2 (0.128 mg, 0.11 mmol) Benzofuran-2-boronic acid
(73 mg, 0.45 mmol), tris(dibenzylideneacetone)dipalladium(0) (2.8 mg), and tri-tert-butylphospho-
nium tetrafluoroborate (3.6mg) was mixed with 15 mL of anhydrous toluene and 2 mL of 2 M potas-
sium phosphate and the resulting mixture was degassed for 10 min. The reaction mixture was stirred
and heated to 90 °C under argon overnight. After which the reaction mixture was allowed to cool
down to room temperature, and poured into 300 mL of methanol and then stirred for 1 h. The precip-
itated solid was then collected by vacuum filtration and washed with several portions of distilled
water, methanol, isopropanol, and petroleum ether. The solid was then washed with hot methanol,
and precipitated several times in methanol/Hexane/CH>Cly. The crude product was purified by flash
chromatography using chloroform as eluent, and the solvent was removed in vacuum to obtain a pure

product of V-(DPP); (0.020 mg, 14 %).

1H NMR (400 MHz, CDCls) § 9.08 — 8.92 (d, J= 4.3 Hz, 1H), 7.67 — 7.61 (m, 2H), 7.60 — 7.53 (d, J
=8.6 Hz, 1H), 7.41 — 7.33 (t,J = 7.7 Hz, 1H), 7.33 — 7.25 (d, J = 1.3 Hz, 25H), 7.16 — 7.10 (s, 1H),
473 —4.56 (t, J=11.4 Hz, 1H), 4.23 — 4.07 (d, J = 15.3 Hz, 1H), 3.58 — 3.46 (d, J = 5.3 Hz, 2H),
3.25-3.19 (s, OH), 1.99 — 1.84 (s, 1H), 1.83 — 1.67 (s, 1H), 1.69 — 1.48 (d, J = 1.4 Hz, 32H), 1.42 —
1.24 (d, J=32.4 Hz, 3H), 1.24 — 1.12 (s, 1H), 1.12 - 0.97 (m, 1H), 0.97 — 0.82 (dt, J = 14.6, 6.7 Hz,
6H); 8¢ (600 MHz, CDCls) 161.69, 154.92, 149.98, 139.64, 138.03, 136.78, 136.47, 129.46, 128.85,
125.55, 125.45, 123.61, 121.29, 111.35, 108.67, 103.77, 77.37, 77.16, 77.11, 76.86, 46.00, 42.89,
42.73, 39.22, 38.07, 29.83, 28.48, 23.53, 23.23, 14.29, 10.57; MS (MALDI-TOF): m/z [M+Na]'=
1450.9.
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Figure C-1. Out-of-plane grazing incident wide angle X-ray diffraction of thin films with varying amount of ternary ad-
ditive. Solid black lines are the respective Pseudo-Voigt fit.
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Figure C-2. Electron diffraction pattern of films with varying amount of ternary additive. Bottom graph shows cross
sections of the diffraction intensity vs. q-vector. Solid black lines are the respective Pseudo-Voigt fit.
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Figure C-3. Typical J-V curves for P3HT:PCBM blends at 1:1 and 6:4 ratios.
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Figure C-4. Average figures of merit of devices containing 5 wt% (a) SF-(DPP)4 and (b) SF-(PDI)4 in function of
PCBM content. Optimum efficiency is found at 6:4 P3HT: PCBM ratio, which is identical to the host blend optimum.
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Figure C-5. Atomic force microscopy height images (5 um x 5 um) of host blend and with additive. The slightly
smoother surface at 10 wt% SF-(DPP)4 might arise from the capping layer formation on the surface.
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Figure C-6. J-V curve of P3HT:PCBM host blend and containing 1 wt% SF molecule (9,9"-spirobifluorene). Perfor-
mances are decreased as expected from the large bandgap of the spirocore acting as an insulator inside the blend.
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Figure C-7. Equivalent capacitance of the constant phase element (blue squares) and resistance (red dots) in function
of SF-(DPP)4 content.

C-6



Appendix C

w3
2 :Ji/?tSF—(PDI),i
8 2 2.5 % SF-(PDI)J
> 10 % SF-(PDI),
©
0 -
£1°7 g
£ 7] w
= 69 a
2 5 ) w
5 4
o
34 » .
5 o
o *
I I I I I I
0 2 4 6 8 10 300 400 500 600 700
SF-{PDI), concentration (wt. %) Wavelength (nm)

Figure C-8. (left) lifetimes extracted out of impedence spectrscopy under 1 Sun at OC for as function of SF-(PDI)4 con-
tent. (right) external quantum efficiency for P3HT:PCBM host blend and containing varying amount of SF-(PDI),.



Appendix C

Synthesis Experimental Procedures

General
All reagents were of commercial reagent grade (Sigma-Aldrich, Acros or Fluorochem) and were used

without further purification. Toluene, Chloroform, Tetrahydrofuran (Fisher Chemical, HPLC grade)
and chlorobenzene (Alfa Aesar, HPLC grade) were purified and dried on a Pure Solv-MD Solvent
Purification System (Innovative Technology, Amesbury, United States) apparatus. Normal phase sil-
ica gel chromatography was performed with an Acros Organic silicon dioxide (pore size 60 A, 40—
50 pum technical grades). The 1H and 13C NMR spectra were recorded at room temperature using
per-deuterated solvents as internal standards on a NMR Bruker Advance I1I-400 spectrometer
(Bruker, Rheinstetten, Germany). Chemical shifts are given in parts per million (ppm) referenced to
residual 1H or 13C signals in CDCI, (1H: 7.26, 13C: 77.16) and dichloromethane-d> (2H: 5.32,
13C:53.84). EI-MS spectrum was recorded on an EI/CI-1200L GC-MS (Varian) instrument. Ato-
matic-Pressure-Photoinonization-Source(APPI) MS spectrum was recorded on an ESI/APCI LC-MS
Autopurification System with a ZQ Mass detector (Waters, Milford, United States) instrument using
a positive mode. Matrix-Assisted-Laser-Desorption/lonization Time-of-Flight (MALDI-TOF) MS
spectrum was recorded on a Bruker MALDI-TOF AutoFlex speed instrument using, 2,5-Dihy-
droxybenzoic acid as matrix. Both materials were purified using a Biotage Isolera™ Spektra Accel-
erated Chromatographic Isolation System™ with a Biotage ZIP® Sphere cartridges (60pm spherical

silica) before device fabrication.

Synthesis of monomeric units of the SF Cascade molecules

Synthesis of the spiro-core (SF-Bping) was performed following the literature procedures by Wu,
Schumm et. al. J. Org. Chem, 1996, 61 ,20, 6906-6921, and the synthesis of 2,5-Dihydro-3,6-di-2-
thienyl-pyrrolo[3,4-c]pyrrole-1,4-dione (DPP(Th)z) based on J. Polym. Sci. A Polym. Chem. 2010,
48, 1669-1675.

C-8



Appendix C
Procedure for Monomeric units of SF-(DPP)4

Alkylation of DPP(Th); with 2-ethylhexylbromide

2-EthylHexyl Bromide 2 eq
K,COjy’ 18-crown-6-ether,
DMF, 120 c,12h

DPP(Th)2

(EH)2DPP(Th)2
88 %

DPP(Th)2 (1eq) and anhydrous K,COj3 were stirred in anhydrous (DMF) under Argon at 130 °C for
1 h. 2-EthylhexylBromide (2 eq) was then added drop wise and the reaction mixture was stirred at
130 °C for a further 20 h for a symmetric alkylation of the DPP(Th). core. The reaction mixture was
allowed to cool to room temperature then it was poured into ice water (1 L) and the resulting suspen-
sion was stirred for 1 h. After the solid was dried under vacuum to give the crude product, and sepa-
rated via silica gel column chromatography using an Hexane/Chloroform mixture as eluent to obtain

the EH2DPP(Th): as red crystals after recrystallization with Ethanol with a yield of 88%;

1H NMR (400 MHz, CDCL:) § 8.92 (d, J= 3.9 Hz, 2H), 7.65 (d, J = 5.0 Hz, 2H), 7.30 (d, J= 4.3 Hz,
2H), 4.13 — 3.98 (m, 4H), 1.89 (p, J = 6.3 Hz, 2H), 1.33 (dd, J=37.4, 16.5,9.2, 5.0 Hz, 8H), 0.89 (dt,
J=9.1,7.1 Hz, 6H). MS: 524.25 (APPI): Calcd.[C30H40N202S2]: 524.78.

Bromination of EH,DPP(Th);

NBS (2.1 eq),
CHCl,, 0°C

(EH)2DPP(ThBr)2
(EH)2DPP(Th)2 78 %

To a solution of EH2DPP(Th):z in an Argon filled chloroform flask, wrapped in aluminium foil to
exclude light at 0°C, N-bromosuccinimide (2.1 eq) and left o stir overnight. After completed the crude
was poured into cold methanol, and left to stir for 1 h. The precipitate was filtered and the solid was
washed with methanol (2 X 200 mL) then dried under vacuum. The crude product was recrystallized
from Hexane/Chloroform to give the product as a dark purple solid of (EH):DPP(ThBr): (Yield =
78 %).
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1H NMR (400 MHz, CDCL3) § 8.67 (d, J = 4.2 Hz, 4H), 7.25 (d, J= 4.2 Hz, 4H), 3.97 (h, J= 7.8 Hz,
4H), 1.86 (q, J = 6.5 Hz, 2H), 1.45 — 1.21 (m, 16H), 0.91 (q, J = 7.4 Hz, 12H); MS: 567.95 (APPI):
Caled. [C22H22Br2N202S2]: 570.36.

Stannylation of Benzofuran

o 1. N-Buli (1 eq), THF, RT, 3 h o
(:E/) 2. Me;Sn (1 eq), RT, 12 h E:L/%smwe3

-

Benzofuran Benzofuran(SnMe;)
96 %

Benzofuran (1 eq) was placed in an oven-dried 100 mL Schlenk flask and degassed by three vac-
uum/nitrogen cycles. Anhydrous THF (20 mL) was injected and the solution was cooled to -78 °C
for 15 min after which, N-butyllithium (2.5 M in hexanes, at 1.1 and 2.1 eq respectively) was added
slowly, and the reaction was left stirring for 1-2 h. Tributyltin chloride (1.1 and 2.1 eq respectively)
was added slowly, the reaction was allowed to heat up to room temperature over 12 h. H>O (5-20 mL)
was then added to quench the reaction, after which the crude was then concentrated under vacuum,
diluted with water (200 mL), 1 M NaOH (50 mL) and extracted with hexanes. The organic phase was
collected, dried over MgSOy4, followed by solvent removal under vacuum to afford a yellow-oil of 4a

at a yield of 96 %.

1H NMR (400 MHz, CDCls) 8 7.66 (dd, J = 16.3, 7.6 Hz, 2H), 7.33 (dt, J = 16.5, 7.6 Hz, 2H), 7.05
(d, J=2.2 Hz, 1H), 0.54 (d, J = 2.1 Hz, 9H); ¢ (300MHz, CDCl3) 193.83, 155.18, 127.76, 127.14,
124.09, 123.39, 116.76, 112.55, -9.55.

General Procedure for Stille Coupling reaction of (EH)DPP(ThBr) ;

Benzofuran(SnMe3) (1 eq.)
Pd(PPh)s (1,5 %)

DMF, 90 C o 0
- a N
S e
= S
N | )—Br
(EH)2DPP(ThBr)2
78 % DPP(TBFu)(TBr)
49 %

In a 100 mL oven-dried Schlenk flask, EHDPP(TBr)> (2.89 g, 4.24 mmol), BFSnMes (1.19 g, 4.24
mmol) and tetrakistriphenylphosphine palladium(0) (0.489 g, 0.423 mmol) were placed. The flask
was then degassed by three vacuum/nitrogen cycles. Anhydrous DMF or toluene (15 mL) was then
injected into the flask and the solution mixture was stirred for 12 h at 100 °C under Argon. After
cooling to room temperature, the reaction mixture was poured into water (300 mL) with brine (30

mL). The precipitate was filtered over Celite, washed with water and methanol, and then washed with
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CHCI; until the washings were colourless. The organic extract was then dried over MgSOs, and the

solvent was removed under vacuum and the product was purified by column chromatography (hex-

ane/DCM) to afford EHDPP(TBFu)(ThBr) as a dark blue solid (1.50 g, 49.2 %).

1H NMR (400 MHz, CDCl3) § 9.03 — 8.95 (d, J = 4.2 Hz, 1H), 8.68 — 8.61 (d, J= 4.2 Hz, 1H), 7.64
—7.56 (m, 2H), 7.56 — 7.48 (d, J= 8.1 Hz, 1H), 7.38 — 7.30 (td, J= 8.2, 7.8, 1.4 Hz, 1H), 7.30 — 7.20
(s, 9H), 7.09 — 7.04 (s, 1H), 4.14 — 4.03 (m, 2H), 4.03 — 3.91 (m, 2H), 2.01 — 1.77 (m, 1H), 1.48 —
1.16 (m, 12H), 1.01 — 0.78 (m, 14H). MS (ESI): m/z [M]'= 721.1962

Procedure for Monomeric units of SF-(PDI)4

Synthetic steps of 2-hexyldecan-1-amine (HDNH:;) Potassium 1,3-dioxoisoin-
dolin-2-ide

Ethanol, Reflux

NH KOH —_— N—K

Phthalimide (20 g, 0.136 mol) was added to 400 ml absolute ethanol. The mixture was gently heated
under reflux and then the hot solution was decanted into a solution of potassium hydroxide (7.6 g,
0.136 mol) in water (7.5 ml) and ethanol (23 ml). The mixture was stirred and cooled quickly to room
temperature, and the precipitate was filtered with suction. The crystals obtained were washed with 12
ml of acetone twice to remove any unchanged phthalimide. The yield of air-dried potassium

phthalimide is 18.6 g. (82 %)).

1H NMR (400 MHz, CDCls) & 7.95 — 7.88 (dt, J= 7.6, 3.7 Hz, 2H), 7.84 — 7.75 (dd, J= 5.5, 3.1 Hz,
2H). 13C NMR (300 MHz, CDCl3) 8¢ 134.36 , 123.65; MS: 184.99 (APPI).

Synthesis of 2-(3-hexylundecyl)isoindoline-1,3-dione

Br

o

o CL
@%«NK DMF, 100°C

o

Potassium phthalimide (7.5 g, 0.0404 mol) was added to a solution of 2-decyl-1-tetradecylbromide
(15.7 g, 0.0376 mol) in 45 ml dry DMF. The reaction was stirred for 16 hours at 90 °C. After cooling
to room temperature, the reaction mixture was poured into 150 ml water and extracted with dichloro-

methane (3 x 100 ml). The combined organic layers were washed with 200 ml 0.2 M KOH, water,
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saturated ammonium chloride, dried over anhydrous MgSOs, and concentrated under reduced pres-

sure. The resulting crude yellow oil was purified via column chromatography (silica gel: dichloro-

methane) giving the product as a pale yellow oil (17.83 g, 98 %).

1H NMR (400 MHz, CDCls) § 7.79 (dd, J = 5.4, 3.1 Hz, 2H), 7.66 (dd, J = 5.6, 3.0 Hz, 2H), 3.53 (d,
J=17.2Hz, 2H), 1.85 (h, J= 6.3 Hz, 1H), 1.41 — 1.16 (m, 26H), 0.88 — 0.77 (m, 6H); MS:2371.28MS:
371.28 (APPI): Caled. [C24H37NO2]: 371.28.

Synthesis of 2-hexyldecan-1-amine (HDNH>)
NH,NH,H,0
o Hydrazine Hydrate,

Methanol,
N 95°C HaN
(0]

The alkyl Phthalimide (1 eq) and Hydrazine hydrate (3 eq) were dissolved in methanol (10 g per 100

mL), and left to stir at 95 °C. The reaction was monitored by TLC until all the starting imide has
disappeared and the reaction was stopped. Reaction mixture was then transferred to an RBF, and
methanol was evaporated. DCM (100mL) was the added into the crude, and was then washed with
10% KOH. Phase separation of the organic layer was done with DCM and the crude was dried and
solvent evaporated to afford a yellow oil of the alkyl amine. "H NMR (400 MHz, CDCl3) & 3.38 (s,
1H), 2.57 (d,J=4.2 Hz, 2H), 1.97 (s, 1H), 1.24 (s, 26H), 0.86 (t,J= 6.5 Hz, 6H). MS: 241.28 (APPI):
Calcd. [C16H35N]: 241.28

Svnthetic steps of HD-PDIMBr

Alkylation of PDTCA with HDNH;

R

o.__0__oO o__ N__O

Hp
O Zn(OAc)2 O
] 160°C. 2h, Ar 9
OO Imidazole

07 0" N0 o I% 0
PDTCA
DHDPDI
68 %

A mixture of perylene-3,4,9,10-tetracarboxylicdianhydride PTCDA (1.0 mmol), Zn(OAc)2 (0.75

mmol), imidazole (4.0 g) and the respective alkyl amine (3.0 mmol) was vigorously stirred at 160 °C
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for 2 h. After cooling to RT, the mixture was dissolved in minimum amount of THF and precipitated

in 300 mL 2M HCI/MeOH 2:1 V/V. The precipitate was collected by filtration, washed with H,O
followed by MeOH and dried at 80 °C in vacuum. The crude product was further purified by column
chromatography using Chloroform as eluent. DHDPDI was obtained as a bright red powder at an
average Yield 68 %.

1H NMR (400 MHz, CDCL:) & 8.34 (d, J = 7.8 Hz, 4H), 8.13 (d, J = 8.1 Hz, 4H), 4.08 (d, /= 7.3 Hz,
4H), 1.98 (p, J = 6.4, 6.0 Hz, 2H), 1.47 — 1.37 (m, 2H), 1.35 (s, 4H), 0.86 (q, J = 6.5 Hz, 24H); MS:
838.56 (APPI): Calcd. [C56H74N204]: 839.22.

Mono Bromination of DHDPDI

o) o]
N.
o o Q
OQ Br,,K,CO O
80 B 80
(o] O
DHDPDI DHDPDIMBr
42 %

A mixture of DHDPDI (3.5 g, 6.6 mmol), KoCO3 (3.5 g, 25.4 mmol), 70 mL CHCI3; and 17 mL Br
was stirred at reflux for 4 h. The excess bromine was removed by adding aqueous Na>SOs. Then, the

crude product was purified by silica gel column chromatography with dichloromethane as eluent.

DHDPDIMBTr (1.9 g, 42 %) were obtained as red solid.

1H NMR (400 MHz, CDCls) § 9.54 (d, J = 8.3 Hz, 1H), 8.62 (s, 1H), 8.49 — 8.39 (m, 3H), 8.25 (dd,
J=82, 4.8 Hz, 2H), 4.08 (dd, J= 17.3, 7.3 Hz, 4H), 1.99 (dq, J = 17.8, 6.0 Hz, 2H), 1.53 — 1.18 (m,
48H), 0.87 (q, J = 6.8, 6.3 Hz, 12H); MS: 916.48 (APPI): Caled. [C5S6H73BrN204]: 918.11
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General Synthetic Procedure for Suzuki Coupling reaction of the
DPP(TBFu)(TBr) and HE-PDIMbr with SF-Bping4

Pd(PPh3)4, K2CO3
THF/H20, ,
Reflux, 12h SF-(PDI)a
I R=2-HexIDexyl
) 55%
Or 7\/}01 O.Q fo
N &>
GO~
SF-Bpin4
SF-(DPPTBFu)4
DPP(TBFu)(TBr) R=2-EthylHexyl

80%

Scheme S1. Final Suzuki Coupling reaction of the respective DPP(TBFu)(Tbr) and HD-PDIMBr
chromophoric unit with the central spiro core SF-Bping

A mixture of SF-Bpin4 (1 eq), DPP(TBFu)(Tbr) or HD-PDIMB-r (4.5 eq), Pd(PPh3)4 (10 %), Potas-
sium Carbonate (1 M), was added into a solution of THF/H»O (Volume Ratio-10:3), and was degassed
using a vacuum/argon flushing cycle three times before refluxing at 66 °C for 24 h under Argon
atmosphere. After 24 h, the reaction mixture was then cooled to RT and precipitated in excess meth-
anol which was filtered with celite, and extracted extracted with CHCIl3. The crude solution was then
washed with brine dried over MgSO4, and organic extract was concentrated in vacuum. The residue
was then purified by flash column chromatography (eluent: dichloromethane:n-hexane = 1:1) to get
the product as SF-(PDI)4 as a red solid with a yield of 55 %, while a dark green solid was obtained
for SF-(DPPTBFu)4 with a yield of 80 %.

'H and *C NMR and Mass Characterization

SF-(PDI)s: 1H NMR (400 MHz, CDCl3) 5 8.74 (s, 4H), 8.71 (d, J = 8.0 Hz, 4H), 8.47 (d, /= 8.1 Hz,
4H), 8.24 (s, 8H), 8.06 (d, J= 7.8 Hz, 4H), 7.35 (d, J= 9.4 Hz, 8H), 7.25 (d, J = 8.6 Hz, 4H), 6.95 (d,
J=8.2 Hz, 4H), 4.25 (d, J= 7.4 Hz, 16H), 3.68 (b, 8H), 3.37 (t, /= 10.5 Hz, 8H), 2.14 (b, 8H), 1.68
—0.96 (m, 192H), 0.85 (dt, J = 18.8, 5.5 Hz, 48H); 13C NMR (300MHz, CDCl3) 163.69, 163.56,
162.95, 162.56, 161.75, 151.65, 143.40, 141.66, 141.04, 135.10, 134.11, 133.98, 133.76, 131.91,
130.66, 128.95, 128.80, 128.47, 128.36, 128.09, 127.40, 126.53, 124.72, 123.57, 123.24, 123.16,
122.82,122.36, 122.01, 121.40, 44.94, 44.09, 36.77, 36.50, 36.35, 31.96, 31.93, 31.86, 31.80, 31.70,
31.46, 30.20, 30.17, 30.02, 29.96, 29.87, 29.82, 29.70, 29.65, 29.60, 29.53, 29.37, 29.34, 29.30.
(MALDI-TOF): m/z [M]'= 3665.21
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SF-(DPPTBFu)s: 1H NMR (400 MHz, CDCL3) 5 8.97 (d, J = 4.0 Hz, 4H), 8.85 (d, J = 3.9 Hz, 4H),
8.02 (d, J = 8.0 Hz, 4H), 7.83 (d, J = 8.0 Hz, 4H), 7.60 (d, J = 7.5 Hz, 8H), 7.53 (d, J = 8.2 Hz, 4H),
7.41 - 7.31 (m, 8H), 7.28 (b, 4H), 7.13 (s, 4H), 7.06 (s, 4H), 4.03 (dp, J = 14.8, 7.4, 6.3 Hz, 16H),
1.89 (dq, J = 25.4, 6.7 Hz, 8H), 1.48 — 1.05 (m, 64H), 0.88 (t, J = 16.4, 7.3 Hz, 48H); 13C NMR
(300 MHz, CDCls) 161.72, 161.58, 154.97, 150.03, 149.34, 139.80, 139.35, 137.77, 136.68, 136.32,
133.58, 129.58, 128.94, 128.86, 125.45, 125.34, 124.89, 123.53, 121.46, 121.34, 121.18, 53.44,
45.93,39.23,31.61, 30.32, 29.72, 28.47, 28.40, 23.75, 23.65, 23.08, 23.03, 22.67, 14.14, 14.06,
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Curriculum vitae

Conferences and Summer Schools

Hybrid and Organic Photovoltaics Conference, May 2013, Seville, Poster contribution

“Effect and mechanism of the guanidinium additive in dye-sensitized solar cells”
Organic (Opto)Electronics International Summer School, June 2014, Boutheon, no contribution

European Materials Research Society Fall Meeting, September 2015, Warsaw, Oral contribution “Mor-

phology control in organic semiconductor thin films”

Euro AFM Forum, June 2016, Geneva, Oral contribution

“AFM characterization of solution-processed materials for low-cost solar energy conversion”
Materials Research Society Fall Meeting, December 2016, Boston, Oral contribution “Aliphatically
linked conjugated small molecules for crystal structure engineering and stability enhancement in or-

ganic solar cell””

American Chemical Society National Meeting, April 2017, San Fransisco, Oral contribution “Self-assem-

bly engineering of organic semiconductors”

Scholarship

Erasmus scholarship

Swiss chemical society travel award

Membership

Swiss Chemical Society (SCS)
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