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Abstract

It is understood that the optoelectronic performance of organic electronic devices is determinant on
the macroscopic solid state self-assembly of organic semiconductors (OSC), which is driven by the
supramolecular ni-mt stacking interactions between the conjugated segments in its molecular structure.
Molecular engineering approaches directly impacts the intrinsic self-assembling properties of the
0OSCs, but the flexibility of organic chemistry on modulating the backbone architecture of the m-
conjugated system has led a vast library of OSCs with various functionalities, which fundamentally
changes the electronic properties of the m-conjugated system. It is highlighted that introducing
conjugation break spacers (flexible linkers) between the m-conjugated segments in the OSC, showed
great promise in controlling supramolecular self-assembly without altering the semiconducting core
of the OSC. Previous examples on controlling the morphology of the molecular OSC, DPP(TBFu); using
horizontal and vertical dimers, and a horizontal flexibly linked polymer analogues, have shown great
promise in effecting the self-assembly behaviour and stabilizing the morphology of the parent (non-

flexibly linked) DPP(TBFu); molecule, when used as an additive.

In this thesis, an extension of this work is presented whereby the flexible linking approach is used to
design and synthesize two molecular compatibilizers that consists of the donor component,
DPP(TBFu); that is linked with an aliphatic spacer to an acceptor component, based on a fullerene and
perylenediimde small molecule OSC. In chapter 2, a comparison between the compatiblizer (CP) and
an in-situ linker approach (ISL) was explored to elucidate the impact of stabilizing a multi-component
bulk heterojunction (BHJ) morphology and its device performance for organic photovoltaics (OPVs). It
was concluded that the CP approach shows the most promise in stabilizing the BHJ morphology for
OPVs, which was then applied onto a highly crystalline BHJ system with a perylenediimde acceptor to
demonstrate its versatility as described in chapter 3. Taking leverage from this demonstration, chapter
4 discusses how the CP approach is used to tune the phase-domain size of the BHJ that is processed
from a homogeneous single-phase melt, to obtain a photoactive BHJ in an OPV device. This unique

demonstration, ultimately opens up vast new possibilities for solvent free “green” processing of OPVs.

Lastly in Chapter 5, the approached used to address BHJ morphological stabilization is slightly different
from that of previous chapters, where the (kinetic) stability of a binary donor-acceptor BHJ is
addressed. In this chapter, a fully-conjugated block copolymer (BCP) consisting of donor—acceptor
blocks is used to demonstrate its applicability for a single-component BHJ for OPVs. However, the main
challenge for this approach is in the synthetic methodology, and to overcome this, a modular synthetic
strategy using Heck coupling between two functionalized donor and accepting marcromonomers

showed promise in obtaining a fully conjugated BCP for OPVs
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Résumé

Il est aujourd’hui établi que la performance optoélectronique des cellules solaires organiques est
déterminée par |'auto-assemblage macroscopique des semiconducteurs organiques a I'état solide
(SCO), qui est causé par les interactions supramoléculaires — empilement n-mt — entre les segments
conjugués de sa structure moléculaire. Les approches d'ingénierie moléculaire ont un impact direct sur
les propriétés d'auto-assemblage intrinséques des SCO, mais les possibilités que la chimie organique
offre concernant la modification de la chaine conjuguée centrale a conduit a I'existence d’une vaste
bibliothéque de SCO aux fonctionnalités variées qui modifie la conjugaison de la chaine carbonée. Il
est démontré que l'introduction de chaines alkyl qui interrompent la conjugaison entre les segments
conjugués 1t dans les SCO (liens flexibles), est une méthode séduisante pour le contréle de I'auto-
assemblage supramoléculaire, sans que cela n’altére la chaine semi-conductrice du SCO. Des exemples
précédents de contréle de la morphologie du SCO moléculaire DPP(TBFu),, utilisant des dimeéres
horizontaux et verticaux, ou des polymeéres analogues contenant des liens flexibles horizontaux, se
sont avérés trés efficaces pour favoriser I'auto-assemblage et stabiliser la morphologie de la molécule
primaire DPP(TBFu), ( non reliés par des chaines flexibles) , lorsque la molécule dérivée est utilisé

comme additif.

Dans cette theése, une extension de ces précédentes recherches est détaillée, en utilisant I'approche
consistant a ajouter des liaisons flexibles pour concevoir et synthétiser deux molécules
compatibilisantes qui se compose chacune d’un segment donneur, DPP (TBFu),, relié par un espaceur
aliphatique a un segment accepteur, basé sur un fulleréne et sur une molécule organique semi-
conductrice, le perylenediimide. Dans le chapitre 2, une comparaison entre I'approche avec molécules
compatbilisantes (CP) et une approche de liaison in-situ (LIS) a été effectuée pour élucider le role de la
méthode sur la stabilisation de I’héterojonction organique entre le donneur et I'accepteur (BHJ) ainsi
que sur la performance des couches formées en tant que cellule photovoltaique (OPV). Il est ainsi
démontré que I'approche CP est la plus prometteuse pour stabiliser la morphologie de la BHJ pour les
OPV, qui a ensuite été appliquée sur un autre systéme d’hétrérojonction organique, hautement
cristallin, avec un accepteur de perylénediimde pour démontrer la polyvalence de la méthode, comme
décrit au chapitre 3. A partir de cette démonstration, le chapitre 4 détaille comment I'approche CP est
utilisée pour controler la taille du domaine des phases dans la BHJ obtenue a partir d'une phase fondue
unique et homogene, afin d’obtenir une BHJ photoactive dans une cellule solaire. Cette démonstration
unique ouvre en définitive de nouvelles possibilités pour une fabrication des OPV sans solvant, suivant

les préceptes de la chimie verte.
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Finalement, dans le chapitre 5, I'approche utilisée pour stabiliser la morphologie des BHJ est
légerement modifiée par rapport a celle employée dans les chapitres précédents, qui décrivaient des
méthodes pour améliorer la stabilité (cinétique) des héteorjonctions donneur-accepteur binaires. Dans
ce chapitre, un copolymere entiérement conjugué (BCP), constitué de blocs séquencés donneur-
accepteur est utilisé pour démontrer son applicabilité pour une hétérojonction contenant un seul type
de molécule pour les cellules solaires. Cependant, le principal défi de cette approche réside dans la
méthodologie de la synthese, et pour surmonter cette difficulté, une stratégie synthétique modulaire
utilisant le couplage de Heck entre deux donneurs fonctionnalisés et acceptant des macromonomeres

s'est avérée encourageante pour obtenir un BCP entierement conjugué pour les OPV.
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CHAPTER 1

Introduction

“Polymer synthesis in the 1950s was dominated by Karl
Ziegler and Giulio Natta, whose discoveries of polymerization
catalysts were of great importance for the development of the
modem 'plastics' industry.”

Alan J. Heeger

*This chapter has been adapted from the published article titled "Molecular strategies for morphology control in
semiconducting polymers for optoelectronics", Aiman Rahmanudin, Kevin Sivula., CHIMIA, 2017, 71, 6, 369-375.







1.1 Importance of self-assembly and its effect on optoelectronic properties

Over the past decade, m-conjugated semiconductors have attracted significant attention from both
academic and industrial laboratories due to a wealth of potential applications, from solution-processed
thin-film electronics to the roll-to-roll fabrication of organic light-emitting-diodes,* thin film
transistors,? photovoltaics (PV),® and bioelectronics.* This is largely due to innovation in synthetic
methods and material design that have been extensively applied to manipulate molecular architecture
of the m-conjugated system, leading to a vast library of small-molecule and polymer semiconductors
with a variety of functionalities.> While tuning band-gap, electron affinity, and processability of these
materials has been well developed, a discrepancy in understanding these fundamental properties with
their solid-state morphology, and the resulting optoelectronic properties, remain to be fully

addressed.®

Theoretical calculations based on density functional theory (DFT) do not typically consider the
macroscopic thin-film morphological structure.” This is exemplified by the apparent disaccord between
the maximum predicted charge carrier (hole) mobility, un, using DFT and the experimentally measured,
Mn, in organic-thin-film-transistors (OTFTs). For instance, DFT predictions on prototypical thiophene-
based semiconducting polymers such as poly(3-hexylthiophene), P3HT, and poly-2,5-bis[3-
alkylthiophen-2-ylthiono(3,2-b)thiophene], PBTTT, give ph as high as 31 and 15 cm? V1 s?, respectively,
but OTFTs measurements give only up to 0.1 and 1.0 cm? V! s1.8 This discrepancy suggests that
substantial improvements in performance remain attainable. A key reason for this is that
optoelectronic performance is largely dictated by the macroscopic thin film morphology of the m-
conjugated semiconductor in the device, where upon deposition it self-assembles into complex
hierarchal structures over various length scales.’ These morphological intricacies result in a thin film
that contain defect formation,'® varying crystal structure/polymorphism,'! domain orientation and
grain boundaries,*? or phase separation and domain crystallization in binary blends.'®* Taking into
consideration that charge transport in m-conjugated semiconductors occur through fast intramolecular

charge carrier migration along the m-conjugated backbone, and intermolecular hopping of charges



happen between conjugated segments in the n-stacking direction, attempts in predicting how charge
transport is affected by the multifaceted m-mt stacking self-assembly into macroscopic thin films has
been particularly difficult.!* Therefore, the need to engineer morphology control strategies to
rationalize links between molecular structure, self-assembly, and function in mn-conjugated
semiconductors is crucial to further advance the field towards improving device performance,*® and

realizing potential unique functionalities for novel applications.*®

1.2 Molecular engineering approaches
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Figure 1. Molecular engineering approaches

Solution processing techniques using spin coating, meniscus-guided coating, and printing,'” the use of
processing additives such as nucleation promoters® and insulating polymers'®, and post-deposition
treatment,?° show a promising degree in controlling the thin film morphology. Unfortunately, these
approaches are greatly influenced by extrinsic factors, i.e. type of substrate and solvent, evaporation
rate, and processing technique, which demand an empirical approach that is non-universal towards
arbitrary molecular architectures.® On the other hand, molecular engineering approaches directly
impact the intrinsic self-assembling properties of the m-conjugated semiconductor (See Figure 1).2! For
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instance, modulating the m-conjugated backbone by introducing highly planar n-extended conjugated
monomer units,? alternating donor and acceptor moieties,?® restricting rotation between monomers
through connecting neighbouring aromatic rings with covalent bonds, i.e. ladder-type polymers®* or
using non-covalent conformational locks,?> have shown to enhance effective conjugation and m-m
stacking interactions, which directly affect the intra and inter molecular charge transport respectively
(See Figure 1.). Although in some cases, addition of planar co-monomer units result in a curved

backbone structure that induces intermolecular steric hindrances.?®

Secondly, the attachment of alkyl side-chains induces solubility, but at the same time depending on
the size and structure, it can modulate m-it stacking of neighbouring conjugated segments (See Figure
1).27 Linear alkyl chains minimize intermolecular steric hindrances leading to 1D co-stacking of the
conjugated backbone, while branching distorts efficient stacking.?® Interestingly, shifting the position
of the branching point away from the conjugate core induces extremely short m-it stacking distances
without comprising solubility?. In addition, inducing ordering by hydrogen bonding of urea containing
groups,*® or functionalizing side chains via fluorinated alkyl chains with strong self-organization,3! have
shown to drive a high degree of order between n-conjugated segments. However, despite the potential
of side-chain engineering in affecting self-assembly, n-it stacking interactions still dominate the overall
supramolecular assembly.3?

1.3 Introduction of conjugation break spacers (flexible linkers) between mn-
conjugated segments

m-Conjugated Segment

Scheme 1. Representative chemical structure a flexibly linked polymer FL-PBTTT to indicate the inclusion of
conjugation break spacers (flexible linkers) between m-conjugated segments of a low molecular weight PBTTT
polymer.



Another interesting method to control the supramolecular assembly without altering the
semiconducting core is via covalent tethering of the m-conjugated segments with a flexible conjugation
break spacer (See Scheme 1.).3 Intuitively, the inclusion of flexible linkers (which are electrically
insulating) could disrupt the effective conjugation across the m-conjugated backbone, and create high
degrees of conformational freedom and disorder between the m-conjugated segments. Technically,
this should negatively impact charge transport, but recent demonstrations highlighted below show
otherwise. More importantly, the employment of these flexible linkers that break continuous
backbone conjugation has recently shown promising effects by easing backbone rigidity to enhance

processability, and offer unique self-assembly motifs for efficient device performance.®*

1.3.1 Improving connectivity between n-conjugated segments for efficient charge
transport

a) FL-PBTTT as cast

b) FL-PBTTT annealed 130 °C
K

c) FL-PBTTT annealed 180 °C
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Figure 2. Tapping mode AFM topography of: a) FL-PBTTT as cast from o-dichlorobenzene 20 mg mL™%, b) FL-PBTTT
after annealing at 130°C, and c) after annealing at 180°C. The topographical profile along the indicated diagonal
line in each case is shown below. The right side of each panel shows the 2D grazing —incidence x-ray diffraction
plots of the same films with the vertical direction corresponding to the out-of-plane scatting vector, g, and the
horizontal direction corresponding to qy. Red areas represent the highest scattering intensity while blue
represent the lowest. Adapted from Ref. 3*¢ © The Royal Society of Chemistry 2014.

An example by Sivula and co-workers used the flexible linker approach to investigate the relationship
between self-assembly and charge transport in PBTTT.3* Short low molecular weight PBTTT segments
were ensembled into the flexibly-linked FL-PBTTT structure shown in Scheme 1 (with n =10-12, m = 4-
5). The FL-PBTTT was found to exhibit distinct thin-film morphologies (from rod-like fibrils, to terraces,
see Figure 2) by just changing the processing condition and without changing the molecular weight or
the length of the conjugated segments. In OTFTs, changing the film morphology gave rise to an
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improvement of the charge carrier mobility from fibril-type (0.01 cm? V™! s%) to terrace morphologies
(0.04 cm?Vts1), while actually decreasing the overall crystallinity of the film (see 2D grazing-incidence
X-ray diffraction plots in Figure 2). When compared to a fully-conjugated, high molecular weight PBTTT
sample, the result suggest that the high pn of PBTTT is not solely due to improved intramolecular
transport (thought to be caused by increasing the linearity of the chains®), but that the 2D charge-
transport network afforded by the self-assembly significantly contributes to the observed high charge

carrier mobility.

In contrast, it should be noted that recent high-performance polymers with increasingly sophisticated
monomeric moieties such as napthelenediimides,3® diketopyrollopyrole,®” and carbazoles,*® do not
show long range crystalline order like P3HT and PBTTT but exhibit superior p, over 1cm? V* s13°
Despite their seemingly disordered morphology, these polymers do, however, exhibit solid-state
aggregation consistent with improved intramolecular associations (indicative from resolvable vibronic
progression near the absorption edge, and red shifting in their optical absorption spectra).’® Thus,
these recent results point to the conclusion that short-range ordering of the aggregates seems
sufficient for efficient charge transport, so long as the aggregates are interconnected due to the nature
of multiple trapping and release charge hopping mechanism between intermolecular and
intramolecular charge transport of the aggregated domains.** Therefore, based on the discussion
above, it may be said that the unifying requirement for efficient charge mobility is not to induce high
crystallinity in the conjugated polymer film, but to improve the interconnectedness between
aggregated domains, and reduce the amount of disorder within conjugated segments to facilitate

intra- and intermolecular charge transport on the macroscopic level.



;“ FL-DPP(TBFu),

Scheme 2.Chemical Structure of a flexibly polymer, FL-DPP(TBFu),, used to control the morphology of its parent
small-molecule semiconductor, DPP(TBFu),.
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Figure 3. Thin film transistor performance and morphology of FL-DPP(TBFu),. Panel (a) shows the average
extracted field effect mobility as a function of annealing time at 100°C for transistors of DPP(TBFu), with added
FL-DPP(TBFu); at the wt% indicated. Atomic force micrographs (b-d) show the topology of the thin film transistor
active layer after 3.0 hours at 100°C. Adapted from Ref. 33 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA.

The flexible linker strategy is very useful in this regard to improve connectivity in thin films of small
molecule semiconductors. Indeed, while solution processesable small molecule semiconductors have
purported advantages over polymer semiconductors, including synthetic simplicity and the ability to
remove batch-to-batch variations,*? they typically suffer from similar drawbacks to small low molecular
weight conjugated polymers (i.e. a strong tendency to self-assemble into crystalline domains which
results in film dewetting, unpredictable crystallite sizes, and grain boundaries) that confound the
morphological control and charge transport in devices fabricated from these materials. The same
authors applied the flexible linker concept with a common molecular semiconductor, 3,6-bis(5-
(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione, and
prepared the flexibly-linked version, FL-DPP(TBFu), (See Scheme 2).3%° OTFTs prepared with pure FL-
DPP(TBFu), showed no measureable W, in contrast to FL-PBTTT, likely due to a higher fraction of

insulating alkyl groups. However, as-cast films of the FL-DPP(TBFu); blended with the parent small

molecule, DPP(TBFu),, gave interesting results when subjected to thermal stress (at 100°C) for an



extended period of time (See Figure 3a). The measured u, was found to decrease by an order of
magnitude for the film of pure DPP(TBFu); (0 wt %). However, a considerably smaller decrease is
observed when 1 wt% of the FL-DPP(TBFu), was added, and notably at 5 wt%, un remained constant.
The active layer morphology of these devices, after the extended thermal stress test, showed a drastic
difference when adding the FL-DPP(TBFu); (see Figure 3b-d). While the pure DPP(TBFu); (0 wt%) device
exhibited small circular domains (ca. 100-200 nm), and only a few long crystalline shards, the films
containing 1 and 5 wt% of FL-DPP(TBFu), exhibited large banded features of 200-500 nm in width and
more than microns in length. These morphological observations, together with the transistor device
thermal stability data show clearly that the FL-DPP(TBFu); actively participates in the stabilization of
the thin-film charge transport network. Given the polymeric structure of the FL-DPP(TBFu),, a plausible
explanation for the observed behaviour suggests that the FL-DPP(TBFu), was acting as a tie molecule

to bridge adjacent crystal domains, effectively locking-in the active layer morphology.

1.3.2 Tuning processability and self-assembly motifs

Another notable aspect of the flexible linker strategy is the ability to tune the processabililty of the -
conjugated semiconductor (see chemical structure in Scheme 3). Bao and co-workers recently showed
that the incorporation of non-conjugated flexible linkers into an isoindigo based semiconducting
polymer coded Pil2T-X affected the processability of this material through modulating its viscoelastic
properties.3* Rheometry and dynamic mechanical analysis revealed that solution viscosity is directly
proportional to the content of non-conjugated linkers in the polymer backbone. The measured py in
OTFTs achieved unexpectedly high carrier mobilities despite having a non-fully conjugated polymer
backbone. Notable, due to enhanced solubility, solution shearing (a method used to coat large-area
substrates) of an all-polymer solar cell using Pil2T-X as donor polymer with a perylenediimide (PDI)

polymer acceptor, achieved reasonable power conversion efficiency values of 3.7%.



Scheme 3. Chemical Structures of flexibly linked polymers used to tune processability and induce unique self-
asssembly motifs in polymer thin film devices; Pil2T-X — modulating viscoelastic properties, DPP-Cx — altering
thermal transition for Melt Processing, and PX — inducing stretchable and self-healing properties.

Another example by Mei and co-workers demonstrated that the inclusion of flexible linkers into the
conjugated backbone of diketopyrrolopyrole (DPP)-based semiconducting polymer coded DPP-CX (see
chemical structure in Scheme 3) had a profound influence on its melting transition, and that blending
of the polymer containing non-conjugated linkers, DPP-C5, as a matrix with its fully-conjugated
counterpart, DPP-CO, which functions as a tie-chain, improves charge transport .3*¢ 3" The blend matrix

was shown to impart strong intermolecular interactions between the components that stabilize its

morphology, and permit melt processing of the polymers with excellent charge mobilities.>*

Furthermore, a unique functionalized FL-linker design concept presented by Bao and co-workers
induced an intrinsic stretchability, and self-healing properties in OFETs based on a flexible DPP based
conjugated polymer (see chemical structure PX in Scheme 3),.3* The chemical moiety, 2,3-pyridine
dicarboxamide (PDCA) functionalized with alkyl spacers was introduced into the backbone of the DPP
polymer as a flexible conjugation break spacer, which promoted dynamic non-covalent crosslinking in
the polymer network due to the presence of moderate hydrogen-bonding between the amide groups.
The authors proclaimed that the non-covalent crosslinking moieties undergo an energy dissipation
mechanism though the breakage of hydrogen bonds when strain is applied, which preserves charge

transport mobility and is able to recover it even after a hundred cycles at 100% applied strain.
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1.3.3 Flexibly linking m-conjugated components in donor:acceptor bulk heterojunctions

a)

Bulk Heterojunction
Electrode Primary Components

Donor Acceptor

1- Exciton Generation
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Figure 4. a) Schematic representation of an ideal bulk heterojunction active layer morphology and a basic
description of the charge generation process: An exciton is first generated upon photon absorption either at the
donor or/and acceptor (1). The Exciton is then required to diffuse to the donor-acceptor interface (2) to undergo
charge separation of its tightly bound hole-electron pair (3), to generate free charges that will transport to their
respective electrodes, where the holes will diffuse through the donor phase, and the electron in the acceptor
phase (4); b) A schematic of a bulk heterojunction morphological evolution from an intimately mixed donor-
acceptor kinetically-trapped metastable state towards a phase segregated thermodynamic equilibrium
morphology with large domain sizes and lower interfacial area.

In the case for organic photovoltaics (OPV), an electron donating component (p-type conjugated small-
molecule or polymer), and an electron accepting component (most often a small molecule n-type
fullerene, but an n-type semiconducting polymer can also be used*) are blended together and cast
into an active layer. Ideally the donor and acceptor must be intimately mixed on the length scale of
tens of nanometres, which is the typical distance that a bound-electron hole pair (an exciton) can
diffuse, to afford efficient free charge separation at the donor-acceptor interface (See Figure 4a).

However the donor and acceptor components must also be sufficiently de-mixed to allow for the

continuous transport of free charges generated at the donor:acceptor heterojunction to their

11



respective electrodes. Accordingly, the performance of an OPV is highly dependent on the morphology
of this “bulk-heterojunction” (BHJ)** and, in order to gain appreciable control over the degree of phase
segregation and the overall BHJ morphology, an understanding of both kinetic and thermodynamic

factors of the self-assembly are required. 1 4°

Numerous strategies have been investigated to control the BHJ morphology such as the use of

18, 46 | 47
’

processing additives, and thermal,*” or solvent annealing.”® However, these approaches do not
change the fundamental limitation of a multicomponent BHJ: the mixed components are kinetically
trapped in a metastable morphology given that the thermodynamic equilibrium is that of phase
separated domains with a minimum interfacial area, and thus minimal free charge generation (See
Figure 4b).*® While crosslinking® of the BHJ network triggered by an external stimuli (e.g. heat or light)
of functional groups (e.g. oxetane, bromo, vinyl, or azide) incorporated on the solubilizing alkyl side

50, 52

chain,®® or using small molecule additives, can effectively kinetically trap the morphology, this

comes at the expense of a decrease in performance due to the introduction of charge trapping defects

from the crosslinking reactions.>%® 53

The flexible linking approach is again useful in this regard, whereby phase segregation of the BHJ
(especially under thermal stress) can be supressed without significant losses in device performance.
McCulloch and co-workers synthesized a fullerene dumbbell dimer, (PCB),C; (see chemical structure
in Scheme 4), by bridging the ester functional group on PCBM with an alkyl spacer, and used it as an
additive in a BHJ blend of a polymer donor and fullerene acceptor®®. The additive was able to improve
device lifetimes efficiencies by 20% as compared to blends without the additive, which dramatically
increased the BHJ morphological stability by inhibiting the formation of micron-scale crystallites of the
fullerene acceptor under prolonged thermal annealing. Similarly, Sivula and co-workers also prepared
two distinct dimer small molecules with a varied linker position relative to the orientation of the
DPP(TBFu), conjugated core (see chemical structure in Scheme 4).>° The dimer with a “vertically” linked

orientation, V-(DPP),, exhibited poor crystallinity in neat films, but improved the hole mobility in OFETs
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by 10-fold, when used as an additive with the primary DPP(TBFu), molecule. On the other hand, the
dimer with a “horizontal” linking orientation, H-(DPP),, had no significant effect in charge carrier
transport, but is found to induce BHJ thermal stability in DPP(TBFu),:PCBM blends in OPVs (See figure
5a). The device performance retained 90% of its initial conversion efficiency after 5 hours of thermal

treatment, compared to a 45% retention for the devices without the dimer additive.

V-(DPP),
“Vertically” linked
DPP(TBFu),

(PCB),C,

H-(DPP), '
“Horizontally” linked

DPP(TBFu),

Scheme 4. Chemical Structures of flexibly linked small-molecule semiconductors: (PCB),C,, and the “horizontally”
and “vertically” linked DPP(TBFu)s.

Thin film BHJ morphologies without H-(DPP), revealed distinct aggregate formation as shown in figure
5b, while with 10wt% of H-(DPP) a relatively featureless thin film was observed in figure 5c. The
polymeric version of H-(DPP),, FL-DPP(TBFu), (See Scheme 2,) as previously mentioned in section 1.3.1,
also demonstrated the ability to stabilize the BHJ network of DPP(TBFu);:PCBM.*® Similarly, FL-
DPP(TBFu); was able to control the crystallization of the primary donor DPP(TBFu),, which is known to
drive the phase segregation in the BHJ blend,>” by preventing sever phase segregation under prolonged
thermal annealing at 100°C. This can be observed in the morphological characterization of the BHJ
blend films, where the topography and young modulus mapping via AFM showed similar intermixed

BHJ morphology between as cast films and after 22 hours at 100°C with 1.5wt% of FL-DPP(TBFu), (See
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Figure 5d and e). On the other hand, with Owt% the BHJ morphology indicated a homogenous
morphology containing primarily of circular domains of DPP(TBFu), (See figure 5f), suggesting a severe
phase segregation of the components. This correlated well with preservation of device performance
for the BHJ with FL-DPP(TBFu); (See figure 5e). Despite the aforementioned approaches showing great
promise in slowing down the kinetics of phase segregation by controlling the crystallization of the one
of the components in a binary BHJ blend, the morphology is still fundamentally in a non-equilibrium

metastable state.
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Figure 5. BHJ stability of DPP(TBFu),:PCs1BM devices with flexibly linked DPP(TBFu), derivatives: H-(DPP), and V-
(DPP)3; a) OPV power conversion efficiency as a function of the active layer annealing time at 100°C of BHJs with
no dimer and with 10wt% of H-(DPP), (The inset shows the J-V curves of the respective devices annealed for 10
min (solid-lines) and 5 h (broken lines) with (green) and without (blue) addition of 10wt% of H-(DPP),); Optical
micrographs of BHJ with b) no dimer and with c) 10wt% of H-(DPP), after thermal annealing. Figures are adapted
from Ref.>> © 2017 The Royal Society of Chemistry. BHJs with FL-DPP(TBFu),; d-f) BHJ topography (left panels)
and Young’s modulus mapping (right panels) of the corresponding area (The scale bars are 500nm), and PCE as a
function of the active layer annealing time at 100°C of devices with Owt% and 0.5wt% of FL-DPP(TBFu),. Figures
are adapted from Ref. 33 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA.
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1.4 Bulk heterojunctions using block-copolymers
An emerging strategy that has the potential to afford thermodynamically stable morphologies with
ideal donor:acceptor phase separated nanostructures is the use of donor-block-acceptor copolymers

as either compatibilizing additives,*® or a single-component BHJ.>°

This prevalent interest stems from
the nature of the self-assembling behaviour of traditional (non-semiconducting) commodity block
copolymers (BCPs), where the incompatibility of the individual blocks drives morphological phase
segregation to minimize surface energy, while the covalent linkage between the respective blocks
prevents macroscopic separation, or it can compatibilize a binary blend by enhancing interfacial
interaction between the components to control the degree of phase segregation®. Based on this

behaviour, domain size can be tuned to the length scales for preferential exciton diffusion, while

maintaining continuous pathways to enable charge extraction for efficient device performance.5!

1.4.1 Compatibilizer Approach

Fullerene-block (2)
Acceptor

P3HT-block (1)
Donor

SF-BCP-R=CH.C,F

4° 574 9

Poly(1)-block-poly(2)
Scheme 5. Chemical structure of amphiphilic diblock copolymer compatibilizer, Poly(1)-block-poly(2) used in a
BHJ blend of P3HT:PCBM OPVs, and fully-conjugated block copolymer containing fluorinated side-chains for melt-
annealed compatibilized BHJ blends of all-polymer OPV of P3HT:PCDTBT.
Pioneering experiments by Frechet and co-workers in 2006 demonstrated the design and use of an
amphiphilic diblock copolymer compatibilizer comprised of a P3HT donor block in one segment and
fullerene pendants in the other segment for P3HT:PCBM based OPVs (See Chemical structure in

Scheme 5).2 As cast BHJ morphologies, with and without the compatibilizer exhibited similar

characteristics, but upon thermal annealing, BHJ blends without the compatibilizer resulted in the
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growth of aggregate formation that degraded device performance. In contrast, with suitable amounts
of the compatibilizer in the BHJ blend, the interfacial energy between the donors and acceptor
components was lowered, such that no detectable phase segregation and decrease in device

performance was observed after annealing over a period of ten hours.

Recently, this concept was applied onto an all-polymer BHJ blend by Sommer and co-workers,®® using
a fully-conjugated BCP compatibilizer, coded SF-BCP, which is based on a P3HT donor block and an
ambipolar semiconducting polymer, coded PCDTBT as an acceptor (See chemical structure in scheme
5). The authors revealed that efficient compatibilization during melt annealing is only feasible when
the PCDTBT polymer is functionalized with fluorinated side chains in order to increase the Flory-
Huggins interaction parameter between the donor and acceptor polymer components. This resulted
in the control over phase segregation into thermodynamically stable donor-acceptor BHJ assembly, by
modulating the amount of SF-BCP compatibilizer in the blend. Furthermore, the photovoltaic
performance of compatibilized blends performed significantly better than pristine BHJ blends, which
had large phase segregated domains non-ideal for device performance. Despite demonstrating the
benefits of compatibilizing all-conjugated semicrystalline polymer blends for OPVs, it highlights a key
drawback of semiconducting BCPs, where the lower degree of polymerization and similarities in its
backbone architecture (restricted by limitation of its synthesis — discussed in the next section®), result
in increased miscibility of individual blocks, which prevents preferential macrophase segregation for

efficient device performance.®?
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Scheme 6. Schematic of the synthetic routes used to obtain full-conjugated block copolymers: a) Two step
approach using living charge transfer polymerization (CTP) of the P3HT homopolymer donor block, and a chain
extension of the acceptor block using Suzuki step-growth polymerization to obtain P3HT-block-PFTBT, which
obtained 3% PCE as shown by Gomez and co-workers;5'® b) A di-functionalized macromonomer approach to
obtain MBC1 as described by Sivula and co-workers.®

The use of semiconducting BCPs as a single-component BHJ for OPV was impressively demonstrated
by Gomez and co-workers, using a P3HT-block-PFTBT (see structure in Scheme 6).5® Resonant soft X-
ray scattering (RSOXS) allowed the authors to illustrate the phase segregation of the blocks at the ca.
10 nm length scale (Figure 6a), giving a reasonable approximation of an ideal BHJ (See Figure 4a). The
champion OPV device prepared with the P3HT-block-PFTBT material gave a modest 3% overall solar
power conversion efficiency (PCE) under 1 sun conditions (compared to over 10% demonstrated to
date with optimized and separate donor and acceptor materials),®® establishing the benchmark
performance for semiconducting BCPs as a single-component solar cell that provides a clear pathway

for enhancing efficiencies in fully conjugated block copolymers devices.

However, a limitation in the PCE of fully-conjugated BCPs for OPVs, is the use of high bandgap P3HT as
a donor block, while current state-of-the-art binary donor-acceptor BHJ blends OPV, utilizes high

66-67

efficiency low-band gap copolymers, which rely on step-growth polycondensation that is

unsuitable for the formation of BCPs, where it inevitably leads to a mixture of products composed
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homo polymers, diblock and multi-block copolymers. Conversely, the synthesis of P3HT is able to
afford well-defined, narrow molecular weight, and precise end-capping blocks through the use of
quasi-living catalyst transfer polymerization (CTP) methods that are ideal for the formation of BCPs
(See Scheme 6a for the example based on P3HT-block-PFTBT mentioned earlier).5 The subsequent
acceptor block is typically attached by a chain extension reaction using metal-mediated cross-coupling
polymerization reactions such as Yamamoto,® Stille,® Suzuki,”® or direct arylation polycondensation.”
Nonetheless, significant developments in catalytic design have shown the induction of living chain-
growth polymerization for electron deficient units.”? or transforming step-growth to chain growth

reactions.”3

Despite the disadvantage of step-growth polymerization, recent reports have perused this method to
obtain BCPs without P3HT,”* by utilizing di-functionalized macromonomers to give multi-block
copolymers. The clear advantage of this method is that each block can be prepared separately and
purified before the final polymerization, but preparing pure functionalized macromonomers remains
a major challenge. Recently, Sivula and co-workers used preparatory size exclusion chromatography
to facilitate the preparation of pure macromonomers to synthesize an alternating multi-BCP with a di-
brominated PBTTT blocks for the donor, and a di-stannylated DPP based polymer as the acceptor®.
The polymer, coded MBC1 (see Scheme 6b) with n =14, m =5 and k = 6-8, demonstrated nanoscopic
phase domain separation visualized by AFM (Figure 6b) that gave a domain spacing of about 50 nm
(Figure 6c) consistent with the length of PBTTT used (40 nm). Reasonable charge transport across the
active layer was observed with a p, of 0.08 cm? V' s (compared to 9.0 x 103 cm? V! st and 5.0 x
10™* cm? V! s7%, for the parent donor and acceptor macromonomers). Unfortunately, successful
demonstration in OPV devices was not accomplished with MBC1, likely due to the less than ideal

energetics of the donor:acceptor combination.
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Figure 6. Fully-conjugated block copolymers used as single component BHJ for OPVs: (a) Comparison of the
morphology in the active layers of optimized P3HT-b-PFTBT and P3HT/PFTBT photovoltaic devices using RSOXS.
Scattering data are presented as a Kratky plot of I(q)g? vs g, where I(q) is the scattering intensity and q is the
scattering vector. In optimized P3HT-b-PFTBT samples, a well-defined primary peak, g* (~0.035 A1), and second-
order reflection, 2q*, are identified. Schematic illustration of the lamellar morphology is shown in the inset with
the average domain spacing indicated as d. This is taken from Ref. ®® used with permission © 2013 American
Chemical Society; (b) Characterization of the self-assembly of MBC1 showing the phase image from a tapping
mode AFM image, and (c) shows the amplitude of the spatial frequency from the FFT of (b), which are adapted
from Ref. %> © The Royal Society of Chemistry 2017.

Nonetheless, the successful demonstration of an all-conjugated non-P3HT donor-acceptor block
copolymer will open the door for further design of the next generation of semiconducting polymers
with thermodynamically stable nano-scopic morphology and properties that are fully tunable by
changing the block structure and length. Moreover, understanding how such polymeric structures self-
assemble into stable equilibrium morphologies will address the problem of phase segregation as
mentioned earlier, and allowing predictability in processing of such materials into thin films”.
Furthermore, the further development of living polymerization methodologies to a wider range of

monomeric units would also be crucial to obtain well-defined block-copolymers.5% 7273
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1.5 Objective of Thesis

So far this chapter has highlighted several key challenges that need to be addressed. Solution
processing techniques have demonstrated great control over the self-assembly of these materials, but
are still governed by extrinsic factors that rely on empirical approaches which are non-arbitrary to a
specific molecular structure. A method that intrinsically affects the self-assembly of m-conjugated
semiconductors is the molecular engineering of its chemical structure (see Figure 1): 1) backbone
modulation of the monomeric units along the m-conjugation system, 2) side-chain engineering, which
aids in processability into thin films and 3) flexible linker strategy that involves the introduction of

conjugation break spaces between conjugated segments in the chemical structure.

Given that the chemical structure of the m-conjugated semiconductor directly impacts both the self-
assembly and it fundamental optoelectronic properties, molecular engineering seems to be the most
promising approach to address the aforementioned challenges. However, due to the vast library of
semiconductors that have been synthesized, a general versatile strategy is needed to link morphology
and device performance. Based on the various molecular engineering approaches, the flexible linker
strategy has demonstrated control over supramolecular assembly without significantly altering the
semiconducting core of the m-conjugated semiconductor. Therefore, this approach could be applied to

a variety of well-established high performing semiconductors.

In this thesis, the objective is focused primarily on an extension of the flexible linker method that has
been discussed earlier. Previously, our group pioneered the work based on this approach using
prototypical polymer and small molecule semiconductors such as PBTTT and DPP(TBFu), (See section
1.3.1 and 1.3.3). The results presented have shown that the flexible linker strategy is able to control
morphology and stabilize the charge transporting network on these materials. However, the flexibly
linked materials were designed to affect the self-assembly of a single conjugated component in active
layer, either as an additive to its parent (non-flexibly linked) semiconductor, or as a semiconductor in

itself. Herein this thesis the flexible linker method would be used to control the self-assembly of two
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active components in a multi-comnponent BHJ blend, by linking the donor and acceptor n-conjugated

components with an aliphatic spacer, and using it as a compatibilizing additive.

Chapter 2 will first elucidate an understanding of morphology stabilization strategies commonly
applied to polymer BHJ systems onto small molecule BHJs. A novel in-situ linker with an azide active
group and a molecular compatibilizer was synthesised, and used as an additive to stabilize the
morphology of a prototypical small molecule BHJ based on DPP(TBFu),:PCBM, and reveal the effect on
its photovoltaic device performance and BHJ thermal stability. Subsequently, in Chapter 3 the
compatibilizer strategy will be reinforced on a challenging small molecule BHJ system that utilizes
components that are highly crystalline, such as a non-fullerene acceptor, EP-PDI, and DPP(TBFu), as a
donor. After establishing the versatility of the compatbilizer strategy to stabilize small molecule BHJ
systems under harsh thermal conditions, the approach is then applied onto a melt-processing of the
BHJ in chapter 4, where insights into the prerequisites for solvent-free solid-state processing of small
molecules binary BHJs are revealed. Finally chapter 5 presents a slightly different approach towards
controlling the self-assembly of donor-acceptor BHJs is presented. As discussed in section 1.4, truly
thermodynamically stable BHJ morphologies can be achieved using block copolymers, but current
synthetic methodologies using quasi-living polymerization methods limit its usage to a wider range of
monomeric units. This chapter will present a modular synthetic methodology using Heck coupling
between di-functionalised macromonomers for the formation of a fully-conjugated block copolymer

and its application in OPVs.
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Chapter 2

Morphology Stabilization Strategies for Small-
Molecule Bulk Heterojunction Photovoltaics

Abstract

The greater crystallinity of solution-processed small-molecule organic semiconductors, compared to their
polymer counterparts renders the bulk heterojunction (BHJ) more susceptible to phase separation under thermal
stress, decreasing device performance. Here we demonstrate and compare strategies to stabilize the
donor:acceptor BHJ in DPP(TBFu),:PCs:BM solar cells using molecular additives designed to either afford
compatiblization (CP) of the bulk heterojunction, or to in-situ link (ISL) the components using a functional azide
group. Both additives were found to stop phase segregation of the BHJ under thermal stress. At 5 wt% loading
the ISL additive prevented phase segregation, while altering the azide reaction mechanism by using UV-induced
linking versus thermal induced linking was found to significantly affect the device performance. Including 5 wt%
of the CP additive slowed phase segregation and devices retained 80 % of their optimum performance after 3000
min of thermal treatment at 110 °C (compared to 50% with the control). The CP additive at 10 wt% changed
drastically the kinetics of phase segregation leading to devices with no decrease in performance over 3000 min
thermal treatment. Thin film morphology characterization together with photoluminescence and impedance
spectroscopy give further insight into the performance differences between the additives. These results reinforce
the conclusion that the compatiblization method is the most promising strategy to engineer highly-efficient
thermally-stable organic photovoltaics based on solution-processed small molecule semiconductors.

*This Chapter has been adapted from the published article titled “Morphology Stabilization strategy for small-
molecule bulk heterojunction photovoltiacs”; Aiman Rahmanudin, Xavier A. Jeanbourquin, Simon Hénni,
Arvindh Sekar, Emilie Ripaud, Liang Yao, and Kevin Sivula., J. Mater. Chem. A, 2017, 5, 17517-1752.
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2.1 Introduction

The development of organic photovoltaics (OPV) using solution-processable molecular
semiconductors has seen rapid progress in recent years® with solar power conversion efficiencies (PCE)
now reaching 10%.2 Small-molecule semiconductors, in particular, have recently received significant
attention given their advantages over their polymeric counterparts including a reduction of
preparation complexity, structural homogeneity, and potentially lower cost.> However, the stability of
small molecule based OPVs still requires improvement for practical application.* While general OPV
device degradation factors such as diffusion of electrode and buffer layers, reactions with oxygen and
water, irradiation damage, and mechanical stress have been addressed extensively by engineering
approaches,® a key remaining issue is the intrinsic morphological instability of the bulk heterojunction
(BHJ) active layer—which is a metastable blend of disparate donor and acceptor species.® The relatively
high crystallinity of small-molecule BHJs** %7 drives donor-acceptor phase segregation, in some cases
even at room temperature,® which reduces the interfacial area for free charge generation and thus

lowers the device performance.’

In polymer-based BHJs three main approaches have been used to address morphological stability: 1)
reducing crystallinity of one of the components via side-chain engineering,'® 2) the in-situ cross-linking
of polymer chains using functional groups (e.g. oxetane, bromo, vinyl, or azide) incorporated on the

1 and 3) including an additive to reduce the phase segregation.'? A

solubilizing alkyl side chains,?
common additive strategy is to covalently link the donor and acceptor components into a
compatiblizer (e.g. a block co-polymer), which is included in the active layer during device fabrication.??

Donor-acceptor block-copolymers can be envisioned as a single active component for truly

thermodynamically stable polymer BHJs.'

Despite the interest in developing strategies for stabilization of polymer-based devices, few reports
have addressed morphological stability in small-molecule BHJs even though this is reasonably a greater

challenge, due to the relatively high crystallinity in small molecule semiconductors and the absence of
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polymer entanglement, which leads to negligible mixing between the donor and acceptor.'® Reducing
the crystallinity of one of the components by side chain engineering,*® or by including additives such
as dimers?” or polymers of linked small molecules®® has shown some success in slowing the kinetics of
phase segregation. However, the more effective cross-linking or compatibilization methods have not
been carefully explored for small-molecule BHJ systems. Indeed, it is not clear if the in-situ linking of
components in a “cross-linking” approach will be effective in a small molecule BHJ without polymer
chains to be linked. Moreover, given the higher crystallinity of small molecule BHJs it is not clear if
either approaches can be effective at preventing phase segregation under extended thermal stress
without including a large fraction of linking/compatibilizing additives that may affect the electronic
properties of the device. Herein, we examine these questions with a well-known small-molecule BHJ
system®® based on the donor coded DPP(TBFu),, and the acceptor PCs:BM, which is used to
demonstrate and compare the effectiveness of these two distinct approaches to stabilize the BHJ and

improve the device performance under accelerated thermal stress.

2.2 Synthesis and Characterization of Compatibilizing Additive and Ns-In Situ Linker

The structures of molecules used in this work are shown in Figure 1. The primary BHJ components
DPP(TBFu), (donor) and PCs:BM (acceptor) have previously been established as a common small-
molecule system®2°. DPP(TBFu), was synthesized according to an established procedure by Nguyen
and co-workers, while PCs;BM was commercially purchased. To demonstrate the compatibilizer
approach and the in-situ linking approach with the primary BHJ components, a linked version of the
donor and acceptor unit was prepared and coded as the compatibilizing additive (CP), and an azide
functionalized donor component additive, coded as Ns-ISL (See Figurelb and the appendix for full
synthesis procedures and basic characterization of the Ns-ISL and CP compounds are given in the
supporting information). The azide group is known to undergo either a thermal or photo-induced
nitrene insertion reaction, which has previously been used to crosslink conjugated polymers.t*? Briefly,

the synthetic route begins with the alkylation of a mono alkylated DPP(Thiophene), core 1 with a hexyl
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chain containing a termini n-tert-butyloxycarbonyl group (2) to obtain 4a for the synthesis of CP and
1-azido-6-bromohexane (3) to obtain 4b for the synthesis of N3-ISL. The thiophene groups flanking the
DPP core was then brominated using N-bromosuccinimide (NBS) to attach 2-benzofuranylboronic acid
(6) via standard suzuki-coupling reactions to obtain the precursor 6a for the final synthetic step for CP
and to obtain 6b with good yield of 76% for the azide functionalised DPP(TBFu), N3-ISL. Desterification
of PCs1BM to obtain [6,6]-phenyl-Cei-butyric acid (PCs1BA) was treated with HCl and acetic acid in
toluene and the deprotection of n-tert-butyloxycarbonyl on 6a was performed using trifluoracetic
acid in dichloromethane to a primary amine functionalized DPP(TBFu),. Finally, a mild room
temperature condensation reaction between this and PCeBA using HATU and N,N-

diisopropylethylamine in a mixture of chloroform and DMF obtained CP at a reasonable yield of 56%.
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Figure 1. Molecular Structures of the active materials used in this work: a) Donor DPP(TBFu), and Acceptor
PCs1BM; b) Synthetic Route for Ns-ISL and CP: (i) 2 or 3(1.2eq) K,COs , DMF, 120°C,12hrs; (ii) NBS (2eq),
Chloroform, 0°C in the dark; (iii) 6 (2.5eq)Pd(dba)s(1.5%):tri-tert-butylphosphonium tetrafluoroborate (1:4), 2M
H,KPQ4, anhydrous Toluene, 90°C,12h; (iv) 7a (1eq), CFsCOOH (excess), CHyCly, R.T, 2h; (v) PCs1BA (0.4eq,)N,N-
diisopropylethylamine (1.6eq), HATU (0.5eq), Chloroform/DMF, R.T, 3h.
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The UV-vis absorption spectra of all four molecules from Figure 1 is shown in Figure S1, Supporting
Information (SI). As expected, the spectrum of CP consists of the absorption of the DPP(TBFu); and
PCs1BM, while Ns-ISL does not differ significantly from the parent donor component suggesting that
the optoelectronic properties of the conjugated core is not severely affected. However a slight
difference in the shapes of the main absorption peak in spectra of the Ns-ISL and CP molecules when
cast into thin films suggest that the solid state packing is slightly altered,’” compared to the parent
DPP(TBFu),. Indeed, differential scanning calorimetry (DSC) of CP showed no obvious phase transitions
during its 1% and 2" heating-cooling cycle (See Figure S2, Sl), suggesting that the CP is not strongly
crystalline in solid-state, in contrast to the primary components, which both exhibit melting transitions
characteristic of a semi-crystalline morphology in the solid state. On the other hand, the DSC of Ns-ISL
suggests that the terminal azide undergoes both photo and thermal activation of the nitrene insertion
reaction. This is shown by the suppression of phase transitions in an UV-treated (254 nm illumination,
exposure for 10 mins) sample of N3-ISL, whereas non UV-treated Ns-ISL showed a series of exothermic
and subsequent endothermic transitions peaks during its 1%t heating cycle indicative of the thermal

activation of the terminal azide?! and upon cooling no obvious exotherms were observed.

2.3 In-Situ Linking Reaction

FT-IR spectroscopy also showed a reduction in the intensity of the azide stretch at approximately 2090
cm™ as UV exposure time is increased (See Figure S3a, Sl). Further analysis of the formation of photo-
and thermal- reaction products upon addition of Ns-ISL to a blend of DPP(TBFu), and PCs:BM was
performed using Gel-Permeation-Chromatography (GPC) and mass spectroscopy (MALDI-TOF MS) (See
Sl, Figures S3-S5 for full details including experimental procedure and discussion). Briefly, GPC data
indicate the presence high molecular weight species after UV and thermal treatments. Moreover,
MALDI-TOF MS analysis (See Figures S4 Sl) provide evidence of the unselective-nitrene insertion
reaction towards both primary blend components by random photo- and thermally-linking the azide

group onto the alkyl chains and conjugated backbone of the primary components used in the BHJ
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matrix (See Figure S5 Sl), along with the photo-dimerization of PCs;BM under UV illumination.?? Overall

these results confirm that the Ns-ISL can link with both primary BHJ components under UV or thermal

treatment.

2.4 Photovoltaic Performance and Device Stability
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Figure 2. Photovoltaic device performance with respect to the thermal stress at 110°C. Panels (a-c) show the
power conversion efficiency (PCE) of OPVs based on a 6:4 DPP(TBFu),:PCs1BM BHJ with (a) the CP additive (b) the
Ns-ISL with 10 min UV treatment and (c) N3-ISL without UV treatment. The loading of the additives are indicated
in each case. Panels (d-f) show the J-V curves of devices with the BHJ blends using the respective additives at the
specified annealing time (given in parentheses) to obtain its maximum PCE.

To test the performance of the additive molecules in their ability to stabilize the morphology of BHJs,
standard ITO/PEDOT:PSS/BHJ/Al solar cell devices were prepared with a BHJ of DPP(TBFu),:PCe1BM at
a ratio of 6:4 by weight, similar to previously reported conditions.'®!° The loading of the CP and Ns-ISL
additives in the BHJ matrix were varied (while maintaining the 6:4 ratio of donor:acceptor) and the
effect of a UV pretreatment (10 min) to induce the in-situ linking reaction in as-cast BHJs with included

Ns-ISL was also investigated in comparison to using thermal treatment only to induce linking. All as-

cast devices (spun coat BHJ with top electrode deposited) were subject to thermal stress at 110°C over
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a period of 3000 min (50 h) to drive the crystallization and phase segregation of the primary
components, and the current density-voltage (J-V) characteristics were measured periodically under
standard 1 sun illumination upon cooling the devices to 20°C. The power conversion efficiency (PCE)
as a function of the thermal treatment time is shown in Figure 2a-c, with respect to the included
additive (CP additive, Ns3-ISL + UV treatment, and Ns-ISL no UV). The J-V curve at the time point
corresponding to the highest PCE for each additive condition is shown in Figure 2d-f. Full device

performance metrics are also included in the Sl (Table S1).

The control device (0 wt% additive loading, red traces in Figure 2a,d) achieved its highest PCE of 3.0%
after 10 minutes of thermal treatment. The observed performance increase from the as-cast state is
expected due to the initial stages of crystallization, which results in an optimum degree of BHJ phase
segregation, and has been previously reported under similar conditions.’® Subsequent thermal
treatment drives further phase separation 2% and reduces the performance of the device to 1.6% PCE
after 3000 min (50 h). With respect to the compatibilizing linker, adding 1 wt% of CP to the BHJ slightly
improved the best PCE to 3.5% (10 min thermal treatment) attributed to an increase in short circuit
current density (Jsc) and fill factor (FF). A similar increase to 3.3% PCE was also observed at 5 wt% of
CP loading, but interestingly a longer thermal treatment (60 min) was required to reach this maximum
performance. Moreover, both the 1 and 5 wt% devices showed less decrease in performance over the
testing period compared to the control device remaining at 2.4 and 2.7 % PCE, respectively after 3000
min. In contrast, increasing the CP loading to 10 wt% gave a significantly different device behavior. A
gradual increase of the PCE was observed as a function of time under thermal stress, saturating at
about 2% PCE after 180 min and remaining stable over the rest of the testing period. The lower
optimum PCE stems from a significant reduction in Jsc and a reduction of the open circuit voltage (Voc)

compared to the control device, as seen on the J-V curve Figure 2d.

Regarding the Ns-ISL additive, firstly we established that a UV-treated control device (treated under

UV without any added Ns-ISL, orange curves in Figure 2b,e) showed a maximum Jsc of 7.2 mA cm?
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compared to 8.0 mAcm for the control device without UV exposure, and only a slight change in PCE,
suggesting that 10 min of UV exposure did not severely affect device performance (however we note
that a 30 min UV treatment did decrease device performance substantially, see Figure S6 Sl). While
qualitatively similar behavior to the CP additive was observed when adding Ns-ISL to the BHJ,
significant differences in the device performance with UV treatment (Figures 2b and e) and without
(thermal linking only, Figures 2 c and f) are evident. With 1 wt% of the Ns-ISL additive, no significant
change in the optimum device performance was seen regardless of the use of the UV or thermal linking
treatment. The maximum PCE was about 3 % after 10 min at 110 °C and a decrease of device
performance was observed as the thermal treatment time increased. Notably the 1 wt% devices do
seemingly stabilize the BHJ. Indeed, the performance after 3000 min at 110 °C was higher in both cases
(with and without UV) compared to the control devices. As the additive loading increased further, the
device performance changed significantly. Similar to the CP additive, devices at 5 and 10 wt% Ns-ISL
required a longer time at 110°C to reach the maximum PCE compared to the control devices.
Moreover, at both 5 and 10 wt% of the N3-ISL additive, a stable PCaE with respect to thermal treatment
time was achieved after ca. 120 min (with or without UV treatment). However, a larger decrease in
maximum device performance was observed when UV treatment was used, reaching a PCE of only 1
% (5 wt%) and 0.4 % (10 wt%), while a better maximum performance of 2.4 % (5 wt%) and 1.5 % (10
wt%) was recorded for non-UV cured devices. For the case of the UV treated devices, the lower
performance was attributed to a decrease in the Jsc, FF, and Voc compared to control devices (Figure
2e), while interestingly, without UV treatment the difference was mainly due a decreased Jsc only
(Figure 2f). These results strongly suggest a different functioning of the N3-ISL additive with or without
the UV treatment, which will be discussed later. While it is clear that both the additives can improve
the device stability under thermal stress, differences in the optimum additive loading and the
maximum PCE obtained suggest dissimilarity in the evolution of the BHJ morphology with respect to
the additive used. Analyzing the topography of the BHJ thin films by atomic force microscopy (AFM)

was next performed to provide insight into morphological differences. Figure 3 displays the
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topography of the 6:4 donor:acceptor BHJs after thermal treatment at 110 °C for 3000 min (main
images) compared to the as-cast state (image insets) for 0, 1, and 10wt% of the CP additive and 0, 1

and 10wt% of the Ns-ISL additive with a 10 min UV treatment applied before the thermal treatment.

2.5 Bulk Heterojunction Morphological Characterization

A relatively featureless morphology was observed in as-cast thin films across all additive loadings, but
upon heating the BHJs at 110 °C for 3000 min clear differences were observed. Without additive and
without UV treatment (Figure 3a), the morphology exhibited the expected haystack morphology with
needle-like features corresponding to crystalline domains of the components. It has been established
that the driving force for phase segregation in this BHJ is the crystallization of DPP(TBFu),, which is
reported to occur at temperatures as low as the cold crystallization temperature of approximately
70°C.?%2 The morphology of the BHJ with 1 wt% of the CP additive (Figure 3b) was significantly less
rough than the control after the thermal treatment, but crystalline domains of a similar size as in the
control can still be observed, suggesting a degree of phase segregation similar to the control, which is
consistent with the evolution of the PCE seen at this condition. In contrast, at 10 wt% CP loading (Figure
3c) micron-sized needle-like features are completely suppressed after the thermal treatment.
However, a slight coarsening of the grains from the as-cast condition can be seen, suggesting an
increase in crystallinity during the 3000 min thermal treatment, consistent with the gradual increase
in the PCE. With respect to the Ns-ISL additive we first note that the phase-segregated morphology
containing needle-like features was also observed for the UV-treated BHJ without additive (Figure 3d)
but with smaller-sized crystalline domains, suggesting that the UV treatment alone has an effect on
the nucleation and growth of the crystalline domains. Upon loading Ns-ISL at even 1 wt% the formation
of these needle-like domains was clearly suppressed. The resulting BHJ after thermal stress appeared
with a larger roughness when using 1 wt% Ns-ISL (Figure 3e) compared to 10 wt% (Figure 3f), which

suggests a different evolution of the phase separation consistent with the OPV results.
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Figure 3. Thin Film topography by AFM of the 6:4 donor:acceptor blends after 3000 min at 110°C (main panels)
and as spun-cast from Chloroform solutions (panel insets). a) with no additive b) with 1 wt% CP, c) with 10 wt%
CP, d) with no additive but with 10 min UV treatment before thermal stress, e) with 1 wt% Ns-ISL + UV and f) with
10 wt% N3-ISL with UV treatment.

The topography results together with the device performance suggest that the additives have an effect
on the crystallinity of the BHJ. To confirm this, DSC was performed on 6:4 blends of DPP(TBFu),:PC¢1BM
with varying amounts of the additives. The first heating scan of the as-cast blends is shown in Figure
4a. While a melting transition of the crystalized DPP(TBFu), in the BHJ is seen to onset at ca. 190°C,
this transition was suppressed with the addition of 10 wt% of either additive, reducing the enthalpy of
the transition by about half with N3-ISL and by a factor of three with the CP additive (See Table S2, Sl).
Increasing the amount of the CP additive (to 50 wt%) led to an almost complete suppression of the
melting transition, however about 20 % of the original melting enthalpy remained when 50 wt% of the
N3-ISL additive was used with a 10 min UV treatment. This suggests that the CP additive exhibits a
qualitatively stronger ability to disrupt the crystallinity of the DPP(TBFu), compared to the Ns-ISL
additive, consistent with the rougher morphology observed after thermal stress with the Ns-ISL at 10
wt% loading compared to 10 wt% CP (as seen in Figure 2). However, the presence of large crystalline
domains in the thermally stressed 1 wt% CP BHJ film morphology, but the absence of these domains

in the 1 wt% Ns-ISL film suggests that while the CP may disrupt the n-mstacking of the DPP(TBFu), to a

greater degree, it does not prevent phase segregation as effectively as the Ns-ISL linker. This is
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emphasized in the OPV results where 5 wt% of the CP has a less drastic effect on the evolution of the

PCE compared to 5 wt% of N3-ISL.

Despite the differences in the additive behavior, overall the DSC results suggest that crystallization of
the BHJ components can be suppressed even under extreme thermal treatment, to further
demonstrate this aspect, thin films were annealed at 240 °C (above the melting transition of
DPP(TBFu), ) and slowly cooled, in order to strongly drive phase segregation. Optical microscope
images of the films are shown in Figure S7, SI. As expected, while the control film without additives
crystallized with large (> 5um) domains (slightly smaller, ~2 um, for UV treated films without additive),
the films with 10 wt% additives showed significantly smaller domains, mirroring the morphology of the
films treated at 110 °C. This data show, that despite that the melting enthalpy remaining at 10 wt%

additive loading, the thin film BHJ morphology can be stabilized even in under extreme conditions.

2.6 Optoelectronic effect on the BHJ Morphology

As it is important to better understand the optoelectronic differences between the two additives,
photoluminescence (PL) spectroscopy was next performed on the BHJ films with varying the additive
loading. Indeed, the PL intensity is known to be affected by the proximity/size of the donor and
acceptor domains, where greater phase segregation leads to more PL emission from the donor upon
its excitation. The PL spectra upon excitation at 532 nm show a main peak from the emission of
DPP(TBFu)2 around 820 nm (see Figure S8, Sl). The relative amount of emission compared to control
BHJs without additives is summarized in Figure 4b as a function of the additive loading. While as-cast
BHJs with added Ns-ISL only show a slight decline in the PL spectra, implying that the this additive does
not alter significantly the as-cast BHJ morphology, the CP additive as a drastic effect on the PL of the
as-cast BHJ film at just 1 wt% loading, giving only 35% of the emission compared to the control,
consistent with the formation of a more mixed donor:acceptor BHJ after spin casting from solvent.
After thermally treating the film at 110°C for 1 h, the 1 wt% CP BHJ increased in PL intensity to 50%

(relative to the control) consistent with the phase segregation observed in the AFM topography. Higher
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loadings of CP gave lower PL after annealing consistent with the suppression of phase separation.
Interestingly, after annealing the BHJs with the N3-ISL additive a greater relative drop in the PL is seen
in the UV treated films compared to BHJs with Ns-ISL but without UV pre-treatment. This further

indicates a different behaviour between the thermal linking and the UV linking approaches.
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Figure 4. a) First DSC heating scans of drop cast BHJ films (6:4 donor:acceptor) with the respective additives.
Blends with N3-ISL were UV treated for 10 min. b.) Normalized (integrated) PL emission of as cast (top panel) and
thermally annealed (bottom panel 110 °C, 1h) of 6:4 donor:acceptor blend thin-films is shown against additive
loading. c) Nyquist plots of impedance spectra measured under 1 Sun illumination at open circuit conditions of
thermally annealed (2 h, 110 °C) devices with respective additives and UV curing conditions.

For a final piece of data to compare the actions of the additives, we performed impedance
spectroscopy (IS) on thermally treated (110°C, 2 h) devices, under illumination and at open circuit.
Nyquist plots are shown in Figure 4c. The control device exhibited a single RC process, which has been
previously ascribed to BHJ recombination under these conditions.?* A device containing 5 wt% of CP
(and which exhibited higher PCE compared to the control device) gave a similar behavior in IS, with a
lower recombination resistance, consistent with a more intermixed phase (as compared to the

reference device) where more free charges are generated.?*” In stark contrast, the 5 wt% Ns-ISL device
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that underwent UV pre-treatment exhibited an additional semicircle in the Nyquist plot at low
frequency with a considerably higher associated resistivity. While this may be expected due to the poor
PCE of this device compared to the control, notably we found that a device with 5 wt% Ns-ISL that did
not undergo the UV treatment (and that had a similar PCE to the control device) exhibited a similarly
large RC process as shown in Figure 4c. The presence of this large second semicircle can be attributed
to trap state processes within the active layer,? which is reasonable given the confirmed presence (by
MALDI-TOF MS, Figure S4) of randomly linked species formed by the reaction of the azide on Ns-ISL.
However, the seemingly similar IS behaviour of the 5 wt% Ns-ISL devices with and without the UV
treatment contrasts the very different behaviour that these two conditions give with respect to device
PCE and the PL. A reasonable explanation for this difference is as follows: In both the thermal and UV
linking approaches the azide linker reacts randomly forming linked BHJ components that retard phase
segregation and in both cases introduce the presence of trapping states in the BHJ which reduce the
device performance (Indeed we note that previous work on using random BHJ crosslinking methods
on polymer-based OPVs have pointed out that the reactions may provoke the breaking of the
conjugated polymer backbone, disrupt charge transport, and reduce performance).}* 125 26 However
since the UV activated linking clearly leads to a poorer performance the nature of the linking points or
the linked species is reasonably somehow different. In fact careful analysis of the MALDI-TOF MS data
between the UV linking and thermal linking approaches (Figure S4, Sl), do suggest one clear difference:
the presence of dimerized PCs:BM (see structure Figure S5, SI) under UV treatment and not under
thermal conditions. While breaking of the conjugated fullerene unit is known to cause the formation
of traps?’ the presence of dimerized fullerene alone does not fully explain why the UV treatment
suffers a poorer performance, as the control device (without N3-ISL but with 10 min UV treatment)
performed similar to the control device without UV. However, it has been suggested that UV excitation
of azide derivatives results in an alternative, highly reactive reaction pathway of the nitrene insertion
linking as compared to thermal activation (which has been characterized as more selective and

milder).?> 28 Thus we hypothesize that UV excitation causes the formation of important deep traps at
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a faster rate in the presence of the Ns-ISL additive. These deep traps result in a lower device Voc when
using the UV treatment and thus the lower PCE. Moreover, we note further that at low loadings (1
wt%) of the Ns-ISL, when the linking reaction is not sufficient to prevent crystallization of the donor
and acceptor phasesin the BHJ, the few linked species could be excluded via crystallization to the grain
boundaries or amorphous regions where they will have less of an effect on the charge transport
through the pure phases. In contrast, when the Ns-ISL is at a sufficiently high concentration in the BHJ
to arrest the phase segregation in the film (about 5 wt%) these charge trapping species cannot be
excluded and the PL and device performance drops. Then the different nature of the linked species
when including the UV treatment (perhaps more linking on the fullerene), compared to the thermal

treatment leads to the drastic difference in performance.

2.6 Conclusion

In summary, two additives, a compatibilizer (CP) and an azide functionalized in-situ linker (Ns-ISL), were
prepared to examine the possibility to stabilize BHJ OPVs prepared from solution-processed crystalline
small molecules. The device results show that both additives have the ability to stop the phase
segregation of the donor and acceptor in the BHJ when subject to thermal stress for an extended
period. While the Ns-ISL additive required only 5 wt% loading to arrest phase segregation, altering the
azide reaction mechanism by using UV-induced linking versus thermal induced linking gave significantly
different performance attributed to a likely difference in reaction products, and UV treated devices
performed poorer than thermally linked ones. However, the presence of the non-specific linked
species in both cases led to increased BHJ charge trapping as shown by PL and IS spectroscopies, and
reduced performance compared to the CP additive. Indeed, including 5 wt% of the CP additive retarded
the BHJ phase segregation and led to the highest PCE of 2.8 % after 3000 min of thermal treatment at
110 °C. Moreover 10 wt% of the CP additive changed drastically the kinetics of phase segregation
leading to devices that saturated in performance at 2 % after 120 min with no decrease for 3000 min

(the length of our test). In this case the slower crystallization and phase segregation of the BHJ from
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the as-cast state may also prove to be an advantage in offering the ability to avoid overshoot in the
device annealing. Moreover, the observed control over phase segregation in the melt-annealed films
with CP could potentially allow for melt processing of the BHJ, which is covered in chapter 4 of this
thesis. Overall based on the results presented, employing the CP additives is a preferred strategy to
stabilize the bulk heterojunction. Further efforts should be directed toward optimizing the CP strategy
for other small-molecule systems to potentially enable solvent-free roll-to-roll processing of highly

efficiency and stable OPVs.
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CHAPTER 3

Stabilizing the Bulk Heterojunction Morphology of a
Small Molecule Organic Solar Cell based on a
Perylenediimide Acceptor via a Compatbilization
Approach

Abstract

Here, we demonstrate the versatility of the compatibilization approach on a challenging highly crystalline small-
molecule BHJ based on a diketopyrrolopyrrole based donor coded, DPP(TBFu),, with a perylenediimide acceptor
coded, EP-PDI, and its molecular compatibilizer (MCP). It was found that MCP was able to slow down phase
segregation of the BHJ under thermal stress (at 110°C for 480 min), while preserving device performance. After
a slight initial decrease in performance over 70 min, the performance with 1 and 10wt% of MCP decreased by
43% and 7% respectively after thermal treatment at 110°C for 480 min. On the other hand, the BHJ without MCP
reflected a significant decrease in PCE by 78%. BHJ morphology characterization via differential scanning
calorimetry, grazing incidence X-ray diffraction, and photoluminescence emission, revealed insights into the
relation between molecular order and phase segregation with respect to the device performance. Overall, the
results demonstrate that the compatibilization approach is able to stabilize a highly crystalline small-molecule
BHJ morphology and its resulting device performance. This reinforces the conclusion that this method is robust

and versatile in engineering efficient and thermally stable BHJ organic solar cells.

*This Chapter has been adapted from the published article titled “Melt-processing of small molecule organic
photovoltaics via bulk heterojunction compatibization”; Aiman Rahmanudin, Liang Yao, Xavier A. Jeanbourquin,
Yongpeng Liu, Arvindh Sekar, Emilie Ripaud, and Kevin Sivula, Green Chem., 2018.
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3.1 Introduction

As demonstrated in the previous chapter, the compatibilization approach (CP) showed promise in
engineering efficient and thermally stable OPVs for solution processed small-molecule BHJs based on
a DPP(TBFu),:PCs:BM blend. In order to validate this concept further, this chapter will present the
utilization of the CP approach on a challenging system with an acceptor molecule based on a
perylenediimide (PDI) derivative known as EP-PDI. Generally, PDI based semiconductors are seen as
candidates to replace fullerene acceptors mainly due to their photochemical stability, strong optical
absorption, and low cost'. However, device performances have been limited due to its highly
crystalline nature where it is prone to over crystallization upon solution processing from a BHJ blend?,
as well as a tendency to de-mix at room temperature'. Recent efforts to engineer its crystallinity by
twisting its planar core has shown to suppress aggregation leading to improved device performance,?
but such molecular systems still require multistep synthesis that potentially increases production cost
akin to fullerene acceptors. Hence, the aim of this chapter is to demonstrate the versatility of the
compatibilizer approach in stabilizing a highly crystalline BHJ system based on non-fullerene based

acceptors.
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3.2 Synthesis and the characterization of the Molecular Compatibilizer
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Figure 1. a) Primary small-molecule semiconductors used in this study with DPP(TBFu); as donor and EP-PDI as
acceptor; b) the synthetic route of the molecular compatibilizer.

In this study the primary BHJ components used is based on DPP(TBFu), as a donor and EP-PDI as an
acceptor (See Figure 1a). The molecular compatibilizer (MCP) was synthesized by first de-protecting
the n-tert-butyloxycarbony group on 6a (See Chapter 2 Figurelb for synthetic route of 6a), to activate
the terminal primary amine for a condensation reaction with the anhydride on MEP-PMAMI with
Zn(OAc),, dissolved in a mixture of imidazole and DMF at 120°C (See Figure 1b). On the other hand, EP-
PDI was selectively mono-dealkylated via a controlled hydrolysis reaction under basic conditions of
KOH (85%) with t-BuOH in reflux over a period of 2 hours to obtain MEP-PMAMI. The chemical
structures are fully characterized by 'H NMR, 3C NMR, and MALDI-TOFF MS (See Appendix 3 for
supporting information (SI) on the full synthetic route and characterization of MCP). The *H NMR
spectrum of the MCP in CDCl; solution shows sharp peaks in the aromatic region (See appendix 3 Figure
Sla.). For instance, at the region between 8.45 -8.70 ppm, it shows four pairs of sharp doublets
representing the eight protons on the perylene core moiety. This clearly indicates that the EP-PDI unit

on the MCP is freely rotating in solution, and does not fold onto the DPP(TBFu), unit at the flexible
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aliphatic hexyl chain, suggesting that the MCP does not aggregate and remains sufficiently soluble in
solution. As expected, the absorption spectra of the MCP in solution consists of the absorption of the
DPP(TBFu);and EP-DPI units, suggesting that the optoelectronic properties of the m-conjugated core is
not severely affected (See appendix 3 Figure S1b.). Differential scanning calorimetry (DSC) of MCP did
not reveal any obvious phase transition while no scattering peaks was seen in the X-ray Diffraction
(XRD) of the thin films of MCP, indicating that it is not strongly crystalline in solid state (See appendix

3 Figure Slc and d).

3.3 The Effect of MCP on the BHJ Morphology

DSC was used to investigate the effect of MCP on the phase behavior of the BHJ (See Figure 2a and see
appendix 3 table S1 for the endothermic enthalpy and temperature onset values). The first heating
scan performed on a 1:1 blend (drop cast from chloroform) with Owt% of MCP revealed two separate
endothermic transitions attributed to the melting transition of crystalized DPP(TBFu),, at an onset of
ca 212°C,% and a liquid phase mesophase transition of EP-PDI at ca 65°C.* As the amount of MCP
increased to 1wt%, the endothermic transition of DPP(TBFu); slightly increased while the enthalpy for
EP-PDI showed a minor decrease, but as the amount of MCP increased to 10wt%, the endothermic
enthalpy of DPP(TBFu), and EP-PDI decreased by approximately 50% and 70%, respectively. This
suggests a significant disruption of the molecular order with increasing MCP loading in the BHJ. To
further support this claim, XRD scattering in the out-of-plane direction was characterized on spin
coated thin films, consisting of the BHJ blends that were annealed at 110°C for 1 h (See Figure 2b). The
XRD patterns revealed two clear scattering peaks at 20 = 6.28° related to the (020) deflection of
DPP(TBFu),, and at 26 = 5.4° for the (200) deflection of EP-PDI® across all MCP loadings (as indexed
from previous reports®). The intensity of the (020) peak increased slightly at 1wt% of MCP, but
decreases after the addition of 10wt% of MCP. Conversely, the (200) peak for EP-PDI showed a gradual
decrease in peak intensity with increasing MCP loading. This corresponds closely to the DSC results

implying that the molecular ordering of DPP(TBFu), in the BHJ improves perhaps slightly at 1wt% of
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MCP, but decreases as the amount increases to 10wt%, while a gradual decrease in the ordering of EP-

PDI follows closely with increase amounts of MCP.
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Figure 2. a) Differential scanning calorimetry of the 1t heating scan of the primary components and 1:1 blend
with 1 and 10wt% of MCP at a scan rate of 10°C/min; Thin film characterization of the BHJ blend with 1 and
10wt% of MCP were annealed at 110°C for 1h: b) Grazing Incidence X-ray Diffraction in the out of plane direction;
c) Photoluminescence Spectra after excitation at 532nm.

Photoluminescence (PL) emission spectra of annealed BHJ thin films were then acquired to assess the
photogenerated exciton quenching (See Figure 2c and see appendix 3 Fig S2 for PL spectra of the
individual components). Upon excitation of the BHJ films at 532nm, a prominent quenching of two
peaks attributed to the PL emission of DPP(TBFu), at 816nm and EP-PDI at 610nm with increasing
amount of MCP was observed. The increase in quenching suggests that a higher probability of exciton
separation occurs, as a result of enhancements in interfacial area between the donor-acceptor
domains similarly observed in the CP system of DPP(TBFu),.PCs:BM discussed in chapter 2.3® Notably,
it is interesting to note that at 1wt% of MCP, the DSC and GIXD data suggest that DPP(TBFu), has a
slightly enhanced molecular ordering in the BHJ, despite an increase in intermixing between the donor-

acceptor domains.

3.4 Photovoltaic Performance and Device stability

Now that it is established that MCP has an effect on the molecular ordering and phase segregation of
the BHJ, to elucidate the photovoltaic stability of the BHJ under prolonged thermal annealing, standard
ITO/PEDOT:PSS/BHJ/AI solar cell devices were prepared with a BHJ at 1:1 - DPP(TBFu),:EP-PDI by
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weight ratio. All devices were subjected to thermal stress at 110°C with the top electrode on top of
the spun coated BHJ over a period of 480 min (8h) to drive the crystallization and phase segregation
of the primary components, and the current density-voltage (J-V) characteristics were measured
periodically under standard 1 sun illumination upon cooling the devices to room temperature. The
power conversion efficiency (PCE) as a function of the thermal treatment time is shown in Figure 3a
with respect to the included MCP loading in the BHJ. J-V curves at the time point corresponding to the
highest PCE for each MCP loading shown in Figure 3b. Full device performance metrics are also

included in appendix 3 in Table S2.

At Owt% of MCP, the performance observed an increase to achieve its highest PCE of 1.6% PCE after
10 min of annealing (red trace in Figure 3a). This increase in performance from an as-cast state is
attributed to the initial stages of crystallization to obtain an optimum BHJ phase segregation, similarly
observed in the DPP(TBFu),:PCs;:BM BHJ devices (See Chapter 2 Figure 2.). Subsequent thermal
treatment drives further phase segregation and the performance of the device decreased by 78% to a
PCE of 0.36% after 490 min. The addition of 1wt% of MCP into the BHJ resulted in a slightly higher best
PCE of 1.7% after 10 min of annealing due to increases in FF and Jsc (brown trace in Figure 2a.), while
an improvement in PCE to 1.27% was similarly observed for the BHJ with 10wt% of MCP (blue trace in
Figure 2a.). The BHJ with 1wt% of MCP showed a higher performance as compared to the BHJ at 0 and
10 wt% of MCP. This is likely due to the enhancement in molecular ordering of DPP(TBFu), (See DSC
and GIWAXS data in Figure 2a and b) and enhanced intermixing between the donor-acceptor domains
(See PL quenching in Figure 2c) in the BHJ, which could facilitate charge transport and exciton
separation. Conversely the lower performance of best PCE at 10wt% of MCP is reasonably due to a

lower degree of molecular ordering that could likely hamper charge transport in the BHJ.

Interestingly, devices with 1 and 10wt% of MCP showed an initial sharp decrease in PCE to 1.4% and
1.03% respectively after thermal treatment of 70 min, but the performance relatively stabilized upon
further annealing to 250 min with only a loss of 0.08% and 0.06% in PCE accordingly. The BHJ with
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1wt% of MCP then showed a distinct decrease by 43% to 0.81% PCE, while the performance of BHJ
with 10wt% of MCP remained remarkably stable with only a loss of 7% to 0.96% PCE over the thermal
treatment period of 480 min. The stability in PCE observed here is similar to the CP system of
DPP(TBFu),.PCs1BM discussed in chapter 2, where an enhanced stability is induced at a higher amount

of the compatiblizer in the BHJ.
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Figure 7. a) Photovoltaic performance with respect to thermal stress at 110°C over a period of 480 min of devices
containing 1:1 Blends of DPP(TBFu),:EP-PDI with 1 and 10wt% of MCP; b) Current density vs voltage curves of
devices at after annealing at 110°C for 10 minutes.

Further evidence from the optical micrographs of as cast thin films of the BHJ across all MCP loading
showed a relatively featureless morphology (See Figure 3 c-e top images), but upon annealing at 110°C

for 8 hours (the length of the thermal stability test), thin films with Owt% of MCP revealed crystallite
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formation of about 1um in size (See Figure 3a bottom image). BHJ thin films with 1 wt% of MCP also
observed a similar morphology but with a relatively lower amount of crystallites as compared to thin
films at Owt% of MCP, while the BHJ with 10wt% of MCP showed a relatively similar optical micrographs
before and after thermal treatment (See Figure 3c). The observation in the optical micrographs suggest
a difference in evolution of the crystallization and phase separation of the BHJ, which correlates well
with the OPV stability results where the BHJ with 10wt% of MCP revealed remarkable stability over a
period of 480 min at 110°C as compared to the BHJ performance with 0 and 1 wt% of MCP. Moreover,
the suppression of BHJ crystallinity and phase segregation coincides well with the DSC and GIXD data
shown in Figure 2a and b that suggests a gradual disruption in crystallinity of the components in BHJ

with increasing MCP loadings.

3.5 Conclusion

In conclusion, we have demonstrated the compatibilizer approach is able to control the crystallization
and phase segregation of a BHJ containing two highly crystalline small molecules DPP(TBFu), and EP-
PDI. The control over crystallization of the BHJ was reflected in the relative overall depression in
enthalpy of endothermic transitions shown in the DSC data, and a decrease scattering intensity of the
peaks reflected in the XRD data with increasing MCP loading. Notably, the BHJ with 1 wt% of MCP
showed a slight enhancement in molecular order of DPP(TBFu), as indicative of a higher intensity of
the (020) defection peak, and a higher level of intermixing in the BHJ as observed in the increase in PL
quenching. This resulted in a higher best PCE of 1.7% likely due to enhanced charge transport and
exciton separation in the BHJ, as compared to devices with 0 and 10wt% of MCP. On the other hand,
the lowest best performance at 10wt% of MCP is likely due to a lack of molecular order in the BHJ, as
shown from a lower scattering intensity from the GIXD data, despite having the highest level
intermixing as reflected from a higher PL quenching. In relation to the stability of the BHJ with respect
to the device performance, increasing the amount of MCP in the BHJ slowed down phase segregation,

which resulted in the preservation of PCE, particularly with 10wt% of MCP in the BHJ where the device
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performance remained relatively stable over the testing period of 480 min, following an initial decrease
during the first 70 min. Optical micrographs of the BHJ thin films at 10wt% of MCP also revealed the
suppression of crystallite formation before and after prolonged thermal treatment. Overall based on
the insights revealed in the compatibilization approach to stabilize a highly crystalline small-molecule
BHJ system, the next chapter will build upon this understanding to demonstrate the use of MCP in

engineering a melt-compatibilization processing technique for a stable and functional BHJ for OPV.
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Chapter 4

Melt-processing of Small Molecule Organic
Photovoltaics via Bulk Heterojunction
Compatibilization

Abstract

Melt-processing of organic semiconductors (OSCs) is potentially an environmentally friendly technique that
alleviates the need to use toxic chlorinated solvents. Aside from a handful of examples of melt-processed single-
component OSCs in field-effect-transistors, processing of binary component bulk heterojunctions (BHJs) for
organic photovoltaics (OPVs) still remain a challenge. Herein, we demonstrate a melt-compatibilization of a
strongly-crystalline molecular BHJ system based on a diketorpyrrolopyrrole donor and a perylenediimde acceptor
molecule with a molecular compatibilizing additive (MCP). BHJ morphological characterization using atomic force
and kelvin probe microscopy, X-ray diffraction and photoluminescence measurements suggests that high
crystallinity drives phase segregation in the BHJ, while MCP affords tunabilility of domains size by achieving a
homogenous single-phase melt during melt-annealing. An optimum photoactive BHJ at a 1:1 donor:acceptor
ratio with 50wt% MCP, achieved an efficiency of approximately 1%. Furthermore, a functional OPV was also
obtained from melt-processing of micron-sized solid dispersions of the BHJ with MCP. These results demonstrate
that molecular compatbilization is a key prerequisite for further developments towards true solvent-free melt

processed BHJ OPV systems.

*This Chapter has been adapted from the published article titled “Melt-processing of small molecule organic
photovoltaics via bulk heterojunction compatibization”; Aiman Rahmanudin, Liang Yao, Xavier A. Jeanbourquin,
Yongpeng Liu, Arvindh Sekar, Emilie Ripaud, and Kevin Sivula, Green Chem., 2018.
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4.1 Introduction

Organic photovoltaic (OPV) devices, which rely on a bulk-heterojunction (BHJ) between polymeric or
small-molecule carbon-based p-type (electron donor) and n-type (electron acceptor) semiconductors,
have attracted significant interest given their promise for achieving high performance while also being
low-cost and amenable with scalable roll-to-roll manufacturing.! While the ongoing development of
OPVs has led to impressive power conversion efficiency >10%, typical state-of-the-art devices are
fabricated using toxic chlorinated or aromatic solvents,> which undermines their sustainable
application at a global scale. Processing in environmentally-benign “green” solvents, is a potential
alternative,® but requires altering the molecular structure of the organic semiconductors (OSCs) to
afford solubility, or dispersing the OSCs in colloidal systems, both of which greatly affect the OSC solid-
state self-assembly and resulting optoelectronic properties.* Alternatively, melt processing, which
involves a reversible liquefaction-solidification process and is widely used in industry to produce
commodity plastic thin films,® could be employed to afford the solvent-free manufacture of OPVs.
However, while melt-processing techniques have been recently studied and developed for single-
component OSC devices (e.g. field effect transistors),® and despite the suggested similarities between
solvent quenching and melt quenching techniques from thermodynamic arguments,’ the processing
of BHJ OPV devices from homogeneous liquid melts into high efficiency OPVs has yet to be
demonstrated due to the extreme sensitivity of the BHJ morphology on the device performance.
Indeed a percolating network of precisely-sized nanometer donor/acceptor domains in the BHJ is
required for high OPV efficiency.? While the optimum BHJ morphology can be readily tuned using
solvent processing techniques,® similar morphology control in melt-processed BHJs remains a

challenge.

The use of donor-acceptor block-copolymers'® is a rational route to control the size of donor/acceptor
domains under melt-processing conditions given the covalent link between the two components that

prevents the macro-scale phase segregation, which is the thermodynamically preferred solid-sate
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arrangement of typical BHJ components. Indeed, Lombeck et al. recently reported a donor-acceptor
block-copolymer-based system that afforded promising performance in melt-annealed OPVs.!!
However this work also established that the alteration of component molecular structure (through
side-chain fluorination) is required for this approach to produce a system wherein the donor and
acceptor components remain phase-separated in the melt to ensure that that they form the required
nanometer phase segregated BHJ upon solidification. In addition to this drawback, the processing of
the requisite nano-phase separated melts poses additional challenges (e.g. due to shear-induced

domain alignment*?) toward obtaining the BHJ optimum morphology.

An ideal melt-processed BHJ OPV system would allow a single phase liquid melt to be converted into
a nanostructured BHJ with tunable domain sizes in a robust and reproducible manner. We
hypothesized that this could be accomplished with strongly-crystalline molecular donor and acceptor
components (to drive phase separation in the solid state) together with a molecular compatiblizing
additive (consisting of the molecular donor and acceptor covalently attached with a non-conjugated
linker)*® to afford tunability of the BHJ phase domains. Herein we demonstrate this melt-
compatibilization approach based on a molecular BHJ system with two common OSCs; a
diketopyrrolopyrrole-based donor and a perylene diimide acceptor, both which are known to strongly
crystalize in the solid state. We establish that the use of a molecular compatibilizer is essential to tune
the BHJ and obtain functional OPVs via melt annealing. Furthermore, we demonstrate a strategy

towards the “green” processing of BHJ thin films via a solid dispersion, melt-processing technique.

4.2 Establishing Melt Processing Conditions

The molecular structures of the electron donor, coded as DPP(TBFu),** and acceptor (coded as EP-
PDI), both chosen based on their established high crystallinity in BHJs,* are shown in Figure 1a along
with the corresponding molecular compatibilizer (MCP). Detailed synthesis and characterization of the
MCP is given in Chapter 3.1. In order to first establish the solid-state phase behavior and melt-

processing conditions, differential scanning calorimetry (DSC) was performed on solvent-cast BHJ
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blends (1:1 donor:acceptor by weight) with varying wt% of added MCP (see Figure 1b). For the control
BHJ (0 wt% MCP) during the first heating scan, two separate endothermic transitions were observed
and are attributed to a liquid-crystal mesophase transition®® in EP-PDI at T,c = 73°C (the melting
temperature of EP-PDI is above 350°C®) and the melting'” of DPP(TBFu), at T, = 231°C ( Similarly
observed in Chapter 3.1, and see DSC scans for the pure components Appendix 3 Figure Sic). These
transitions were both observed to be reversible upon cooling. A loading of MCP of 10 or 25 wt% in the
BHJ leads to a decrease in the enthalpy (see Appendix 4 Table S1, for specific component enthalpies)
and a depression of transition temperatures as expected for a compatibilizer.!* However these results
suggest that the donor and acceptor retain the ability to recrystallize from the melt in the presence of
significant amounts of the MCP. Notably, no obvious transitions were observed with 50 or 75 wt%
MCP, suggesting a disruption of crystallinity in both DPP(TBFu), and EP-PDI with sufficiently high MCP
loading. The pure compatibilizer (100 wt% MCP) also shows no phase transition, suggesting no long

range crystalline ordering in this material, consistent with similar systems.*®
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Figure 1. a) Molecular structures of the organic semiconductors used in this study: DPP(TBFu),, EP-PDI and the
molecular compatibilizer (MCP). b) DSC of the first heating/cooling scans (10°C min™2) of 1:1 donor:acceptor BHIs
with varying MCP loading (wt%). c) Normalized integrated XRD scattering intensity of the (020) peak of
DPP(TBFu), and the (200) peak of EP-PDI in 1:1 BHJ films treated at 240°C (15 min) and cooled to rt. The
normalization was performed with respect to the control (0 wt%) BHJ. The XRD data was collected from the
grazing incidence geometry in the out-of-plane direction (see Appendix 4 Figure Sla, for the XRD patterns).
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The trend in the molecular ordering in the presence of the MCPas implied by the DSC, was further
investigated by x-ray diffraction (XRD) measurements of BHJ films treated at 240°C (above T, of the
donor) and cooled to ambient temperature. Diffraction peaks for both the DPP(TBFu), and EP-PDI (as
indexed from previous reports'®) were observed in the melt-annealed BHIJ films (see Appendix 4 Figure
S1a), and the relative crystallinity of each component in the BHJs with added MCP was estimated by
peak integration. The normalized trends are shown in Figure 1c. For the DPP(TBFu), these results agree
qualitatively with the DSC data and confirm that the donor retains some crystallinity even after
melting/cooling in the presence of the MCP. In addition, the XRD measurements show that the
molecular ordering of the donor exists even after melting with 50 wt% MCP, in contrast to the DSC
where no clear transition was detected (likely due to peak broadening). This contrast is greater with
the EP-PDI, where the XRD data suggest that, while the crystallinity does decrease with added MCP
loading, a significant amount of acceptor phase ordering remains present in films with 75 wt% MCP.
Given the high melting point of the EP-PDI (> 350°C) this calls into question the nature of the acceptor
phase at 240°C in the presence of the (melted) donor and MCP. To clarify this, we performed in situ
XRD measurements of BHJ films with and without the MCP at 240°C (see Appendix 4 Figure S1b). These
results clearly indicate an absence of crystallinity of the EP-PDI at 240°C even without the MCP present,
consistent with the donor and acceptor forming a single homogeneous liquid phase at a temperature
above the melting temperature of the donor phase, similar to other systems.”®”? Thus overall, the DSC
and XRD results confirm that the DPP(TBFu),:EP-PDI BHJ blend can be processed from a homogenous
melt phase at 240°C into the solid state, while retaining the crystallinity of both components.

Moreover, the degree of crystallinity of both phases can be tuned by adding the MCP.
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4.3 BHJ Morphology Characterization
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Figure 2. Morphological characterization of melt-annealed (240°C) BHJ thin films of DPP(TBFu),:EP-PDI (1:1 by
weight) with varying amount of MCP (a-d) and pure MCP (e). Height topography (top panel) and KPFM potential
images (middle panel) were measured under dark ambient conditions. The scale bars are 400 nm. The bottom
panel shows the contact potential difference, Vcpp, histogram for each KPFM image.

To next investigate the effect of the MCP on the BHJ morphology, melt-annealed (240°C) thin films
were examined by atomic force and kelvin probe force microscopy (AFM and KPFM, respectively).
Relative height and surface potential difference maps are shown in Figure 2 for 1:1 donor:acceptor
BHJs with different MCP loading. The height maps show rod-like crystallite domains hundreds of
nanometers in length in the control (0 wt%) BHJ, which are diminished in size with increasing amount
of MCP. While some crystalline features are visible in the 50 wt% film, the 75 wt% film appears
essentially homogeneous with a morphology similar to the pure MCP (100 wt%) film. The chemical
nature of the phase domains was further assessed with the KPFM maps where the absolute values of
the surface potential difference (i.e. the difference in potential between the Pt tip and the surface)
were related to the pure component phases (as established by measurements on pure component thin
films, see Appendix 4 Figure S2). Briefly, the donor phase is expected to appear with a lower contact

potential difference, Vcpp, in the BHJ compared to the acceptor phase. Therefore, the KPFM map of the

control BHJ (0 wt%) exhibits a clear phase segregation between the platelet-shaped crystals of
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DPP(TBFu) (yellow) and the rod-like crystals of EP-PDI (purple). The extent of the phase segregation is
also indicated by the Vcpp histogram (bottom panel Figure 2), which shows a bimodal distribution. With
increasing MCP loading and the corresponding change in topographical morphology, the KPFM data
show a decrease in the size of the donor and acceptor domains and an increase in donor:acceptor
mixing in the BHJ as implied by the Vcpp histograms, which become increasingly narrow. Importantly,
even with 50 wt% MPC after melt-annealing, it appears that some degree of phase segregation still
occurs, while at 75 wt% a surface potential homogeneity similar to the pure MCP is observed (we note
that the tip radius convolution prevents resolution of phase domains below approximately 20 nm).
Therefore, we conclude that the level of donor:acceptor intermixing and the phase domain sizes in
melted BHJs can be modulated with varying MCP loading. To further support this claim,
photoluminescence (PL) emission of the respective thin films were characterized (see Appendix 4
Figure S3). Upon excitation of the BHJ films at 532nm, a prominent quenching of two peaks attributed
to the PL emission of DPP(TBFu); (observed at 816 nm) and EP-PDI (610 nm) with increasing amount
of MCP is noted. Since PL quenching corresponds to an increased probability for photogenerated
excitons to reach the donor-acceptor interface and undergo charge separation (instead of radiative
recombination) this trend corresponds well with the morphological changes exhibited in the KPFM

analysis.

4.4 Photovoltaic Performance

To investigate the relation between the BHJ phase segregation after melt-annealing and the,
photovoltaic performance, devices with an inverted architecture (substrate/ITO/ZnO/BHJ/MOs/Ag)
were fabricated and tested under standard 1 Sun illumination. The BHJ was solvent-cast (from
chloroform solution) followed by melt-annealing at 240°C (15 min) before deposition of the top
blocking layer and electrode (details of device fabrication and testing are given in the Appendix 4).
Representative current density-voltage (J-V) curves for devices prepared with different MCP loadings

are shown in Figure 3a, while the corresponding performance parameters and external quantum
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efficiency (EQE) are given in Appendix 4 Figure S4 and Table S2. A clear trend in photovoltaic
performance was observed with MCP loading. The power conversion efficiency (PCE) increased from
0.1% (control 1:1 BHJ with 0 wt% MCP) to a maximum of 0.83% at 50 wt% MCP. At 75 wt% MCP the
PCE decreased to 0.74% PCE and was 0.15% PCE for pure MCP (100 wt%). The change in PCE is
attributed primarily to changes in short circuit current density, Js., while only slight changes in open-
circuit voltage and fill factor were observed with respect to MCP loading. The EQE as a function of the
illumination wavelength exhibited a similar trend to the Jsc and did not significantly change shape (see
Figure S5b, SI) with respect to the MCP loading suggesting that the change in the device performance

can be predominantly attributed to the BHJ morphology.
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Figure 3. a) Current-density vs voltage curves of melt-annealed photovoltaics devices of DPP(TBFu),:EP-PDI —1:1
with varying amounts of MCP. b) Summary on the effect of MCP on the BHJ morphology and the device
performance is shown with normalized parameters: the device power conversion efficiency (PCE), the
photoluminescence quenching (PLQ, calculated based on the integration of the respective PL emission, see Figure
S4, SlI) and relative molecular ordering (RMO, estimated from the integration of XRD scattering from both donor
and acceptor components, see Figure S2a).

Indeed, the trend in the PCE with respect to the MCP loading (as shown normalized as the red curve in
Figure 3b) can be well understood by a trade-off between free charge generation (exciton dissociation)
at the donor:acceptor interface and the presence of sufficiently large pure domains to afford the
transport of free charges to their respective collecting electrodes. The amount of free charge
generation can be estimated by the observed amount of photoluminescence quenching (PLQ) in the

BHJ as mentioned before, while the ability to transport free charges in pure domains is related to the

relative molecular ordering (RMO) as implied from the previously-discussed XRD results. These two
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parameters (PLQ and RMO) are shown normalized in Figure 3b. Thus the optimum melt-annealed BH)J
occurs at 50 wt% loading of the MCP, where the trade-off between RMO and PLQ is best balanced. To
elucidate this behavior further, devices processed from chloroform solution and then thermally
annealed at temperatures below melting conditions were also fabricated (See Appendix 4 Figure S5).
When the BHJ was annealed for 15 min at 180°C, a similar trend to devices melt-annealed at 240°C
was observed with an optimum loading of MCP at 50 wt% and a max PCE of 1.4%. However, when
thermally annealed for 15 min at 110°C the optimum PCE occurred at 0 wt% MCP. The observed
decrease in PCE with increasing MCP in this case is likely due to its role in compatiblizing the BHJ.
During solvent quenching, a more homogeneous donor:acceptor blend is formed with the MCP
present. The 110°C, 15 min annealing conditions are evidently insufficient to drive the crystallization
and phase segregation of the donor and acceptor to form the necessary percolating network. This is
supported by the decrease in fill-factor and Jsc in the 110°C annealed devices with increasing MCP
loading. In addition we note that since the results from the 180°C devices show a similar max PCE
compared to the optimum conditions at 110°C and the 240°C melt-annealed films, we can conclude
that the melt-processing of the film does not lead to a significant decrease in the best possible device
performance with the DPP(TBFu),:EP-PDI system. We note that the slightly lower PCEs observed at

240°C could be due to degradation of the electrode or blocking layer or their interfaces with the BHJ.?°

Given the encouraging photovoltaic behavior of the chloroform solvent cast, melt-annealed devices in
the presence of the MCP, we sought to investigate the feasibility of using melt-processing towards the
“green” processing of devices. We dispersed 1:1 BHJ mixtures with or without 50 wt% MCP in
isopropanol using a minimal amount of chloroform and sonication to create a colloid of micron-sized
particles which were subsequently drop-cast onto ITO/PEDOT:PSS substrates (see Figure 4 for cross-
sectional SEM images of drop-cast films and optical microscope images in Appendix 4 Figure S6) to
form a rough and non-continuous powder coating of BHJ particles. Upon melting at 240°C for 15 min

(and cooling to rt over 30 min) a drastic difference was observed in the resulting thin films.
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Figure 4. Cross-sectional scanning electron microscopy images of the drop-cast dispersions of 1:1 BHJ of
DPP(TBFu),:EP-PDI with a) 0 wt% and b) 50 wt% of MCP before melt-processing (top) and after melting at 240°C
for 15 min (bottom). The scale bars are 1 um. c) J-V curves of the corresponding solid-state melt-processed
photovoltaic devices.

While the control (0 wt%) BHJ exhibited crystal domains microns in length, the BHJ with 50 wt% melted
into a remarkably smooth and homogeneous film (Figure 4). The photovoltaic properties of these melt-
processed films were then characterized using Ga-In top contact to give the J-V curves shown in Figure
4c (See Appendix 4 Figure S7 for detailed experimental procedure and individual photovoltaic
parameters). As expected the control device (containing 0 wt% MCP) showed a significantly lower
performance of 0.002% PCE compared to 0.11% PCE when 50 wt% of MCP was included in the BHJ.
Although the PCE is significantly lower than the chloroform-cast devices, a relatively thick active layer
(approximately 1 um) was used and further optimization was not performed. Importantly, this
demonstration clearly shows that large solid particles of small-molecule BHJs can be melt-processed
into a homogenous and functional active layer through compatibilization with our MCP approach. The

further optimization of the processing method and the use of higher-performance molecular
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donor:acceptor combinations?! with their tailored molecular compatibilizers will likely result in melt-

processed molecular photovoltaics with high efficiency and excellent thermal stability.

4.5 Conclusion

In conclusion, we have shown that a molecular compatablizer, which consists of donor and acceptor
species covalently-linked with a non-conjugated linker, affords morphology control in melt-annealed
BHJs. By employing highly crystalline molecular donor and acceptor species we demonstrated the
ability to process a BHJ from a homogeneous single phase melt into a photoactive OPV device with
tunable domain sizes in the BHJ by modulating? the loading of the MCP. Tuning the trade-off between
donor:acceptor interfacial area and ordered pure domains using the MCP, as supported by AFM, KPFM,
XRD and PL measurements, revealed the optimum device performance with a PCE of approximately
1% at 50 wt% loading of MCP in a 1:1 donor:acceptor BHJ. Furthermore, we demonstrated a functional
OPV from the processing of micron-sized solid dispersions of BHJ with 50 wt% MCP into a
homogeneous thin films via a melt-processing technique. These results show that molecular
compatibilization is the key for further developments toward true solvent-free melt-processed BHJ

OPV systems.
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Chapter 5

Heck-Mizoroki reaction of functionalized
macromonomers for the formation of fully-conjugated
block-copolymers for organic photovoltaics

Abstract

Fully-conjugated block-copolymers (BCPs) have attracted a lot of attention for their use as a single-component
bulk heterojunctions (BHJ) in organic photovoltaics (OPVs). However, state-of-the-art BCPs typically employ P3HT
as a donor block, due to its ease in forming well-defined narrow molecular weight with precise end capping
blocks through the use of catalyst transfer polymerization methods. This limits the efficiencies of BCPs in OPVs,
where high efficiency donor and acceptor polymers used in modern BHJ blends are based on complex monomeric
moieties that are prepared via step-growth polycondensation. In this study, we present a modular synthetic
strategy using a Heck-Mizoroki coupling reaction between two functionalized macromonomers based on high
performing copolymers, a donor coded PBDTT-DPP, and PDI-V as an acceptor polymer. These polymers were
selected due to complementary energy levels and absorption spectra, and particularly the vinylene comonomer
unit in PDI-V, which is a useful functional group for the Heck-Mizoroki reaction. Stille polycondensation with an
imbalanced feed ratio afforded control over the halogen and vinylene chain-end functionalities of the two
macromonomers, which allowed for the formation of a tri-BCP consisting of PDI-V-b-PBDTT-DPP-b-PDI-V via Heck
coupling. Furthermore, tri-BCP achieved a device efficiency of 1.51%, which was significantly higher than its
corresponding molar blend ratio where the efficiency was 0.04% after annealing at 150°C for 15 minutes.
Therefore, the results demonstrate a promising synthetic strategy via a Heck-Mizoroki coupling reaction between
functionalized macromonomers for obtaining functional photoactive BHJ based on fully-conjugated BCPs.
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5.1 Introduction

As discussed in the introduction chapter 1 (Section 1.4.2), fully-conjugated block copolymers (BCP)
consisting of donor-acceptor blocks have garnered significant interest, due to their potential to form
thermodynamically stable phase-segregated bulk heterojunction (BHJ) morphologies with ideal
microstructures for efficient OPVs.! This approach is slightly different from that of the previous
chapters, where the (kinetic) stability of a binary donor-acceptor BHJ was addressed. In the case of a
single-component BHJ using BCPs, the covalent linkage between the donor and acceptor blocks
prevents macroscopic separation, and domain sizes can be tuned (based on the chain length of the
blocks) to length scales preferential for exciton diffusion, while maintaining continuous pathways to
enable charge extraction for an efficient BHJ network. . However, the main challenge is in the synthetic
methodology (See Chapter 1 section 1.4.2) whereby the current state-of-the-art BCPs is dependent on
the use of relatively high bandgap P3HT as a donor block because its preparation using catalyst transfer
polymerization enables the formation of well-defined, narrow molecular weight, and precise end-
capping blocks.? However, this limits OPV performance since conventional high efficiency binary
donor-acceptor BHJ blends typically uses low-band gap copolymers that rely on step-growth
polycondensation that is unsuitable for the formation of BCPs,® where it inevitably leads to a mixture
of products composed homo polymers, diblock and multi-block copolymers. Although, there are recent
developments in catalytic design that have shown the induction of living chain-growth polymerization
for electron deficient units®® #, or transforming step-growth to chain growth reactions.® Despite the
promise of these synthetic methodologies, further understanding and demonstration in obtaining

well-defined BCPs for OPVs is still required, and will not be the focus of this study.

A simpler approach uses conventional step-growth polymerization between di-functionalized
macromonomers to give multi-block copolymers.® The clear advantage of this method is that each
block can be prepared separately and purified before the final polymerization, but preparing a pure

functionalized macromonomer is a major challenge. Recently, our group demonstrated that using
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preparatory size exclusion chromatography facilitated the preparation of pure macromonomers to
synthesize an alternating multi-BCP, via stille-coupling polymerization with a di-brominated PBTTT
block as a donor, and a di-stannylated DPP based polymer as the acceptor (See Scheme 6b in Chapter
1.4.2).” However, the purification of pure stannylated DPP macromonomer proved to be difficult due
to the stability of the stannylated end-capping group. Furthermore, OPV devices were not
demonstrated with the novel multi-BCP, likely due to the less than ideal energetics of the

donor:acceptor combination.

In this chapter, a synthetic strategy utilizing palladium-catalysed Heck-Mizoroki coupling reaction
between two macromonomers functionalized with bromine and vinylene end-capping groups will be
presented (See Scheme 1). Low-band-gap conjugated copolymers are selected: PBDTT-DPP? as the
donor block and PDI-V® as the acceptor block, since their energy levels and absorption spectra are
complementary as a donor-acceptor pair in a BHJ for an efficient OPV device. Moreover, both
copolymers are known to form highly ordered domains due their relatively planar conjugated
backbone,® and more importantly this could aid in driving phase segregation during self-assembly into
thin films, as it has been shown that incompatibly of the respective blocks in a BCP is crucial to form
separate ordered donor-acceptor assemblies for an efficient BHJ network.'! PDI-V was also specifically
chosen due to the vinylene co-monomer unit, which is an active stable functional group for the Heck-
Mizoroki coupling reaction that avoids the need to use the unstable stannylated end-capping of the
marcomonomer.’> To achieve control over the chain-end functionalities, standard Stille
polycondensation with an imbalanced monomer feed ratio were used to synthesize the respective
donor and acceptor macromonomers coded PBDTT-DPP-Br, and PDI-V-Vinylene. The final Heck-
coupling reaction resulted in a BCP consisting of an acceptor-b-donor-b-acceptor configuration, i.e,
PDI-V-b-PBDTT-DPP-b-PDI-V, coded tri-BCP. The photovoltaic performance of this BHJ system was

subsequently characterised and compared with its donor-acceptor blend at a 1:2 molar ratio.
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Synthesis of Macromonomers
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Scheme 1. Synthetic route for the preparation of tri-block-copolymer, PDI-V-b-PBDTT-DPP-b-PDI-V via Heck-
Mizoroki coupling with dibromo end-capped copolymer, PBDTTT-DPP -Br,, and mono-vinylene end-capped
copolymer, PDI-V-Vinylene; Reaction conditions: (i) Pd(PPh)s, Toluene:DMF, 110°C; (ii) Pd,(dba)s;, P-(o-
tol)s, Toluene, 95°C; (iii) Pd(OAc),, P-(o-tol)s, TEA:DMF:Toluene, 95°C.

5.2 Synthesis of Marcomonomers

A detailed description and characterization of the monomers (M1-M4) used for the preparation of the
macromonomers, and the synthesis of PDBTT-DPP -Br,, PDI-V -Vinylene and tri-BCP are in appendix 5
under experimental procedures. The molecular weight and molar mass distribution (dispersity index -
) of all polymers were estimated by analytical gel permeation chromatography (GPC) using

polystyrene standards, and end group-composition was measured by matrix-assisted laser
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desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) in the reflection mode, using

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenyllidene]lmalononitrile as a matrix. *H NMR analysis

of the macromonomer and the tri-BCP is used as supporting evidence of the formation of the

respective polymers, and is described in appendix 5. An overall summary of the characterization of the

macromonomers and final tri-BCP are reflected in Table 1 below.

Table 1. Overall summary of the characterization of the macromonomers and the tri-BCP

. Repeating b
Macromonomer Feed ratio b . b
M goc (kg/mol) unit

M1:M2

PDBTT-DPP -Br; 9:8 4.79 n=3 1.29
) M3:M4

PDI-V -Vinylene 8:0 3.78 m=5+1 1.21

tri-BCP 1:2.3 16.9 n=3, m+1=6 1.57

AM, Calculated based on the integration of the proton labelled in the respective schematics of PBDTT-DPP-Br, — Ha:Hyp
and PdDI-V-Vinylene — Hc:Hg.
B Estimated from the GPC traces based on polystyrene standards.
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Figure 2. Characterization of donor macromonomer PBDTT-DPP -Br,: a) GPC traces of the crude sample (dotted
line) and after purification via prep-SEC (Solid line);

b) MALDI TOF MS spectra of
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purification by prep-SEC; Characterization of acceptor macromonomer PDI-V-Vinylene: c) GPC traces at the
different feed ratio, 1:2 (brown line) and 1:1.1 (red line); d) MALDI TOF MS spectra of PDI-V-Vinylene.

To prepare the donor block, PBDTT-DPP-Br;, a slight excess of the brominated monomer, M1, was used
at a stoichiometric feed ratio of 9:8 - M1:M2. This afforded a crude sample with a molecular weight of
M, = 3.94 kg mol?, and a dispersity of =1.51 as estimated from the GPC traces shown in figure 1a
(dotted blue line). Further purification using preparatory size exclusion chromatography (prep-SEC),
narrowed the poly dispersity to £=1.23, and a M, = 4.2 kg mol™ with a degree of polymerization of n=3
(See table 1). MALDI-TOF MS analysis of purified PBDTT-DPP- Br, determined the functionalization of
dibromo end-caps in the polymer, but also revealed that the purified sample contained polymer chains
with n between 1 and 5 (See Figure 1b). On a side note, the number of repeat units in PBDTTT-DPP -
Bris relatively low compared to using a balanced feed ratio of 1:1 —M1:M2 where a significantly larger
M, of 48.9 kg mol™* and a =2.05 was obtained (See appendix 5 Figure S1a).'® This suggest that a larger
molecular weight is attainable provided a further optimization of the feed ratio is performed. In
addition, *H NMR analysis of PBDTT-DPP-Br; revealed a satellite peak representing the proton adjacent

to the bromine end cap on the terminal thiophene unit of the polymer (See appendix 5 figure S1b).

Before the synthesis of the acceptor block, PDI-V-Vinylene, repetitive recrystallization of M3 was
performed to increase the proportion of the 1,7-regio-isomer (See appendix 5 Figure S2 for the
chemical structure of the 1,7 and 1,6 regio-isomer of the bromine groups on M3, and the H NMR
analysis of the regio-isomeric purity of M3). Regio-isomeric purity of M3 is crucial as the 1,6 isomer
introduces structural defects along the polymer backbone of PDI-V-vinylene, which is known to affect
- 1t stacking and charge transport,** and possibly disrupts effective Heck-Mizoroki coupling with the
donor block. For the preparation of the acceptor block, a slight excess of M4 at a feed ratio of 8:9 -
M3:M4 was used, to induce vinylene end-caps in the resulting acceptor block. GPC traces shown in
Figure 1c estimated M, = 3.78 kg mol* with a relatively narrow £=1.21. However, MALDI-TOF MS
revealed a vinylene end group only on one side of the polymer chain (See Figure 1d for MS spectra

and Schemel of the chemical structure of PDI-V-Vinylene). Increasing the feed of M4 to 1:2 - M3:M4,
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did not afford di-vinylene end caps as indicated from its MS spectra (Appendix 5 Figure S3a), but it
severely affected the degree of polymerization, where M, = 1.82 kg/mol™ as estimated by its GPC trace
(See Figure 1c). It is important to note that the stannylated vinylene end caps in the acceptor block
should be expected based on our pervious report of di-functionalized macromonomers,” but
predictably it did not remain stable during the work-up and purification using the prep-SEC.
Interestingly, a bromine end cap on the terminal PDI monomer unit was not observed, which is likely
due to Pd insertion into the PDI-Br moiety during oxidative addition that leads to dehalogenation
during quenching of the reaction with HCI.*> *H NMR analysis of PDI-V-vinylene revealed the a broad
satellite peak adjacent to the main peak related to the vinylene co-monomer along the polymer
backbone, which likely relates to the end capping vinylene group, but accurate deconvolution for the
integration of peaks were difficult (See appendix 5 Figure S3c). Nonetheless, MALDI-TOF MS analysis

has provide sufficient determination for the presence of the vinylene end capping group.

Based on the end capping group functionality obtained on the individual macromonomers, Heck-
Mizoroki coupling obtained a tri-BCP of PDI-V-b-PBDTT-DPP-b-PDI-V, using a 1:2.3 feed ratio of PDBTT-
DPP-Br,:PDI-V-Vinylene. The stoichiometric ratio of the marcomonomers were calculated based on
the molecular weight estimated from the GPC traces (See Table 1.), and a slight excess of PDI-V-

Vinylene was used to ensure complete reaction at both terminal bromine ends in PDBTTT-DPP-Br,.

As shown from the GPC traces, a significant increase in molecular weight was observed in the crude
sample from the two starting compounds (See Figure 2a.). Subsequent purification by prep-SEC yielded
an estimated M, = 16.9 kg mol™* and a £=1.51, which is slightly larger from the expected M, = 13.82
kg/mol* for a tri-BCP with repeating units of n=3 and m+1=6 (See Table 1). This may be attributed to
the presence of individual donor-acceptor blocks with varying molecular weights as indicated from the
MALDI-TOF MS analysis (See Figure 1b and d), where the presence of multiple repeating units of both
marcomonomers were observed. Regardless, it does indicate that a higher molecular weight polymer
is obtained after the reaction. In addition, the GPC trace of tri-BCP has a slight overlap of about 10%
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with the GPC traces of the two starting macromonomers, which could be present in the purified sample

(See Figure 2a).

Further characterization via *H NMR revealed the presence of proton environments attributed to the
aromatic region of the donor, PDBTT-DPP-b and acceptor, PDI-V-b blocks (See Figure 2b for the zoomed
IH NMR spectrum and see Figure 2c for the assighment of the protons on the chemical structure of tri-
BCP). Similarly, three main sets of peaks related to the distinctive a-CH (H, @ 5.24 ppm) on PDI-V-b,
and a-CH; protons (Hi @ 4.027ppm and Hj @ 2.98 ppm) of the aliphatic chains from the respective
blocks were observed Integration of the aliphatic peaks (Hn, Hiand H; does correspond to the formation
of a tri-BCP (See appendix 5 Figure S4 for a comparison between the *H NMR spectrum of the
macromonomers and tri-BCP), but taking into consideration that there is a slight overlap in the GPC
trace of the tri-BCP with the starting marcomonomers, further experimental evidence is required
ensure the formation of a tri-BCP (this will be discussed in the section 5.4)
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Figure 3. Characterization of Tri-block-copolymer, PDI-V-b-PBDTT-DPP-b-PDI-V (Tri-BCP): a) GPC traces consisting
of Tri-BCP (green solid line), crude sample (green dotted line), donor copolymer block, PDBTT-DPP-Br;, (blue
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solid) and acceptor copolymer block, PDI-V-Vinylene (red solid);b) *H NMR spectrum of tri-BCP to indicate the
proton assignments on tri-BCP of the aromatic region and the respective protons on the aliphatic chains of the
donor and acceptor blocks where * indicates deuterated-chloroform solvent peak (See Appendix 5 Figure S4 for
the full *H NMR Spectra), and c) The chemical structure of tri-BCP.

Thin film optical absorption spectrum of tri-BCP consisted of two characteristic absorption peaks at
Amax @t 748nm and 638nm that can be related to the contribution of the donor PBDTT-DPP-b,% and
acceptor PDI-V-b° blocks respectively (See Figure 3a and appendix 5 Figure S5 for optical absorption
spectra in solution). Furthermore, a lower peak intensity at 748nm is expected as it implies a lower
molecular weight fraction of the PBDTTT-DPP block in the tri-BCP, which is similar to the absorption
spectra of the molar blend of 1:2 - PDBTT-DPP-Br,:PDI-V-Vinylene. Photoluminescence (PL) emission
spectra of tri-BCP thin film indicate a significant quenching of its emission peak at 709nm by 95%
relative to the emission of acceptor block, PDI-V-Vinylene, upon excitation at 633nm (See Figure 4b).
This is similarly observed in the blend film but with a 90% PL quenching of the emission peak at
709nm.is the quenching of the PL emission is indicative of a higher probability of excitons generated
(mainly in the acceptor) to undergo charge separation, likely to due to proximity of the covalently
linked adjacent donor PDBTT-DPP block in the BHJ thin film morphology. On a side note, no significant
emission from the donor block was observed probably due to a lower absorption intensity at excitation

wavelength of 633nm.
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Figure 4. Thin film characterization of tri-BCP (Green line), Blend of the donor and acceptor blocks (Green dotted
line), PBDTTT-DPP-Br, (Blue line) and PDI-V-Vinylene (Red line): a) Optical absorption spectra and b)
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Photoluminescence emission spectra after excitation at 633nm (See Appendix experimental procedures for thin
film preparation method).

5.3 Photovoltaic Performance

To investigate the photovoltaic performance of the tri-BCP and its corresponding donor-acceptor
molar blend of at a ratio of 1:2 - PBDTT-DPP:PDI-V, spin-coated BHJs devices with an inverted
architecture of glass/ITO/ZnO/Active-Layer/MOs/Ag were fabricated and tested under standard 1 sun
illumination under Argon (Detailed device fabrication method is described in the appendix
experimental procedures section). Current-density-voltage (J-V) curves of annealed devices (150°C for
15 minutes) are shown in Figure 5a, while the overall summary of the photovoltaics parameters are
presented in Table 2. The performance of as-cast devices were relatively similar with a PCE of 0.01%
for tri-BCP and 0.04% for the blend (See Appendix 5 Figure S6 for the respective J-V curves). However,
upon thermal annealing, the performance between the two BHJ systems were significantly different
with improvements in the overall photovoltaic parameters were observed for tri-BCP, achieving a
reasonable PCE of 1.51%, while the blend observed a decrease in PCE to 0.02%. Although, it is
important to note that the molar blend ratio of 1:2 - PBDTT-DPP:PDI-V may not be the optimized ratio

of an efficient OPV BHJ.

Table 2. Overall summary of photovoltaic parameter of tri-BCP and its blend at 1:2 molar ratio

Annealing .
. Jsc Voc Fill Factor PCE
BHJ Conditions 5
C) (mA/cm™?) (V) (%) (%)
As cast 0.13 0.34 35 0.01
tri-BCP
150°C 6.17 0.72 40 1.51
Molar Blend® As cast 0.20 0.58 33 0.04
PDBTT-DPP-b:
PDI-V-b 150°C 0.16 0.36 36 0.02
1:2

@ Molar blend ratio is calculated based on the estimated ratio of the PBDTT-DPP-b and PDI-V-b blocks present in
the tri-BCP estimated using GPC analysis.
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Figure 5. a) Current density vs Voltage curves of the devices containing tri-BCP and the its respective blend after
thermal annealing at 150°C for 15 minutes under argon atmosphere; Optical micrographs of thin films after
annealing at 150°C for 15 minutes under Argon: b) Molar Blend (1:2) and c) tri-BCP.

Optical microscope images of the BHJ thin films revealed the formation of large aggregates in the blend
film after annealing, while the film containing tri-BCP did not show any obvious aggregate formation
(See Figure 4b-c). This suggests an incompatibility of the low molecular weight donor and acceptor
copolymer blend, which self-assembles into large domains sizes that prevents the formation of a
preferred phase segregation of an efficient BHJ after thermal annealing. However, when the respective
blocks are covalently linked into a fully-conjugated BCP, the thermodynamics of the phase separation
may have been altered, resulting in a BHJ that consists of donor-acceptor domain sizes limited to the
size of the individual blocks in the tri-BCP. Hence, the higher performance observed for the tri-BCP
could be attributed to the formation of a preferred nano-phase separated BHJ, as compared to the

large macroscopic phase segregation that occurs in the molar blend of the donor and acceptor

components.

5.4 Future Work and further improvements

Admittedly, a thorough morphological characterization such as resonant soft X-ray scattering ( as
shown in the P3HT-b-PFTBT BCP by Gomez and co-workers in chapter 1 section1.4.2 figure 6a )or
atomic force and kelvin probe microscopy of both BHJ system could provide a reasonable visualization
of the BHJ phase segregation that is obtained between the molar blend and tri-BCP.Nonetheless, a

reasonable PCE was obtained with tri-BCP, despite containing a polydispersity of donor-acceptor
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blocks with varying lengths due to the impurities of starting macromonomers with different repeating
units during the Heck-Mizoroki coupling reaction.This suggests that further purification of the starting
macromonomers and the resulting tri-BCP could improve the performance further by attaining a more
homogenous donor-acceptor domains sizes in the BHJ network, which could enhance exciton
separation and percolation pathways. Another possible reason for the modest performance, is that
the OPV performance of the corresponding donor or acceptor macromonomer, PBDTT-DPP:PC;;BM®
and PTB7-Th:PDI-V® show PCEs over 7%, where the molecular weights are significantly larger than the
size of the blocks used in tri-BCP (PBDTT-DPP - 48.3 kg/mol™! and PDI-V - 14 kg/mol?). Therefore,
optimization of the feed ratio would be required to obtain higher molecular weights while still attaining
precise end-capping functionalities for a Heck-Mizoroki coupling reaction. Achieving this would allow
tuning of domain sizes and identify an optimum nano-phase segregation of the BHJ for efficient device

performance.

Furthermore, supporting synthetic experiments should be performed to support the formation of tri-
BCP, despite the GPC trace indicating the formation of a higher molecular weight polymer, since we
cannot rule out the possibility of homo-coupling occurring between the respective marcomonomers
under the Heck-Mizoroki coupling catalytic conditions.*® Therefore, control reactions to justify the lack
of homo-coupling between the respective macromonomers, PBDTT-DPP-Br, and PDI-V-Vinylene

should be performed in the future.

5.4 Conclusion

This brief demonstration shows that a fully-conjugated BCP is attainable by using Heck-Mizoroki
coupling between two functionalized macromonomers. Precise end-capping functionalities
determined by MALDI-TOF MS revealed that di-bromo and mono-vinylene groups were obtained in
the PBDTT-DPP-Br, donor and PDI-V-vinlyene acceptor macromonomers respectively. This resulted in
a tri-BCP formation of PDI-V-b-PBDTT-DPP-b-PDI-V PDBTT-DPP as shown in the *HNMR and GPC

analysis. However, a relatively large poly dispersity of £=1.51 was observed from its GPC trace, that is
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attributed to the presence of tri-BCP with varying repeating units of the individual donor and acceptor
blocks. This is likely due to the starting macromonomer containing polymers with multiple repeating
units as shown in the MALDI-TOF MS analysis, despite it having a narrow poly dispersity (£<1.3).
Despite, the non-homogeneity of the tri-BCP, its photovoltaic performance showed a promising PCE of
1.51%, which was significantly larger than its corresponding molar blend of donor and acceptor
macromonomers at a ratio of 1:2 that obtained a PCE of 0.02% after thermal annealing at 150°C for 15
minutes. Morphological characterization using optical microscopy of the annealed thin films revealed
the formation of large aggregates in the molar blend, while tri-BCP did not have an obvious aggregate
formation. Hence, this suggests that in a blend the separate individual blocks are non-compatible,
which results in large macroscopic phase segregation after thermal annealing. Conversely, the covalent
linkage between the donor-acceptor block in tri-BCP limits the phase segregation of the BHJ to the
chain length of the individual blocks, thus maintaining a preferred nano-phase segregated BHJ network
with efficient photovoltaic properties. Notably, further morphological characterization is needed to
compare the formation of the respective BHJ morphology. Nonetheless, other possible improvements
can still be made to improve device efficiencies: 1) Further purification of the starting macromonomer
is needed to ensure a well-defined starting block before the final Heck-Mizoroki coupling reaction, so
that the resulting BCP would contain well-defined donor-acceptor domain sizes that is preferred for
higher device performance; 2)The molecular weight obtained of the respective donor and acceptor
blocks were relatively low as compared to its parent polymer, and optimization of feed ratios of the
individual blocks is required to enhance molecular weight, while still maintaining precise end capping
groups for the Heck-Mizoroki coupling reaction. In summary, the main objective of this study is to
demonstrate the applicability of aHeck-Mizoroki - reaction between two functionalized

macromonomers as a promising synthetic methodology to obtain fully-conjugated BCPs for OPVs.
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CHAPTER 6

Summary and Future Outlook
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Thus far, the thesis has generally covered a molecular engineering approach to address the self-
assembly of a donor-acceptor bulk heterojunction (BHJ) and the relation to its optoelectronic
properties. In the first section of this chapter, a summary of the main chapter will be given, before

concluding with a broader perspective on the outcome of this thesis.

6.1 Summary of main chapters

As discussed in the introduction (Chapter 1), the self-assembly of m-conjugated semiconductors has
significant effects on the resulting device performance of the organic electronic device. It was
highlighted that the key parameter that drives self-assembly is the supramolecular n-rt stacking
interactions between the conjugated backbone of the organic semiconductor (OSC). Various
molecular engineering approaches such as backbone modulation, which alters the chemical structure
of the m-conjugated system intrinsically affects self-assembly properties, but it fundamentally changes
the electronic properties of the m-conjugated system. Side-chain engineering on the other hand, has
shown promise in controlling self-assembly without affecting the electronic properties of the OSC, by
enhancing procesability, but the underlying attribute that drives self-assembly is still the
supramolecular m-mt stacking interactions. As such, due to the vast library of OSCs that have been

synthesized, a general versatile strategy is needed to control the morphology of the OSCs.

It was underlined that the molecular engineering strategy of introducing conjugation break spacers
(flexible linkers) between the m-conjugated segments in the OSC, showed great promise in controlling
supramolecular self-assembly without altering the semiconducting core of the OSC. This was
exemplified using prototypical semiconductors such as PBTTT and DPP(TBFu), by the work of Sivula
and co-workers( See chapter 1 section 1.3.1). Notably, the prominent work using a similar method by
Zhao et.al (See Chapter 1 section 1.3.2) and Schroeder et.al (See Chapter 1 section 1.3.2 and 1.3.3)
have reinforced the strategy by demonstrating the tuning of physical properties of the OSC for unique
processing techniques such as melt and solution shearing methods. However, these examples largely

addresses the control over self-assembly of a single m-conjugated component in the active layer, either
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as an additive to its parent (non-flexibly linked) semiconductor, or as a semiconductor itself. This leads
to the subsequent challenge that is addressed in the main chapters of this thesis, which is to use the
flexible linker approach to control the self-assembly of a multi-component active layer commonly

found in donor-acceptor BHJs used in organic photovoltaics.

As extensively described in the main chapters, the performance of OPV devices is extremely sensitive
to the BHJ morphology, where a precise nanometer donor-acceptor domain size is required to balance
both interfacial area (for exciton separation) and pure ordered domains (for percolation pathways of
separated charges) as illustrated in chapter 1 figure 4. While the optimum BHJ morphology can be
readily tuned using solvent processing techniques, the resulting morphology is still in a kinetically
trapped metastable state that is en-route towards a thermodynamic equilibrium of large phase

segregated domains, non-ideal for device performance.

In chapter 2, this was addressed by applying BHJ morphology stabilization strategies commonly used
in polymer:fullerene BHJs such as crosslinking of the BHJ network, and a compatibilization approach
for a prototypical small molecule BHJ OPV device, DPP(TBFu),:PCs;:BM. Only a handful of reports have
addressed the BHJ stability in small molecule BHJs, even though the greater crystallinity of molecular
semiconductors poses a reasonably greater challenge as compared to its polymer counterpart, where

it is more susceptible to phase segregation under thermal stress.

To demonstrate this, two novel molecular additives were synthesized and designed to afford
compatibilization, where the compatibilizer (CP) consists of the donor and acceptor components that
are flexibly linked with an aliphatic spacer, and to in-situ link (ISL) the components in the BHJ, the donor
molecule was functionalized with a terminal azide on its aliphatic chain (Ns-ISL). The results presented
provided a clear indication that both additives were able to slow down phase segregation of the BHJ
and preserve device performances under thermal stress. However, a difference was observed in the

optimum performance obtained between the two additives. The presence of non-specified linked
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species observed in the mass spectral analysis (chapter 2 section 2.3) caused by both thermal and UV
induced nitrene insertion reactions, led to an increase in BHJ charge trapping as detected in the
photoluminescence and impedance spectroscopy measurements (chapter 2 section 2.6). This resulted
in a generally lower device performance of the BHJs in the presence Ns-ISL, as compared to the CP
additive. Notably, 10wt% of CP slowed down the crystallization and phase segregation of the BHJ from
as cast, resulting in a gradual increase in performance which saturated at 2% PCE after 120 min with
no decrease after 300min (the length of the test). Furthermore, melt-annealed films with CP
demonstrated control over phase segregation suggesting a potential for melt processing of the BHJ.
Overall, the comparison between the approaches indicates that compatibilization is a preferred

strategy to stabilize the BHJ morphology.

Consequently, chapter 3 presented the versatility of the compatibilization approach on a challenging
highly crystalline small molecule BHJ using a diketopyrrolopyrrole donor molecule with a
perylenediimide acceptor. As expected the molecular compatibilizer (MCP) based on this system was
able to slow down the BHJ phase segregation under thermal stress ( at 110°C for 480 min), while
preserving device performance, which reinforced the usefulness of the compatibilization approach.
Taking leverage from this, chapter 5 demonstrated for the unique ability of the MCP to tune the phase-
domain size of the BHJ that is processed from a homogeneous single-phase melt. Atomic force and
kelvin probe microscopy, X-ray diffraction and photoluminescence measurements revealed control
over interfacial area and ordered pure domains in the BHJ by modulating the amount of MCP under
melt-processing conditions. This resulted in an optimum photoactive BHJ with an OPV efficiency of
approximately 1% at 50wt% MCP with a 1:1- donor:acceptor ratio of melt —annealed spin coated
films. Furthermore, it was also demonstrated that a homogenous photoactive BHJ thin film is
achievable from melt processing of micron-sized solid dispersions containing MCP. In conclusion, the
overall results presented in chapter 2 to 4 ultimately reflects a novel demonstration of a BHJ

compatibilization strategy that represents a powerful tool to precisely control phase segregation and
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self-assembly of donor and acceptor domains that is quenched from a single-phase homogenous melt,

which opens up vast new possibilities for solvent free “green” processing of OPVs.

In chapter 5, the approached used to address BHJ morphological stabilization is slightly different from
that of previous chapters, where the (kinetic) stability of a binary donor-acceptor BHJ was addressed.
Instead of using a secondary compatibilizing additive, a fully-conjugated block copolymer (BCP)
consisting of donor—acceptor blocks was used to demonstrate its applicability for a single-component
BHJ for OPVs. However, the main challenge is in the synthetic methodology (See Chapter 1 section
1.4.2) whereby the current state-of-the-art BCPs is dependent on the use of relatively high bandgap
P3HT as a donor block, due to the ease of catalyst transfer polymerization methods to prepare well-
defined, narrow molecular weight blocks. This limits OPV performance since conventional high
efficiency binary donor-acceptor BHJ blends typically uses low-band gap copolymers that rely on step-
growth polycondensation unsuitable for the formation of BCPs, where it inevitably leads to a mixture

of products composed homo polymers, diblock and multi-block copolymers.

To overcome this limitation, a modular synthetic strategy using Heck coupling between two
functionalized marcromonomers based on two high performing low-band gap copolymers, PDBTT-DPP
as a donor, and PDI-V as an acceptor was demonstrated. Stille polycondensation with an imbalanced
feed ratio afforded control over the halogen and vinylene chain-end functionalities of the two
macromonomers. This allowed for the formation of a tri-BCP consisting of PDI-V-b-PBDTT-DPP-b-PDI-
V via Heck coupling. Furthermore, tri-BCP achieved a device efficiency of 1.51%, which was significantly
higher than its corresponding molar blend ratio where the efficiency was 0.04% after annealing at
150°C for 15 minutes. This brief study shows promise that a photoactive fully-conjugated BCP is

attainable using a heck coupling reaction between functionalized macromonomers.
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6.2 Future Outlook

Based on the outcome of the research presented in this thesis, the flexible linker strategy
shows a promising approach to control morphology of OCSs. The introduction of the aliphatic
spacers between conjugated segments have shown that it does not negatively affect charge
transport, but induces unique self-assembly motif of the OSC. Particularly, the example by Mei
and co-workers (See Chapter 1 Section 1.3.2) on the melt processing of the DPP base polymer
for field-effect transistors, and the processing of a multi-component BHJ from a homogenous
single-phase melt using a novel molecular compatibilizer approach for a photoactive OPV
device described in chapter 4. Melt-processing has a significant clear advantage over the
standard solvent deposition techniques, which typically utilizes toxic chlorinate solvents for
the formation of thin films of OSCs. Alleviating the need for solvents would encourage a
“greener” and sustainable processing method particularly for large scale fabrication of organic
electronic devices. Moreover, there is already an extensive library of studies on understanding
the self-assembly of OSCs from solvent quenching, whereas only a limited number of studies
have described the film formation of OSCs from a melted state. Therefore, we hope that by
presenting examples of melt processing methods of OSCs, it would encourage further
development towards solvent free processing of these materials, which could benefit its
commercialization In addition, the work by Bao and co-workers on using functionalized
flexible linkers for self-healing OSC polymers?, demonstrates a further unique self-assembly
function of this approach considering the potential application in bioelectronics (i.e electronic
skin).? Nonetheless, the continued inter-disciplinary effort from chemists, physiscts, biologists and
material scientists would lead to further development of new materials, devices and applciations.

Therefore, organic electronics would remain an excting area of research with plenty of fundametnal

challenges to address and a wealth of opportunites to discover novel phenomenas and fucntionalites.
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Figure S1. UV-Vis absorption.

UV-Vis absorption of respective neat components dissolved in Chloroform at 0.2 mg/mL (Left) and
after casting into thin films (Right).
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Figure S2. DSC thermograms.
DSC thermograms of DPP(TBFu), (2nd Cycle), PCs:.BM (2nd Cycle), CP (1st &2nd Cycle), and Ns- ISL (1st
&2nd Cycle).
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Figure S3. FTIR Spectrum and Size-exclusion chromatography (SEC) traces of thin films.

a) FTIR Spectrum of N3-ISL at various UV-Exposure Time. The presence of azides on N3-ISL are easily
observable from its characteristic peak at 2090 cm™. As a reference, no azide peak was visible on
DPP(TBFu),. The results clearly shows that as the UV-exposure time is increased, the intensity of the
azide peak gradually decreases, indicating the conversion of the azide into the reactive nitrene for the
photo-crosslinking reaction. Size-exclusion chromatography (SEC) traces of thin films; b) Reference
neat components without UV or thermal stimuli; c) Blends of DPP(TBFu),:PCBM (6:4) with Owt%,
10wt% and 50wt% of Ns-ISL with the corresponding UV(254nm for 10mins) or thermal (110°C for
60mins) stimuli. Broad peaks were observed between 9.5 min to 10.5 min elution times after UV and
thermal treatment of samples with Ns-ISL indicating evidence of higher molecular weight
species(arrows indicate estimated average molecular weights of the respective peaks which is within
the range of the corresponding the azide linked species and PCBM dimer (A3) ( See Sl Fig S5.), whereas
no obvious shoulder peak was observed for the blend samples without N3-ISL. Qualitatively, it is clear
that at 50wt% of N3-ISL, a larger fraction of higher molecular weight peaks were observed as compared
to 10wt% of N3-ISL. Additionally, UV treatment resulted in a proportionally larger amount of higher
molecular weight species than the thermal treatment. Interestingly, the absorption of the PCBM peak
significantly decreased upon UV and Thermal stimuli, which may suggests that PCBM is more reactive
towards the external stimuli as compared to DPP(TBFu),. However, this may not be precisely
quantifiable as it is difficult to quantify the efficiency of the linking reaction according to the intensity
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of the absorption peaks from the GPC traces due to the differences in absorption coefficient the
respective components during the SEC measurements (See experimental procedures section for
details on sample preparation and measurement conditions).
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Figure S4. MALDI-TOF MS analysis.

(a) represents the control 6:4 blend of DPP(TBFu), donor and PCBM acceptor before (bottom) and after
(top) 10 min of UV treatment showing the showing the presence of the dimerized PCBM species (A3,
see Figure S5). Panel (b-c) is from the control blend before UV(b) and thermal (c) treatment with
50wt% of the Ns-ISL loading and after UV exposure (b) and thermal treatment at 110°C for 1 hour with
10wt% and 50wt% of Ns-ISL(Insets are zoomed-in to the m/z range to indicate the linked species (D1-
D4 and A1-A3) present in the blend. Asterisk (*) indicates the additional molecular weight of one matrix
molecule or Na*.Peaks are labelled according to the species outlined in Figure S5. It is evident that
PCBM dimer (A3) is only formed upon UV exposure but not thermal treatment, whereas the azide
linked species D1-D4 and A1-A2 are formed via both external stimuli. On a side note, Al is detected in
the blend before the respective UV or thermal treatment, likely due to the nitrene insertion reaction
occurring in the solution at 50°C in chloroform before film deposition.
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Figure S5. Predicted azide-linked species.
Predicted azide-linked species present in the BHJ under either UV or thermal activation. Each species
is labeled with a designator AO, Al....DO, D1 etc. which correspond to the peaks observed in Figure
S4.
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Table S1. Summary of the overall device data

Summary of the overall device data of the optimum(Opt), and after 50h of thermal stability test at
110°Cin Argon with and without the respective additives

Voc (V) Jic(mA cm?) FF (%) PCE (%)
Additive Gain Loss
(%) opt After Max. After opt After opt® I:CEb After :‘cgb
50h 50h 50h 50h
(%) (%)
0 0.91 0.78 7.99 5.09 42.0 42.3 3.01 - 1.58 -47.5
0(UV10) -0.33 -34.6
d 0.93 0.88 7.25 6.06 42.0 40.8 3.00 2.09
CP
1 0.89 0.80 8.54 7.18 44.5 42.5 3.50 +14 2.39 -30.8
5 0.86 0.85 8.53 7.29 44.3 43.5 3.34 +10.9 2.45 -18.2
10 0.84 0.86 4.23 7.46 36.7 45.3 2.00¢ -34 2.05 +0.02
Ns-ISL (UV10)*
1 0.91 0.86 7.02 6.18 47.0 43.8 2.85 -5.3 2.37 -16.8
5 0.76 0.80 3.24 3.54 36.0 37.5 1.06 -65.5 0.99 -6.36
10 0.65 0.66 1.56 1.62 32.2 31.7 0.415 -86.3 0.40 -0.05
Ns-ISI (UVO0)
1 0.91 0.85 7.10 5.39 46.7 42.3 2.93 -0.03 1.99 -32.1
5 0.90 0.86 6.10 5.43 39.7 43.3 2.2 -26.9 1.98 -20.0
10 0.91 0.86 4.65 3.84 38.7 37.5 1.61 -46.5 1.33 -19.3

2 Photovoltaics data were taken from an average of 6 batches of devices.

®The gain in PCE were calculated using the optimum PCE of the control device as reference.
¢ Loss in PCE was calculated from the optimum PCE of the individual device.

4Devices were exposed to 10 minutes of UV exposure (254nm) before aluminum deposition.
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Figure S6. J-V curves.
J-V curves of DPP(TBFu),:PCs;:BM 6:4 with varying amount of the N3ISL linker (0, 1 and 10 wt%)

under various UV exposure times (0, 10, and 30 min as the solid, dotted and dashed lines,
respectively). Devices were thermally treated for 10 min at 110°C.

TABLE S2. Calculated endothermic enthalpy

Calculated endothermic enthalpy of melting of 6:4 - DPP(TBFu),:PCs1BM blend with varying additive

loading
ADDITIVE LOADING % Enthalpy of melting (j/g)?
cp Ns-ISL
0 21.4 -
10 7.61 12.5
25 2.38 7.26
50 - 5.46

@ enthalpy of melting was calculated based on the specific mass of DPP(TBFu); in the blend of 6:4 -
DPP(TBFu)2:pceibm with varying loading of the additive from the DSC thermograms
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Figure S7. Optical micrographs
Optical microscopy of the BHJ films after heating to 240 °C (above the melting temperature) for 5
min. The amount of the respective additive is indicated for each panel.
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Figure S8. Photoluminescence emission spectra

Photoluminescence emission spectra of the 6:4 blends of DPP(TBFu),:PCs;:BM with the respective
additives at As cast (top three panels) and after thermal treatment of 110°C for 1 h (bottoms three
panels). The normalized integrated PL emission is summarized in Figure 4b of the main text.
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Figure S9. Equivalent circuit used for impedance Spectroscopy

Equivalent circuit used to fit the IS response in Figure 4c of the main text. The second RC element was
only used for devices containing the azide linker.

Thin film preparation for morphological and electrochemical characterization:

The photoactive layers of each respective material were prepared by first dissolving each stock solution
separately for 24hrs in the respective solvents at 50°C in chloroform at a concentration of 20mg/ml.
The blended solutions were then stirred for 2hrs, and then filtered with a 0.2um pore diameter PTFE
filter, and left to stir for another hour before deposition on glass/ITO/PEDOT:PSS substrates via spin
coating at 3000rpm. Thermal annealing were performed under Argon atmosphere at 110°C at various
time intervals, and were allowed to cool down to room temperature under argon atmosphere before
conducting any morphological and electrochemical analysis. The film thickness were kept between
140nm-152nm as determined by a Dektak 150 prolifometer.

Atomic force microscopy characterization:

Surface topography of all blend films were studied by atomic force microscopy (AFM) using an Asylum
Research Cypher in AC mode using Atomic Force AC240TS tips directly on measured transistors surface
under ambient conditions.

Optical Microscope:
Optical microscope images were obtained with a NIKON Eclipse E600.

UV-Vis and PL Characterization:

Absorption spectra of the thin films were acquired with a UV-vis-NIR UV-3600 (Shimadzu)
spectrophotometer, and the optical band gap (E,°*") was determined from the absorption edge of the
thin film sample. Photoluminescence Spectra was carried out on a LabRAM HR Raman spectrometer
at a laser excitation at 532 nm. An average of 15 measurements were conducted across the thin film
to ensure accuracy of the data.

Thermal Characterisation:

Differential scanning calorimeter (DSC) thermograms were measured with a PerkinElmer DSC8000
calibrated with indium and zinc, using a scanning rate of 10 °C/min. The respective Melting (Tm), and
Crystallization (T.) temperatures were characterized by their peak temperatures, and their
endothermic and exothermic enthalpies were calculated from the surface area underneath both
melting endotherms and crystallizing exotherms using the specific mass ratio in the stated blend
composition of the primary components and the two additives. Samples were drop-casted evenly onto
a SiO; substrate with a slow evaporation of the solvent (Chloroform) at 30 °C under argon atmosphere
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before transferring the powder into an aluminium pan. Samples with Ns-ISL were UV cured for 10
minutes after drying on the SiO; substrate.

Solar-Cell Fabrication and Testing:

Solar cells were fabricated with a 35 nm layer of PEDOT:PSS (Ossilla M 121 Al 4083) deposited and
annealed (110 °C) on a glass substrate patterned with 300 nm of ITO. The BHJ active layer was spin-
cast at 3000 rpm from a solution of a blend of DPP(TBFu),:PCs:BM with the respective loading of the
additive CP and Ns-ISL in chloroform at a total solid concentration of 20g/mL™%. The active layers were
determined to be =143nm thick using a Bruker Dektak XT profilometer. An 80 nm thick aluminium
cathode was deposited (area 16 mm? ) by thermal evaporation (Kurt J. Lesker Mini-SPECTROS).
Electronic characterization was performed under simulated AM1.5G irradiation from a 300 W Xe arc
lamp set to 100 mW cm 2 with a calibrated Si photodiode (ThorLabs). Current— voltage curves were
obtained with a Keithley 2400 source measure unit. Thermal stability measurements were performed
with the device annealed under Argon atmosphere at 110°C at various time intervals, and were
allowed to cool down to room temperature under argon atmosphere before measuring its
photovoltaic performance. Impedance spectroscopy was carried out using a SP-200 potentiostat at
frequencies ranging from 1 MHz up to 1 Hz. Each semicircle in the impedance response were fitted
with a resistance in parallel to constant phase element (model shown in Figure S9). Device fabrication
was performed under an argon atmosphere and testing was performed in a nitrogen filled glovebox.

Photocrosslinking (UV) reaction:
Photo-crosslinking reaction were performed using a low intensity hand-held (8W) UV lamp, set to emit
254nm light, with the bulb positioned approximately 1cm from the substrates at the specified time
intervals under argon conditions.

FTIR:

The FTIR measurements were conducted on Nicolet 6700 from ThermoFisher Scientific. Ns-ISL was
dissolved in chloroform at a concentration of 20mg/ml and left to stir at 50°C for 1h. Before drop
casting 10uL on SiO; substrates under Argon atmosphere, and left to dry at room temperature before
conducting the measurements at ambient conditions.

GPC and Mass Spectrum analysis:

The GPC measurements were made on a Shimazu CT-20A with a detector Shimazu SPD- 20A. Matrix-
Assisted-Laser-Desorption/lonization Time of Flight (MALDI-TOF) MS spectrum was recorded on a
Bruker MALDI-TOF AutoFlex speed instrument using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene] malononitrile and 2,5-Dihydroxybenzoic acid as matrix using Tetrahydrofuran as a
solvent. The samples were spin-coated onto SiO; substrates according to the solar cells thin film
fabrication without deposition of PEDOT:PSS and the respective electrodes. The active layer were then
treated with UV(254nm) or thermal annealing at 110°C at the respective time intervals under Argon
atmosphere, and subsequently dissolved in 1ml of THF to perform the respective GPC and MALDI-MS
measurements.
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Synthetic Methods for CP and Ns-ISL:

All reagents were of commercial reagent grade (Sigma-Aldrich, Acros and 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 silica 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 IlI-400 spectrometer (Bruker,
Rheinstetten, Germany). Chemical shifts are given in parts per million (ppm) referenced to residual 1H
or 13C signals in CDCl, (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. 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 was recorded
on a Bruker MALDI-TOF AutoFlex speed instrument using alpha-cyano-4-hydroxycinnamic acid, and
2,5-Dihydroxybenzoic acid as matrix. Final products synthesized used in the active layers were purified
using a Biotage Isolera™ Spektra Accelerated Chromatographic Isolation System™ with a Biotage ZIP®
Sphere cartridges (60um spherical silica) before device fabrication.

Synthetic Route for CP and N3-ISL
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Figure S10. Overall synthetic route for CP and Ns-ISL
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Synthetic Procedures

DPP(TBFu); 5! and [6,6]-phenyl-C61-butyric acid (PCBA) 2 was synthesized according to literature
procedure, while PCe:BM was purchased from Ossila. Synthesis of 2,5-Dihydro-3,6-di-2-thienyl-
pyrrolo[3,4-c]pyrrole-1,4-dione (DPP(Th),) ** and subsequent mono-alkylation ** of the DPP(Th), with
3-(bromomethyl)heptane to obtain MEHDPP(Th), (1) and 1-azido-6-bromohexane (3)*° are based on
literature procedures. 6-(Boc-amino)hexyl bromide (2) and 2-Benzofuranylboronic acid (6) was
purchased from Sigma Aldrich.

NBocEHDPP(Th), (4a) and Ns;EHDPP(Th), (4b)

MEHDPP(Th), (1) ( 0.492g, 1.19 mmol) and anhydrous potassium carbonate (0.329 g, 2.39 mmol) were
stirred in anhydrous (DMF) (50 mL) under nitrogen at 130 °C for 1 h. 6-(Boc-amino)hexyl bromide (2)
(0.401g, 1.43 mmol) was then added dropwise and the reaction mixture stirred at 130 °C for a further
20 h. The reaction mixture was allowed to cool to room temperature, 1N HCl(aq)was added and left to
stir for 1hr before pouring into ice water (1 L) . The suspension was then left to stir for 3 hours, and
the precipitate was filtered and, dried under vacuum to give the crude product, and later separated
via chromatography using an elution solvent of CHCl,:Hexane (2:1) to obtain NBocEHDPP (4a) (0.729
g, 96%) as a dark red solid;

H NMR (400 MHz, Chloroform-d) & 8.92 (dd, J = 28.2, 3.9 Hz, 1H), 7.65 (t, J = 4.2 Hz, 1H), 7.36 — 7.21
(m, 1H), 4.57 (d, J = 7.6 Hz, 1H), 4.19 — 3.93 (m, 2H), 3.12 (q, J = 6.7 Hz, 1H), 1.97 — 1.69 (m, 2H), 1.59 —
1.13 (m, 10H), 0.88 (g, J = 7.1 Hz, 4H); & ¢ (101 MHz, CDCls) 10.50, 14.05, 23.08, 23.51, 26.37, 26.50,
28.34, 28.45, 29.87, 30.21, 39.08, 40.46, 42.02, 45.85, 107.60, 107.98, 128.40, 128.68, 129.70, 129.83,
130.63, 130.69, 135.21, 135.41, 139.97, 140.45, 161.35, 161.75. MS (APPI): m/z [M+K]*= 650.32493.

For NsEHDPP(Th) (4b), procedure is similar to 4a but using 1-azido-6-bromohexane (1.2eq) to obtain
a yield of 88%. 'H NMR (400 MHz, Chloroform-d) & 8.93 (dd, J = 29.6, 3.8 Hz, 2H), 7.66 (d, J = 5.0 Hz,
2H), 7.37 — 7.24 (m, 2H), 4.11 (t, J = 7.8 Hz, 2H), 4.05 (dd, J = 7.6, 5.8 Hz, 2H), 3.29 (t, J = 6.8 Hz, 2H),
1.95-1.84 (m, 1H), 1.80 (t, J = 7.6 Hz, 2H), 1.71 — 1.58 (m, 4H), 1.47 (dq, J = 6.8, 3.7 Hz, 4H), 1.43 —
1.19 (m, 6H), 0.89 (q, J = 7.2 Hz, 6H); MS (ESI-TOF): m/z [M]*= 538.23.

NBocEHDPP(ThBr), (5a) and NsEHDPP(ThBr), (5b)

N-bromosuccinimide (NBS) (0.230g, 1.29mmol) was added to a solution of NBocEHDPP(Th),(4a)
0.396g, 0.647mmol) in chloroform at 0°C in which the flask was wrapped in aluminium foil to exclude
light. After 24 hrs, the reaction mixture was poured into Hexane and left to stir in an ice bath. The
mixture 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 NBocEHDPP(ThBr), (5a) as a dark
purple solid (0.320g, 64%).

1H NMR (400 MHz, Methylene Chloride-d,) & 8.68 (dd, J = 23.0, 4.2 Hz, 2H), 7.31 (dd, J = 7.3, 4.2 Hz,2),
4.62 (s, 1H), 4.02 (t, J = 7.8 Hz, 2H), 3.96 (t, J = 7.7 Hz, 2H), 3.11 (q, J = 6.6 Hz, 2H), 1.85 (d, J = 7.2 Hz,
1H), 1.74 (d, J = 7.5 Hz, 2H), 1.62 — 1.22 (m, 16H), 0.91 (td, J = 7.2, 2.3 Hz, 18H); & ¢ (101 MHz, CDCl5)
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161.42, 139.43, 135.49, 135.33, 131.73, 131.47, 119.15, 119.11, 108.07, 107.73, 46.01, 42.09, 40.46,
39.12, 38.16, 31.25, 30.33, 30.17, 29.98, 29.95, 29.71, 28.44, 28.31, 26.51, 26.38, 23.53, 23.05, 22.99,
22.71,14.14, 14.04, 10.48. MS (APPI): m/z [M+Na]*= 792.094. For NsEHDPP(ThBr); (5b),the procedure
is similar to 5a to obtain a yield of 75%. 'H NMR (400 MHz, Chloroform-d) & 8.72 (d, J = 4.2 Hz, 1H),
8.66 (d, J = 4.2 Hz, 1H), 7.36 — 7.20 (m, 2H), 4.02 (q, /= 6.7, 5.7 Hz, 2H), 3.99 - 3.91 (m, 2H), 3.30 (t, / =
6.8 Hz, 2H), 1.85 (d, J = 6.0 Hz, 1H), 1.78 (t, / = 7.6 Hz, 2H), 1.64 (q, / = 6.9 Hz, 2H), 1.58 (s, 8H), 1.53 —
1.43 (m, 4H), 1.43 - 1.20 (m, 9H), 0.99 — 0.83 (m, 6H); MS (ESI-TOF): m/z [M]*= 696.05.

NBocEHDPP(TBFu); (7a) and Ns-ISL (7b)

NBocEHDPP(ThBr); (5a) (0.114g, 0.148mmol), Benzofuran-2-boronic acid (6) (0.059g, 0.370mmol),
tris(dibenzylideneacetone)dipalladium(0)(0.1eq), and tri-tert-butylphosphonium tetrafluoroborate
(0.4eq) was mixed with anhydrous toluene and 2.0 M potassium phosphate (ag) in a 50mL Schleck
Tube and the resulting mixture was degassed for 10 min. The reaction mixture was then stirred and
heated to 90°C under argon overnight. The reaction mixture was allowed to cool down to room
temperature, after which it was poured into 300mL of methanol and then stirred for 30 min. The
precipitated solid was then collected by vacuum filtration and washed with several portions of distilled
water, methanol, isopropanol, and petroleum ether. The crude product was purified by flash
chromatography using chloroform as eluent, and the solvent was removed in vacuo to obtain a
Greenish-Gold solid of NBocEHDPP(TBFu), (7a) (0.101g, 80%).

'H NMR (400 MHz, Chloroform-d) § 9.04 (dd, J = 24.9, 4.2 Hz, OH), 7.64 (g, J = 5.5 Hz, 1H), 7.56 (t, J =
7.9Hz,1H),7.37 (t,/=7.7 Hz, 1H), 7.29 (d, J = 1.6 Hz, 3H), 7.12 (d, / = 12.1 Hz, OH), 4.57 (s, OH), 4.19 (t,
J=7.9Hz, 1H), 4.13 (t, J = 6.9 Hz, OH), 3.16 (s, 1H), 1.98 (s, OH), 1.86 (s, 1H), 1.51 (d, J = 48.2 Hz, 10H),
0.94 (dt, J = 13.2, 7.0 Hz, 2H). 6 ¢ (101 MHz, CD,CI2) 0.75, 10.28, 13.85, 23.10, 23.58, 26.37, 26.48,
28.12, 28.51, 29.68, 29.96, 30.28, 39.31, 103.59, 103.72, 111.13, 111.15, 121.25, 123.55, 125.38,
125.58, 128.90, 129.77, 136.24, 137.83, 150.08, 154.99, 161.08, 161.47. MS (MALDI-TOF): m/z [M]*=
843.33. For Ns-ISL (7b) or Ns-CL, the procedure similar to 7a to obtain a yield of 76%. *H NMR (400
MHz, Chloroform-d) & 9.08 (d, J = 4.2 Hz, 1H), 9.01 (d, J = 4.3 Hz, 1H), 7.68 — 7.59 (m, 4H), 7.56 (dd, J =
8.2, 5.3 Hz, 2H), 7.37 (t, J = 7.8 Hz, 2H), 7.29 (m, 2H), 7.12 (s, 1H), 7.10 (s, 1H), 4.19 (q, J = 7.2 Hz, 2H),
4.11 (dt,J=14.7, 7.1 Hz, 2H), 3.32 (t, / = 6.8 Hz, 2H), 1.97 (s, 2H), 1.87 (d, /= 7.3 Hz, 1H), 1.68 (p, /= 6.8
Hz, 2H), 1.58 (m, 8H), 1.49 — 1.25 (m, 8H), 1.05 — 0.81 (m, 6H); 6 ¢ (101 MHz, CDCl5) 161.63, 161.22,
138.09, 138.01, 136.68, 136.46, 129.51, 128.84, 125.69, 125.44, 125.40, 123.58, 123.55, 121.22,
111.28,103.84,51.38,46.08,42.12, 39.28, 30.34, 29.95, 28.78, 28.52, 26.48, 26.41, 23.65, 10.58, 5.97;
MS (MALDI-TOF): m/z [M]*= 769.95.

cP

Firstly, NBocEHDPP(TBFu); (7a) (175 mg, 0.17 mmol) was dissolved in dichloromethane (8mL), and 1.5
mL of TFA was added and stirred at room temperature. The reaction as measured using thin layer
chromatography until all of the starting material has reacted, which is approximately 2 hours later.
8mL of saturated Na2CO3 aqueous and water were respectively used to quench the reaction. The
Organic phase was then separated from the aqueous phase ,collected and dried with Na,SO,4. The
organic solvent was then removed to afford NH,EHDPP(TBFu), as a dark Green Solid. This was then
precipitated using a mixture of hexane:CH,Cl;,and used for the next step without any further
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purification. NH,EHDPP(TBFu); (27.0 mg, 36.29 umol) was then dissolved in DMF (500 ul ). A separate
solution of PCBA (14.62mg, 16.3umol) in CHCI3 (900 ul), was stirred and sonicated at room
temperature for 15 min, and then HATU (6.82 mg, 17.93 umol) and DIEA (7.58mg, 10.22ul,
58.68 umol) were sequentially added. After 10 min stirring at room temperature, this was added to
the solution of NH,EHDPP(TBFu)2. The reaction as measured using thin layer chromatography until all
of the starting material has reacted. At the end of the reaction, the resulting mixture was concentrated
under reduced pressure. The residue was dissolved in CHCl; (2 ml), washed with HCI (5%) and
NaHCOs (sat.), dried over Na,SOg4, and concentrated under reduced pressure. The resulting crude was
washed with methanol/hexane and purified by flash chromatography using CH>Cl, as eluent giving a
dark green solid of CP (56.6%, 15mg). *H NMR (400 MHz, Chloroform-d) & 9.08 (d, J = 4.2 Hz, 1H), 8.96
(d, J=4.2 Hz, 1H), 7.95 — 7.84 (m, 2H), 7.64 (dd, J = 9.5, 4.0 Hz, 4H), 7.56 (m, 2H), 7.51 (t, J = 7.4 Hz,
2H), 7.45 (br,1H), 7.37 (t, J = 7.7 Hz, 2H), 7.29 (br, 1H), 7.15 (s, 1H), 7.10 (s, 1H), 5.88 (s, 1H), 4.13 (dq,
J=16.2,7.4Hz,4H),3.33 (d, /= 6.1 Hz, 2H), 2.94 - 2.82 (m, 2H), 2.41 (t, /= 7.5 Hz, 2H), 2.30—-2.15 (m,
2H), 1.57-1.2(br,17H),1.02 — 0.80 (m, 6H). & ¢ (101 MHz, CD,CI2) 154.35, 154.35, 148.21, 147.17,
145.16, 144.43, 143.80, 143.63, 143.29, 143.07, 143.01, 142.27, 141.42, 141.38, 140.23, 137.32,
136.86, 136.13, 131.50, 130.37, 128.76, 128.24,127.87,57.90, 53.26, 50.28, 40.78, 35.47, 34.15, 33.96,
31.05, 29.19, 28.54, 27.11, 26.41, 24.81, 22.16, 20.27, 19.95, 18.96, 18.29, 17.98, 13.92, 13.72, 11.02.
MS (MALDI-TOF): m/z [M]*=1624.0.
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Figure S13. MALDI-TOF Mass Spectra of of N3-ISL
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Figure S15. 3C NMR of CP.
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Figure $S16. MALDI-TOF Mass Spectra of CP.
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Figure S1. *H-NMR, UV-Vis absorption, DSC Thermograms and GIXD

a) Aromatic region of the *H NMR of DPP(TBFu),-CsH1,-EP-PDI (CP). Peaks were determined via 2D COSY
( See Figure S14); b) Optical Absorption of the individual components dissolved in chloroform at
0.02mL/mg; c) DSC Thermograms of the 1%{(Dotted Line) and 2"¢(Solid Line) Heating and cooling scans
of DPP(TBFu),(Blue), EP-PDI (Red) and MCP (Purple); d) Grazing Incidence X-ray Diffraction in the out-
of-plane direction from the thin films of MCP (See Experimental procedure for thin film preparation).
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Table S1. Endothermic transition enthalpy values
Calculated endothermic enthalpy of melting of a 1:1 blend of DPP(TBFu),:EP-PDI with
varying MCP.

Endothermic Enthalpy .
Endothermic Temperature Onset (°C)
MCP (%) (/8)
DPP(TBFu); EP-PDI DPP(TBFu), EP-PDI
0 20.574 2.78598 212.14 64.92
1 20.88702 2.60162 208.91 62.11
10 9.07397 0.85203 197.65 55.245

€ Enthalpy of melting was calculated based on the specific mass of each component in the blend

1.0

0.8+

0.6+

0.4

0.2

Normalized
Absorption and PL Intensity

0.0
I I I I 1 1 1
400 500 600 700 800 900 1000
Wavelength/nm

Figure S2. UV-Vis and PL Spectra

As cast thin films of DPP(TBFu); (Blue) and EP-PDI (Red) where Solid lines indicate UV-Vis absorption
Spectra and dotted lines indicate its PL emission. See experimental procedure for detailed Thin Film
preparation.
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Table S2. Summary of the Overall device data
Device metrics for devices at DPP(TBFu)Z:EP-PDI - 1:1 at various time intervals

Time
10 70 130 190 250 490

(min)

cpP Average PCE (%)

0% 1.60+0.07 1.19240.13  1.09+0.046 1.01+0.04 1.01+0.03 0.36+0.081

1% 1.71+0.06 1.40£0.016  1.35+0.030  1.34+0.033 1.29+0.013 0.81+0.81
10% 1.27+0.01 1.03£0.025 1.00+0.016 0.99+0.29 0.97+0.05 0.960+12

Average J;c (MAcm™)
. -0.0040 -0.00336 -0.00337 -0.00321 -0.00329 -0.00142

o +8.59x10° +2.37x10" +9.23x10° +5.91x10° +8.83x10° +2.4x10*

. -0.00417 -0.00394 -0.00386 -0.00381 -0.00369 -0.00274
1 +8.59x10°° +5.30x107° +4.91x10° +1.33x10° +3.99x10° +2.45x10™
. -0.00350 -0.00302 -0.00317 -0.00307 -0.00311 -0.00279
1% +7.25x10°®  +3.08x10°  +4.96x10°  +6.62x10° = $2.92x10° +3.1x10*
Average Vo (V)

0% 0.880+0.015 0.852+0.009 0.840+0.013 0.805+0.015  0.82+0.02 O'SISJ;O'OOS
1% 0.880+0.0  0.853+0.009 0.830+0.009 0.813+0.004 0.827+0.009  0.8000.0
10% 0.860+0.0  0.833#0.009  0.820+0.0  0.796+0.004 0.813+0.009 0.832+0.024

Average Fill Factor
0% 0.456+0.01 0.432+0.017 0.428+0.015 0.400+0.02  0.410+0.02  0.35+0.019
1% 0.475+0.005 0.457+0.004 0.450£0.01 0.443+0.009 0.447+0.009 0.400+0.01
10% 0.430.0 0.427+0.004 0.427+0.004 0.420+0.008 0.427+0.004 0.430%0.018

The results were calculated based on an average of 6 pixels from 2 devices which were annealed at 110°C at

the stated time intervals.

General Experimental Procedure

Thin film preparation for morphological and electrochemical characterization

Preparation of BHJ Blend solution and Spin-Coated Thin films:
The photoactive layers of each respective material were prepared by first dissolving each stock solution
separately for 12hrs at 50°C in chloroform (CF) at a concentration of 20mg/ml. The individual solutions
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were then blended with varying MCP loading and left to stir for at least 2hrs before filtering with a
1.0um pore diameter PTFE filter, and left to stir for another hour before deposition onto the respective
substrates. Pre-patterned ITO was cleaned by sequential sonication in water, isopropanol and acetone
for 30 min each, and dried by argon. A 35 nm layer of PEDOT:PSS (Ossilla M 121 Al 4083) was then
spin coated onto of the ITO surface and annealed at 130°C for 25 min and cooled down to room
temperature before depositing the BHJ active layer via spin-coating onto the substrate at 3000rpm for
60 seconds to obtain a thickness of approximately =140nm as measured from a Bruker Dektak XT
profilometer. The substrates were then annealed at the respective temperatures 110°C under argon
before and allowed to cool down to room temperature before further morphological characterization

Morphological and Photo-electrochemical Characterization

UV-Vis and PL Characterization:

Absorption spectra of the thin films were acquired with a UV-vis-NIR UV-3600 (Shimadzu)
spectrophotometer, and the optical band gap (£,°*) was determined from the absorption edge of the
thin film sample. Photoluminescence Spectra was carried out on a Fluorolog-3 spectrofluorometer
(Horiba) equipped with a Xe lamp with an excitation light source at 532 nm. The sample was placed at
45° from the lamp to the detector.

Thermal Characterisation:

Differential scanning calorimeter (DSC) thermograms were measured with a PerkinElmer DSC8000
calibrated with indium and zinc, using a scanning rate of 10 °C/min. The respective Melting (Tn), and
Crystallization (T.) temperatures were characterized by their peak temperatures, and their
endothermic and exothermic enthalpies were calculated from the surface area underneath both
melting endotherms and crystallizing exotherms using the specific mass ratio in the stated blend
composition of the primary components and MCP. Samples were drop-casted evenly onto a SiO;
substrate with a slow evaporation of the solvent (chloroform) at 30 °C under argon atmosphere before
transferring the solid powder into an aluminium pan.

X-ray Diffraction Characterization:

XRD was measured with a D8 Discovery (Bruker) diffractometer using CuKa radiation and Ni B-filter
with a scan rate of 0.05°/min and a step width of 0.01°. For the GIWAXS measurements, an incident
wavelength of 1.54A and angle of 0.2° was used

Optical Microscope:
Optical microscope images were obtained with a NIKON Eclipse E600.

Solar-Cell Fabrication and Testing

Upon spin coating of the respective BHJ active layer the substrates were transferred into the
deposition chamber to thermally evaporate 4 nm of MoOs and 100 nm Ag at ~10°® mbar through a
shadow mask with an active area of 16 mm?2. An 80 nm thick aluminium cathode was deposited (area
16 mm? ) by thermal evaporation (Kurt J. Lesker Mini-SPECTROS). Electronic characterization was
performed under simulated AM1.5G irradiation from a 300 W Xe arc lamp set to 100 mW cm 2 with a
calibrated Si photodiode (ThorLabs). Current— voltage curves were obtained with a Keithley 2400
source measure unit. Thermal stability measurements were performed with the device annealed under
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Argon atmosphere at 110°C at various time intervals, and were allowed to cool down to room
temperature under argon atmosphere before measuring its photovoltaic performance.

Synthetic Procedures

Synthetic methods and characterization:

All reagents were of commercial reagent grade (Sigma-Aldrich, Acros and 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 silica gel
chromatography was performed with an Acros Organic silicon dioxide (pore size 60 A, 40-50 um
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 IlI-400 spectrometer (Bruker,
Rheinstetten, Germany). Chemical shifts are given in parts per million (ppm) referenced to residual 1H
or 13C signals in CDCl; (1H: 7.26, 13C: 77.16) and dichloromethane-d, (2H: 5.32, 13C:53.84). Atomatic-
Pressure-Photoinonization-Source(APPl) 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 aBruker MALDI-TOF AutoFlex speed instrument using alpha-cyano-4-
hydroxycinnamic acid as the matrix. DPP(TBFu), was synthesized according to literature procedure
while N,N’-Bis(3-pentyl)perylene-3,4,9,10-bis(dicarboximide) (EP-PDI) was purchased from Sigma
Aldrich. Both materials were purified using a Biotage Isolera™ Spektra Accelerated Chromatographic
Isolation System™ with a Biotage ZIP® Sphere cartridges (60um spherical silica) before device
fabrication.

Synthetic Procedures:

DPP(TBFu), was synthesized according to literature procedures® while EP-PDI was purchased
commercially from Sigma-Aldrich. Synthesis of 2-(6-aminohexyl) -3,6- (5-(benzofuran-2-yl) thiophen-
2-yl)-5-(2-ethylhexyl)-2,5- dihydropyrrolo [3,4-c] pyrrole-1,4-dione (NH,EHDPP(TBFu)) is based on our
previous report on the synthesis of a similar molecular compatibilizer and as shown in Chapter 1
Figurel b %. Detailed synthetic steps are described below:
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N
/j l6) Molecular Compatbilizer
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Figure S3. Full Synthetic route of the molecular compatibilizer

9-(pentan-3-yl)-1H-isochromeno[6',5',4':10,5,6]anthra[2,1,9-def]isoquinoline-1,3,8,10(9H)-tetraone
(MEP-PMAMI):

To a mixture of EP-PDI (6.22 g, 6.0 mmol) and t-BuOH (150 mL) was added 85% KOH powder (1.98 g,
30.0 mmol). The resulting mixture was refluxed for 90 °C and the conversion was monitored via TLC
(CHCI3/AcOH 10:1 v/v). After complete disappearance of the starting material (2h), the mixture was
poured slowly with stirring into Glacial Acetic acid (150 mL) and stirred for 2 h. Then 2N HCI (60 mL)
was added and stirring was continued for additional 30 min untila dispersion of the precipitate is seen.
This was collected by filtration, washed with water until the aqueous solution is neutral. The crude
product was further purified by column chromatography on silica gel with CHCI3/AcOH (10:1) to
remove any starting material to obtain a dark brown solid (3.06 g, 71.4 %). 'H NMR (400 MHz,
Chloroform-d) 6 8.86 — 8.65 (m, 8H), 5.17 — 5.00 (m, 1H), 2.30 (ddd, J = 13.9, 9.3, 7.1 Hz, 2H), 1.98 (dt,
J=13.9, 6.7 Hz, 2H), 0.96 (t, J = 7.5 Hz,6). MS (APPI): m/z [M]*= 461.47.
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MCP:

MEP-PMAMI (0.066g, 1.43 mmol), NH,EHDPP(TBFu), (0.16 g, 1.43 mmol), and Zn(OAc), (0.019mg,
1.07mmol) were suspended in a solution of imidazole (5g) and DMF (10 mL). The mixture was heated
overnight at 120°C before being cooled to room temperature. Ethanol/Methanol (200 mL) followed by
the addition of aqueous citric acid (10%, 200 mL) was added into the mixture to precipitate the product
which was removed by filtration. The crude solid was subjected to column chromatography using CHCls
as eluent and subsequently precipitated in a mixture of methanol/Hexane/CH,Cl, to obtain a dark
purple solid (0.079g, 40%). *H NMR (400 MHz, Chloroform-d) 6 8.97 (dd, J = 15.8, 4.1 Hz, 2H), 8.60 (d,
J=7.9Hz, 2H), 8.52 (d, /= 7.9 Hz, 2H), 8.45 (d, /= 8.1 Hz, 2H), 8.40 (d, J = 8.1 Hz, 2H), 7.51 (qd, J = 16.8,
15.8, 7.8 Hz, 4H), 7.41 - 7.15 (m, 6H), 7.00 (s, 2H), 5.09 (t, J = 8.0 Hz, 1H), 4.18 (dt, J = 27.4, 7.6 Hz, 4H),
4.05 (g, J = 11.4, 7.3 Hz, 2H), 2.30 (dp, J = 15.9, 7.8 Hz, 2H), 1.94 (ddt, J = 44.1, 15.7, 7.5 Hz,4), 1.60 (d,
J=10.7 Hz, 8H), 1.36 (ddd, J = 33.0, 14.6, 8.1 Hz, 8H), 0.95 (dt, J = 25.7, 7.4 Hz, 12H); & ¢ (101 MHz,
CDCl3) 10.56, 11.43, 14.13, 23.13, 25.04, 26.59, 26.73, 27.94, 28.51, 29.95, 30.32, 35.71, 39.25, 40.40,
42.26, 46.00, 57.77, 103.62, 111.23, 121.11, 121.18, 122.80, 122.92, 123.05, 123.44, 123.54, 125.28,
125.37, 125.61, 126.16, 128.77, 128.81, 129.16, 129.42, 129.51, 131.17, 134.21, 134.40, 136.39,
136.52, 137.88, 137.91, 154.93, 163.24; MS (MALDI-TOF): m/z [M]*= 1186.8.
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Table S1. Calculated endothermic and exothermic (specific) enthalpies of 1:1 BHJs of
DPP(TBFu),:EP-PDI with varying MCPwt%.
See experimental procedure for detailed sample preparation and measurement conditions.

Enthalpy (J/g)? Temperature (°C)®
Mcp Endothermic Exothermic Endothermic Exothermic

(%) DPP(TBFu), EP-PDI DPP(TBFu), EP-PDI DPP(TBFu), EP-PDI DPP(TBFu), EP-PDI
0 20,574 2.78598 20.216 3.58572 230.5 733 2084 594
10 9.07397 0.85203 7.60968 1.20463 2176 70.2 196.2 577
25 7.0624 0.20603 6.29926 0.52583 2121 69.6 1874 526
50 5.85775 0 - - 202.4 - - -

75 - - - - - - - -

@ The endothermic and exothermic enthalpies were calculated based on the integration of each phase transition using the exact mass
ratio of the component in the blend at a 1:1 - DPP(TBFu)zEP-PDI ratio with varying MCPwt% from the DSC thermograms.
bThe respective endothermic and exothermic temperatures were characterized by their peak Temperature.
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Figure S1. X-ray diffraction results.

Panel (a) shows the out-of-plane grazing-incidence wide-angle x-ray scattering patterns of 1:1 BHJs
with added MCP in thin films that have been treated at 240°C for 15 min and cooled over 30 min to
room temperature. Panel (b) shows in-situ x-ray scattering patterns (Bragg-Brentano geometry) of BHJ
thin films at 20°C (solid-line) and at 240°C (dash-line) with 0 wt% (top) and 50 wt% (bottom) of MCP.
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Figure S2. AFM and KPFM analysis:

Height-topography and potential Images of individual components a)DPP(TBFu)z,b) MCP, Panel (c)
shows the relative Contact Potential difference (Vcpp) histograms of the individual components d)
Estimated HOMO-LUMO levels measured by the UV-Vis absorption (See Figure S9a) and cyclic
voltammetry (See Figure S9b).
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Figure S3. Photoluminescence emission spectra

a) Photoluminescence emission spectra after excitation at 532nm of melt-annealed BH)J thin films of
DPP(TBFu),:EP-PDI — 1:1 with varying amount of MCP w (Inset shows zoomed spectra between 580-
650nm to indicate the emission peak for EP-PDI); b) shows the data for the pure components:
DPP(TBFu), (Blue) and EP-PDI (Red) (Solid lines indicate UV-Vis absorption spectra and dotted lines
indicate its PL emission).
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Figure S4. Summary of photovoltaic parameters of the melt-annealed devices:
a) Graphical representation of PCE% (Red), Open Circuit Voltage (Purple), Short-circuit Current (Green)
and Fill Factor (Blue).

Table S2. The values of the respective device performance parameters averaged from 5 devices
fabricated at each condition.

MCP Voc JscP FF PCE
(%) (V) (mA/cm?) (%) (%)

0 0.66+0.023 0.2310.024 0.36+.0013 0.010+0.047
10 0.82+0.0098 0.815+0.13 0.4 0+0.0047 0.23+0.050
25 0.88+.00094 1.24+0.071 0.39+0.017 0.37+0.017
50 0.9+0.0094 2.72+0.059 0.39+0.059 0.83+0.014
75 0.9+0.015 2.58+0.020 0.36+0.0196 0.74 +0.020
100 0.9+0.0095 0.614+0.029 0.32+0.029 0.11610.25

8Eror bars were calculated based on an average of 5 batches of Photovoltaic devices .

bvalues presented in the graph were converted from mA/cm? to cAlcm?.
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Figure S5. Photovoltaic performance of devices with 1:1 ratio of DPP(TBFu),:EP-PDI with varying
amounts of MCPwt% at different annealing Temperatures (BHJ cast from chloroform):

a) PCE vs MCPwt% (Red - 240°C, Green — 180°C and blue — 110°C); Current vs Voltage Curves for
devices at b) T,=110°C b) and c¢) T,=180°C. (See experimental procedure for detailed thin film
preparation and device Fabrication method.)
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Figure S6. Solid-dispersion Melt Processing device fabrication procedure:

a) Picture of BHJ solid dispersion in IPA before and after sonication for 30mins; b-f) Optical
Microscope images of the sequential drop-casting of the BHJ solid dispersion with 0 and 50wt% MCP;
g) Zoomed of image; h-i) OM images after melting of the BHJ solid dispersions at 240°C for 15minutes
and cooling for 30 minutes. See experimental procedure for detailed BHJ solution and thin film
preparation.
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Figure S7. Solid-State Melt Processed Photovoltaic device fabrication Schematics.

a) Schematic of the device architecture; b) Energy Level diagram of the device configuration; c) Picture
of the photovoltaic measurement set-up using two micromanipulator contacts on ITO and Ga-In
electrodes. Device fabrication was based on reference literature procedures using Ga-In eutectic
electrodes® and see experimental procedures for detailed explanation.

Table S3. Photovoltaic parameters measured from the two dispersion cast/melt processed devices.

Jsc Voc
MCPwt% FF PCE%
(mA/cm?)* (V)
0% 0.0571 0.256 0.19 0.0023
50% 0.874 0.448 0.272 0.11

*Approximate active area = 1.392cm? - The diameter of the Ga-In drop was measured using a caliper.
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Figure S8. a) UV-vis absorption of the primary components and MCP and b) the Cyclic voltammetry of
MCP

General Experimental Procedure

Thin film preparation for morphological and electrochemical characterization

Preparation of BHJ Blend solution and Spin-Coated Thin films:

The photoactive layers of each respective material were prepared by first dissolving each stock solution
separately for 12hrs at 50°C in chloroform (CF) at a concentration of 20mg/ml. The individual solutions
were then blended with varying MCP loading and left to stir for at least 2hrs before filtering with a
1.0um pore diameter PTFE filter, and left to stir for another hour before deposition onto the respective
substrates. Pre-patterned ITO was cleaned by sequential sonication in water, isopropanol and acetone
for 30 min each, and dried by argon. ZnO (20 nm) was utilized for the electron transport layer in the
inverted solar cells. The ZnO precursor solution, which contains 0.5 M zinc acetate dehydrate and 0.5
M monoethanolamine in 2-methoxyethanol, was stirred under 60 °C for 12hrs. The ZnO electron
transport layer was deposited on the clean ITO substrates via spin-coating with the spin rate of 5000
rpm. After exposing a section of the ITO electrical contact, the substrates were annealed at 200 °C in
air for 30 min to obtain a thin layer of ZnO film on ITO. The BHJ active layer were then prepared via
spin-coating onto the substrate at 3000rpm for 60 seconds to obtain a thickness of approximately
=140nm as measured from a Bruker Dektak XT profilometer. The substrates were then annealed at the
respective temperatures (110°C, 180°C and 240°C) for 15mins under argon before and allowed to
cool down to room temperature in approximately 35minutes before further morphological
characterization and electrode deposition.

Preparation of solid-dispersed BHJ Blends solution and thin film preparation:

The BHJ blend solution at a 1:1 ratio of DPP(TBFu),:EP-PDI with 0 and 50 MCPwt% at 10mg/mL in
chloroform(CF) was first added into an empty vial. Isopropanol (IPA) was subsequently added slowly
to obtain a volume ratio of 8:2-IPA:CF as a biphasic solution (See Figure S7a.). This solution was then
sonicated for 30minutes in order to obtain a homogenous solid dispersion of the BHJ blend in IPA. The
dispersion was then sequentially drop-casted, while allowing for the solvent to dry-up before repeating
the procedure (4x80uL) in order to obtain a relatively homogenous distribution of solid aggregates on
a PEDOT:PSS/ITO/Glass substrate. This was then melt processed at 240°C for 15minutes under Argon
atmosphere to obtain approximately =1um thick active layer as seen in the CR-SEM images (See Figure
4a-b.) before further morphological characterization and electrode deposition. Patterned and cleaned
ITO substrates as described above were used to spin coat a 35 nm layer of PEDOT:PSS (Ossilla M 121
Al 4083).
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Morphological and Photo-electrochemical Characterization

Atomic force microscopy characterization

Surface topography of all blend films were studied by atomic force microscopy (AFM) using an Asylum
Research Cypher in AC mode using Atomic Force AC240TS tips directly on measured transistors surface
under ambient conditions.

Kelvin Probe Force Microscopy Characterization

Surface potential measurements were performed with a Cypher atomic force microscope (Asylum
Research) using Pt:Ir-coated tips (AC240TM, Olympus) under dark ambient conditions. The work
function of the tip was calibrated using reference samples of Pt, Mo, and Cu.

UV-Vis and PL Characterization

Absorption spectra of the thin films were acquired with a UV—-vis-NIR UV-3600 (Shimadzu)
spectrophotometer, and the optical band gap (£,°*) was determined from the absorption edge of the
thin film sample. Photoluminescence Spectra was carried out on a Fluorolog-3 spectrofluorometer
(Horiba) equipped with a Xe lamp with an excitation light source at 532 nm. The sample was placed at
a 45° from the lamp to the detector.

Thermal Characterisation

Differential scanning calorimeter (DSC) thermograms were measured with a PerkinElmer DSC8000
calibrated with indium and zinc, using a scanning rate of 10 °C/min. The respective Melting (T), and
Crystallization (T.) temperatures were characterized by their peak temperatures, and their
endothermic and exothermic enthalpies were calculated from the surface area underneath both
melting endotherms and crystallizing exotherms using the specific mass ratio in the stated blend
composition of the primary components and MCP. Samples were drop-casted evenly onto a SiO,
substrate with a slow evaporation of the solvent (chloroform) at 30 °C under argon atmosphere before
transferring the solid powder into an aluminium pan.

X-ray Diffraction Characterization

XRD was measured with a D8 Discovery (Bruker) diffractometer using CuKa radiation and Ni B-filter
with a scan rate of 0.05°/min and a step width of 0.01°. For the GIWAXS measurements, an incident
wavelength of 1.54A and angle of 0.2° was used. In-situ thermal X-ray scattering experiments were
performed under ambient conditions where samples were first measured in a Bragg-Brentano
geometry at room temperature before placing the sample on a heated cell at 240°C+5.0°C for 2
minutes before conducting a 15 minute scan.

Cyclic voltammetry measurements

The electrochemical CV was conducted on a computer controlled SP-200 potentiostat (Biologic
Technologies) in a three electrode configuration with a glassy carbon disk, Pt wire and Ag/Ag* electrode
as the working electrode, counter electrode, and reference electrode, respectively in a 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFs) acetonitrile solution as supporting electrolyte,
at a scan rate of 50mV s*. Thin Films of individual primary compoenet were drop casted on a bare Pt
foil from a 2.0mgmL™ chloroform solution. The potential of Ag/AgCl reference electrode was internally
calibrated by using Fc/Fc* redox couple. The electrochemical energy levels were estimated by using
the empirical formula: Enono= -(4.80+ Eonset, ox) and Erumo= -(4.80 +Eonset, red). A platinum bead was used
as a working electrode, a platinum wire was used as an auxiliary electrode, and a silver wire was used
as a pseudo-reference. Ferrocene/Ferrocenium was used as an internal standard, and potentials were
recorded versus FeCp,* /FeCp,°.
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Solar-Cell Fabrication and Testing

Spin-Coated Melt-Annealed Devices

Upon spin coating of the respective BHJ active layer and annealing at the respective temperatures
(110°C, 180°C and 240°C) for 15mins under argon, the substrates were transferred into the deposition
chamber to thermally evaporate 4 nm of MoOs and 100 nm Ag at ~10°® mbar through a shadow mask
with an active area of 16 mm?. Current density-voltage (J-V) characteristics of the devices were tested
under simulated AM1.5G irradiation from a 300 W Xe arc lamp set to 100 mW cm? with a calibrated
Si photodiode. For Single carrier devices, the BHJ active layer was first annealed at 240°C under argon
before the deposition of a 100nm thick Al electrode via thermal evaporation at ~10® mbar through a
shadow mask with an active area of 0.16 mm?. Electronic characterization was measured by Keithley
2400 source measure unit. The external quantum efficiency (EQE) of the devices was characterized by
illumination from a Tunable PowerArc illuminator (Optical Building Blocks Corporation). A calibrated Si
photodiode was employed to measure the incident photon number at each wavelength.

Solid-dispersed Melt Processed Devices

Upon melt processing of the respective BHJ active layer. A Ga-In Eutectic mixture was drop casted on
the active layer and used as an electrode. A micromanipulator was used to form an electrical contact
with the respective electrodes to measure the current-voltage (/-V) characteristics of the photovoltaic
device under a nitrogen atmosphere using a custom-built probe station and a Keithley 2612A dual-
channel source measure unit under simulated AM1.5G irradiation from a 300 W Xe arc lamp set to 100
mW cm with a calibrated Si photodiode.

References
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Figure S1. Donor Macromonomer PBDTT-DPP-Br,

a) GPC traces (Left figure) of feed ratios of M1:2 at 1:1 (light blue line) , and 9:8 (solid line for purified
and dotted line for crude) and MALDI-TOF MS analysis (Righ figure);b) Zoomed *H NMR spectrum of
PBDTT-DPP-Br;, stacked with the corresponding monomer M2 and M1 to indicate the relation of the

respective protons or the aromatic region in the marcomonomer. Full *H NMR spectrum of PBDTT-
153



DPP-Br; is shown in the experimental procedure figure S7 (*indicates deuterated chloroform peak for
M1 and M2, while deuterated tetracholroethane was used for PBDTT-DPP-Br; not shown in the NMR

spectrum — 6.0ppm).

a) 1H NMR aromatic region

Recrystalized M3

b) Regioisomers of M3

Mother Liquor

Ha
AR
jﬂfL Crude
960 950 940 93

30 920

900 890 880 870 860

Chemical Shift (ppm)

c¢) Recrystalized M3

Area of Fit Peak 2; 17849.77 a.u.ppm
Area of Fit Peak 3: 41728 a.uppm

——NMR Peaks
——Fit Peak 1
——Fit Peak 2
| | ——FitPeak3
Cumulative Fit Peak

Relative Intensity (a.u.)

944 945 946 947 948
Chemical Shift (ppm)
Ratio of intergration peaks
of 1,6:1,7 isomers - 1:42
97% purity

d) Mother Liquor e) Crude
1,6|T—| 1,6&T—|
953 9.46 939 953 946 9.39

Chemical Shift (ppm) Chemical Shift (ppm)
Ratio of intergration peaks Ratio of intergration peaks
of 1,6:1,7 isomers - 1:1.89 of 1,6:1,7 isomers - 1:4.93
52.9% purity 79.7% purity

Figure S2. 'H NMR analysis of the monomer M3

a) 'H NMR spectrum of the aromatic region of the crude, recrystallized and mother liquor samples of
M3; b) Schematic of the 1,6 and 1,7 regio-isomers of M3; c) Calculation of the integration peaks of
proton environment, H, , to determine the purity of the 1,7 isomer (Deconvolution assuming a
Lorentzian behaviour of the peaks for recrystallization of M3 had to be performed in origin since the
integration of the 1,6 peak was not detected in MestReNova, unlike the mother liquor and crude

samples).
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Figure S3. Acceptor Macromonomer, PDI-V-Vinylene

a) MALDI-TOF MS of PDI-V-Vinylene at the feed ratio of M3:M4 — 1:2; b) GPC traces of feed ratio of
M3:M4 at 1:2 (brown line), 1:1.1 (marron line), and 1:1 (red line); c) Full *H NMR spectrum of PDI-V-
Vinylene is shown in the experimental procedure figure S8.
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Figure S4. 'H NMR spectrum of the macromonomers and tri-BCP zoomed to the chemical shift to
indicate the aromatic region and the distinctive aliphatic protons (Hg, Hiand H)). (* indicates deuterated
chloroform peak for PBDTT-DPP-Br; and PDI-V-Vinylene and deuterated tetracholoroethane for tri-
BCP, and Full *H NMR spectrum of tri-BCP is shown in the experimental procedure figure S9)

|— Tr-BCP
---Blend
DB

-
=

{—AB

Normalised Abs (a.u.)
=]
(%]

00 . . . .
400 500 600 700 800 900
Wavelength (nm)

Figure S5. Optical Absorption Spectra of macromonoermes, tri-BCP and its molar blend (1:2)

Optical Absorption Spectra of tri-BCP (Green line), Blend at 1:2 molar ratio (dotted green line), Donor
block (DB), PDBTT-DPP-Br;, (Blue line), and accetor block, PDI-V-Vinylene (Red Line) in solution in
Chloroform at a concentration of 0.002mL/mg.
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Figure S6. J-V curve of the as cast devices of tri-BCP and the Blend at a molar ratio of 1:2 — PBDTT-DPP-
Br,:PDI-V-Vinylene

Experimental Procedures
Synthetic procedures

Gel Permeation Chromatography (GPC) and Prepatory- Size exclusion Chromatography (prep-SEC):
Polymers were analysed & fractionalized using Shimadzu Prominence LC-20AP (Preparative Liquid
Chromatography) in chlorobenzene solvent at 802C with the UV-Vis detectors at 663nm and 552 nm.
Preparative size exclusion chromatography was performed by firstly dissolving 100 mg of product
dissolved in 10 ml of chlorobenzene (80°C) and injecting the solution in a size exclusion preparative
column (PSS SDV preparative linear M, 40mmx250mm) at 80°C using chlorobenzene as mobile phase
at a constant elution flow of 6 mL/min. Fraction collection was carried out every 20 seconds (0.33 mL).
Single fractions (and crude polymerizations) were analysed through an analytical size exclusion PSS
SDV analytical linear M column (8mmx250mm, 80°C, CB mobile phase, 1mL/min).

Matrix assisted laser desorption/ionization time-of-flight Mass spectrometry (MALDI-TOF MS)
Separate solution of the matrix (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenyllidene]
malononitrile) at 5mg/mL in THF, and the respective polymer at 5mg/mL in Chloroform were mixed at
a ratio of 2:1 — Matrix:Polymer, where a volume of 1uL of the mixture was dropped on the target and
allowed to dry at room temperature before measurements. Mass spectra was acquired in the positive-
ion reflector mode at the respective detection range.

1H Nuclear Magnetic Resonance (*H NMR)

For monomer characterization: The (*H) & (*3C) NMR spectra were recorded at room temperature
using per-deuterated solvents as internal standards on a 400 MHz NMR Bruker AVANCE [1I-400
spectrometer (Bruker, Rheinstetten, Germany) unless explicitly mentioned. Macromonomer and BCP
Charactization were performed on a 800 MHz NMR Bruker AVANCEII-800 spectrometer (Bruker,
Rheinstetten, Germany). Chemical shifts are given in parts per million (ppm) referenced to residual *H
or 3C signals in deuterated chloroform- d, and tetrachloroethane-d..

Synthetic methods:

All reagents were of commercial reagent grade (Sigma-Aldrich, Acros & Fluorochem) & were used
without further purification. Toluene, Chloroform, Tetrahydrofuran (Fisher Chemical, HPLC grade) &
chlorobenzene (Alfa Aesar, HPLC grade) were purified & dried on a Pure Solv-MD Solvent Purification
System (Innovative Technology, Amesbury, United States) apparatus. Normal phase silica gel
chromatography was performed with an Acros Organic silicon dioxide (pore size 60 A, 40-50 pm
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technical grades). EI-MS spectrum was recorded on an EI/CI-1200L GC-MS (Varian) instrument & 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.

Macromonomer Synthesis Procedures

Synthesis of PBDTT-DPP-Br;

In an over-dried schlenck tube, the monomers M1 and M2 was added at the specified molar ratios,
and the reagents were dried under vacuum and flushed with argon (3x). The tube was then transferred
into an argon glove box, to add Pd(PPhs)sat a 10% molar equivalence. This mixture was then dissolved
in Toluene:DMF at a volume ratio of 10:1 ratio with a concentration of concentration 0.76 mg/mL of
the total mass of the starting monomers. After removal from the glove box, the solution was degassed
with an argon-vacuum evacuation cycle (3x), and subsequently heated at 95°C for 12 hours. To stop
the reaction, the mixture was cooled to room temperature and a solution of potassium fluoride 2M
was added and left to stir for an hour before precipitation in excess methanol. The solid precipitate
was then filtered over celite, and washed with three rounds of methanol and hexane. The crude
mixture was then dissolved in chloroform and subjected to GPC analysis before performing prep-SEC,
and an average reaction yield 46% was obtained. After purification, the polymer was characterized via
IH NMR, MALDI TOF MS and GPC as described in the main text.

Synthesis of PDI-V-Vinylene

In an over-dried schlenck tube, the monomer M3 and M4 was added at the specified molar ratios, and
the tube was transferred into an argon glove box. Pd,dbas and P(otol); at 5% and 20% molar
equivalence (ratio of 1:4) was added into the tube, and the solid mixture was dissolved in toluene at
a concentration of 37.5 mg/mL of the total mass of the monomers. After removal from the glove box,
the solution was degassed with an argon-vacuum evacuation cycle (3x), and subsequently heated at
95°C for 12 hours. To stop the reaction, the mixture was cooled to room temperature and a solution
of HCl 2M was added and left to stir for an hour before precipitation in excess methanol. The solid
precipitate was then filtered over celite, and washed with three rounds of methanol and hexane. The
crude mixture was then dissolved in chloroform and subjected to GPC analysis before performing prep-
SEC, and an average reaction yield 96% was obtained. After purification, the polymer was characterized
via *H NMR, MALDI TOF MS and GPC as described in the main text.

BCP Synthesis Procedure

The respective marcomonomers were added into a 10ml Schlenk Flask at a stoichiometric ratio of 1:2.3
- PBDTT-DPP-Br;,:PDI-V-Vinylene, and dissolved in a mixture of Tol:DMF.:TEA — 0.3 : 0.3: 0.25 at a
concentration of 20mg/mL with respective to the total weight ratio of the macromonomers. Pd(OAc):
(5% mol) and P-(o-tol); (20%mol) was then added into the reaction solution. The flask was
subsequently degassed and purged with Argon (3 cycles), and was left at 90°C for 12hours. After
cooling the crude reaction to room temperature, methanol was added into flask to precipitate crude
polymer. This was then filtered through celite and washed with methanol and hexane sequentially,
and finally dissolved in Chloroform which was evaporated and precipitated in methanol to collect a
solid crude product. The crude was then purified via prep-SEC to obtain the purified sample of tri-BCP.
After purification, the polymer was characterized via *H NMR, and analytical GPC as described in the
main text.
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Figure $7. *H NMR Spectrum of PBDTT-DPP-Br; (* indicates deuterated tetracholoroethane peak)
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Figure $8. 'H NMR Spectrum of PDI-V-Vinylene (* indicates deuterated tetracholoroethane peak)
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Figure $9. 'H NMR Spectrum of tri-BCP (* indicates deuterated chloroform peak)

Monomer Synthesis Procedures and Characterization

2-butyl octanol, 7-tridecanone, perylene-3 4-dicarboxylic anhydride, & M4 were purchased
commercially from Sigma Aldrich. DPP-Th, & M2 were synthesized according to procedures in
previous literature [1], [2].

Synthesis of 2-butyl Octyl Bromide

PPhs (1.2eq)
Br, (1eq)

" pcwm, o°c, 6h e
_—
2-butyl octanol 2-butyl octyl bromide
95%

PPh; (5.07 gm, 19.32 mmol, 1.2 eq.) was dissolved in DCM with a concentration of 6 mL DCM for every
gram of PPhs. Argon gas was bubbled through the solution to remove dissolved gases & the solution
was cooled to 0°C. Bromine (828 uL, 16.1 mmol, 1 eq.) was added dropwise using syringe into the
solution & was allowed to stir for 30 minutes, after which 2-butyl octanol (3.6 mL, 16.1 mmol, 1 eq.)
was added dropwise over a period of 1 hour. After allowing the reaction mixture to gradually reach
room temperature (~8 hours), DCM was removed using a rotavapor, petrolether/hexane was added
and the resulting suspension ultrasonicated for 5 minutes. The precipitate was filtered out and the
mother liquor was concentrated and passed through a plug column of silica using an elution mixture
of hexane:petrolether. A colorless oil of 2-butyl Octyl Bromide with a yield of 95% was obtained.
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EI-MS (positive mode): 248.09 m/z. *H NMR (400 MHz, Chloroform-d) & 3.39 (d, J = 4.6 Hz, 2H), 2.04 —
1.92 (m, 1H), 1.61 — 1.49 (m, 1H), 1.38 — 1.28 (m, 4H), 1.28 (s, 10H), 0.89 (q, J = 6.6 Hz, 6H). 3C NMR
(101 MHz, CDCls) & 39.79, 39.09, 32.96, 32.63, 32.21, 29.87, 29.14, 26.91, 23.22, 23.03, 14.36, 14.33.

Synthesis of 2,5-bis(2-butyloctyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(BODPP-Th,)

D

N O
2-butyl octyl bromide D s

S N

K,CO3 (5eq) g N
DMF, 130°C, 24 h /\/\FR

DPP-Th
2 BODPP-Th,
45 %

DPP-Th; (1.0 g, 3.33 mmol, 1 eq.) & anhydrous potassium carbonate (2.3 gm, 16.65 mmol, 5 eq.) were
dissolved into DMF (25 mL) in a two-neck round flask & heated to 130°C under argon protection. BOB
(2.07 gm, 8.32 mmol, 2.5 eq.) dissolved in ~5 mL DMF was added dropwise. After the reaction was
stirred for 24 hours at 130°C, the solution was cooled to room temperature & acetic acid was added
to neutralize the base & protonate the unreacted DPP. Solution was stirred for ~1 hour & filtered. The
filter cake was washed with water & methanol several times. After being dried in a vacuum, the crude
product was purified by silica gel chromatography using DCM: Hexane (3:1) as eluent to get an orange
red solution which on drying turns to maroon red powder product (precipitate in methanol & filter out
to dry; 45% vyield).

1H NMR (400 MHz, Chloroform-d) & 8.85 (d, J = 3.8 Hz, 2H), 7.62 (d, J = 4.8 Hz, 2H), 7.28 (s,2H), 4.02 (d,
J=7.7 Hz, 4H), 1.94 — 1.86 (m, 2H), 1.53 (d, J = 12.0 Hz, 4H), 1.29 (d, J = 5.9 Hz, 12H), 1.20 (s, 15H), 0.84
(dt, J=19.9, 4.9 Hz, 12H). 3C NMR (101 MHz, CDCls) § 161.93, 140.59, 135.31, 130.62, 129.99, 128.54,
108.12, 46.35, 37.86, 31.90, 31.32, 31.05, 29.82, 28.56, 26.33, 23.20, 22.78, 14.23, 14.16; ESI+ MS:
637.39 m/z.
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Synthesis of M1

o B
N
N N Br
_

N S S
\ g N N—A \ \ \g N N \
g N NBS (1.2eq) Br N
CHClIg, 0°C, dark 0
BODPP-Th, M1
65 %

DDPP (500 mg, 785 umol, 1 eq.) dissolved in chloroform at 0°C was stirred for ~1 hour. NBS (294 mg,
1.65 mmol, 2.1 eq.) in chloroform was added dropwise to this system in dark conditions & left
overnight to gradually warm to room temperature. Solvent was removed by rotavapor (in vacuum at
low heating temperatures) & solid was allowed to precipitate in methanol after ultrasonication.
Resulting crude precipitate was subjected to silica column chromatography using DCM: Hexane (2:1)
eluent. Resulting red-purple solid obtained is the product (62% vyield).

IH NMR (400 MHz, Chloroform-d) 6 8.61 (d, J = 4.2 Hz, 2H), 7.22 (d, J = 4.3 Hz, 2H), 3.93 (d, J = 7.7 Hz,
4H), 1.27 (dd, J = 12.9, 5.1 Hz, 23H), 1.22 (d, J = 7.2 Hz, 16H), 0.85 (dt, J = 7.4, 3.7 Hz, 12H). 1*C NMR
(101 MHz, CDCl5) 6 161.57, 139.56, 135.44, 131.59, 131.32, 119.11, 108.19, 59.68, 53.56, 46.47, 38.30,
37.89, 32.09, 31.91, 31.39, 31.29, 31.01, 29.86, 29.80, 29.52, 28.53, 26.29, 23.18, 22.85, 22.78, 14.27,
14.23, 14.16; TOF ES+ MS: 792.198 m/z.

Synthesis of Tridecan-7-amine

NaBH3;CN (0.7eq)

NH4OAc (10eq)
Absolute MeOH,
R.T,78h
0 ' NH,
7-Tridecanone Tridecan-7-amine

85%

2.50g(12.6 mmol; 1 eq.) 7-tridecanone, 10.0 g (129 mmol; 10.5 eq.) NH4OAc, & 0.56 g (8.9 mmol; 0.75
eq.) NaBHsCN were dissolved in 30 mL absolute MeOH & stirred at room temperature for ~3 days, until
starting material was gone by TLC (Rf = 0.8 in CHCI3, KMnQ, stained TLC plate). The mixture was
quenched by added concentrated HCI dropwise (~3 mL), then concentrated with a rotary evaorator.
The resulting white solid was taken up in 200 mL H,0, taken to pH~10 with solid KOH, & extracted with
300 mL & then 150 mL of CHCl;. The CHCI; fractions were combined & concentrated to give 2.18 g
(85%) of pale yellow oil.
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'H NMR (400 MHz, Chloroform-d) & 5.60 (s, 2H), 2.86 (p, /= 6.1 Hz, 1H), 1.51 - 1.41 (m, 3H), 1.38 = 1.25
(m, 3H), 1.22 (h, J = 6.7 Hz, 14H), 0.85 — 0.76 (m, 6H). *C NMR (101 MHz, CDCl5) § 50.58, 37.49, 31.30,
28.92, 25.54, 22.02, 13.36; TOF ES+ MS: 200.237 m/z.

Synthesis of (CsHi3),PDI
(@) O (0]
AN
o0 e S :
Tridecan-7-amine O O
telele
Imidazole, Q O
180°C, 4h o (0]
[e] (6] (©]
Perylene-3,4,9,10-tetracarboxylic dianhydride (CgH13)2PDI
(PDA) 90%

1.00 gm (97% pure; 2.47 mmol; 1 eq.) of perylene-3 4-dicarboxylic anhydride (PDA) was added to a
schlenk tube containing excess (10x mass) of imidazole (solid) & 351 mg (0.75 eq.; 1.92 mmol) of
Zn(OAc),. The reaction vessel was evacuated & argon flushed thrice before adding the 1.4 gm of the
pale oil amine (TAM; 2.75 eq.; 7.02 mmol) & heated to 160-1802C overnight. After cooling down, the
crude was precipitated in EtOH:H,O (water in a 1:1 (v/v) with 2N HCl. Crude was filtered & washed
with methanol before drying. Column chromatography on the crude in DCM:hexane (1:1) isolates the
PDI small molecule (90% yield, 1.73 gm).

'H NMR (400 MHz, Chloroform-d) 6 8.93 — 8.36 (m, 8H), 5.19 (tt, / = 9.4, 5.8 Hz, 2H), 2.24 (qd, /= 9.7,
4.9 Hz, 4H), 1.86 (dq, J = 14.1, 5.4, 4.9 Hz, 4H), 1.44 — 1.06 (m, 33H), 0.82 (t, J = 6.7 Hz, 11H). 3C NMR
(101 MHz, CDCls) 6 134.58, 131.96, 131.25, 129.66, 123.08, 77.34, 77.02, 76.70, 54.78, 35.58, 32.40,
31.77, 29.23, 26.94, 22.60, 14.06, 1.03; MS MALDI-TOF (reflective neutral mode): 753.497 m/z.

Synthesis of M3

0 O Br; (80eq)

O O CHCl, 78hrs 1.7-M3
; QO y
(0] (0]

1,6-M3

(CeH13)2PDI (1.00 gm; 1.32 mmol; 1 eq.) was taken in a schlenk flask & dissolved in chloroform (10
mg/mL concentration) & argon gas was bubbled through for 10 minutes to remove dissolved gases.
Excess liquid bromine (5.5 mL; 80+ eq.) was injected into the system & the flask was heated to reflux
conditions for 3+ days. After cooling down the solution, compressed air was bubbled to remove
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bromine (channeled into reducing agent). The crude was adsorbed onto dry silica to perform dry
loaded column chromatography. Broadly 3 fractions could be isolated & the fraction with the highest
R¢ value is the needed M3+isomers. Repeated columns were performed to isolate out the
monobrominated PDI. (Refer main report on isolating/enriching M3 from regioisomers).

NMR (of 95+% enriched M3 at 502C): *H NMR (800 MHz, Chloroform-d) § 9.67 (d, J = 7.8 Hz, 1H), 9.08
(s, 1H), 9.00 — 8.76 (m, 1H), 5.34 (tt, J = 9.9, 5.9 Hz, 1H), 2.41 (dtd, J = 14.6, 9.6, 5.1 Hz, 3H), 2.03 (ddt,
J=15.0,10.8, 5.2 Hz, 3H), 1.45 (dddd, /= 58.4, 21.4, 14.5, 6.8 Hz, 21H), 1.01 (t, /= 7.0 Hz, 6H); MS APCI
(positive mode): 913.296 m/z.

Thin Film Preparation and Characterization

Solution preparation of macromonomers, tri-BCP and its molar blend

Each respective material were prepared by first dissolving each stock solution separately for 12hrs at
50°C in chloroform (CF) at a concentration of 20mg/ml, before filtering with a 1.0pm pore diameter
PTFE filter, and left to stir for another hour before deposition onto the respective substrates. For the
blend solution, each component were fixed mixed and left to stir for at least 2hrs before filtering.

Spin coated thin film preparation

Pre-patterned ITO on glass was cleaned by sequential sonication in water, isopropanol and acetone for
30 min each, and dried by argon. ZnO (20 nm) was utilized for the electron transport layer in the
inverted solar cells. The ZnO precursor solution, which contains 0.5 M zinc acetate dehydrate and 0.5
M monoethanolamine in 2-methoxyethanol, was stirred under 60 °C for overnight. The ZnO electron
transport layer was deposited on the clean ITO substrates via spin-coating with the spin rate of 5000
rpm. After exposing a section of the ITO electrical contact, the substrates were annealed at 200 °C in
air for 30 min to obtain a thin layer of ZnO film on ITO. The respective solution prepared were then
prepared via spin-coating onto the substrate at 1500rpm for 60 seconds to obtain a thickness of
approximately =120nm s measured from a Bruker Dektak XT profilometer.

UV-Vis and PL Characterization:

Absorption spectra of the solution and thin films were acquired with a UV—vis-NIR UV-3600 (Shimadzu)
spectrophotometer, and the optical band gap (E,°*") was determined from the absorption edge of the
thin film sample. Photoluminescence Spectra of the thin films was carried out on a Fluorolog-3
spectrofluorometer (Horiba) equipped with a Xe lamp with an excitation light source at 532 nm. The
sample was placed at a 45° from the lamp to the detector.

Optical Microscope
Optical microscope images were obtained with a NIKON Eclipse E600.

Solar-Cell Fabrication and Testing

Upon spin coating of the respective BHJ active layer on ZnO/ITO/Glass, the substrates were then
transferred into the deposition chamber to thermally evaporate 4 nm of MoO3; and 100 nm Ag at ~10
5 mbar through a shadow mask with an active area of 16 mm?. An 80 nm thick aluminium cathode was
deposited (area 16 mm? ) by thermal evaporation (Kurt J. Lesker Mini-SPECTROS). Electronic
characterization was performed under simulated AM1.5G irradiation from a 300 W Xe arc lamp set to
100 mW cm 2 with a calibrated Si photodiode (ThorLabs) at room temperature. Current— voltage
curves were obtained with a Keithley 2400 source measure unit. Thermal annealing at 150°C for 15
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