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ABSTRACT

Organic photovoltaic (OPV) devices possess several advantages over their silicon-based counter
parts, namely mechanical flexibility, inexpensive high throughput processing and lightweight modules.
These characteristics have prompted the scientific community to intensify efforts to make such
technology economically viable. In the past two decades, due to clever molecular engineering, the power
conversion efficiency (PCE) of OPVs has increased from around 2% to almost 20%. Unfortunately, such
accomplishments have come from the design and development of organic semiconducting compounds
whose synthesis and purification are increasingly complex, hindering commercial deployment.
Alternatively, axially substituted silicon phthalocyanines (R.-SiPc) are promising candidates for low-
cost OPVs. SiPc dyes have been employed in organic electronics for almost 50 years, owning to their
high molar extinction coefficient, high chemical and thermal stability, and ease of manufacturing. In this
thesis, we aimed to explore how the physical, chemical, and electrochemical properties of R2-SiPc
derivatives interplay with their performance in OPVs. We have demonstrated that the solubility of the
derivatives plays a significant role on their performance as ternary additives in Poly(3-hexylthiophene-
2,5-diyl):[6,6]-Phenyl-C61-butyric acid methyl ester (P3HT and PCeBM, respectively) bulk
heterojunctions. We demonstrated that when employed as stand-alone acceptors, the final morphology
of P3HT/R.-SiPc films, and consequently their performance, correlates to basic thermodynamic
properties such as critical radius, miscibility, and crystallization enthalpy. Such properties have also been
correlated with the length and branching of axial silane groups, serving as a guide for molecular design,
in particular, with respect to the solubilizing alkyl groups present in many organic semiconductors. We
have demonstrated that R>-SiPc derivatives can be paired with polymers other than P3HT, to achieve
respectable metrics, namely Voc, but the overall efficiency is limited due to their shallow highest
occupied and lower unoccupied molecular orbitals (HOMO and LUMO) energy levels. As such, we have
also explored peripherally fluorinated R2-FxSiPcs derivatives and characterized how the degree of
fluorination affects the electrochemical and physical properties of the R2-SiPcs. Through control of the
degree of fluorination, it was possible to pair, in OPVs, R>-FxSiPcs with polymers that unfluorinated R»-
SiPcs was not originally compatible with, such as poly[[6,7-difluoro[(2-hexyldecyl)oxy]-5,8-
quinoxalinediyl]-2,5-thiophenediyl]] (PTQ10) and even achieve air-stable electron conduction.
Ultimately, we found that the degree of fluorination controls the charge carrier (electron or holes) that is
preferably conducted in the R»- FxSiPcs phase. The results stablish novel property-performance
relationships that can be used to move away from trial-and-error approaches and designing organic
electronics and further stablishes silicon phthalocyanines as promising cores for organic electronics.
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ABSTRAIT

Les dispositifs photovoltaiques organiques (« Organic Photovoltaics» OPV) possédent plusieurs
avantages par rapport a leurs homologues a base de silicium, a savoir une flexibilité mécanique, un
traitement a grande échelle peu colteux et des modules légers. Ces caractéristiques ont incité la
communauté scientifique a intensifier ses efforts pour rendre cette technologie économiquement viable.
Au cours des deux derniéres décennies, grace aux progres dans 1’ingénierie moléculaire des dispositifs,
le rendement de conversion de puissance (« Power Conversion Efficiency, » PCE) des OPVs est passé
d'environ 2 % a pres de 20 %. Malheureusement, ces réalisations sont issues de la conception et du
développement de semi-conducteurs organiques dont la synthese et la purification sont de plus en plus
complexes, ce qui entrave leur déploiement commercial. Alternativement, les phtalocyanines de silicium
avec des substituants en position axiale (R2-SiPc) sont des candidats prometteurs pour le développement
d’OPVs a faible colt. Les colorants SiPc sont utilisés dans I'électronique organique depuis prés de 50 ans
en raison de leur coefficient d'extinction molaire et de leur stabilité chimique et thermique éleves, ainsi
que leur facilité de fabrication. Dans cette thése, nous cherchons a déterminer comment les propriétés
physiques, chimiques et électrochimiques des R2-SiPcs interagissent avec leur performance dans des
OPVs. Nous avons démontré que la solubilité des dérivés joue un réle significatif sur leur performance
en tant qu'additifs ternaires dans le Poly(3-hexylthiophene-2,5-diyl):[6,6]-Phenyl-C61-butyric acid
methyl ester (P3HT :PCs:BM) a hétérojonctions en masse. Nous avons démontré que la morphologie
finale des films composé de P3HT/ R2-SiPc¢ jouant le role d’accepteurs individuels, et, par conséquent,
leur performance, est corrélée a leurs propriétés thermodynamiques telles que le rayon critique, la
miscibilité et I'enthalpie de cristallisation. Ces propriétés ont également été corrélées avec la longueur et
la ramification des groupes axiaux. Cela permet de guider la conception moléculaire, particulierement en
ce qui concerne les groupes alkyles solubilisant présents dans de nombreux semi-conducteurs organiques.
Nous avons démontré que les R2>-SiPc peuvent étre associés a des polymeéres autres que P3HT, pour
obtenir des métriques de performance respectables, a savoir le Voc. Cependant, I'efficacité globale est
limitée en raison des niveaux d'énergie peu profonds de leurs orbitales moléculaires occupées et
inférieures inoccupées (« Highest Occupied Molecular Orbital, » HOMO et « Lowest Unoccupied
Molecular Orbital, » LUMO). A ce titre, nous avons également exploré les dérivés de R2-FxSiPcs fluorés
en périphérie, et caractérisé comment le degré de fluoration affecte les propriétés électrochimiques et
physiques des R>-SiPcs. Gréce au controle du degré de fluoration, il a été possible d'associer, dans des
OPVs, les Ro-FxSiPcs a des polymeres avec lesquels les R2-SiPcs non fluorés n'étaient pas compatibles,
tel que le poly[[6,7-difluoro[(2-hexyldécyl)oxy]-5, 8-quinoxalinediyl]-2,5-thiophénediyl]] (PTQ10).
Cela a permis d’atteindre une conduction électronique stable & I'air. Finalement, nous avons constaté que
le degré de fluoration dicte le porteur de charge (électron ou trous) de préférence conduit dans la phase
des R2>-FxSiPcs. Ces résultats établissent de nouvelles relations propriétés-performances qui peuvent étre
utilisees pour s'éloigner des approches par essai et erreur et démontrent I’importance des phtalocyanines

de silicium pour le développement de I'électronique organique.
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1. INTRODUCTION

Yearly, the total energy received by Earth from the Sun is estimated to be 13 times larger
than all fossil fuel reserves (coal, natural gas, oil) combined.! Therefore, taking advantage of this
renewable natural source is paramount to guarantee environmental and energy security around the
world in the decades to come.? Photovoltaics (PVs), which convert sun light directly into
electricity, are arguably the most studied solar technology for energy production. In the following
chapter, I will introduce many concepts important to the manufacture and application of such
devices, with a focus on organic photovoltaics (OPVs) and silicon phthalocyanine (SiPc)-based

active layers.

1.1 Photovoltaics vs Organic Photovoltaics

Crystalline silicon solar cells were the first generation PVs (1954) and still constitute over
90% of the global market, due to their high efficiency of approximately 20%, as result of the
maturity of silicon technology, which is propelled by the industries of microelectronics and
information technology.®* However, silicon solar cells are manufactured by energy-intensive,
expensive processes, which greatly reduces their economical competitivity towards traditional
energy sources.>® In that context, complimentary research is looking towards thin-film technology
that facilitate low-cost and low-energy fabrication.

In that regard, OPVs are a rapidly advancing alternative to silicon photovoltaic technology,
that applies carbon-based small molecules and/or polymers in the production of solar cells. 2
Organic semiconductors have unique properties that have been explored in the past three decades
for a wide range of applications. This is due in large part to their properties such as processability
by low-cost, solution-based techniques, which facilitates high throughput printing fabrication, and
their mechanical properties, which enable the fabrication of flexible, resilient devices. Another key
characteristic is the chemical versatility, that permits the functionalization of materials through
simple molecular-design.®” Through the development of new organic semiconductors, OPV
performances reached efficiencies between 16%-19%, approaching those of commercial inorganic
cells.®19 In addition to the recently achieved competitive performances, the properties of these
OPVs, namely their flexibility (Figure 1.1a), allows these devices to be incorporated in complex
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structures (Figure 1.1b) and also take advantage of larger, irregular areas on the roofs of buildings,

bus-stops, windows etc. (Figure 1.1c). 1*13

a) b)

Figure 1.1. a) Flexible polymer-fullerene solar cell;!! b) OPV solar tree modules presented at
EXPO 2015 in Milan;'? and ¢) OPV bus-stop roof, fabricated with green processes.!?

1.2 Organic Photovoltaic Working Principles

The overall working principle of any solar cell is the conversion of photonic energy (light)
into electric energy, by exciting the electrons present in a semiconductor. A difference in potential
energy must exists in order for work to be extracted from the process, according to the equation P
=1V, where P is power, | is current (or charge/electron per second) and V is the potential difference
or voltage.? One of the main differences between inorganic and organic solar devices lies in the
mechanics of extraction of these electrons after they are excited. In Si PVs, due to their relatively
high dielectric constant, free electrons are generated directly after the excitation by light.
Alternatively, organic semiconductors are excitonic, forming electron-hole pairs that are
coulombically bound, following the photon absorption. 1 The coulombic energy is considerably
larger than the thermal energy at room temperature, therefore additional potential energy must be
present in the system to split these pairs and extract useful work from the device.

The concept of acceptor/donor heterojunctions was developed by Tang et al *°, where two
materials with different frontier orbital energies are employed in order to drive exciton
dissociation. Typically, the donor is a p-type semiconductor (conducts primarily positive charges,
i.e. holes) and the acceptor is an n-type semiconductor (conducts primarily negative charges, i.e.
electrons). This process is depicted in Figure 1.2. The relative positions of the lowest unoccupied
molecular orbitals (LUMOSs) and highest occupied molecular orbitals (HOMO) of donors and

acceptors provide a difference in potential energy that drives electron transfer from the donor to
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the acceptor LUMO and hole transfer from the acceptor to the donor HOMO. >Y7 Typically, this
LUMO and HOMO offset between the donor and acceptor has to be of a few hundreds of millivolts
to provide enough driving force for effective dissociation of excitons (>0.25 eV). 819 Once the
pair is dissociated, a charge transfer state (CT) is formed, as shown in Figure 1.2. The energy
difference between the excited state (S1) and the CT state, corresponds to the generative energy
loss in acceptor/donor junctions. It becomes clear, therefore, that a much too large difference
between the S1 and CT states lead to larger energy losses. Recently, several acceptor/donor pairs
with very small offsets between their energy levels have been reported with high efficiencies. They
take advantage of the acceptor-donor-acceptor (ADA) fused rings structure to optimize charge
transfer, while finetuning a small energy offset that maximizes Voc. 2°?> However, a complete
understanding of how charge transfer occurs in such near-zero energy offset blends is still elusive
and may as well be system-specific. 2

Exgiton

e, (ii)

fio (i) (&)
)
/ICT state

acceptor

Figure 1.2. Charge transfer diagram of a donor-acceptor heterojunction. i) photon absorption and
exciton formation; i1) Exciton dissociation and electron transfer between donor and acceptor; and
iii) Electron and hole drift to collectors (electrodes). '®
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Before work can be extracted from the charge carriers within the device, they need to travel
from the donor/acceptor interface to the correct electrodes. This transport is driven by the
difference in the work functions of the electrodes, which generates an intrinsic electric field that
propels charges to their respective collectors. Additionally, it is standard to include transport layers
between the active layer and electrodes, to reduce contact resistances and improve charge injection.
Ideally, positive and negative charge carriers should be balanced in the device, to avoid charge
accumulation. Electrons and holes may still recombine while travelling to the electrodes,
especially if they become physically isolated in island domains that are not immediately in contact
with the correct electrode. Hence a direct path through either the donor or acceptor to the electrodes
is necessary. 224

A semiconductor can be excited only by photons with energies equal or greater than that of
its bad gap (Ebg), defined as the difference between its HOMO and LUMO levels, therefore
limiting the amount of the solar spectrum the material can absorb. Absorption of photons with
higher energies than the Ebg rapidly undergo thermal relaxation and decay into the band edge,
losing energy in the process. This limits the total possible efficiency of photovoltaics, that, through
the Shockley-Queisser model,® has been calculated to be around 33% for of single-junction
inorganic cells, and coincides with an Ebg of approximately 1.3 eV.?® In OPVs, due to their
excitonic nature and the additional free-energy loss that happens at the donor-acceptor interface,
this maximum efficiency has been calculated to be approximately 25% (for a single junction),
depending on the energy level offset. 2/

1.3 Characterization of the Photovoltaic Effect

Photovoltaics are characterized by modelling their behaviour to that of a photodiode, which
generates electric power from light when operated in reverse bias. A photovoltaic circuit and
operational current density versus voltage (J-V) curves are shown in Figure 1.3. 17 If no photons
are incident to the cell, a very small saturation current forms for small biases, that can be estimated
by Equation (1.1) for ideal conditions. When illuminated (Figure 1.3b), the current curves shift
by a value equal that of the photogenerated current, which reaches its maximum for short-circuit
conditions (Jsc). The Jsc metric depends on the efficiencies of each one of the steps depicted in
Figure 1.2. Alternatively, the cell’s point of maximum electric potential happens under open-

circuit (no current) conditions (Voc), whose value in OPVs is often associated to a function of the

4
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difference between the LUMO of the acceptor and HOMO of the donor materials.” A device
provides maximum power at the curve’s inflection point (denoted Jup and Vwp in Figure 1.3b),
where the power conversion efficiency (PCE) is measured, according to Equation (1.2). Ideally,
the shape of the curve should be a perfect square, as depicted by the red lined in Figure 1.3b,
which would mean no drop in power due to resistance and charge recombination. The deviation
from ideality can be assessed by the fill factor (FF), which is a measure of the “squareness” of the
curve and can be calculated by Equation (1.3). The FF is closely related to the series resistance
(Rs) and shunt resistance (Rsh) of the cell. Combining these concepts, the overall OPV J-V curve
can be predicted by the Kirchoft’s law, presented in Equation (1.4). >/

OPVs tend to present lower FF values (0.5-0.7), i.e. larger deviation from ideality, than
their inorganic counterparts (0.8-0.9), which arises from low Rsy and/or high Rs values (see
Equation 4). Rs aggregates all the resistances of all components and interfaces in the device, and
they tend to be higher in OPVs due to their relative lower conductivities. Alternatively, Rsn is a
result of current leakage, typically due to trap states, charge recombination and edge effects, which
all become more prevalent in complex multi-component systems, such as OPVs.21728 All these
sources of efficiency loss are intimately connected to the device morphology and can be refined in

order to optimize device performance.

a) b)

Jwe
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Figure 1.3. a) diagram of the circuit of a photovoltaic cell; b) Dark (dotted line) and illuminated
(solid line) J-V curves of an operating photovoltaic cell.!”
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Naturally, the metrics and overall efficiency measured in PV devices depends highly on the
source of illumination. In the field of photovoltaics, the standard illumination employed to allow
meaningful comparison between systems is the AM1.5 spectrum. It corresponds to a 1000 W m
solar light intensity, when the sun is at 48° from the horizon. Solar modules placed in different
places of the world will measure different power outputs depending on their latitude, time of day,
climatic conditions and so forth.?° Even larger changes may occur if the source of light is artificial,
namely indoor lighting photovoltaics, which is an emergent application of OPVs, where devices
can achieve over 30% efficiency.*

1.4 Device Configuration and Morphology

The first OPV developed by Tang et al was a planar heterojunction (PHJ), as the one
depicted in Figure 1.4a. This geometry is a straightforward stack of each one of the materials that
compose the device and is still being studied and optimized today due to its simple structure, ease
of fabrication and compatibility with printing techniques, such as roll-to-roll.™>3! However,
excitons can typically travel only a few nanometers before recombining, therefore, in this
configuration, only excitons formed very near the interface live long enough in order to dissociate
and generate power. This fact greatly limited the PCE of OPVs produced for nearly a decade. In
1995, however, a new breakthrough happened when the concept of bulk heterojunction (BHJ) was
developed by Heeger et al, with the first report of polymer/fullerene OPV. In this type of device,
the donor and acceptor blend is cast as a single interpenetrated layer composed of nanometric
domains of each material, as depicted in Figure 1.4b. This enables a larger number of excitons to

reach the interface and dissociate, greatly improving the photocurrent of such devices. 323
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Figure 1.4. a) Planar heterojunction device structure; b) bulk heterojunction device structure. **

The BHJ configuration is arguably the most popular configuration for OPVs and is the
choice for most top-performing OPV devices to date.®1° The donor-acceptor pair of poly(3-
hexylthiophene) (P3HT) and phenyl-Ce1-butyric acid methyl ester (PCs:BM) has been the most
extensively studied BHJ in OPVs, and even though its performance has been long surpassed by
the use of advanced conjugated polymers and acceptors, it is a benchmark of OPV technology and
often serves as reference point when assessing new materials.}’® These devices can also have a
direct or inverted architecture, as depicted in Figure 1.5. The inverted BHJ uses a transparent
electrode as the cathode, often indium-tin oxide (ITO), and eliminates the need for low work-

function, reactive metals as electrodes.”-%

Reflective cathode Reflective anode

Active layer Active layer

Transparent anode Transparent cathode

substrate substrate
Figure 1.5. a) standard direct architecture; b) inverted device architecture. !’

The ability to be solution processed is key for the success of OPVs, as it enables the use of
a number of inexpensive manufacturing techniques, such as spin-coating, blade-coating, screen-
printing, roll-to-roll printing, which is precisely their edge compared to the silicon technologies.
23 The resulting device performance, however, is highly dependent on the properties of the initial

solution and its components, such as polarity, solubility, solvent volatility, surface energy, among

7
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others. Typically, it is considered that an ideal BHJ morphology should have interpenetrated
domains with sizes in the order of 10-20 nm. In summary, the active layer must present high
interfacial area in order to dissociate the greatest possible number of excitons, while maintaining
continuous paths for charges to be collected by electrodes, such as the scenarios presented on
Figure 1.6 (Figure 1.6¢c would be the ideal case). These features are, however, challenging to
control via solution processes, which prompted many researchers to study how to optimize the
active layer morphology, if possible, through comprehensive and robust design rules, for both

process and molecular design. ¥4

a) b)

V]

Figure 1.6. BHJ structures: a) random blend with large domains and many isolated islands; b)
random blend with small domains and connected to the edges of the charge collectors; and c)
interdigitated rods blend with complete connectivity to charge collectors. Effectiveness of the
active layer, keep everything else the same, should increase from a) to c). *’

For non-patterned BHJs (Figure 1.6a and b), the morphology is typically optimized by
controlling the material properties and the processing conditions. For example, by annealing the
cast film and/or adjusting the polymers’ characteristics, such as regioregularity and length of
solubilizing alkyl chain one can tune the thin film crystallization rate.*>** The crystallization rate
is also highly dependent on the solvent properties, and the relative interactions of each component
with the processing solvent. It has been demonstrated that the use of high boiling point solvents
promotes higher crystallinity and induces order within the BHJ, due to slower drying rates (Figure
1.7a).%? Alternatively, if at least one of the components does not show strong interactions with the
solvent of choice, extensive phase separation can occur with the formation of large domains, that
greatly reduces the efficiency of the device (Figure 1.7b).#344 In fact, it has been demonstrated

that P3HT/fullerene active layers show the best efficiency when both components have similar
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solubilities.*® The same effect can be driven by differences in surface energy of the two solid

components, 44647

Low BP High BP

ass 'C)

a)

20.0 20,0 ™

PCE =3.1% PCE =4.1%

Cl-Benzene d) [‘]

Blend solution esemeeseseeeed . 50lid | PBDTTPD(R,/7.)

Figure 1.7. Examples of BHJ morphology modifications: a) Use of high boiling-point solvents
decrease the drying rate and result is higher degree of order in the film as indicated by AFM
images;** b) Solvents that do not interact similarly with donor and acceptor can cause preferential
precipitation/aggregation of one of the phases into undesirable, large domains, such as the case
shown for toluene that causes the formation of bubble-like PC¢;BM domains; ** ¢) Thermal
annealing results in ordering of the polymeric phase, connecting adjacent chains into a
cocontinuous morphology that favours charge collection; ** d) Modifying the alkyl chains of
donor/acceptor materials have a strong effect on the final performance, leading to larger or smaller
domains and degrees of crystallization.*!

Because the drying of the film is a kinetically driven process in spin coating it is possible
that ideal morphologies are not attained in time. Thermal and solvent annealing can be employed
to drive the formation of larger, more crystalline domains and the smoothing of the interfaces. In
the case of the P3HT/PCs1:BM blend, it has been demonstrated that thermal annealing promotes a
increase of crystallinity of P3HT while driving phase-separation to form co-continuous phases,
which greatly improves charge transfer from the BHJ to the electrodes (Figure 1.7¢). 4% Domain
growth and increase in crystallinity also happens when the BHJ is exposed to a solvent vapor,
during solvent annealing. It is important to note, however, that over-annealing can have a
detrimental effect if the extent of phase separation and growth is too large, when the domains get

too large for effective exciton dissociation.*® Ultimately, the morphology can be improved my
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careful molecular design, which affect solubility, solvent interactions, surface energy, miscibility
of phases, etc. For example, highly regioregular polymers tend to have improved performance in
OPVs due to their tendency to form more organized domains. Alternatively, for some materials
and processes, amorphous domains are desired, therefore a polymer with lower regioregularity can
be selected.>® The length and placing of alkyl chains on the polymer backbone also have a strong
effect on device performance. Savikhin et al demonstrated that by simply swapping the
solubilizing  groups in  Poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-thieno[3,4-c]pyrrole-1,3-
diyl)[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl] (PBDTTPD) donors, the
PCE increased 4-fold, varying from 1.98 to 8.1%, as result of the formation of smaller, more
crystalline, pure domains (Figure 1.7d). This effect was attributed to changes in the molecular
packing which can be greatly affected by the presence of bulky alkyl groups.*

Lyons et al. have developed a model that correlates the relative effect of domain size,
domain purity and domain interface to the efficiency of BHJ OPVs, more specifically, how it
affects the efficiency of exciton dissociation and charge collection. The smaller domain size, the
greater the exciton dissociation efficiency but the lower the charge collection efficiency, due to
discontinuity of the domains. Both purity and sharpness of the domains have a positive effect on
the charge collection. One of the main findings of this model is, however, that domain size has
little effect on the overall performance if they are not pure, because the benefits of exciton
dissociation are offset by an increase in charge trapping, as depicted in Figure 1.8. %! These
findings underline the need to assess the solid-state interactions between donor and acceptor, as
well as the individual properties of the organic semiconductors employed, in addition to solvent
interactions. It is critical to study the miscibility, solubility and crystallization characteristics on
the resulting thin film morphology to truly understand the effect on OPV performance. While
models like the Hansen solubility parameters®>®3 and the Flory-Huggins miscibility parameters®*
exist and can support the understanding of solvent-solid and solid-solid interactions in BHJs, their

application towards optimization of OPVs is still rare.

10
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Figure 1.8. Simulated current (J), exciton splitting efficiency (nex) and charge collection (ncc) in
BHJ with domains of different sizes when the morphology is characterized by a) impure domains;
b) diffuse interfacial edges and ¢) pure domains with sharp edges.’!

1.5 OPV Materials

Between 2005 and 2015, the search for advanced OPV materials, especially low-bandgap
polymers to be employed as donors, has greatly intensified, and led to important breakthroughs. 23
Before that, the vast majority of studies focused on the P3HT/PCe1BM pair, whose efficiency is in
the 3-4% range, due to relatively low Voc and small solar spectral coverage.® A variety of novel
conjugated polymers with narrower bandgaps have been developed in recent years, capable of
harvesting a broad range of wavelengths, leading to higher currents, and having deeper HOMO
levels, which can potentially increase their Voc, when paired with fullerenes. Figure 1.9 displays
the absorption the chemical structure selected donor polymers, including P3HT. Among the donor
polymers shown in Figure 1.9, Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-
2,6-diyl][3-fluoro-2-[(2ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) and poly[N-9'-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) initially
stood out for being commercially available and widely used in current studies, and with PCEs that may
exceed 6% when using fullerenes as acceptor.>® More recently Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5,7’-bis(2-
ethylhexyl)benzo[1°,2°-c:4°,5’-c’]dithiophene-4,8-dione)] (PM6) has also been increasingly used
in research, achieving high PCEs above 15%, when paired with high-performing acceptors. 23

11
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Figure 1.9. Chemical structure of common donor polymers employed in OPVs. ¢

Alternatively, in the past decade, most of the advances in OPV performance have focused
on the acceptor compounds, as the field moves on from fullerene derivatives. The most prominent
acceptors in OPVs are the Y6 (2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-
dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3":4",5'|thieno[2',3":4,5]pyrrolo[3,2-
g]thieno[2',3":4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile) and ITIC (3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3°-d’]-s-
indaceno[1,2-b:5,6-b’[dithiophene) series, which are based on derivations of the A-D-A (fusing
acceptor A and donor D moieties together) approach to design organic semiconductors. These
acceptors achieve high efficiencies ,often above 10%, ®?**" and high Vocs, due to the small energy
offset required for charge separation.'® Through fine-tuning these organic semiconductors’ Ebg, it
was possible to also improve charge generation by extending light absorption in the near-IR region

(>750 nm). Select acceptors are shown in Figure 1.10. %8
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Figure 1.10. Absorption spectra of common small-molecule acceptors employed in OPVs.®’

The main drawback of such advanced semiconductors is their synthetic complexity which often
leads to high costs. They require complex multi-step synthesis to be manufactured, and commercial
options can be as much as 9 times more expensive than P3HT. Multi low yielding reactions associated
with high-performing materials are prohibitive for large-scale production. One of the major thrusts
for the development of OPVs is their low manufacturing cost so using overly expensive polymers
defeats the purpose of fabricating OPVs.>%-%3 The complexity and, therefore, scalability and cost
of conjugated polymers and small molecule acceptors can be categorized in terms of their synthetic
complexity index (SC), coined by Po. et al.®* This model takes into account the number of synthetic

steps, the reciprocal of the cumulative synthetic yield, the number of unit operations, the number
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of column chromatography purification steps, and the number of highly hazardous chemicals
involved in the synthesis. It provides a comparison framework between the economical feasibility
and efficiency of materials employed in OPVs. Figure 1.11 provides a comparison of common
OPV materials as to their SC. The highest performing materials have considerably larger SC,
therefore, while the gains in OPVs efficiency have been remarkable, they have not resulted in
commercially relevant products or applications. Hence, while the OPV field moves towards ever
more complicated conjugates polymers,®>® whose production is not scalable, in this thesis |
propose the study and improvement of devices containing commercially viable materials.

® Acceptors Yﬁ.
Donors PMeé6
ITIC
®
PBDB-T
>
3]
=
2 PC_BM PTQ10
2 61
= °
=
SiPc
[ ]
P3HT
T T T T T T T T T T
0 20 40 60 80 100

Synthetic Complexity (SC)
Figure 1.11. Comparison between average efficiencies achieved by select organic semiconductors
and their synthetic complexity index.

One class of organic compounds that has found innumerous applications in electronics are
metal and metalloid-containing phthalocyanines (MPcs), which are conjugated molecules
composed of a tetramer of nitrogen-linked isoindole. The MPc structure is shown in Figure 1.12a.
These materials have been employed as commercial photoreceptors for almost 50 years and over
100 years, as a commercial pigment.®® The synthesis and purification of MPcs is relatively simple,
high-yield and well understood, making them desirable candidates for low-cost OPV devices.®® 7!
In fact, the first ever heterojunction made by Tang'®, employed copper phthalocyanine (CuPc) as

electron donor. MPcs have a high molar extinction coefficient (10° M'cm™) and absorb light in

the red and near infrared region, complimenting the absorption of well-established organic
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semiconductors, such as P3HT, PCDTBT and PC¢1BM, that often show poor performance in that
region of the solar spectrum.’'~" The absorption spectrum of typical MPcs are presented in Figure
1.12b.

While divalent MPcs (Zn, Cu, etc) have been widely reported as active materials and
employed in many organic electronics devices, tetravalent MPcs have not been as explored.
Tetravalent MPcs, such as silicon phthalocyanines (R»-SiPcs), have two axial bonds available for
chemical modification (Figure 1.12a), imparting broader chemical versatility and facilitating the
tuning of not only their electrochemical properties, but also physical properties, such as solid-state
packing, solubility, melting point, surface energy, etc .°*7! R,-SiPcs have inherent n-type
conductivity and have been employed in organic light-emitting diodes (OLED) 7*7%, and organic
thin film transistors (OTFTs) '7-8!, with respectable mobilities, of up to 0.1 cm? V' s, In OPVs,
R»-SiPcs have been studied as additives, to improve the efficiency of benchmark BHJ (such as
P3HT/PCs1BM), and, to a lesser extent, as electron acceptors. 48285 Axially functionalized R,-
SiPcs are especially suited for low-cost applications, as their synthetic complexity is relatively low

(Figure 1.11). 8¢

R R 14
a) =" b)
RP RP Q \ 12 s COPC === CuPc
7\ S 1 ZnPc ——SiPc

'uw 'Uz
1
z--=--
| ",
LR
Absorbance

R R 300 400 500 600 700 800
Wavelength (nm)

Figure 1.12. a) Structure of a tetravalent phthalocyanine with a metal center (M, in red), axial
groups (Ra, in green) and peripheral groups (Rp, in blue); b) Absorption spectra of selected MPcs.

1.6 R2-SiPcs as ternary additives

One of the main strategies to improve the performance of well-established donor-acceptor
pairs is the introduction of a ternary additive. Such additives can have different functions, but

typically they are introduced in the BHJ to improve morphology and spectral coverage. Figure
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1.13 displays different morphologies that can be formed in a ternary BHJ. This is strategy is
particularly interesting from an economical point of view as it can be easily implemented due to
its simplicity.

Embedded in one phase Parallel-like structure

Cathode

Electron transport layer

Donor
+ < Located at interfaces Alloy structure

Acceptor
+

Third component

Hole transport layer

Figure 1.13. Possible morphologies of a ternary BHJ.

Ro-SiPc have been effective additives due to their strong absorption in the near-infrared
region, able to complement the coverage of P3HT/PCes:BM devices, as it can be seen by the
external quantum efficiency (EQE) spectrum shown in Figure 1.14, leading to increases of up to
50% in the PCE and Jsc of the organic cell. This use of R2-SiPcs as ternary additives was first
reported by Honda et al., who added the derivative bis(trihexyl)silyl oxide silicon phthalocyanine
((8HS)2-SiPc) to P3HT/PCeBM BHJ. 8283 The same group also investigated the mechanism and
morphology of this ternary blends and found that the (3HS).-SiPc tends to migrate to the
amorphous interface between P3HT and PCe1BM, as depicted in Figure 1.13c, where they boost
charge collection and charge transfer, while contributing to spectral coverage.*® These axially
substituted derivatives also have been shown to compatibilize the surface energy of P3HT and
PCs1BM, which further improves charge transfer at the domains’ interface, underlining the

effectiveness of Ro-SiPcs as multi-function additives.*’
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Figure 1.14. Extension of spectral coverage when adding 4 wt% of SiPc (blue) to a
P3HT/PC61BM blend (purple).”

1.7 R2-SiPcs as non-fullerene acceptors (NFAS)

Another relevant issue with traditional OPVs is their reliance on fullerenes, such as
PCe1BM. This class of compound have many desirable properties to be used as electron acceptors
in organic electronics, namely delocalized LUMO in 3 dimensions, which form robust pathways
for charge transfer, high electron mobilities, electron-affinity and the tendency to form extensive
domains that improve charge collection. Nonetheless, fullerenes present weak absorption in the
visible region, some degree of photo-instability and, above all, their synthesis has low efficiency,
below 20% in most cases, and require time-consuming purification, leading to high costs and
limitations to scale-up fabrication.®*% These drawbacks prompted the research community to
favour NFAs in the past decade. %

Many organic NFAs have found application in high-performing OPVs, often specifically
tailored to the donor polymer it is paired with, tuning their energy levels and absorption, in order
to optimize charge transport while complementing the spectral coverage of the donor.% On the
downside, NFAs are often 2D planar molecules, such as phthalocyanines, that typically present
anisotropic electronic behavior, which may lead to unfavorable electron-transport, due to a
limitation in the direction of transport. In principle, the crystalline domains can be oriented in the
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preferred direction, however this is very hard to control in a bulk heterojunction and is very
dependent on solid-state packing, film morphology and interactions with the polymer donor.5%6-
98

Ro-SiPcs present many of the characteristics that make a good acceptor, such as high
electron mobility, high extinction coefficient, absorption in the red and near-infrared region, can
be easily synthesized and purified. When paired with P3HT, R2-SiPcs present a respectable Voc,
between 0.70-0.80 V, but very low Jsc, FF and PCE, often, below 1%."%"4% Dang et al
demonstrated that the reason for the low PCEs of these system is due to bad BHJ morphology,
indicating that tweaking molecular design, process conditions and solvent interactions may be the
key for better performance.” Nonetheless, studies that report the application of R2-SiPcs as NFAs
are scarce in the literature and lack optimization, constituting an open research topic that needs
more investigation, especially considering that it has been estimated that the production of R>-SiPc
requires 70 to 150 times less energy than PCe:BM and PC7:BM, the fullerenes most often
employed as acceptors in OPVs, 100101

One of the limitations of R»-SiPcs as electron acceptors is their relatively shallow HOMO
and LUMO levels, which reduces their air-stability and narrows the range of possible donor pairs,
as currently popular polymer donors often have HOMO levels deeper than -3.5 eV. 192104 The
introduction of electron withdrawing groups to the R»-SiPcs structure achieves those deeper energy
levels. Fluorine is a popular choice of strong electron withdrawing group, that due to its small size
does not disrupt molecular packing, 1% stabilize the electronic orbitals and enhance!® the n-type
conductivity of the semiconductor. 1% Copper hexadecafluorophthalocyanines (CuFisPc) have
been employed in OTFTs, with mobilities as high as 0.26 V1 s, 197 and, to a lesser extent, as NFA
in OPVs with improved performances when compared to their non-fluorinated counterpart.®®
Such devices are often fabricated by vapor deposition, as these unsubstituted FiePcs have very
limited solubility. This problem can be circumvented by tetravalent, peripherally fluorinated
phthalocyanines (FxPcs, where x is between 1 and 16), such as fluorinated silicon phthalocyanines
(R2-FxSiPc) whose solubility can be tuned with chemical modifications on the two axial bonds.®
Ro-FxSiPc have never been synthesized before and herein we proposed to attempt it and evaluated

its properties and applications in OPVs.
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1.8 Scope of the Thesis

In this chapter, I introduced some key concepts and contexts that are relevant in the study of
OPVs. The OPV field has geared towards ever more complex structures to achieve high
efficiencies, and it has become clear that without a compromise with cost and scalability, relevant
applications will not be achieved in the near future. In that sense, SiPcs are promising candidates
for n-type semiconductors that have not been widely explored for OPV applications. They have
outstanding stability, intrinsic n-type conductivity and can be obtained through straightforward,
low-cost synthetic pathways.

Herein we propose to explore R2-SiPcs as acceptors in OPVs, and expand the knowledge on
the donor/acceptor blends they form with select polymer donors, as we try to move away from
trial-and-error approach to materials design, by stablishing robust property-performance
relationships.

1) Can we correlate basic physical and thermodynamic properties of R2-SiPcs to their
performance in OPV devices? (Chapter 2 and 3)

2) Can the PCE of SiPc-containing OPVs be improved by pairing them with PTB7? (Chapter 4)

3) Can we combine R2-SiPcs with a wider range of polymers while improving their n-type

mobilities by peripheral fluorination of the phthalocyanine ring? (Chapter 5)
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2. UNDERSTANDING THE ROLE OF SILICON PHTHALOCYANINE SOLUBILITY
IN DEVICE PERFORMANCE AS TERNARY ADDITIVES IN ORGANIC
PHOTOVOLTAICS

Tuning solubility of ternary
additives for improved
OPV performance
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This chapter contains work published in Langmuir.

Maério C. Vebber, Trevor M. Grant, Jaclyn L. Brusso, and Benoit H. Lessard. Langmuir 2020,
36, 10, 2612-2621.

2.1 Context

The two available axial positions in SiPcs allow for easy functionalization of the silicon core,
leading to molecules with tuned properties. While it is costumery in literature to report fine-tuning
of electrochemical properties, the control of solid-state structure and physical properties is
relatively understudied. In the first part my thesis, | synthesized and characterized eight different
axially substituted silicon phthalocyanines and each compound differed from the other exclusively
by the size of the alkyl chains connected to the axial silanes. This change should have a significant
effect on physical properties in solid-state, while keeping the optical and electrochemical
properties approximately constant, as they are mainly defined by the conjugated ring, which was
unchanged in all compounds. If this hypothesis was correct, it should allow me to better isolate
key properties, and their effect on how these compounds perform as ternary additives in organic
photovoltaics (OPVs). | aimed to find correlations between the properties of the compounds and
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the OPV metrics when employed as a ternary additive in P3HT/PCsBM BHJs, because robust
design rules for BHJ OPVs are still relatively scarce. Solubility specifically stood out in the survey,

with a significant correlation that tied to known properties of the BHJ.

2.2 Contribution

I carried out the synthetic procedures and purification techniques required to obtain the final
compounds, as well as the characterizations reported in this paper. | also produced all the OPV
devices with the guidance of TG. Manuscript was also written by me with contributions from TG,
BL and JB. BL and JB supervised the project.

2.3 Abstract

The use of ternary additives in organic photovoltaics (OPV) is a promising route to improve
overall device performance. Silicon phthalocyanines (SiPcs) are ideal candidates due to their
absorption profile, low cost and ease of synthesis and chemical tunability. However, to date only
a few examples have been reported and specific strategies to help design improved ternary
additives have not been established. In this study, we report a relationship between ternary additive
solubility and device performance, demonstrating that device performance is maximized when the
SiPc additive solubility is similar to that of the donor polymer (P3HT, in this case). This improved
performance can be attributed to the favored interfacial precipitation of the SiPcs when its
solubility matches that of the other components of the thin film. The power conversion efficiency
(PCE) varied from 2.4% to 3.4% by using axially substituted SiPcs with different solubilities,
where the best ternary additive led to a 25% increase in PCE compared to the baseline device.

2.4 Introduction

Organic photovoltaics (OPVs) are an emerging solar energy technology, presenting a
number of advantages over their inorganic counterparts, such as low manufacturing cost, ease of
integration onto flexible substrates, mechanical robustness and recyclability.’* Recently, single-
junction OPVs, on a laboratory scale, achieved record power conversion efficiency (PCE) between
15-17%.%® As OPV performance continues to rise and with the promise of high throughput
manufacturing, it is predicted that their price will plunge below that of conventional inorganic

cells.’
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One of the main challenges with bulk heterojunction (BHJ) OPVs is to maximize light
harvesting across the visible and near-infrared regions of the solar spectrum as most organic
compounds tend to demonstrate a relatively narrow absorption band in the visible spectrum.®® The
addition of a photosensitizing ternary additive to the donor/acceptor blend is a straightforward
approach to increase the overall absorption of the active layer. Secondary functionality of these
additives can also be achieved such as enhancement of the film microstructure,'%! favoring phase
separation in the nanoscale, and compatibilization of energy levels between donor and acceptor,*2
which can increase charge separation and even enhance device stability, through the use of
crosslinking groups.t34

One class of materials that has been widely used for application in electronic devices are
metal/metalloid containing phthalocyanines (MPcs). While divalent MPcs (Zn, Cu, etc) are widely
reported in the literature as active materials, tetravalent MPcs are less studied. Tetravalent MPcs,
such as silicon phthalocyanines (SiPcs), have two axial bonds available for chemical modification,
imparting broader chemical versatility and facilitating the tuning of electronic and physical
properties.!>1® MPcs have also demonstrated the ability to act as non-fullerene electron acceptors
in bulk heterojunction (BHJ) OPVs.'® Furthermore, these dyes have found application as
commercial photoreceptors for almost 50 years and, prior to that, as a commercial pigment.*® The
chemistry and purification of MPcs is relatively simple and straightforward compared to
conventional organic semiconductors, making them desirable candidates for commercially viable
OPV devices.™> 8 SiPcs have a high molar extinction coefficient and absorb light in the near
infrared region, complimenting well-established donor/acceptor pairs, such as poly-3-
hexylthiophene (P3HT) and phenyl-Ce1-butyric-acid-methyl-ester (PCBM), that often show poor
performance in that region of the solar spectrum. 31819

Honda et al. first reported the use of bis(trihexyl)silyl oxide SiPc as an additive in a
P3HT/PCsBM BHJ OPV and obtained a 50% increase in current density (Jsc). 2% The same
group also found that the SiPc derivative had a high performance as an additive in OPVs due to
their tendency to migrate to the donor-accepftor interface, where they improve charge collection
and charge transfer between the donor and the acceptor.?? Silicon napthalocyanines (SiNcs) have
also been applied in OPVs, with similar increases in Jsc, by harvesting near infra-red light.?3
Alternatively, Ke et al. functionalized SiPcs with pyrenes in the axial position, resulting in

effective ternary additives with increased absorption range, which were reported to increase Jsc
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by 20% and PCE by 50%. %* It has been demonstrated that the absorption coverage can be further
improved by a combination of different SiPcs and SiNcs as ternary and quaternary additives.?%2°
Moreover, SiPc derivatives have also been applied in light-emitting diodes (OLEDs) 2-28 and in
organic thin film transistors (OTFTs).2933,

While most reports focus on energy level tuning of ternary additive materials, less attention
is given to the role of other physical properties, such as solubility and crystal structure.®** In the
case of SiPcs, it has been shown that axial functionalization has little to no effect on the frontier
orbital energy levels or optical properties; however, it does lead to significant effects in molecular
packing.6°

The solubility of active materials is often analyzed in the search for greener solvents, yet
studies focused on the relationship between solubility and the performance of the resulting devices
are surprisingly scarce, especially given the interest in solution processable OPVs.2®%" Troshin et
al. have demonstrated that the solubility of fullerene acceptors significantly impacts the PCE of
P3HT/fullerene devices, and that best performance is achieved when the solubility of the fullerene
acceptor is close to that of P3HT, leading to favorable nanomorphology.®® However, no similar
studies have been performed on ternary additives. To that end, we present herein the synthesis and
characterization of nine different SiPcs functionalized with a range of axial silanes, and their
employment as additives in P3HT/PCs:BM BHJ OPVs. This study demonstrates that a small
change in structure has a significant effect on the solubility and, ultimately, the performance of the
resulting ternary BHJ/OPV devices. This investigation therefore represents the first report that

facilitates the establishment of new design rules for ternary additives.

2.5 Experimental Section

2.5.1 Materials

N-butyldimethylchlorosilane ~ (>95%), hexyldimethylchlorosilane  (>95%), n-
octyldimethylchlorosilane (>95%), n-dodecyldimethylchlorosilane (>95%), tri-n-
ethylchlorosilane (>95%), tri-n-butylchlorosilane (>95%), tri-n-hexylchlorosilane (>95%) and n-
octyldiisopropylchlorosilane (>95%) were purchased from Gelest and used as received. P3HT
(MW = 75 kDa, 96% regioregular) was purchased from Rieke Metals and PCs1BM from Nano-C,

respectively. All solvents were purchased from commercial suppliers and used without further
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purification. Dichlorosilicon phthalocyanine (Cl>-SiPc) *° was synthesized according to reported

procedures in the literature.

2.5.2  Synthesis of silicon phthalocyanine ternary additives

The general synthetic procedure for SiPc axial functionalization was performed as follows:*
Cl2-SiPc (1.6 mmol), sodium hydroxide (8.6 mmol), trialkylchlorosilane (6 mmol), Aliquat HTA-
1 (0.015 g) and chlorobenzene (10 ml) were added to a 100 ml flask and were stirred under reflux
(132 °C). After 1 h, additional trialkylchlorosilane (1.9 mmol) was added to the reaction medium,
which was left stirring at reflux for another hour. At this point, additional sodium hydroxide (3.4
mmol) and trialkylchlorosilane (1.9 mmol) were added to the mixture and refluxed for further 4 h
before removing from heat. The dark-blue solution was then filtered to remove a purple residue,
and the solvent was removed under reduced pressure. Methanol was added to the resulting residue
affording the desired product, which was isolated upon filtration, washed with methanol and dried
in a vacuum oven. Purification was carried out by train sublimation (180 °C to 250 °C, 130 mTorr)
before their application in OPVs. Using this procedure, the soluble (R3SiO)2-SiPc derivatives
shown in Figure 2.1 were produced:

3.5
4a P3HT 4.2
Ag/MoO;, (R;Si0),-SiPc 4.7
ITO/ZnO
5.0 PCs,BM
5.3

-6.1
MNRTS 29
L
i
~ (2.4)
PCeBM NS NN =i, <7 > e
o R0 )= T(@5 @8 s 2)
‘E,//?\\Fn .> ) ) /%ti/\\//\//\v/\\/NV/\\ "\,S‘-i/\\//\\
P3HT (RasIO)z-SIPC A (2.8) (2.9)

Figure 2.1. Axially substituted (R3Si0)2-SiPc synthesized and characterized in the present study.
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(2.1) Bis(thexyldimethylsilyl oxide) silicon phthalocyanine: *H NMR 9.60 —9.66 (m, 8 H),
8.28 — 8.34 (m, 8H), -0.95 - -1.0 (m, 2 H), -1.0 — -1.05 (d, 12 H) and -1.52 — -1.44 ppm
(s, 12 H). ®*C NMR 148, 136, 130, 123 (Aromatic); 32, 22, 17, 16 and -5 ppm (Alkyl). MS
(El) expected mass: 858.37, obtained mass: 858.3. Yield: 0.45 g (30%).

(2.2) Bis(n-octyldimethylsilyl oxide) silicon phthalocyanine: *H NMR 9.60 —9.66 (m, 8 H),
8.28-8.34 (m,8H),1.11-1.27 (m,4 H),0.92-1.04 (m, 4H), 0.85-0.94 (t, 6H), 0.68 —0.80
(m, 4H), 0.25 — 0.37 (m, 4H), -0.23 —-0.10 (m, 4H) and -1.17 — -1.04 ppm (m, 4H). *C NMR
148,136, 130, 123 (Aromatic); 32 (2),29,23,21,15, 14 n, -4 ppm (Alkyl). MS (EI) expected
mass: 914.43, obtained mass: 914.4. Yield: 0.45 g (30%).

(2.3) Bis(n-dodecyldimethylsilyl oxide) silicon phthalocyanine: *H NMR 9.60 — 9.66 (m, 8
H), 8.28 —8.34 (m, 8H), 1.20 - 1.39 (m, 20 H), 1.10 - 1.19 (m, 4 H), 0.95-1.02 (m, 4H), 0.88
—0.95 (t, 6H),0.64-0.73 (m, 4H),0.19-0.31 (m, 4H), -0.29 —-0.18 (m, 4H) and -1.42 —-1.31
ppm (m, 4H). *C NMR 148 , 136, 130, 123 (Aromatic); 32 (2), 29 (5),23,21,15,14n, -4
ppm (Alkyl). MS (EI) expected mass: 1026.56, obtained mass: 1026.5. Yield: 0.50 g (28%).

(2.4) Bis(tri-n-ethyl oxide) silicon phthalocyanine: *H NMR 9.60 — 9.66 (m, 8 H), 8.28 —
8.34 (m, 8H) and -1.30 — -1.20 ppm (t, 12 H). *C NMR 148 , 136, 130, 123 (Aromatic); 5 and
3 ppm (Alkyl). MS (EI) expected mass: 802.31, obtained mass: 802.3. Yield: 0.28 g (20%).

(2.5) Bis(triisobutylsilyl oxide) silicon phthalocyanine: *H NMR 9.60 —9.66 (m, 8 H), 8.28
—8.34 (m, 8H), -0.58 —-0.50 (d, 12H) and -0.96 — -0.85 ppm (m, 2H). *C NMR 148 , 136 , 130
, 123 (Aromatic); 25, 24 and 22 ppm (Alkyl). MS (EI) expected mass: 970.49, obtained mass:
970.5. Yield: 0.49 g (30%).

(2.6) Bis(tri-n-butylsilyl oxide) silicon phthalocyanine: *H NMR 9.60 — 9.66 (m, 8 H), 8.28
—8.34 (m, 8H), -0.12 — 0.12 (m, 30H) and -1.36 — -1.22 ppm (m, 12H). Yield: 0.52g (30%).
13C NMR and mass spec are published elsewhere.

(2.7) Bis(tri-n-hexylsilyl oxide) silicon phthalocyanine: *H NMR 9.60 —9.66 (m, 8 H), 8.28
—8.34 (m, 8H),0.73-0.91 (m, 12H), 0.61 - 0.74 (t, 18H), 0.28 —0.42 (m, 12H), -0.12 — 0.06
(m, 12H) and -1.38 — -1.22 ppm (m, 12H). Yield: 0.60g (31%).2*C NMR and mass spec are
published elsewhere. 4

(2.8) Bis(diisopropyloctylsilyl oxide) silicon phthalocyanine: *H NMR 9.60 —9.66 (m, 8 H),
8.28 —8.34 (m, 8H), 1.16 to 1.31 (m, 4H), 1.01 to 1.14 (m, 4 H), 0.77 to 0.95 (m, 8H), 0.33t0 0.45
(m, 4H), 0.05 to 0.22 (m, 4H), -1.05 to -0.90 (m, 4H) and -1.40 to -1.20 (m, 20H) and
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-2.10 to -2.00 ppm (m, 2H). 3C NMR 148, 136, 130, 123 (Aromatic); 33, 32, 29, 28, 22, 21, 15,
14, 11 and 10 ppm (Alkyl). MS (EI) expected mass: 1026.56, obtained mass: 1026.5. Yield: 0.28
g (17%).

(2.9) Bis(n-butyldimethyl oxide) silicon phthalocyanine: No appreciable amount of this
compound was obtained.

Mass obtained from MS was defined according to the fragment corresponding to the entire

molecule.

2.5.3 Materials Characterizations

'H NMR spectra were obtained on a Bruker Avance |1 spectrometer in CDCls and operating
frequency of 400 MHz. Molecular absorption spectra in the ultraviolet and visible regions (UV-
Vis) were recorded on an Ocean Optics Flame spectrophotometer, using a DH-2000 light source
and a quartz cuvette with a path length of 10 mm. Cyclic voltammograms were obtained using a
VersaSTAT 3 potentiostat, a polished platinum disk as working electrode, a coiled platinum wire
as counter electrode, and an Ag/AgCl electrode as reference. Three cycles from 0 V to 1.6 V were
recorded at a scan rate of 0.1 V/s. Such experiments were carried out in dichloromethane (DCM)
solutions with tetrabutylammonium perchlorate as the supporting electrolyte. Highest occupied
molecular orbital (HOMO) energy levels were estimated according to the empirical correlation
Enomo (eV) = -(Eoxonset - Eox Fe/Fc+onset) - 4.80 €V, where Eoxonset and Eoxre/rc+onset are the onset
oxidation potentials of the sample and of the ferrocene standard, respectively. Solubility
measurements were conducted by mixing 10, 20 or 40 mg of the axially substituted SiPcs in 0.15
ml of 1,2-dichlorobenzene and stirring the mixture for 1 h at 70°C, before allowing these mixtures
to cool down to room temperature. The samples were then filtered through a 0.25 um Teflon
syringe filter and 100 pL samples of filtrate were collected, dried at 150°C under vaccum for 2 h
and then weighted to calculate the solubility.

2.5.4 Device Preparation

The OPV devices were fabricated on indium tin oxide (ITO) coated glass slides (1 in x 1
in), which were cleaned in an ultrasonic bath with soapy water, deionized water, acetone then
methanol, before being treated with air plasma for 15 min. 150 uL of a zinc solution constituted of

zinc acetate (0.195 g), ethanolamine (0.055 ml) and ethanol (6 ml) was spincoated on the ITO
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substrate at 2000 RPM for 1 min. These films were annealed at 180°C for 1 h, leading to the
formation of the ZnO electron transport layer. The active layer solutions were prepared by
dissolving P3HT and PCe:BM in DCB at a 1:0.8 ratio. Different amounts of (R3SiO).-SiPc were
added to the aforementioned mixture to form solutions with P3HT concentration of 20 mg ml*
and additive ratios of 2.7 wt %, 3.7 wt % and 4.8 wt %. These solutions were spincoated at 1000
RPM, for 35s inside a N> glovebox. The films were dried at room temperature, open to the
glovebox atmosphere. Finally, the devices were moved into an evaporator chamber where MoO3
(7 nm) and Ag (70 nm) films were evaporated at a pressure of 10 torr to make 5 devices per
substrate, with areas of 0.32 cm?, as defined by shadow masks. The device structure and its
components’ energy levels are depicted in Figure 2.1. Current density vs. voltage curves were
obtained with a Kiethley 2400 equipment, under 1000 W m2 illumination from an AM1.5 xenon
lamp solar simulator, inside a glovebox. Devices were encapsulated using an optical adhesive
(Norland NOAG61), which was cured under an UV lamp (6 W), and a glass coverslip before EQE

measurements in air, in a Newport Quantx-300 equipment.

2.6 Results and Discussion

2.6.1 Synthesis and Characterization of SiPcs

The (R3S10)2-SiPc described here were all synthesized using the same experimental
procedure, in which various trialkylchlorosilanes were used to afford the nine different derivatives
outlined in Figure 2.1. The overall yields from diiminoisoindoline to axially substituted SiPcs
varied from 20 to 40% by weight (see Experimental Section for details). The reactions affording
the lowest yields were associated with low MW silanes, such as (2.4) and (2.9), which may be
attributed to the preferential formation of siloxane (i.e., R—O-Si-O-R) byproducts. In fact, this
reoccurring impurity may be present even after sublimation, which can be seen in the 'H NMR
spectrum as a strong singlet with a chemical shift of approximately 0.5 ppm (see Appendix A
Figure A1-A19 for NMR). Nonetheless, running the sublimation overnight or washing the solids
with hexanes are both effective ways to remove this impurity. Unfortunately, no appreciable
amounts of compound (2.9) were obtained due to the formation of this byproduct, which inhibited

its incorporation into devices or further characterization. Nevertheless, this is a simple and
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straightforward method to obtain various (R3Si0)2-SiPc that does not require dry solvents or

oxygen free environments.

2.6.2 UV-Vis Spectroscopy and Cyclic Voltammetry

The eight (R3Si0)2-SiPc compounds were characterized optically and electrochemically to
estimate their optical bandgap (Eg), highest occupied molecular orbital energy levels (Enomo) and
lowest unoccupied molecular orbital energy levels, ELumo (Table 2.1). As expected, all SiPc
derivatives have effectively the same energy levels and optical bandgap. The UV-Vis and CV
spectra are presented in Figure 2.2 except for compounds (2.6) and (2.7), which have been
published elsewhere.'® These values are identical to our previously published bis(tri-n-hexylsilyl)
SiPc and bis(tri-n-butylsilyl) SiPc derivates (2.6 and 2.7, from Figure 2.1).%8 For the current study
these results indicate that the axial substituents have no effect on the absorption profiles, or frontier
molecular orbitals, which is key when comparing their performance in OPVs with respect to their

physical properties, such as solubility.

Table 2.1 Optical and electrochemical (CV) characterization of silicon phthalocyanine derivatives

Compound Amax 2(nm)  Ebg ® (nm) Eox°(V)  Enomo ¢ (eV) Erumo € (eV)

2.1) 671 1.81 0.98 531 -3.50
(2.2) 672 1.80 0.96 -5.29 -3.49
(2.3) 670 1.81 0.96 -5.29 -3.48
(2.4) 671 1.81 0.97 -5.30 -3.49
(2.5) 672 1.81 0.95 -5.28 -3.47

(2.6) 18 669 1.82 0.98 -5.31 -3.49

(2.7) 18 669 1.82 0.98 -5.31 -3.49
(2.8) 672 1.81 0.95 -5.28 -3.47

2 peak absorbance determined in DCM solution, Ebg = energy bandgap determined from the onset of UV-Vis
absorption spectrum.

bhalf wave potential of oxidation measured using an Ag/AgCl reference electrode and platinum rod working electrode
in DCM solution. ¢) Enomo = highest occupied molecular orbital energy level determined using the empirical
correlationEromo (€V) = ~(Eoxonset = Eox Fe/Fe+onser) = 4.80. Lowest unoccupied molecular orbital energy level calculated
from Erumo = Enomo +Eg.
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Figure 2.2. a) UV-Vis spectra of the (R3Si0),-SiPc and b) CV spectra and (R3S10),-SiPc for
HOMO level estimation.

2.6.3 Solubility

The solubility of P3HT, PCsiBM and all eight (R3SiO):-SiPc was determined in
dichlorobenzene (see experimental section for details) and plotted in . It is clear that small changes
in the alkylsilanes functional groups leads to a large difference in the solubility of the compounds,
which varies from 8 to 190 mg mL™. It would appear that an increase in roughly one order of
magnitude in solubility was observed for SiPc derivatives with alkyl chains going from 6 to 8
carbons (Figure 2.3). This type of significant increase in solubility has been observed in other
small molecules such as fullerenes for example, where changing the alkyl solubilizing group from
ethyl to butyl, increases the solubility from <1 mg mI to >70 mg mlI.3 Unsubstituted SiPcs are
very insoluble due to strong 7-m intramolecular interactions. Since the SiPc radius (0.86 nm) !° is
roughly equivalent to the length of a hexyl group (0.82 nm), one can hypothesize that alkyl groups
longer than 6 carbons in the axial position will efficiently disrupt ring-ring interactions and cause
the observed jump in solubility.

P3HT and PCs1BM were characterized to have a solubility of 100 and 140 mg mL?,
respectively. It is important to note that the previously reported solubilities for PCe1:BM and P3HT
are within 50 to 80 mg mL™* which are obtained by UV-Vis absorption spectroscopy.
Nevertheless, all solubilities in this study were measured with the same procedure to ensure

reliable comparisons can be made. These results further suggest that the changes in axial silane
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groups on the SiPcs has little to no effect on optical, electrochemical or hydrophobicity properties

but has a significant impact on the solubility.
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Figure 2.3. Solubility of different (R3Si0)2-SiPcs, P3HT and PCBM in DCB.
2.6.4 Contact Angle

Contact angle measurements were carried out for (R3Si0)>-SiPc, P3HT and PCsBM films,
spincoated on octylctrichlorosilane (OTS) treated glass slides and the surface energy was estimated
using the iterative Neumann’s method *?. The results are shown in Figure 2.4. The (R3Si0),-SiPc
films have intermediate surface energies to those of P3HT and PCsBM. These results are in
accordance with previous reports that found that (R3Si0)2-SiPc compatibilize the surface energy
of P3HT and PCBM and tend to migrate to the donor/acceptor interface '2. The measured surface
energy was also very similar for all (R3Si0),-SiPc films (22.5 - 24.5 N mm™"), which indicates that
similar surface compatibilization effects can be expected when (R3SiO),-SiPc are added to
P3HT/PCs1BM BHI. Previously'® we have demonstrated via atomic force microscopy (AFM) that
the addition of (R3Si0)>-SiPc (at concentrations relevant to the current study), does not lead to

significant changes in P3HT/PCs1BM BHJ morphology. The discrepancy observed for compound
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(2.4) is attributed to bad film formation, resulting from its poor solubility (8 mg ml™!) which led to

nonhomogeneous films.
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Figure 2.4. Contact angle and corresponding surface energy measurements of (R3Si0)2-SiPc
films on OTS treated glass.

2.6.5 OPV performance

The eight (R3SiO),-SiPc derivatives were employed as ternary additives in P3HT/PCs1BM
BHJ OPV devices in three different concentrations: 2.7 wt%, 3.7 wt% and 4.8 wt%. The results
are presented on Table 2.2. The Jsc was measured by both current density vs. voltage (J-V) curves
and EQE measurements. In general, Jsc values obtained with EQE are greater than those measured
with the J-V curve. This is a common feature of thin-film devices due to photo current barrier
effects.*> Nevertheless, the difference is within 5-10%, which is consistent and acceptable for the
purposes of this comparative work. With the exception of compound (2.1), the inclusion of all the
(R3Si0)2-SiPc improve the overall device performance, through increased Jsc and FF. Jsc is
increased due to extended light harvesting at long wavelengths (>600 nm), which can be observed
in the EQE spectra and overlaps with the absorption of SiPc chromophore (Figure 2.2). The
additives also effectively collect and transport charges at the P3HT and PCe1BM interface, which
causes the P3HT/PCs1BM quantum efficiency contribution (300 nm to 600 nm) to increase as well.
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Figure 2.5 displays the EQE spectra of every device listed on Table 2.2, where these features can

be observed.

Table 2.2. Current density — voltage results for all the assembled OPVs and Jsc estimation from

EQE measurements.

Compound (';g;'iTO/)i _CSE?,':\Q :a Voc? Jsc® (EJQS; C FFo PCE®

Baseline 1:0.8:0 0.53+0.00  -9.44+031 10.33 0.54+0.00 2.70+0.07
1:0.8:0.05 0.50+£0.01  -9.80+0.75 9.84 0.48+£0.03 2.38+0.37

(2.1) 1:0.8:0.07 0.51+£0.01  -9.18+0.19 8.80 0.50+0.02 2.37+0.14
1:0.8:0.09 0.52+£0.01  -9.34+0.48 9.51 0.51£0.02 2.50+0.26

1:0.8:0.05 0.53+£0.00  -10.35+0.34 1149  0.56+0.01 3.07+0.09

(2.2) 1:0.8:0.07 0.54+0.01  -10.62+0.28 11.81 0.57+£0.01 3.27+0.08
1:0.8:0.09 0.54+0.01  -10.98+0.27 1176 0.56+0.02 3.32+0.12

1:0.8:0.05 0.57+0.01  -10.13£0.30 1207 0.59+0.01 3.40+0.12

(2.3) 1:0.8:0.07 0.54+£0.01  -10.32+0.22 11.73 0.57+£0.01 3.16+0.05
1:0.8:0.09 0.56+0.01  -10.65+0.41 1169  0.57+0.01 3.38+0.09

1:0.8:0.05 0.52+£0.00 -10.64+0.29 1279 0.50+0.01 2.74+0.10

(2.4) 1:0.8:0.07 0.53+0.00  -11.00£0.29 11.60 0.53+0.01 3.08=0.11
1:0.8:0.09 0.52+£0.01  -10.81+0.27 11.14  0.51+0.00 2.87+0.13

1:0.8:0.05 0.52+£0.00 -10.78+0.33 1216  0.53+0.01 3.02+0.11

(2.5) 1:0.8:0.07 0.54+0.01  -10.78£0.10 12.56 0.56+0.02 3.24+0.07
1:0.8:0.09 0.54+0.01  -10.71 £0.28 1200  0.56+0.01 3.28+0.08

1:0.8:0.05 0.52+£0.00 -10.97 £0.27 1097  0.54+0.00 3.11+0.06

(2.6) 1:0.8:0.07 0.54+0.01  -10.51+0.25 1179 0.57+0.01 3.27+0.08
1:0.8:0.09 0.56+0.01  -10.65+0.41 11.88  0.57+0.01 3.38+0.09

1:0.8:0.05 0.55+£0.00  -10.12+0.23 11.10  0.57+0.01 3.18+0.08

(2.7) 1:0.8:0.07 0.55+0.00 -10.80+0.16 11.78  0.58+0.01 3.43+0.05
1:0.8:0.09 0.56+0.00  -10.55+0.27 11.14  0.58+0.01 3.43+0.11

1:0.8:0.05 0.55+0.00 -9.75+0.24 1034  0.58+0.01 3.13+0.12

(2.8) 1:0.8:0.07 0.55+£0.00  -10.05+0.24 1096  0.59+0.01 3.25+0.12
1:0.8:0.09 0.56+£0.00  -9.54+0.16 10.63 0.58+0.00 3.08+0.07

2 Made with 20 mg ml-! P3HT concentration, at 1000 RPM, dried in N, atmosphere, no annealing.
> Measured from J-V curves, average of 5 devices, irradiation power of 1000 W m™2,

¢ Calculated by integrating the EQE spectra.
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Figure 2.5. EQE spectra of all the devices produced in this work divided by (R3SiO).-SiPc
compounds.
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In most devices, the (R3SiO)2-SiPc EQE contribution (=675 nm) is almost a perfect match
to the absorption profile of (R3SiO).-SiPc in solution, which indicates little to no solid-state
aggregation of the (RsSiO)2-SiPc,* further suggesting good dispersion of the SiPc derivative in
the P3HT/PCs1BM blend. We observed this type of behavior for all SiPc derivatives except for
(2.4; Figure 2.5d), the least soluble of the (R3SiO)2-SiPc. At greater concentration of (2.4) we
observe a red-shift and broadening of the EQE band, characteristic of solid-state interactions of
SiPc aggregates. In fact, Honda et al.1? demonstrated, through transient absorption spectroscopy,
that bis(tri-n-hexylsilyl)-SiPc normally migrates to the amorphous P3HT/PCes1BM interface, where
its efficiency is greatest. Taking into consideration the chemical similarities between all SiPc
derivatives and the similar loading concentrations, we expect similar migration mechanism when
blended in ternary films. We surmise the use of low solubility (R3SiO)>-SiPc as a ternary additive
lead to poor OPV performance due to the formation of tertiary semicrystalline domains. These
aggregates form a third independent phase that is not found at the P3HT and PCes1BM interface
and therefore disrupts efficient charge transfer, leading to no appreciable increase in EQE between
300 nm and 600 nm. While the devices containing compound (2.1) (second least soluble) do not
show the same red-shift of the SiPc peak (Figure 2.5a), a decrease in the P3HT/ PCe1.BM EQE
contribution (300 nm to 600 nm) is observed, which indicates that the preferred morphology is
also not achieved.

In some instances, such as compounds (2.2) and (2.6), the greatest (R3SiO)2-SiPc
contribution to the photocurrent (e.g., EQE at 675 nm = 42%) is achieved at the highest additive
concentration (4.8%, pink line in Figure 2.5b and Figure 2.5f), but, overall, is approximately the
same when compared to the medium concentration (3.7%, blue line Figure 2.5). However, the
best P3HT/PCs1BM photocurrent generation is observed at the 3.7% concentration, as it is the case
for compounds (2.2), (2.5), (2.6), (2.7) and (2.8) (Figure 2.5b, Figure 2.5e, Figure 2.5f, Figure
2.5¢ and Figure 2.5h) that display up to 10% EQE increase in the 300 — 600nm region. At lower
additive loading concentrations, not enough SiPc is located at the interface; however, at greater
concentrations, it is expected that SiPc is located not only at the interface leading to trapped
charges. Therefore, the 3.7% concentration is often the one with the highest efficiency because it
maximizes the amount of SiPc at the interface without diffusing into the bulk of the film.

Figure 2.6 shows the correlation between solubility PCE, Jsc, Voc and fill factor, for the
ternary BHJ OPV devices with the addition of 3.7 wt% (RsSiO).-SiPc.
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Figure 2.6. Solubility correlation with OPV performance parameters a) PCE, b) Voc, ¢) Jsc and
d) Fill Factor.

By simply changing the (R3SiO)2-SiPc, which only differ in solubility, the overall BHJ
OPV PCE varies from 2.4% to 3.4%, compared to PCE = 2.7% for the P3HT/PCs1BM baseline.
Therefore, even though all the (R3SiO)2-SiPc solubilities are above processability range (minimum
8 mg mIY), the choice of additive can lead to improved or reduced OPV performance. The greatest
PCE was obtained using compound (2.7), whose solubility is the closest to that of P3HT. We
surmise this matching of solubility leads to more SiPc additive to be located at the donor/acceptor
interface when the film dries. The same trend was found by Troshin et al.®® where the authors
reported that the best performance for P3HT/fullerene BHJ is achieved when the solubility of the
donor/acceptor pair is similar, which leads to better nanomorphology. It would appear that in the
case of the (R3SiO),-SiPc, matching the solubility of P3HT has a stronger effect than matching
PCe1BM’s solubilty. We expect this to be a result of (R3SiO)2-SiPc’s stronger interaction with
P3HT than with PCe&iBM 222 je. they do not tend to solubilize in the PCs1BM domains.

Nonetheless, this is an area for further investigation.
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The solubility of the (R3Si0):-SiPc ternary additive will determine the type of
nanostructure formed during solvent evaporation, as a result of coprecipitation
thermodynamics.?>*® More specifically, a low solubility additive, such as (2.4) and (2.1), will tend
to precipitate before P3HT and PC61BM and may be forced beyond the P3HT and PC61BM
interface, or even form its own crystalline domains. When the solubility of the additives is similar
or higher than that of the other components of the BHJ, the precipitation kinetic will favor
interfacial coverage. The proposed mechanism can be better visualized in Figure 2.7. Honda et
al.'? found that the P3HT/PC61BM nanostructure is composed of relatively pure crystalline phases
and an amorphous interfacial phase (Figure 2.7a), and that the SiPcs performance is greatest when
it is found at the amorphous interface where it can mediate the charge transfer between P3HT and
PC61BM, thereby contributing to the photogeneration of charges at higher wavelengths.
Obviously, the concentration of (R3Si0);-SiPc additive will also play a role in the drying
mechanics, as previously stated. A low additive concentration can prevent the scenario illustrated

in Figure 2.7b from happening; however, it will also limit the possible performance increase.

a) P3BHT:PCBM structure b) Low solubility additive

Crystalline

, Precipitated A
Amorphous (R;S10),-SiPc

¢) Medium to high solubility additive

P3HT

. PCy BM

A (R,Si0),-SiPc

(R5510),-SiPc at interface
(preferred structure)

Figure 2.7. Proposed mechanism for the relationship found between additive and device
performance: a) P3HT/PCBM structure when no additive is present; b) precipitation of low
solubility (R3Si0)>-SiPc, with low chance of interfacial coverage and possible formation of
crystalline domains; and c¢) Preferred configuration, which happens when the additive solubility
somewhat matches that of the polymer donor (P3HT).
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Whereas we could not identify any signs of crystallization in the high solubility
(R3Si0)2-SiPc (2.2), (2.3) and (2.8), they demonstrate slightly lower performance than the additive
(2.7), which indicates that an optimum window for additive solubility exists. This window is
located near the solubility of the donor and acceptor materials. It is unclear why we observe a
decrease in performance for the high solubility additives. It is possible that they tend to disperse
in the P3HT phase, outside the interface. We have also observed that these compounds tend to dry
slower and hold on to solvent molecules, which could happen during device fabrication, leading
to some degree of charge trapping and slightly lower efficiency.

When we break down the PCE into its contributions, we can observe that both Voc and Jsc
increases with solubility up to a point and then slightly decreases with increased solubility. The
(R3SiO),-SiPc located beyond the interface can act as charge traps, given that their LUMO is lower
than that of P3HT, which could lead to photogenerated electrons in P3HT transferring to the
(R3Si0)2-SiPc that is physically separated from PCBM. This leads to charge recombination and,
consequently, a reduction in Voc and Jsc. The FF increases with solubility before reaching a
plateau, which indicates a lower resistance across the film when the additive is more soluble.
Overall, this study indicates that the solubility match between donor /acceptor phase and the

ternary additive is critical for appropriate morphology and ultimately final device performance.

2.7 Conclusions

We successfully synthesized and characterized eight axially substituted SiPcs, which were
then incorporated into P3HT/PCBM OPVs as ternary additives. The PCE of the devices varied
from 2.4% to 3.4%, which represents up to 26% increase compared to the baseline (i.e.,
P3HT/PCBM OPVs with no ternary additives). Based on the results presented here, it is possible
to conclude that changing the length of the axial alkylsilanes does not affect the energetics of the
(R3S10)2-SiPc, yet drastically influences the solubility. Furthermore, the solubility of the additive
has a significant effect on the performance of OPVs, with the best PCE achieved when the
solubility of the (R3SiO);-SiPc is similar to that of P3HT, which favors the distribution of
(R3S10)2-SiPc at the P3HT/PCBM interface, where its effectiveness is greatest. While the
interaction of (R3Si0)2-SiPc with the acceptor and donor pair also plays a role in the film
nanomorphology and performance, we have shown that solubility is an important predictor of

SiPcs performance as ternary additives. More research is needed to verify if this relationship is
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true for other ternary additives and donor/acceptor pairs, though we expect similar trends.
Nevertheless, the relationship between performance and solubility can be an important tool for

device engineering containing SiPcs.
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3. THERMODYNAMIC PROPERTY-PERFORMANCE RELATIONSHIPS IN
SILICON PHTHALOCYANINE-BASED ORGANIC PHOTOVOLTAICS.

0—SiR;

PCE=238%  PCE = 4.45%

This chapter contains work published in ACS Appl. Energy Mater.
Mario C. Vebber, Nicole A. Rice, Jaclyn L. Brusso, and Benoit H. Lessard. ACS Appl.
Energy Mater. 2022, 5, 3, 3426-3435.

3.1 Context

While axially substituted (R3SiO)2-SiPc have successfully found applications as ternary
additives in BHJ, specifically in P3HT/PCBM blends, their performance has been historically
below 1% as stand-alone acceptors, mainly due to the over-crystallization of the SiPc domains
when casting BHJ films. Since the crystallization of (RsSiO)2-SiPcs was an important factor to

consider when casting these blends, in this work | aimed to assess how changing thermodynamic
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properties associated with the crystallization of (R3SiO).-SiPc affect their overall efficiency as
non-fullerene acceptors (NFAs) when paired with P3HT. While the results achieved are specific
to SiPcs, this is potentially a step towards much needed robust design rules in OPVs. | measured
properties such as (RsSiO).-SiPc’s crystallization enthalpy, critical crystallization radius, and
Flory-Huggings miscibility parameter for the BHJ components, and the (RsSiO).-SiPcs
crystallization enthalpy and assessed their effects on the morphology of the films via AFM and,

consequently, on the performance of devices.

3.2 Contribution

| carried out the synthetic procedures and purification techniques required to obtain the final
compounds, as well as the characterization of each one of them. | also produced all the OPV
devices and measured their performance metrics. NR obtained the AFM images of the BHJs.
Manuscript was written by me with contributions from NR, BL and JB. BL and JB supervised the

project.

3.3 Abstract

Axially substituted silicon phthalocyanines ((RsSiO)2-SiPc) have recently emerged as
promising alternatives to fullerenes in organic photovoltaics (OPVs), with advances in both
molecular design and device fabrication resulting in a 4-fold improvement in efficiency, bringing
these materials closer to commercial viability. Further refinements in SiPc-based OPVs can only
be achieved through exploration of their physical properties and correlation with performance
metrics. In this work, we have synthesized seven (R3SiO)-SiPc derivatives and paired them with
P3HT in OPV devices to explore how both the fundamental thermodynamic properties of the SiPcs
and the blend morphology affect device performance. From these studies, (R3SiO)2-SiPc
derivatives with smaller critical radius (r¢) values correlated to higher power conversion
efficiencies (PCESs) in devices, due to the tendency to form smaller domains in the active layer.
Higher values for the Flory-Huggins miscibility parameter also correlated to higher PCEs, due to
the formation of unadulterated, sharper domains. Both properties are dependent upon axial
substituent size, with values minimized by smaller axial substituents, serving as a guideline for

molecular design of SiPc-based non-fullerene acceptors (NFAS). Moreover, the majority of the
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(R3Si0)2-SiPc materials reported herein outperformed the fullerene-based reference device, with

one derivative resulting in a device with a PCE greater than 4%.

3.4 Introduction

In the coming decades, global energy security will depend heavily on our ability to find an
inexpensive way to take advantage of the virtually endless energy the planet receives from the
sun.>? Organic photovoltaics (OPVs) are a promising solar energy technology with the potential
for low manufacturing cost and quick energy payback. OPVs can be fabricated through a variety
of solution-based techniques, including smaller volume spin and blade-coating, as well as high
throughput roll-to-roll printing techniques, facilitating their integration in continuous production
lines, which is not feasible with traditional silicon technologies.>> Though the performance of
OPVs has traditionally lagged in comparison to other emerging technologies, promising power
conversion efficiencies (PCE) of 16 — 19% were recently reported by several research groups.®®
Nonetheless, such high efficiency devices rely on small molecule acceptors and low-bandgap
donor polymers, both of which are fabricated through low yielding, complex multi-step synthetic
pathways and, therefore, are prohibitively expensive for large-scale production.®3

Poly-3-hexylthiophene (P3HT) is a popular low-cost, synthetically scalable polymer
donor,** whose properties have been comprehensively studied over the past 30 years.*>” As such,
P3HT paired with phenyl-Csi-butyric acid methyl ester (PCe1BM) and other fullerenes is the
benchmark OPV architecture that is often utilized as a reference device. However, P3HT/PC¢1BM
OPVs have limited efficiency, mainly due to low open-circuit voltage (Voc).'®'° Recently,
synthetically facile low-cost small molecules, such as O-IDFBR, DBFI-EDOT, and IDTBR, have
been studied as non-fullerene acceptors (NFAS) to replace PCe1BM, resulting in Voc values as high
as 1.0 v.1119-21 Enhancing efficiency in devices fabricated with simple small molecule NFAs may
hold the key for commercial viability, as they simultaneously reduce overall materials costs while
improving reproducibility, as they do not require the complex structure and chain length control
of conjugated polymers.®

Metal phthalocyanines (MPcs) are commercial pigments, produced on the multi-ton scale
annually, that have been explored in organic electronic applications for over 50 years. In fact, the
first ever heterojunction OPV, developed by Tang in 1986, utilised copper phthalocyanine (CuPc)

in combination with a perylene derivative as the donor and acceptor, respectively.???* Most widely
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studied MPcs exhibit p-type characteristics, where they preferentially transport holes over
electrons.?*% Alternatively, silicon phthalocyanines (R.-SiPcs) are tetravalent MPcs displaying
impressive n-type characteristics,?®?” with demonstrated applications in light-emitting diodes
(OLEDs),?830 thin-film transistors (OTFTs)?>?531-33 and OPVs.28343% R,-SiPcs have additional
chemical versatility compared to most MPcs, with two axial sites available for chemical
modification, facilitating tuning of electronic, chemical and physical properties, and ultimately
improving the prospects for device optimization through fine-tuning such properties.?340-42

Ro-SiPc derivatives have historically been utilized as ternary additives in P3HT/PCe1BM
OPVs, resulting in 25 — 50% increase in both short-circuit current (Jsc) and PCE when compared
to the binary P3HT/PCs1BM blend, attributed to improved light absorption in the near-infrared
region and to the mediation of the charge transfer between the donor and acceptor.342-44
Additionally, chemical modification of the R>-SiPc axial groups can provide further functionality
to the additive, such as crosslinking R2-SiPcs reported by Grant et el,*® which in addition to
improved performance also resulted in enhanced device stability and longevity. Until recently,
application of R»>-SiPcs as NFAs has been limited to a few reports, with the majority of devices
possessing efficiencies below 1%.284245 Sych suboptimal performance can be attributed to poor
bulk heterojunction (BHJ) nanomorphology, namely over crystallization of the R,-SiPc phase.*?
Recently, our group reported R2-SiPc-based OPVs using P3HT*® and PBDB-T*’ as donor
polymers, achieving respectable efficiencies between 3.5 and 4.5% and Voc values between 0.7
and 1.1 V, respectively, renewing interest in this class of materials.*®#’ Considering that R.-SiPc
production and purification requires 70 — 150 times less energy than fullerenes,*®4° and that Ro-
SiPcs have a synthetic complexity index (SC) 3 to 5 times smaller than prominent NFAs, including
ITIC, Y6 and A1,%° further refinement of R,-SiPc-based OPVs could be key to realizing
economically viable OPVs. Despite this enormous potential, R>-SiPc-based devices are
understudied and lack clear design rules to guide materials scientists and engineers in optimization
of these OPVs.

The present work utilized seven different axially substituted R>-SiPcs ((R3SiO).-SiPc) as
NFAs paired with P3HT in OPVs, with property-performance relationships established to
elucidate how the thermodynamic and physical properties of NFAs can impact OPV device
performance. The active layer components of the BHJ devices were thoroughly characterized, with

crystallization enthalpy, critical crystallization radius, and Flory-Huggings miscibility parameters
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calculated and correlated with device efficiency, enabling us to propose design rules based on

molecular characteristics that optimized such parameters.

3.5 Experimental

3.5.1 Materials

P3HT (Mw = 35 kDa, 96% regioregular) was purchased from Rieke Metals, and all solvents
were purchased from commercial suppliers and used as received unless otherwise specified.
Dichlorosilicon phthalocyanine (Cl.-SiPc)®! and its axially substituted derivatives ((RsSiO)-

SiPc))°2° were synthesized according to reported procedures in the literature.

3.5.2 Materials Characterization

Differential scanning calorimetry (DSC) spectra for the binary mixtures and a P3HT
reference were obtained with a TA Instruments Discovery 2500, where each sample was cycled
from 0 °C to 250 °C three times with a heating/cooling rate of 5 °C min. Binary mixtures of P3HT
and (RsSiO)2-SiPc at 1:1 weight ratio were prepared by thoroughly dissolving both compounds in
chloroform, with the aid of an ultrasonic bath, and then drying the samples under reduced pressure.
Nuclear magnetic resonance (*H NMR and *C NMR), cyclic voltammetry (CV), mass
spectroscopy (MS), UV-Vis spectroscopy,> thermogravimetric analysis (TGA) and DSC of the

pure (R3SiO).-SiPcs have already been published elsewhere.>*

3.5.3 Device Preparation and Characterization

Indium tin oxide (ITO) coated glass substrates (1” x 17, 20 Q/sq) were cleaned in an
ultrasonic bath sequentially with soapy water, distilled water, acetone, and methanol, and then
treated with oxygen plasma prior to film deposition. A zinc oxide (ZnO) electron transport layer
was deposited on top of the ITO slides by spin coating 200 pL of a zinc acetate solution (0.195g
of Zn(AcO). - 2H20; 0.054 ml of ethanolamine; and 6 ml of ethanol) followed by thermal
annealing in air for 1 h at 180 °C. The substrates were transferred into a N2 glovebox where the
remainder of the fabrication process was carried out. Active layer solutions comprised of a 1:1
ratio of P3HT and a (RsSiO).-SiPc at a concentration of 15 mg mlt were prepared in
dichlorobenzene (DCB). The active layers were spin coated (static) from these solutions at 2000
RPM, for 90 s, with a 10 s acceleration ramp to avoid film defects. The chips were then transferred
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into an evaporator chamber, where the back electrodes of MoO3 (7 nm) and Ag (70 nm) were
deposited to yield 5 devices per chip, each with an area of 0.32 cm?. Current density vs. voltage
curves (J-V curves) were obtained with a Kiethley 2400 under 1000 W m illumination from an
AML.5 xenon lamp solar simulator, in a N2 atmosphere. Short-circuit current (Jsc) was also
calculated from External Quantum Efficiency (EQE) curves, obtained using a Newport Quantx-
300; for this characterization, the chips were encapsulated using an optical adhesive (Norland
NOAG61) and cured under an UV lamp (6 W). Active layer thickness was measured by scratching
the film and measuring the height difference with Bruker Dektak XTL stylus profilometer. Atomic
force microscopy (AFM) height and phase images of the OPVs were recorded with a Bruker
Dimension Icon using FESPA-V2 probes in soft tapping mode, at a frequency of 0.8 Hz. The films
were also characterized by UV-Vis spectroscopy using an Ocean Optics Flame spectrophotometer,
and low angle X-ray diffraction (XRD) from 5° to 20°, with a 0.02° step size and 0.5° min™

scanning speed, in a Rigaku Ultima IV Diffractometer.

3.6 Results and Discussion

3.6.1 OPV performance

The various device components’ energy levels, as well as the structures of the seven axially
substituted ((R3SiO).-SiPc) derivatives investigated, are depicted in Figure 3.1. We have
previously established that functionalizing SiPcs with different axial silane groups has little to no
significant impact on the optical and electrochemical properties of the resulting (R3SiO).-SiPc, as
the length of the axial alkylsilanes does not significantly impact the energetics of the
phthalocyanine ring, where the HOMO and LUMO orbitals are located.>® This property arises due
to the fact that the different alkyl groups are not directly bonded to, nor increase the size of the
SiPc ring resonance system, having minimal impact on the relevant energy transitions.?’355¢ Ag
such, all the (RsSiO)2-SiPc derivatives in Figure 3.1 were characterized with nearly identical
HOMO and LUMO levels. Therefore, herein we attempted to correlate the (R3SiO).-SiPc solid-
state properties, such as crystallization enthalpy, miscibility with the donor polymer, and molecular
radius, with their performance as NFAs when paired with P3HT in OPVs. Seven different
P3HT/(R3SiO)2-SiPc devices were fabricated, along with a P3HT/PCs1BM baseline (BL) for

reference, with the corresponding J-V characteristics summarized in Table 3.1. EQE curves for
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the same devices are presented in Figure B1 (Appendix B), from which Jsc was also independently
estimated. Previous work by our group?® found that optimized OPV performance in (R3SiO)2-SiPc
devices was achieved with a 1:1 ratio of donor polymer to NFA at a concentration of 15 mg mL-
1, which differs slightly from the optimized procedure for P3HT/PCBM devices. Using this
fabrication recipe, the majority of our NFA compounds yielded OPVs with superior performance
compared to our PCe1BM baseline. While the (RsSiO).-SiPc-based OPVs display Jsc values
similar (or slightly lower) to those with PCe1BM as the acceptor, their Voc values were on average
50% greater. Devices 3 and 4 had the premier performance, reaching PCEs of nearly 4.5 and 4.0%,
respectively, which are among the best reported PCEs for SiPc-based OPVs.*® For the class of
(R3Si0)2-SiPcs reported here, with no peripheral substitution, we have found that axial
tripropylsilane groups are the smallest possible alkyl length that provides enough solubility for use
as NFA, given that compound (3.7), which contains triethyl groups, was not soluble enough to

produce working devices.

-3.0
-3.5
P3HT
. . -4.4
4.6 (R5Si0),-SiPc
Zn0 4.7
Ag ITO
-5.3 -5.0
MoO, -5.3

(3.7)

(3.6) ),}en L/
A A
Figure 3.1. Axially substituted R3SiO-SiPcs applied as NFAs in the present study.
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Table 3.1. Current density — voltage results for all the assembled OPVs and Jsc estimation from

EQE measurements.

. Thickness Voc Jsc Jsc (EQE PCE
Device  NFA® =) (V) (MA cm?) @ (mA(cn?‘z))e FF (%) ©¢
BL PCsBM®  200+5 0.52+0.01 951+006 9.82+0.11 058+0.00 2.88+0.05
1 (3.1) 93+1 0.76+0.01 7.27+0.28 860+005 054+0.01 298+0.10
2 (3.2) 931 077001 556+037 547+£0.16 0.51+0.02 225+0.14
3 (3.3) 957 0.79+0.01 925+0.39 9.24+£0.12 0.60+0.01 433+£0.11
4 (3.4) 90+4 0.77+0.01 893+0.17 990+£021 057+0.01 3.92+0.13
5 (3.5) 873 0.77+£0.01 533+x0.14 566+£0.02 0.48+0.01 2.02 £0.07
6 (3.6) 102+4 0.74+0.01 841+£014 843+004 052+0.01 3.27£0.10
7 (3.7) No working devices

4) Made with 15 mg ml"' P3HT/(R3SiO),-SiPc concentration, at 2000 RPM, dried in N, atmosphere, no annealing.
% Made with 20 mg ml"' P3HT/ PCs;BM concentration, at 1000 RPM, dried in N, atmosphere, no annealing.
¢ From contact profilometry measurements.
9 Measured from J-V curves, average of 8 devices, in two fabrication blocks, irradiation power of 1000 W m™.
¢ Calculated by integrating the EQE spectra.

The average thickness of all the P3HT/(R3SiO)2-SiPc active layers was approximately 93
+ 5 nm (Table 3.1). Only device 6 had a thickness outside this range (102 nm), which is likely
attributed to its increased viscosity. The thickness of the optimized P3HT/(R3SiO).-SiPc active
layer is significantly smaller than that of both P3HT/PCs:BM (200 nm), as well as previously
reported P3HT/(R3SiO)2-SiPc BHJs (150 — 200 nm).*24” For example, Dang et al** fabricated
similar devices with compounds (3.4) and (3.5) and achieved PCEs between 0.25 of 1.07%, while
Zysman-Colman and coworkers®” employed a different (RO).-SiPc and achieved a PCE of 0.4%
when paired with P3HT. The reduction in active layer film thickness seems to be related to the
increase in performance in our (R3SiO).-SiPc-based devices. PCe1BM charge transport can occur
in 3D networks throughout the active layer. In contrast, current studies have demonstrated that
(R3Si0)2-SiPcs tend to exhibit only 1D and 2D charge transfer processes,®*°2>° which can greatly
hinder the ability of these NFAs to conduct charges from the interface to the electrodes in thick
BHJ OPVs. Therefore, a thinner film is beneficial to overall performance by facilitating efficient
charge transport and collection. This fact is supported by the FF of 0.59 measured for thin devices
(~90 nm, Table 3.1), while a lower FF of 0.4 was obtained for thicker P3HT/(R3SiO),-SiPc BHJ
devices (~180 nm, Table 3),* indicating the presence of charge traps and high rates of

recombination in the latter. Additionally, UV-Vis analysis (Figure B2) of the devices listed in
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Table 3.1 shows that these BHJs were less opaque, with 63% of the visible light transmitted
through, enabling applications in translucent OPVs, such as smart windows, where some a certain
degree of light transmission is necessary.

AFM analysis enables assessment of BHJ film nanostructure and phase separation, both of
which play a major role in device performance. Representative AFM height and phase images
from each of the devices produced are displayed in Figure 3.2. The size and shape of the domains
varies considerably with incorporation of different (R3SiO)2-SiPc derivatives. Devices 2 and 5
have the largest domains on average (Figure 3.2b and Figure 3.2e), with a lack of fine features
between the blended P3HT/(R3SiO)2-SiPc phases; conversely, these two devices resulted in the
lowest PCE values. Alternatively, AFM images from the top performing device 3 show small
domain sizes and defined nanometer-sized features in the phase image (Figure 3.2c), which are
characteristics correlated with superior performance in BHJ OPVs, due to improved charge
separation at the donor/acceptor interface and reduced charge trapping, respectively.®® The phase
images in Figure 3.2 also inform about the solid-state interactions between P3HT and (R3SiO),-
SiPc, with device 3 showing clear phase separation (Figure 3.2i), whereas compound (3.2)
presents nearly as a single phase (Figure 3.2h). These observed differences are connected to how
the(RsSiO).-SiPc solubility in P3HT changes with increasing alkyl length, which will be discussed

further in the next session.

3.6.2 Relationship Between Thermodynamic Properties and Photovoltaic Efficiency

To further understand the role of the (R3SiO).-SiPc axial group on device morphology and
resulting device performance we explored the effect of key physical properties, which are
compiled in Table 3.2. Crystallization enthalpies (4Hc), along with melting temperatures of the
individual (R3SiO)2-SiPc components (Tm) and their mixtures with P3HT (TF%.), were obtained
from DSC measurements. The molar volume (Vm) and molecular radius (rm) were calculated from
the results of single-crystal X-ray analysis (SC-XRD).>* Solubility and surface energy (ys)

characteristics have been previously reported.>®
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Figure 3.2. Representative atomic force microscopy (AFM) height (a-f) and phase (g-1) images of
the P3HT/(R3S10),-SiPc active layers fabricated with compounds (3.1) — (3.6).

Table 3.2. Selected physical properties of (R3Si0)>-SiPcs, P3HT, and their blends.

Tn  TH¥.  AH.  Solubility 7 o Vin

COP com ggh?  @Lho  mmd)® " @ mort)
G.1) 178 209 467 150 238 0662 0.732
(32) 127 209 487 190 241 0697 0857
33) - 228 i 25 225 0652 0.698
G4) 231 223 307 31 227 0675 0776
35) 173 216 235 67 240 0721 0.944
(3.6) 148 212 300 170 247 0743 0822
67 - i i 8 i i i
P3HT 233 i 243 100 19.0 0.153

3 From DSC curves of pure compounds.>* Compound (3.3) did not show any thermal event up to 250°C. Enthalpies
at 25°C were calculated using thermodynamic transformations. !

® From DSC curves of binary (R3SiO),-SiPc:P3HT mixtures.

9 Measured with filtration method, as previously reported.>?

9 Estimated by the Neumann method, from Tessile drop contact angle measurements. >
© Obtained from SC-XRD.>*

In solution-processed BHJs, the nanomorphology is largely determined by the processes
involved in the solidification of the dissolved components into a condensed film. Solidification
usually takes place through two different processes: nucleation and crystal growth, both of which
are correlated to the fundamental thermodynamic properties of the components and the mixture.
Nucleation is the first step of a phase change, where the initial onset of the new domains are
formed, and is a result of statistical mechanical fluctuations once the Gibbs free energy (4G) of
the system is favorable to the process.®?%% Equation (3.1) defines the critical radius (rc) of a pure
substance solidification nuclei as a function the Vm, ys, boltzman constant (kg) and supersaturation

of the medium (S), which is the driving force for solidification from melts and solutions.®?-%*

2YsVm
kgT

By using Equation (3.1), it is possible to estimate the supersaturation-independent critical

s =1, InS = (1.2)

radius rs of a solidifying solute. The supersaturation (S) is a complex, hard to quantify function

precipitation variables, mainly evaporation rate and physicochemical properties of the blend. For
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that reason, it is not being individually evaluated here. ¢4 In Figure 3.3, the rs of each (R3SiO),-
SiPc is plotted against the PCE of their respective devices. The PCE versus rs plot shows that
(R3SiO).-SiPc derivatives with smaller rs values tend to perform better in OPVs, even when
excluding interactions with the polymer. Smaller rs values are associated with faster rates of
nucleation and smaller domains,? which typically results in improved BHJ OPV performance due
to more efficient charge separation.®® The smallest rs values were calculated for devices 3 and 4,
which were also the devices with the highest recorded efficiencies. This is corroborated by the
AFM images depicted in Figure 3.2a-f, where films from devices 3 and 4 had domains smaller
than devices 2 and 5, which contained (R3SiO)2-SiPcs with higher rs values, larger domains, and
inferior performance. Additionally, the molecular radius rm (Figure B3) show similar trends along
the series when plotted with PCE. The rm here is analogous to the molecular excluded volume and
reducing the excluded volume in a given NFA motif has been correlated with a smaller degree of

phase separation and improved OPV performance.®’

(3.3)
4.5 1 E Greater nucleation rate
(3.4)
4.0 - §
S 3.5 (3.6)
< (3.1) i
. .
= 3.0 H
2.5 (3§'2)
(3.5)
2.0 1 L
. [ : I & I ! I
7/ 8 9 10 11
r_(nm)

Figure 3.3. Power conversion efficiency (PCE) of P3HT/(R3Si0),-SiPc OPV devices as a function
of the critical radius (7s) of (R3Si0)>-SiPcs.

An important implication from Equation (3.1) is that rs is a function of only Vi and ys.
This implies that, if supersaturation is similar, smaller domains will be formed by (R3SiO)2-SiPc
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derivatives with smaller axial substituents, which tend to have smaller Vi, and lower ys. While we
see that that the smallest derivative, compound (3.3), had the smallest domains and best
performance, additional studies with in-situ crystallization analysis needs to be carried out to
confirm the trend is really followed when controlling for supersaturation. Variations in the
supersaturation degrees achieved by each of the compounds studied here can also be the reason
why the morphology of device 1 is not as refined as its rs value would suggest, falling outside of
the overall trend. Additionally, the concrete relationship between nucleation parameters,
morphology and device efficiency suggests that in P3HT/(R3SiO),-SiPc BHJs, the nucleation step
of film formation plays an important role in the final morphology.

The previous section discussed the BHJ morphology as function of pure (R3SiO).-SiPc
characteristics, and while the correlations are informative it is important to also consider the
thermodynamic contribution of P3HT during film formation. Lyons et al. have demonstrated that
domain purity plays a key role in OPV performance, often a more pronounced effect than domain
size.®° The miscibility of a polymer and a small molecule can be estimated from thermal properties

and melting temperature suppression through Equation (3.2), where the melting temperature

depression of a polymer ( ) is a function of the ideal gas constant (R), the polymer

Tpsur  TH3fir
melting enthalpy (Hmpsr, €quivalent to -Hcpsyr), the molar volume of each component (Veshr,
Vsipc), the molar fraction of polymer in the mixture (®p357), and the Flory—Huggins’ miscibility
parameter (y12), which is a measure of the miscibility of a small molecule in the polymeric
network.%® A large y1. indicates that the polymer and small molecule phases will have a tendency

to separate rather than be miscible.®%58
1 1 RVpzyr

Tour Ty AHm Vi, 27~ 202 P (3.2)
The y12 was calculated for each (R3SiO)2-SiPc P3HT blend using Tpsyr and T, which
were obtained experimentally by DSC (Table 3.2). Figure 3.4 demonstrates the relationship
between OPV PCE and the resulting y12. Larger y12 values suggest increased domain purity,
through a reduction in miscibility, and sharper interfaces, both of which correlate to improved
OPV performance through the reduction in trap states and charge recombination.®® The model is
corroborated by the phase images in Figure 3.2g-1, as device 3 was calculated to have the largest
y12 and subsequently has the sharpest edges between domains in AFM images. In contrast, the

phase image for device 2 shows indistinguishable features, and this device was characterized by
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the lowest 12 values, indicating that this (RsSiO)2-SiPc derivative has high miscibility in the PSHT
phase. Increased domain purity also resulted in increased crystallinity of the (R3SiO)2-SiPc NFAs,
which was observed in PXRD diffractograms (Figure B4). Comparing films of similar thicknesses
prepared under identical processing conditions, we observed that only the film containing
compound (3.4), second lowest miscibility, displayed semicrystalline peaks at 8.2° diffraction
angle (Figure B4). We believe that compound (3.3) did not present a clear peak in PXRD due to
the small domain size, which leads to broadening of the diffraction peaks and lower intensity.
The (RsSiO)2-SiPcs with smaller alkyl chains possessed the largest y12, likely due to
reduced interactions between (R3SiO).-SiPc functional groups and the hexyl substituents in P3HT.
It is also important to note that the length of the alkyl chains on the (R3SiO)2-SiPcs influences
miscibility in P3HT, rather than the total number of carbon atoms. For example, compounds (3.2)
and (3.6) have the same number of carbon atoms, but (3.2) is significantly more miscible in P3HT
than (3.6). While (3.1) and (3.6) have dissimilar number of carbon atoms, they possess a chain
with the same maximum length (octyl) and exhibit very similar miscibility. This suggests that
(R3Si10)2-SiPcs with branched solubilizing groups should have similar miscibility in P3HT than
their non-branched analogues and could be a potential way to optimize other properties such as

crystallization enthalpy and molecular radius, with limited effect on miscibility.

a) (3.3) b)
4.5 Less miscible in P3HT ; 45 Stronger solid-state interaction
N 8 C - I
(3.4) 1 1 (3.4)
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~ - 3.6 s = 3.6
< 3.5 (3.6) @ 35 (3.6)
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| |
25 (3;) 2.5 (3;) |
(3.5) | (3.5)
2.0 ¢ 2.0 | ¢
LS O I [T SN N S IS [ S T T T T II T T T T
08 09 100 11 12 13 14 15 16 17 18 -20000 -10000 0 10000 20000
% AH * (J/mol)
12 O

Figure 3.4. Device PCE as a function of (a) the Flory—Huggins’ miscibility parameter (12) and
(b) of excess crystallization enthalpy (AH.") for blends of (R3Si0),-SiPc in P3HT.
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Miscibility can also be indirectly evaluated by the excess crystallization enthalpy (AHc"),
which is the difference between the AH. of pure (R3SiO)-SiPcs and the AH. of the corresponding
(R3Si0)2-SiPc and P3HT blend.%! For each P3HT/(RsSiO)2-SiPc blend, AH¢" is plotted against
PCE in Figure 3.4b. Larger excess crystallization enthalpy indicates the two components have
more interactions and greater miscibility. Compound (3.4) resulted the smallest AH:", while
compound (3.2) exhibited the highest, both of which are in agreement with the 12 values calculated
above. Compound 3 is not included in Figure 3.4b because it does not have a melting point before
its degradation temperature, therefore AH. could not be evaluated.

Crystal growth is a function of crystallization equilibrium constant, surface energy, and
diffusivity of species. If the growth is not limited by diffusion, the crystallization rate constant of
a (RsSi0)2-SiPc is related to their crystallization enthalpy (AHc), which consequently affects the
size of the (R3Si0).-SiPc domains in the final thin film.6%63 However, as shown in Figure 3.5a,
no clear trend was observed by comparing AH. of our isolated pure (R3SiO),-SiPc compounds to
the PCE of the optimized devices (Table 3.3). The relationship between the crystallization rate
constant and AHc is complex and subject to many important considerations.®*®® Moreover, while
there are no reports on the crystallization kinetics or diffusion parameters of (R3SiO)-SiPcs, the
crystallization of P3HT has been reported to not be limited by diffusion,®® Thus, we hypothesized
that the lack of a trend could be attributed to the fast evaporation rates observed for these thinner
films (less than 100 nm), further suggesting that nucleation plays a greater role than growth in the

crystallization kinetics of (RsSiO)2-SiPc for this set of devices.%62
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Figure 3.5. Relationship between (R3S10)>-SiPc crystallization enthalpy and device performance
for (a) fast drying and (b) slow drying conditions.
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To further probe this hypothesis, we fabricated a second series of BHJ OPV devices (Table
3.3) using conditions that should favour crystallization. A higher molecular weight P3HT (80 kDa)
was used, combined with a reduced spin-coating rotation speed of 1000 RPM, resulting in thicker
films (180 nm on average, as measured by profilometry) and ultimately slower evaporation rates.
As previously reported, similar fabrication conditions encouraged over-crystallization of the
(R3Si0),-SiPcs, which had domains larger than 1 pm and poor device performance.*? Plotting the
PCE values for this second set of OPV devices against AHc indicated a dramatically different trend
(Figure 3.5b). A nearly linear relationship with AHc was observed, where greater AH. values
correlated with improved device performance. Given that r¢, rm, and y12 or each (R3SiO).-
SiPc/P3HT blend will remain comparable between the two sets of OPV devices, the shift to a
crystallization enthalpy-specific trend, coupled with the over-crystallization previously observed
in such devices,* suggests that crystal growth was the dominant process in the film formation for
the slow drying devices. As such, it is important to distinguish between nucleation and growth-
dominated film formation when optimizing OPVs, as our results show that the dominating

properties in each case are very different.

Table 3.3. Current density — voltage results for the OPVs containing thicker active layers.

NFA & Voc(V)®  Jsc (mA cm?)P FF» PCE (%)™
(3.1) 0.77 £ 0.01 4.72 +0.20 0.45+0.01 1.66 +0.07
(3.2) 0.75 £0.05 6.42 £0.25 0.42+0.03 2.01 £0.22
(3.3) No working devices
(3.4) 0.74 £ 0.01 5.04+£0.22 0.45+0.02 1.70 £0.15

3.5 0.54 £0.02 2.68 £ 0.15 0.40 +£0.00 0.58 +0.02
3.6 0.67 £0.01 3.55+£0.03 0.39+0.01 1.38 £0.03

) Made with 20 mg ml! (R3Si0),-SiPc/ PC¢;BM concentration, at 1000 RPM, dried in N, atmosphere, no annealing.

» Measured from J-V curves, average of 5 devices, irradiation power of 1000 W m™2.

3.7 Conclusions

(R3Si0),-SiPcs are exciting candidates for cost-effective NFAs in OPVs, however, further
refinement of both molecular structures and OPV architecture are required before their true
potential can be realized. In this study seven (R3SiO)2-SiPc derivatives were incorporated into
OPVs as NFAs to assess structure-performance relationships. The optimized device fabrication

process promoted rapid drying of the active layer, resulting in the SiPc NFA devices outperforming
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the PCBM:P3HT baseline devices, with a maximum PCE of 4.4% achieved (cf. 2.9% for
PCBM:P3HT). Our results show that P3HT/(R3SiO),-SiPc OPVs benefit from relatively thin (100
nm) active layers and smaller domain sizes, both of which promote improved charge separation.
Correlating PCE results to calculated critical radius (rs) values for all (R3SiO).-SiPc NFAs reveal
that smaller rs values promote enhanced OPV performance. Note that lower rs values also correlate
with higher nucleation rates and enhanced performance. As rs is a function of the molar volume
(Vm), we also demonstrated that (R3SiO).-SiPcs with shorter axial alkyl chains, such as the tri-
propyl and tri-butyl (R3SiO).-SiPc derivatives (3.3 and 3.4, respectively), produce OPVs with
superior performance, which is an important guideline for future molecular designs. Shorter alkyl
chains also resulted in (R3SiO)2-SiPcs that are less miscible in P3HT, creating more unadulterated
NFA domains when blended with this polymer. This was observed in AFM images of the blended
films and confirmed through calculation of the Flory-Huggings miscibility parameter, where
higher values effectuated devices with improved PCEs. Moreover, these results suggest that
formation of P3HT/(R3SiO)2-SiPc active layers with less than 100 nm thickness are dominated by
nucleation, rather than crystal growth. When OPV fabrication conditions were adjusted to produce
active layers with almost a two-fold increase in thickness, the resulting PCE values correlated
almost linearly with crystallization enthalpy. These results suggest that at these slow drying-rates
nucleation slows down, and crystal growth plays a larger role in the final morphology, leading to
different correlations with the thermodynamic properties of the P3HT/(R3SiO)2-SiPc blends. The
trends outlined in this report, combined with the chemical versatility of SiPc molecules, will help
to facilitate fine tuning OPV active layers with these exciting NFAs, advancing device

performance while maintaining low-cost production.
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4. VARIANCE-RESISTANT PTB7 AND AXIALLY-SUBSTITUTED SILICON
PHTHALOCYANINES AS ACTIVE MATERIALS FOR HIGH-VOC ORGANIC
PHOTOVOLTAICS

1.05V

PTB7 : (3BS),-SiPc

Zn0
ITO

L

This chapter contains work published in Scientific Reports.
Mario C. Vebber, Nicole Rice, Jaclyn Brusso and Benoit H. Lessard. Sci Rep 11, 15347
(2021).

4.1 Context

After exploring a wide-range of axially substituted (R3SiO)2-SiPcs (Chapters 2 and 3), along
with parallel work carried out by other members of our research group, we started to approach a
limit to how high we could make the PCE of (R3SiO)2-SiPcs:P3HT blends. While P3HT is a
benchmark OPV material and arguably the best studied polymeric donor, its photovoltaic
performance has long been surpassed by other conjugated polymers, such as PBDB-T and PM6.
However, pairing (RsSiO)2-SiPcs with modern-generation blends is a challenging endeavor,
primarily due to the relatively shallow energy levels associated with (R3SiO)2-SiPcs, which limits
the number of donors they can be paired with. One exception is the donor PTB7 whose frontier
molecular orbitals match those of (RsSiO).-SiPcs, with a small energy offset between them, which
maximizes the voltage developed by devices. This pairing serves to evaluate whether (R3SiO)2-
SiPcs-based devices can function with a small driving force, as is the case with state-of-the-art

acceptors, namely Y6 and ITIC. In this work, | aimed to begin exploring properties of the (R3SiO),-
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SiPcs:PTB7 blend, as well as optimizing its performance and assess if it was possible to push the

efficiency beyond that achieved with P3HT.

4.2 Contribution

| produced all the OPV devices and assessed all the performance metrics. NR obtained AFM
images of the BHJ. Manuscript was also written by me with contributions from NR, BL and JB.

BL and JB supervised the project.

4.3 Abstract

While the efficiency of organic photovoltaics (OPV) has improved drastically in the past
decade, such devices rely on exorbitantly expensive materials that are unfeasible for commercial
applications. Moreover, examples of high voltage single-junction devices, which are necessary for
several applications, particularly low-power electronics and rechargeable batteries, are lacking in
literature. Alternatively, silicon phthalocyanines (R2-SiPc) are inexpensive, industrially scalable
organic semiconductors, having a minimal synthetic complexity (SC) index, and are capable of
producing high voltages when used as acceptors in OPVs. In the present work, we have developed
high voltage OPVs composed of Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-
2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno [3,4 b]thiophenediyl}) (PTB7) and an SiPc
derivative ((3BS)2-SiPc). While changes to the solvent system had a strong effect on performance,
interestingly, the PTB7/(3BS).-SiPc active layer were robust to spin speed, annealing and
components ratio. This invariance is a desirable characteristic for industrial production. All
PTB7/(3BS)2-SiPc devices produced high open circuit voltages between 1.0 and 1.07 V, while

maintaining 80% of the overall efficiency, when compared to their fullerene-based counterpart.

4.4 Introduction

Organic photovoltaics (OPVSs) are a promising solar energy technology with the potential
for low manufacturing cost and quick energy payback. > OPVs can be fabricated by solution-
based techniques, such as spin-coating, blade-coating and a variety of printing techniques,
facilitating their integration into continuous, high throughput processing, which is unachievable
with traditional silicon technology.>" In the past 5 years, single-junction OPVs with record power
conversion efficiencies (PCE) of 15 - 19% have been reported, ®-° approaching commercial solar
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cell performances. However, these high efficiencies are achieved using expensive small molecules
and polymers, the production of which is not scalable as they require complex multi-step synthesis
and purification methods.!®** Most of these state-of-the-art OPVs often excel in high current
densities (Jsc) and fill factor (FF), while providing middling open-circuit voltage (Voc), between
0.7and 0.8 V. 6915

High-voltage OPVs are of great interest for certain applications, particularly in
rechargeable batteries and low-power electronics, which always require a minimum voltage to
operate.®-8 While high Vocs can be obtained by tandem cells or cells in series, this requires all
cells to produce similar currents, which is virtually impossible to achieve in applications where
lighting is inhomogeneous.*® Some ternary BHJs with Vocs above 0.9 V have been reported,°2°
albeit relying on high-cost, non-scalable materials. It remains that the Voc of the majority of single-
junction photovoltaics rarely surpasses 0.8 V, including silicon-based devices. Recently, a few
research groups have used simple and low-cost small molecules as non-fullerene acceptors (NFAS)
in OPVs, and achieved Voc > 1.0 V. 122124 Sych architectures may hold the key for commercial
viability as they can be manufactured on an industrial scale, provided that the efficiency and
stability of the devices is sufficiently high.?2°

Axially substituted silicon phthalocyanines (R2-SiPc) are ideal candidates for low-cost,
high- Voc acceptor materials.?#?2” While metal phthalocyanine (MPc) have been investigated in
organic electronic applications for more than 50 year, Ro-SiPcs are relatively understudied, having
emerged in recent years?® and successfully incorporated in multiple new application, including
organic thin-film transistors (OTFTs),** organic light-emitting diodes (OLEDs)**" and in
OPVs 24353841 The synthetic complexity (SC) index*? of R2-SiPcs have been calculated to be at
least three times lower (SC = 12)?’ than that of several prominent OPV acceptors materials, such
as PC¢1BM (SC = 36)*, Y6 (SC =59)* and ITIC (SC = 67)*. The exceptionally low SC index of
R2-SiPcs makes them exceedingly promising organic semiconductors for OPVs. Historically, Ro-
SiPcs have mainly been employed as ternary additives in OPVs. 34146 However, in a recent study
by Grant et. al., an OPV composed of a blend of R2-SiPc and poly-3-hexylthiophene (P3HT)
achieved higher Voc and PCE than the fullerene-based analogue. Remarkably, when paired with
poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]-2,5-
thiophenediyl [5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c¢']dithiophene-1,3-diyl]]
(PBDB-T), yielded a device with an exceptionally high Voc of nearly 1.1 V. ?* Additionally,

73



PhD Thesis — Mario C. Vebber University of Ottawa

relatively simple chemical modification of R.-SiPcs can address other common issues in OPVs,
such as stability, by including cross-linking groups in the SiPc structure to improve the stability of
the active layer’s nanostructure.*’ Nonetheless, there are relatively few reports investigating the
use of R2-SiPc as stand-alone acceptors in OPVs.242%27 therefore it is vital to investigate pairing
these cost-effective molecules with different donor polymers and optimizing these devices to
exploit their full potential in OPVs.

In the present work we have fabricated OPVs wusing poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl) ~ carbonyl]
thieno[3,4-b]thiophenediyl]] (PTB7, Figure 4.1) and bis(tri-n-butylsilyl oxide) silicon
phthalocyanine ((3BS)2-SiPc; Figure 4.1). Our group has recently reported similar devices, by
pairing ((3BS).-SiPc with PBDB-T, and here we continue to explore this NFA with PTB7, another
high performing polymer, that possesses more adequate energy level alignment with respect to
(3BS)2-SiPc (Figure 4.1). These devices were characterized by atomic force microscopy (AFM)
and external quantum efficiency (EQE). The OPVs were optimized and yielded devices with a
high Voc of 1.05 V, while maintaining 80% of the overall PCE, when compared to a fullerene-

based analogue.

4.5 Experimental section

45.1 Materials

Two different molecular weights of PTB7 (93 kDa, PDI 2.6 and 16 kDa, PDI 2.4) was
purchased from 1-Material and used as received. Bis(tri-n-butyl siloxy) silicon phthalocyanine
((3BS).-SiPc) was synthesized and purified according to the literature.*® Dichlorobenzene (DCB,
99%), chlorobenzene (CB, 99%), chloroform (CF, 99%), dichloromethane (DCM, 99%),
diiodooctane (DIO, 98%) and diphenylether (DPE, 99%), zinc acetate dehydrate (Zn(Ac)2- 2 H20,
99%), ethylamine (97%) were all purchased from Sigma-Aldrich and used without further
purification. Ag (99.99 %) was purchased from Angstrom Engineering Inc. and MoO3 (99.99%)

was purchased from Strem.

45.2 Devices

Indium-tin-oxide (ITO) coated glass substrates (100 nm, 20 €/sq, 1 in by 1 in), purchased

from Thin Film Devices Inc., were cleaned in an ultrasound bath sequentially with soapy water,
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DI water, acetone (99 %) and methanol (95 %) to remove any debris. The ITO slides were then
dried with a N2 jet and placed in an air plasma cleaner for 15 min to remove any residual organics.
The zinc oxide (ZnO) electron-transport layer was deposited by spin coating 150 ul of an ethanolic
solution of Zn(Ac).- 2 H20 (3.3 %) and ethanolamine (0.9 %) at 2000 RPM, followed by annealing
for 1 hin air at 180 °C. The substrates were then move into a N2 glovebox where the remainder of
the procedure was carried out. Preparation of the active layer was achieved using a variety of
conditions, details of which are provided in Table 4.1. The active layer components are illustrated
in Figure 4.1a. After deposition, the films were dried in the glovebox, at room temperature, for 1h
before being transferred to an evaporation chamber (Angstrom EvoVac), where MoOs (7 nm) and
silver electrodes (70 nm) were deposited by physical vapor deposition at a pressure below 107
torr, to yield 5 individual 0.32 cm? devices per substrate, as defined by shadow masks. Energy
level diagram and device architecture are shown in Figure 4.1b and Figure 4.1c, respectively.
Device performance was characterized using a custom push pin probe station connected to
multiplexer and Keithley 2400 source meter. All OPVs were assessed under 1000 W m light
intensity, provided by a solar simulator (Xenon lamp, AM1.5) and scanned between -2.0 and 2.0
V. Light intensity was verified using an NREL certified silicon standard cell prior to every run.
Series and shunt resistances have been calculated from the slope of the J-V curves, at the Jsc and
Voc, respectively. External quantum efficiency (EQE) plots were recorded using a Newport
Quantx-300 instrument outside of the glovebox. Prior to EQE measurements, the devices were
encapsulated in an epoxy resin (Norland NOAG61) cured under UV-light. Atomic force microscopy
(AFM) topography images of the active layer films were obtained using a Bruker Dimension Icon
instrument, with ScanAsyst-Air probes in tapping mode, at a frequency of 0.8 Hz; image

processing was performed with NanoScope Analysis v1.8.

4.6 Results and Discussion

Bulk heterojunction (BHJ) OPV devices (Figure 4.1c) were fabricated by combining PTB7
(donor) with (3BS).-SiPc (acceptor, Figure 4.1a). The energy levels of PTB7, (3BS).-SiPc and
the other materials in the BHJ OPV devices are shown in Figure 4.1b. Extensive optimization of
the active layer was performed, as shown in Table 4.1. The optimized parameters were spin-rate,
annealing, donor:acceptor ratio and choice of solvent. Parameters including spin-rate, annealing

time and temperature, donor:acceptor ratio, and choice of solvent were all investigated.
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Figure 4.1. a) Chemical structure of donor and acceptor materials; b) energy level diagram of the
device components; and ¢) schematic representation of device architecture.
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Table 4.1. Experimental conditions and resulting performance of PTB7/(3BS),-SiPc BHJ OPV

devices.
Spin speed: B u u
# D:A Ratio Solvent Annealing (RPM : Voc? Jse? 2 FF ¥ P(iE ’
°C /min) (%) (mA-cm™) (%)
1 1:1.5Y CB 1500 : N/A 0.76 £ 0.01 12.57+0.3 | 049+0.02 | 4.73+0.03
CB +DIO (3%)
2 1:1.5Y +DPE (2%) 1500 : N/A 0.70+0.01 | 14.66£0.09 | 0.65+0.01 | 6.67+0.09
3 1:1.59 CB 2000 : N/A 1.05+0.01 7.66+0.08 | 0.45+0.01 | 3.64+0.05
4 1:1.59 CB 1500 : N/A 1.06 £0.004 | 7.61£0.04 | 0.45+£0.01 | 3.59+0.01
5 1:1.59 CB 1000 : N/A 1.06 £0.004 | 7.51+£0.05 | 0.43+£0.01 | 3.49+0.01
6 1:1.5 CB 1500 : 100/15 1.07 £0.01 7.58+0.04 | 0.46+0.01 | 3.55+0.03
7 1:1.5 CB 1500: 100/30 1.00 £ 0.1 731+£0.05 | 0.47+£0.02 | 3.41+£0.2
8 1:1.5 CB 1500: 150/15 1.06 =0.01 7.11+£0.05 | 046+0.02 | 3.48+£0.2
9 1:1.5 CB 1500: 150/30 1.03+0.01 6.88+0.09 | 0.44+0.01 | 3.11+0.08
10 1:1 CB 1500 : N/A 1.06 =0.01 724+0.04 | 044+0.01 | 3.38+0.02
11 1:1.5 CB 1500 : N/A 1.05+0.01 7.68+0.2 | 0.46+0.01 3.76 £ 0.1
12 1:1.8 CB 1500 : N/A 1.05 +0.01 7.68+0.07 | 0.48+0.01 | 3.82+0.04
13 1:2 CB 1500 : N/A 1.04 +0.01 7.59+0.03 | 0.48+0.01 | 3.79+0.03
14 1:1 DCB 1500 : N/A 1.02+0.004 | 7.48+0.09 | 0.40+£0.01 | 3.06+£0.01
15 1:1.8 CB:CF 3:1 1500 : N/A 1.04 +0.01 7.84+0.09 | 0.45+0.01 | 3.68+0.04
16 1:1.8 CB:DCM 3:1 1500 : N/A 1.06 +0.01 7.81+£0.05 | 0.45+0.01 | 3.73+0.01
17 1:1.8 CF 3000 : N/A 1.02 £0.01 4.67+0.1 0.38+0.01 | 1.79+0.08
18 1:1.5 CE;}?};?;Z?’) 1500 : N/A No functioning device
19 1:1.89 CB 1000 : N/A 1.04+0.004 | 5.84+0.05 | 0.41+0.01 | 2.47+0.02
20 1:1.89 CB 1500 : N/A 1.04+0.004 | 6.19+0.07 | 0.43+0.01 | 2.74+0.05

YAl BHJ OPVs were assessed under 1000 W m light intensity, and scanned between -2.0 and 2.0 V. The open circuit
voltage (Voc), short circuit current (Jsc), fill factor (FF) and the power conversion efficiency (PCE) were obtained
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from an average of 4-8 devices with an individual area 0.32 cm? per device. Devices that have not been annealed are
marked as “N/A”.

% Baseline device composed of PTB7/PC¢1BM at a 1:1.5 ratio.
© Solution was not filtered before deposition.

9 PTB7 with My, of 96 kDa was used for all devices except device 19 and 20 where a My, of 16 kDa was used.

The best PTB7/(3BS)2-SiPc BHJ OPV device (12) was obtained with an excess of (3BS)2-
SiPc (1:1.8 ratio) in CB, at a spin rate of 1500 RPM, resulting in a high Voc of 1.05 = 0.01V, a
modest Jsc of 7.68 + 0.07 mA-cm™?, fill factor (FF) of 0.48 + 0.01 and an overall PCE of 3.82 +
0.04 (Table 4.1). While benchmark OPVs often have FF between 0.6 and 0.7,* these values are
comparable to those of the PTB7/PCs1BM baseline device prepared (1). The average performance
of device 12 is comparable to the champion device in the series, which achieved a PCE of 3.85%
(Voc = 1.06V, Jsc = 7.71 mA-cm™, FF = 0.47), within one standard deviation. These results are
also slightly superior to the high-Voc devices previously reported by our group, based on PBDB-
T/:(3BS).-SiPc devices (PCE = 3.4 %).2* This improvement comes from a 10% improvement in
current density, which can be attributed to the favourable energy level alignment between PTB7
and (3BS)2-SiPc, with a 0.2-0.3 eV separation between HOMO and LUMO levels (Figure 4.1).
This energy gap facilitates charge separation and can lead to greater currents.

When optimizing the PTB7/(3BS).-SiPc BHJ OPV devices we found that PCE improves
only slightly when deposition spin rate is increased from 1000 to 2000 RPM (devices 3 to 5),
demonstrating that the PTB7/(3BS)2-SiPc active layer can be successfully deposited at different
spin-rates. Interestingly, film thickness remains relatively constant, decreasing slightly from 129
nm to 115 nm, when varying spin rate from 1000 to 2000 RPM, which does not follow the typical
spin-coating equation, that predicts a thickness variation of nearly 50% between the two films .
This behaviour suggests a strong dilatant characteristic of the PTB7/(3BS).-SiPc solution, resisting
the centrifugal force. In general, annealing also showed a weak effect on device PCE (devices 6 to
9), slightly increasing FF while decreasing Jsc. Figure 4.2 shows AFM images before (Figure
4.2a) and after annealing for 15 min at 100 °C (Figure 4.2b). Comparison of the films at various
length scales shows that some larger amorphous features are formed during the annealing step,
which is reflected in the increased roughness of the films: rq = 1.31 nm before annealing and rq =
2.0 nm after. Nonetheless, in general overall surface morphology and height features are mostly
retained. Longer annealing times were slightly detrimental to device performance, most likely due

to disruption of the active layer through formation of large agglomerates, as suggested in Figure
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4.2b. The (3BS).-SiPc to PTB7 ratio (devices 10 to 13) only had a noticeable effect on the PCE
when the ratio was reduced below 1.5, which is observed when comparing devices 10 and 11, with
ratios of 1.0 and 1.5, respectively. Alternatively, devices 11, 12 and 13, with ratios of 1.5, 1.8 and
2.0, respectively, have remarkably similar performances. While PTB7/PCs:BM devices have been
optimized at a 1:1.5 ratio,> the PTB7/(3BS).-SiPc BHJ OPV devices had the best performance
when using a 1:1.8 ratio (Table 4.1). In summary, we found that the (3BS)2-SiPc:PTB7 blend is
fairly invariant to spin rate, acceptor:donor ratio and annealing conditions. This low variability is
a desirable property for high throughput manufacture, where minor variations are inevitable.

10 um

N 40nm

Figure 4.2. AFM height images of the PTB7/(3BS).-SiPc films on two different scales (10 and
2.5 um a) before annealing and b) after annealing (15 min at 100 °C).

Alternatively, modification of the active layer solvent system had a significant impact on
device performance. Solvent additives, namely DIO and DPE, have been previously reported to
play a critical role in the film morphology of the active layer in PTB7/PCs1BM devices, resulting
in significant improvements in current density and PCE.*! Such high boiling point additives
promote higher crystallinity and improved nanomorphology in PTB7/fullerene blends,>* typically

resulting in increases of more than 40% in PCE. We have observed these improvements as well in
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our baseline PTB7/PCs1BM baselines (1 and 2, Table 4.1). However, when incorporating these
additives in the fabrication of PTB7/(3BS).-SiPc BHJ OPV devices (device 18), we were unable
to obtain functioning devices. This may be attributed to (3BS)2-SiPc, which has been reported to
crystallize rapidly,*’°2°® and the use of high boiling point additives thereby exacerbating this
behaviour, creating micrometric or even submillimetric domains (patterns are visible to the naked
eye) as opposed to the nanometric phase separation required for functioning OPVs.>*% In attempt
to counter this crystallization we explored the use of low-boiling point solvent additives, such as
DCM and CF (devices 15 and 16) but these solvent changes led to negligible improvements in
performance. Using CF as a single low-boiling point solvent (device 17) resulted in thicker films
due to rapid evaporation, which approximately halved the PCE when compared to the best devices
deposited with solutions in CB. We have also investigated if incorporating a low a low-My PTB7
(16 kDa) instead of the conventional PTB7 (Mw = 96 Kda) could improve the crystallinity of the
P7B7 phase without additives. Functioning devices were obtained (19 and 20), but with lower
efficiency compared to the optimized device achieved from low-My, PTB7 (12).

While the Jsc and FF of the PTB7/(3BS)2-SiPc BHJ OPV devices were modest, it is
important to note the consistently high Voc between 1.00 — 1.07 V, which is a very desirable and
often rare characteristic in OPVs. Note that current state-of-the-art OPVs typically display Voc
values around 0.8V. " The high voltages can be attributed to the large difference between the
energy levels of the donor’s highest occupied molecular orbital (HOMO) and the acceptor’s lowest
unoccupied molecular orbital (LUMO), as illustrated in Figure 4.1b.

Table 4.2 compares the series and shunt resistances of our optimized device 12 with
literature-based devices containing either PTB7 or P3HT as the donor and PCs1BM or (3BS).-SiPc
as the acceptor. Strikingly, the shunt resistance of the PTB7/(3BS)2-SiPc BHJ OPV device is
significantly lower than the others, which indicates a high rate of charge recombination in the
active layer film and may offer a potential explanation for the relatively low Jsc compared to
PTB7/PCs1BM devices (Table 4.1 and Table 4.2). This may be ascribed to the small energy level
offset only 0.2 eV between the donor and acceptor, which could be impairing the dissociation of
excitons at the PTB7/(3BS).-SiPc interface.! Moreover, AFM images (Figure 4.2) show that
domain sizes are in the hundreds of nm range, which is often too large for optimal BHJ OPV

operation, given the average distance travelled by excitons before recombination is around 5 - 15
nm. 1,55,56
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Table 4.2. Thickness, series and shunt resistances of the optimized devices and relevant

comparative devices.

Device Series () Shunt () Thickness (nm)
P3HT/PCe1BM 6 2 11 1676 200
P3HT/(3BS),-SiPc 2 ¥ 15 816 100
PTB7/PCs1BM (1) 9 1352 90
PTB7/(3BS),-SiPc (12) 22 463 115

9 Devices have been previously reported and further characterized here.

Figure 4.3a shows the J-V curves for the optimized PTB7/(3BS).-SiPc device (12)
compared to the PTB7/PCe1BM baseline (1) and Figure 4.3b displays the EQE curves for the same
devices. While (3BS)2-SiPc provides some extra light absorption around 700 nm, the overall
quantum efficiency is lower than that of the fullerene-based device. This trade off is often seen in
SiPc-based devices.?* Moreover, the EQE spectrum of device 12 is slightly blue-shifted and
sharper in comparison to the baseline (1), which is associated with smaller crystallinity of the
polymeric phase.>>*’ This suggests that (3BS).-SiPc inhibits the crystallization of PTB7, and it is
one of the causes for the lower current observed when compared to the fullerene baseline. The
lower crystallinity of the polymeric network can also impair charge conduction and contribute to
the low shunt resistance measured for such devices. We surmise that a new type of additive, that
simultaneously promotes the crystallization of PTB7 while keeping the SiPc domain size small,
could push the efficiency of this class of devices beyond that of the PTB7/PCs1BM baseline, but

the authors are not familiar with any additive that fits these requirements.
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Figure 4.3. OPV characteristics a) J-V curves, where line thickness corresponds to the standard
deviation of 4 devices, and b) EQE spectra of the optimized device (12) and the fullerene-
containing baseline (1).
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R2-SiPcs continue to show promise as NFAs in BHJ OPVs. However, their tendency to
quickly crystallize and their shallow LUMO level have been detrimental to achieving high
performance. Moving forward, the chemical versatility of R2-SiPc molecules, would facilitate fine
tuning of the material properties such as their frontier orbital energy levels and the solid-state
packing properties, providing the potential for improving device performance while still remaining

a synthetically simple molecule to produce.

4.7 Conclusion

We paired PTB7, a high performing donor polymer, with a low cost and easy to synthesize
acceptor (3BS).-SiPc in OPVs and observed a significant improvement in Voc values. Device
performance was robust to changes in the spin speed, acceptor:donor ratio and annealing; although
this hinders a route towards device optimization, it is ultimately a desirable property for high
throughput fabrication of OPVs. When replacing the fullerene acceptor with (3BS).-SiPc, 80% of
the overall device efficiency was retained, while a high average Voc of 1.05 V was obtained. These
findings further establish SiPc-based acceptors as promising NFA candidates for high voltage OPV
devices. Control of the crystallization of the SiPc will be key to yield the desired nanomorphology
in the active layer will be key in the development of high performing device.
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5. FROM P-TYPE TO N-TYPE: PERIPHERAL FLUORINATION OF AXIALLY
SUBSTITUTED SILICON PHTHALOCYANINES ENABLES FINE TUNING OF
CHARGE TRANSPORT.
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5.1 Context

After exploring the properties of (R3SiO),-SiPc:P3HT blends followed by attempts to pair
these acceptors with different conjugated polymers, it became clear that tailoring the
electrochemical properties of SiPcs was required in order to facilitate their application with modern
conjugated polymers. Presently, it appears that (R3SiO)2-SiPc derivatives require a large driving
force for effective charge transfer to occur, similarly to fullerene acceptors, which therefore
necessitates lowering the energy level of the frontier molecular orbitals. Deepening of these energy
levels has also been associated with improved n-type behaviour, electron affinity and air-stability.
Fluorination is known to achieve that goal in organic semiconductors, while the relatively small
size of fluorine atoms tends not to disrupt the solid-state intermolecular interactions (i.e., T-1

interactions). Due to the relative difficulty in obtaining these compounds, fluorinated SiPcs have
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only recently (2021) been reported for the first time and are widely understudied when compared
to other metal phthalocyanine analogues. Here, | attempted to improve the existing chemistry (as
reported in the literature) and synthesize for the first time fluorinated SiPcs ((tb-Ph)2-FxSiPc)
axially substituted with phenoxy groups. Assessment of how the degree of fluorination affects their
electrochemical and physical properties was also carried out. The materials produced here were
incorporated in OPVs, OTFTs and OPDs (organic photodetectors), to better evaluate their potential
and the changes that occur in their semiconducting behaviour. We will also assess if improved n-

type mobility and air-stability can be achieved. 0

5.2 Contributions

| synthesized and characterized all the (th-Ph).-FxSiPc derivatives, produced all the OPV
devices and assessed all the performance metrics. BK and CF produced all OTFT devices and
assessed performance metrics. CD, GW, LH produced all OPD devices and assessed performance
metrics. BK and MT obtained thin film AFM images. BR carried out DSC analysis. Manuscript

was also written by me with contributions from all authors. BL and JB supervised the project.

5.3 Abstract

Silicon phthalocyanines (R2-SiPcs) are a family of promising tunable materials for organic
electronic applications. We report the chemistry for the synthesis of axially substituted fluorinated
SiPcs (th-Ph)2-FxSiPc (where X=0, 4, 8 or 16) and explored how the degree of fluorination effects
optical and electronic properties. A new treatment with boron trichloride was included to obtain
Cl>-FxSiPcs from Fo-FxSiPcs, activating the axial position for further functionalization. We
observed that, as the degree of fluorination increased, so did the electron affinity of the compounds,
leading to a drop in the frontier orbital energy levels, as measured by electrochemistry and
ultraviolet photoelectron spectroscopy (UPS). The deeper energy levels enabled successful (tb-
Ph).-F4SiPc and PTQ10 blends for organic photovoltaics and photodetectors. All four compounds
were incorporated in organic thin-film transistors (OTFTs) where the degree of fluorination
influenced device operation, changing it from p-type conduction for (tb-Ph).-FeSiPc, to ambipolar
for (tb-Ph)2-F4SiPc, and n-type for (tb-Ph)2-FsSiPc and (th-Ph).-F16SiPc. The OTFT devices made
with (tb-Ph),-F16SiPc achieved a low average threshold voltage of 7.0 V in N2 and retained its n-

type mobility when exposed to air.
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5.4 Introduction

The range of available synthetic techniques and functional groups in organic chemistry
brings unique opportunities in fine-tuning physical and electrochemical properties of active
materials for applications in electronic devices.? As such, metal and metalloid-containing
phthalocyanines (MPcs) have had an important role in the history of semiconductors, due to their
chemical versatility, highly delocalized electron density, good thermal stability, and facile, low-
cost synthesis.>® The majority of reported MPcs are divalent such as zinc or copper containing
MPcs, however, trivalent and tetravalent MPcs have also experienced increased interest in recent
years.

Silicon phthalocyanines (R2-SiPcs) are an exciting class of MPcs, exhibiting enhanced
electron-transporting behavior in thin-film electronics,®’ and possessing two axial handles for
functionalization and property fine-tuning.81! R,-SiPcs also have a synthetic complexity index
(SC) which is many times lower than most high performing electron transport materials, making
them favourable candidates for commercial printed electronics.!>*® R,-SiPcs have been
incorporated into a wide range of organic electronic devices, namely organic thin-film transistors
(OTFTs) and organic photovoltaics (OPVs).51423-26.15-22 \whjle classically paired with P3HT, the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels of R»-SiPcs are not typically compatible with state-of-the-art polymer donors, such
as poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4",7'-di-2-thienyl-2',1',3'-benzothiadiazole)]
(PCDTBT) and poly[[6,7-difluoro[(2-hexyldecyl)oxy]-5,8-quinoxalinediyl]-2,5-thiophenediyl ]
(PTQ10).2%234 In OTFTs, the electron-rich nature of the R2-SiPc ring may limit its electron
affinity and hence lead to high threshold voltages (Vr), limited charge carrier mobilities (u) and
poor air-stability.526:35 Ajr-stability in n-type or electron-transporting organic semiconductors
incorporated into OTFTs is an ongoing challenge.®**° The electron transfer from organic
semiconductors with shallow LUMO levels onto oxygen present in air is generally favored, leading
oxygen to act as a charge trap in such devices.®’

The introduction of electron-withdrawing groups to the periphery of the MPc ring may be
key to address n-type air stability, by removing electron density from the MPc ring and deepening
the HOMO and LUMO levels. Fluorine is a promising choice for a peripheral electron-
withdrawing group, since its small atomic radius does not disrupt molecular packing,*° and in fact

may improve intermolecular interactions,?*142 favoring face-to-face and face-on packing of
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conjugated molecules,*** stabilize the electronic orbitals,** and enhance the n-type conductivity
of the semiconductor.®> A few examples of fluorinated phthalocyanines (FxMPc) have been
reported in literature, such as FxCoPc,*?% FxFePc,*® and FxZnPc.*2474  Copper
hexadecafluorophthalocyanines (FisCuPc) is arguably the most extensively studied
FxMPc,*2434950 and has been employed in evaporated OTFTs with mobilities as high as 0.26 cm?
V15t owing to improved electron conductivity and solid-state packing.>!>?

While these FxMPcs have been studied for over two decades, the synthesis of a
peripherally-fluorinated silicon phthalocyanine (R2-FxSiPc) was first reported by our group in
2021.2% F16SiPcs are relatively complex to synthesize because, unlike most MPcs, they are not
obtainable in appreciable yields when directly reacting a silicon source to phthalonitriles,
requiring coupling of isoindoline groups.® This increases the probability of side-reactions and
degradation, which become more prominent when using partially fluorinated starting materials
that tend to be more reactive than their nonfluorinated counterparts, due to uneven electron cloud
distribution.>® In addition, the currently reported procedure produces axially fluorinated Fo-
F16SiPc, as opposed to Cl>-F16SiPc, which is the preferred starting material for further axial
functionalization of SiPcs.> Therefore, in the present work we develop the chemistry and report
the characterization of novel Ro-FxSiPc derivatives and asses how the degree of fluorination
affects thermal, electrochemical and physical properties. We also integrated the R2-FxSiPc into
preliminary OPVs, OPDs and OTFTs and found that as the number of peripheral fluorine atoms
on the R2-SiPc ring increases, the n-type characteristics of the films incorporated into devices
become more prominent. Furthermore, air-stable electron transport was observed in perfluorinated

F16SiPc devices.

55 Experimental

5.,5.1 Materials

Tetrafluorophthalonitrile (98%), 4,5-Difluorophthalonitrile(95%) and 4-
Fluorophthalonitrile (98%) were purchased from TCI America. Lithium bis(trimethylsilyl)amide
(LIHMDS, 97%), silicon tetrachloride (99%), tetraline (anhydrous, 99%), chlorobenzene
(anhydrous,99%) and 4-tertbutylphenol (99%) were purchased from Sigma-Aldreich. PTQ10 (60
kDa, PDI 2.3) was purchased from Brilliant Matters.
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5.5.2 Synthesis

Synthesis of hexadecafluoro silicon phthalocyanine difluoride (F2-F16SiPc) : in a typical

procedure,?® tetrafluorophthalonitrile (5g , 0.025 mol) was charged into a pre-dried 500 ml 3-neck
round bottom flask, which was connected to a condenser and a bubbler. The flask was then sealed
with rubber septa and purged for 45 min with N2. Anhydrous tetraline (250 mL) was introduced to
the flask via cannula, with gentle stirring. Most of the tetrafluorophthalonitrile dissolved, but larger
chunks remained. After that, LIHMDS-Et>0 (3.5 g, 0.015 mol) was added while keeping a strong
N> flow, to avoid moisture and air from entering the reaction medium. Upon addition, the solution
quickly turned orange, brown and then practically black. The flask was sealed again, and the
reaction was left to stir (600 RPM) at room temperature. After 2 hours, silicon tetrachloride (4 ml,
0.035 mol) was added to the solution via syringe through a septum, and the temperature was set to
200°C. After 16 h of vigorous stirring (1000 RPM) under N the reaction mixture was cooled to
room temperature, admixed with hexanes (200 ml), and filtered through a medium porosity fritted
glass filter, with the aid of a vacuum pump. The collected precipitate was subsequently washed
with methanol (300-500 ml), acetone (200 ml), toluene (100 ml) and hexanes (100 ml), affording
a blueish green powder in the filter. Crude yield: 1.2 g (22%).

Synthesis of octafluoro silicon phthalocyanine difluoride (F2-FgSiPc): same procedure as Fo-

F16SiPc was followed, replacing tetrafluorophthalonitrile by 4,5-difluorophthalonitrile, and
keeping the same molar ratios. Crude yield: 1.6 g (21%).
Synthesis of tetrafluoro silicon phthalocyanine difluoride (F2-F4SiPc): same procedure as

F2-F16SiPc was followed, replacing tetrafluorophthalonitrile by 4-fluorophthalonitrile, and keeping
the same molar ratios. Crude yield: 2.4 g (43%).

Chlorination of the axial position (Clo-FxSiPc): in a typical procedure, F2-FxSiPc (1g) was

charged into a 250 ml round bottom flask and after purging with N2 for 30 min anhydrous
chlorobenzene (100 ml) was added to the flask via cannula. Upon ceasing N2 flow, boron
trichloride (4 ml, 1M solution in heptanes) was added to the reaction mixture through a septum.
Moderate stirring (500 RPM) was kept while the reaction mixture was heated to 100°C. While
heating the reaction mixture, a needle was kept on the septum, to prevent pressure from building
up, and was removed when the target temperature was achieved. The reaction was carried out in

the sealed container for 72-96h. The mixture was subsequently cooled to room temperature and
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filtered by gravity. The product was washed with methanol (100 ml) and hexanes (100ml). Crude
product used as is in the next steps. Crude yield: 0.95- 1.0g.

Synthesis of Bis(Tertbutylphenoxy) silicon hexadecafluorophthalocyanine ((tb-Ph).-
F16SiPc): procedure was adapted from Melville et al.>* Cl-F16SiPC (500 mg, 0.57 mmol) was
charged in a 100 ml 3-neck round bottom flask with 4-tertbutylphenol (866 mg, 5.7 mmol). The
flask was purged with N2 for 30 minutes, before adding anhydrous chlorobenzene (10 ml) via
cannula. The reaction was carried out at reflux (132°C) for 16h. The reaction mixture was filtered
and washed with warm chloroform (50-60°C, 100-300 ml) until the filtrate ran clear. Solvents in
the filtrate were removed under reduced pressure in a rotary evaporator. Affording a waxy, teal
residue, at which point MeOH was added in 50 ml portions and filtered, to remove unreacted
phenols. After 3-5 washes, only powdery dark blue solids remained. Purification was carried out
by train sublimation at 130 mtorr and 280°C. Purified yield: 148 mg (23%). *HNMR: 5.72 ppm
(m, 4H); 2.40 ppm (m, 4H); 0.67 ppm (s, 18H). FNMR: -137.2 ppm; -146.0 ppm. HR-MS:
expected mass 1126.2, obtained mass 1127.2. Connectivity confirmed by SC-XRD.

Synthesis of Bis(Tertbutylphenoxy) silicon octafluorophthalocyanine ((tb-Ph),-FgSiPc):

same procedure as (tb-Ph),-F16SiPc, respecting molar ratios. Cl>-FgSiPc (300 mg, 0.42 mmol) was
used as starting material. Purified yield: 94 mg (19%). *HNMR: 9.31 ppm (m, 8H); 5.56 ppm (m,
4H); 2.19 ppm (m, 4H); 0.58 ppm (s, 18H). °FNMR: --128.5 ppm (s). HR-MS: expected mass
982.2, obtained mass 983.3. Connectivity confirmed by SC-XRD.

Synthesis of Bis(Tertbutylphenoxy) silicon tetrafluorophthalocyanine ((tb-Ph)2-F4SiPc):
same procedure as (tb-Ph)2-F16SiPc, respecting molar quantities. Cl>-F4SiPc (300 mg, 0.48 mmol)
was used as starting material. Purified yield: 182 mg (40%). tHNMR: 9.53 ppm (m, 4H); 9.16 ppm
(m, 4H); 8.02 ppm 5.56 ppm (m, 4H); 2.26 ppm (M, 4H); 0.58 ppm (s, 18H). °FNMR: -106.5 ppm
(s). HR-MS: expected mass 910.3, obtained mass 911.3. Connectivity confirmed by SC-XRD.

Bis(Tertbutylphenoxy) silicon phthalocyanine ((tb-Ph)2-FoeSiPc): the synthesis of (th-Ph),-
FoSiPc was conducted according to previously reported procedures.® Purified yield: 205 mg
(32%). 'THNMR: 9.58 ppm (m, 8H); 8.31 ppm (m, 8H); 5.30 ppm (m, 4H); 2.33 ppm (M, 4H); 0.54
ppm (s, 18H). HR-MS: expected mass 838.3, obtained mass 839.3.
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5.5.3 Materials Characterizations

The optical properties of (tb-Ph).-FxSiPc in DCM solution were evaluated by UV-Vis
spectroscopy in a Cary 5000 spectrometer, dual-beam mode, from 350 to 800 nm. Electrochemical
properties were obtained from both cyclic voltammetry (CV) and ultraviolet photoelectric
spectroscopy (UPS). CV voltammograms were obtained from solutions in THF, using three
platinum wires as the working, reference and counter electrodes, under N2, from -1.5 to 1.0 V.
Tetrabutylammonium (0.1 M) was used as the electrolyte and ferrocene oxidation as reference
potential, allowing LUMO level estimation from the equation ELumo (eV) = - Ered,0nset + Eoxrc -
4.80. Energy levels were also independently calculated from UPS spectra, using gold as reference
and radiation source of 21.2 eV. Thermogravimetric analysis (TGA) was carried out from 25°C to
600°C in a TA instruments Q5000 instrument and decomposition temperatures were calculated at
5% mass drop. Single crystals for X-ray diffraction (SC-XRD) were grown by slow evaporation
of chloroform or THF solutions. Powder X-ray diffraction (PXRD) measurements on 50 nm
evaporated ((tb-Ph)2-FxSiPc films deposited on OTS-functionalized substrates (no electrodes)
were performed using a Rigaku Ultima IV powder diffractometer with an X-ray source of Cu Ka
(A=1.5418 A) at a scan range of 5° <20 <20° and a scan rate of 0.5°/min. Atomic force microscopy
(AFM) images were obtained with a Bruker Dimension Icon using ScanAsyst-Air probes, in the

ScanAsyst mode with a scan rate of 0.85 Hz.

5.5.4 Device Preparation

The OPV preparation procedure has been adapted from Vebber et al.? Substrate, transport
layers and electrode deposition have not been altered, with overall device structure 1TO/ZnO/
PTQZL0/(tb-Ph)2-FxSiPc/MoOx/Ag. Active layers were spincoated at 1250 RPM, for 60 s, from
PTQ10/(th-Ph)2-FxSiPc solutions at 8 mg mL and 1:1 ratio. For OPDs, a (th-Ph).-F4SiPc acceptor
was blended with PTQ10 donor in a 1:1 donor/acceptor weight ratio in chlorobenzene.
Polyethylenimine ethoxylated (PEIE) in deionized water solution was spin coated on ITO in order
to reduce its work-function. OPDs had an ITO/ZnO/PEIE/bulk active layer/MoOx/Ag stack
structure. Active layer was spincoated from 40 mg mL solutions, first at 400 RPM for 30 s and
then at 2000 RPM for 60 s.5%°" For OTFT devices, N-doped silicon substrates with a 230 nm
thermally grown SiO- dielectric layer purchased from WaferPro were washed sequentially with

acetone and isopropanol to remove the protective photoresist and dried with nitrogen. Substrates
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were then sonicated for 5 min in an acetone bath and then were transferred to a methanol bath and
sonicated for an additional five minutes. Sonicated substrates were dried under a nitrogen stream
and treated with oxygen plasma under vacuum for 15 min in a Harrick Plasma Cleaner (model no.
PDC-32G). The cleaned substrates were rinsed with water followed by isopropanol, dried under
nitrogen, and then reacted for 1 h in 20 mL scintillation vials (VWR) containing 3 mL of a 1% v/v
solution of n-octyltrichlorosilane (OTS) in toluene. OTS-treated substrates were removed from
their vials and washed with toluene before being dried under a nitrogen stream and subsequently
dried under vacuum at 70 °C for 1 h to remove residual toluene. Bottom-gate top-contact OTFTs
were fabricated from each of the four R2-SiPc derivatives. First, a 500 A-thick film was thermally
deposited onto OTS-treated substrates held at room temperature in an Angstrom EvoVac
evaporator by physical vapor deposition (PVD) through a square shadow mask at a rate of 0.2 A/s
(P <2 x 10—6 Torr). Substrates were then removed from the evaporator and two corners were
scratched with a diamond-tipped pen to expose bare silicon for deposition of the gate electrode.
Source and drain electrodes (channel length L =30 pm, width W = 1000 pm) as well as gate
electrodes in the corners of each substrate were obtained by depositing 100 A of Mn at a rate of
0.5 AJs, followed by 500 A of Ag at a rate of 1 A/s through shadow masks (Ossila) to yield 20
individual transistors per substrate. Additional devices fabricated with Ag-only electrodes (500 A)

were also prepared using the same deposition rate and shadow masks.

5.5.5 Device Characterization

OPV testing has been carried out following literature procedures,®® from -2.0 V to 2.0 V,
and device areas of 0.32 cm? OPD testing was carried out according to literature,® from
literature,>® from 0 V to -2.0 V bias, under dark and 528 nm visible green illumination, All OTFTs
were measured at room temperature in a nitrogen glovebox and in air with electrical
characterization performed using a custom-built autotester with brass alloy contact tips plated with
20 um of gold on 100 um of nickel. The tester was connected to a Keithley 2614B source meter to
set the gate—source voltage (V) and source—drain voltage (Vsp) and measure the source—drain
current (Ips). Output curves were obtained by fixing five evenly distributed and discrete Vg values
from -10 and +50 V for n-type measurements and +10 to -50V or -70 V for p-type measurements,
and sweeping Vsp from 0 to +50V for n-type measurements or 0 to -50V for p-type measurements.

Transfer curves were obtained by fixing Vsp in the saturation region at +50 V for n-type
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measurements and -50V for p-type measurements, while sweeping Vg values from -10 and +50 V
for n-type measurements and +10 to -50V or -70 V for p-type measurements.
The electron and hole field-effect mobilities () was calculated using equation (1):

uc;w 1
Ips = #(Vas - VT)Z ( )

where L and W represent the channel length and width, respectively. The capacitance of the

€o

;T, where d is the thickness of the SiO» dielectric

gate dielectric (Ci) is calculated using C; =
(230 nm), &, is the relative dielectric constant of SiO2 and g, is the permittivity of free space. e
was determined by calculating the slope of best fit of a 10V region of \/E as a function of Vg
when the curve became linear. The threshold voltage (V) was calculated from the x-intercept of

linearized data for \/Ips Vs Vg in the same measurement range.

5.6 Results and Discussion

5.6.1 Synthesis

We synthesized four novel Rx-FxSiPc derivatives with varying degrees of peripheral
fluorination and axially functionalized with tertbutylphenol (tb-Ph) groups: (tb-Ph).-FoSiPc, (tb-
Ph)2-F4SiPc, (th-Ph).-FgSiPc, (tb-Ph).-F16SiPc. Figure 5.1 illustrates the synthetic pathway used
where reactions i and ii, have been adapted from Yutronkie et al.?® It is not possible to obtain R-
FxSiPcs directly from phthalonitriles (Figure 5.1), requiring first the formation of the isoindoline
group (step i).8180 In step ii, which is carried out in the same reaction flask, the cyclization of
these groups takes place at high temperatures to form the phthalocyanine ring. High-resolution
mass spectroscopy results show the predominance of difluoride species in the crude products,
instead of the expected dichloride derivative (Table 5.1), which signals that partial degradation of
the phthalonitrile core must be taking place, since that is the only source of fluorine in the reaction
medium. This seems to also affect the crude yield of the overall reaction, which is ~40% for F.-
F4SiPc and 20-25% for F»-FsSiPc and F»-F16SiPc, compared to typical 80% obtained for non-
fluorinated R,-SiPcs.”"61

We attempted different synthetic approaches to increase the yield and favor the production
of Cl>-F16SiPc (Table C1, see Appendix C), but the formation of F»-Fi6SiPc persisted.

Nonetheless, we did improve the F2-F1SiPc crude yield from our initial report?® going from 9%
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to 23%, by reducing the amount of LIHDMS employed, rendering the Fx-phthalonitriles as the
excess reagents in the reaction. We surmise R2-FxSiPcs, and more specifically R2-F16SiPcs, are
very sensitive to attack by bases. This attack has been observed with NaOH, amines, pyridine and
bicarbonate solutions, where R>-F16SiPcs mixtures get discolored (going from teal to dark brown)
after a few minutes of mild heating (50-100°C) in the presence of these bases. R>-F4SiPc appears
to be more resistant, suggesting that the increase in degree of fluorination makes the
phthalocyanine ring more susceptible to this type of attack. Regardless of the approach taken we
have not been able to favor the formation of Cl.-FxSiPcs over F>-FxSiPcs.

R
N---8i---N”
\ /i
NE_N__N ,
W (tb-Ph),-F,SiPc: X;=H; X,= F,H (random on each arm)

(tb-Ph),-F;SiPc: X,= H; X,= F
(tb-Ph),-F¢SiPc: X,= F; X,= F

Figure 5.1. Synthetic pathway used in the production of functionalized FxSiPcs 1) Tetraline,
LiHDMS, 2 h; i1) SiCls, 200°C, 16 h; iii) Cl-Benzene, BCls, 100°C, 72h; iv) Cl-Benzene, 4-
Tertbutylphenol, 130°C, 16 h.

While axially fluorinated phthalocyanines have their applications and advantages, 264062
they pose a problem when further functionalization is desired. The silicon-fluorine bond is very
strong, ~580 kJ/mol, when compared to ~450 kJ/mol bond energy of silicon-oxygen bonds, making
it difficult to displace the fluoride ion when reacting with oxygen-containing groups such as
phenols, carboxylic acids or even hydroxyls, all of which readily react with Cl>-SiPcs at high
temperatures (>100°C).”%° Therefore, obtaining the Cl-FxSiPcs was imperative to enable
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functionalization of this class of (tb-Ph).-FxSiPc. Step iii then was required to convert the F»-
FxSiPcs to Clo-FxSiPcs. The reaction is slow and requires multiple days, but BClz was able to
exchange halogens with the R2-FxSiPcs,® leading to the formation of the desired product, as
indicated by the increase in the Clo-FxSiPc signal in MS (Table 5.1). The percentages of Ro-
FxSiPcs that could be converted to Cl,-FxSiPcs is presented in Table 5.1, based on the yield of
the subsequent reactions with tertbutylphenol (step iv in Figure 5.1). Just like the yield, the
percentages of R2-FxSiPcs that could be converted to Cl>-FxSiPcs decreased with increasing
peripheral fluorination, likely because there are larger fractions of the product present as F>-FxSiPc
and not as Cl>-FxSipc. For example, F2-F16SiPcs samples are completely unreactive with phenols
and carboxylic acids before the treatment with BCls. All yields increased after treatment with BCla.
Therefore, the new step iii implemented here was a crucial point that enabled the exploration of
functionalized R2-FxSiPc such as adding solubilizing axial groups which enables purification and

solution processing.

Table 5.1. Ratio between the Clo-FxSiPc and F2-FxSiPc signals in mass spectroscopy analysis and
fraction of the X>-FxSiPc samples that can be axially functionalized by phenols (Cl-benzene,

reflux, 16h).

Crude After BCl; treatment
Chloride/fluoride . ) Chloride/fluoride ) )
MS signal ratio Reaction yield MS signal ratio Reaction yield
X»-F4SiPc 1/100 24% 1/100 40%
X»-FgSiPc 0 4% 1/100 19%
X>-F16SiPc 0 0% 1/10 23%

5.6.2 Material characterization

The optical and electrochemical properties of the (tb-Ph)2-FxSiPcs have been evaluated by
UV-Vis spectroscopy (Figure 5.2a), cyclic voltammetry (CV, Figure 5.2b) and ultraviolet
photoelectron spectroscopy (UPS, Figure C1, see Appendix C). The compounds characteristics,
derived from abovementioned techniques, are summarized in Table 5.2. The absorption maximum
and optical band gap (Ebg) measured from both solution and thin films have only small variations
across the (thb-Ph)2-FxSiPcs compounds. This result is consistent with the effect of fluorination of
organic semiconductors, which leads to energy drops in both frontier orbitals energy levels, while

keeping the Ebg relatively constant.”t HOMO and LUMO levels were estimated from solution
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(CV) and thin films (UPS, Figure 5.3), yielding mostly consistent results. The potential required
to reduce the (th-Ph)2-FxSiPcs (Ered,12) gets closer to zero as fluorine content increases, indicating
higher electron-affinity. The exception was (tb-Ph)2-FsSiPc, whose solution HOMO level was
considerably shallower than the one measured by UPS on thin films. The root cause of this
observed difference is not yet clear, but we hypothesize that the (tb-Ph).-FsSiPc reduction peak in
Figure 5.2 is the result of a two-electron process, causing the discrepancy observed. Further
experimentation should be performed to confirm the hypothesis, however, for the purposes of this
work we decided to use the UPS results as primary method to estimate HOMO and LUMO levels.
UPS results, demonstrate that as more fluorine atoms are located on the periphery of the (tb-Ph),-
FxSiPc ring, both HOMO and LUMO levels become deeper, up to 0.8 eV drop when comparing
(tb-Ph)2-FoSiPc to both (th-Ph)2-FgSiPc and (tb-Ph)2-F16SiPc, which is consistent with reported
values for F1sCuPc® and fluoro aluminum phthalocyanine (F-AlPc).5?

a) b) [—wpEsive tbp-F,SiPc
—tp-FSiPc tbp-F SiPe tp-F, SiPc
— thp-F,SiPc
— tbp-F SiPc
— tbp-F SiPc
3 .
E 5
E 5
2 o
<
T T T T T T T T T T T T T T T LIS I L L L AL DL DL B DL L IR |
350 400 450 500 550 600 650 700 750 -14 -12 -1.0 -08 -06 -04 -02 00 02 04 06 08 1.0
‘Wavelength (nm) Potential (V)

Figure 5.2. a) Solution UV-Vis spectra (in DCM) and b) voltammograms of (tb-Ph),-F16SiPc.
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Figure 5.3. HOMO and LUMO energy levels of (tb-Ph)>-F16SiPc estimated from UPS data.

The thermal properties of the (tb-Ph).-FxSiPcs have been evaluated by thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) (Figure C2). While we observed
lower chemical stability for R>-FxSiPcs, compared to the non-fluorinated counterparts, specifically
towards bases, the thermal stability is less significantly altered. Only (tb-Ph).-F16SiPc has a modest
decrease in thermal stability, calculated from 5% mass loss cutoff. Regardless, all (tb-Ph),-FxSiPcs
have degradation temperatures (Tq) above 350 °C, which is typical for phenol-substituted Ro-
SiPcs.5485 No DSC transitions were observed up to 250 °C, demonstrating that (tb-Ph)2-FxSiPcs
remain solid over a wide range of temperatures. The thermal stability coupled with the solubility
imparted by the tert-butylphenol groups means such compounds can be processed by both solution

and evaporation.

Table 5.2. Optical, electrochemical and UPS characteristics of functionalized FxSiPcs.

4o Ebg? Erg 1" LUMO/ o° | o LUMO/
Compound (nm) THF / Film (m’V) HOMOcy® V) | (ev) HOMOups*©
(eV) (eV) (eV)
(tb-Ph)>-FoSiPc | 681 1.8/1.6 -1090 -35/-53 | 34 | 18 -3.6/-5.2
(tb-Ph)>-F4SiPc | 676 1.8/1.6 -610,-1160 | -3.9/-57 | 3.5 | 2.0 -4.0/-5.6
(tb-Ph)2-FsSiPc | 665 1.8/1.6 -880 -3.7/-55 | 43 1.7 -4.4/-6.0
(tb-Ph)2-F16SiPc | 691 1.8/1.6 -300,-860 | -43/-6.0 | 3.7 | 23 -4.4/-6.0
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2 Peak absorbance from a THF solution and Optical band gap characterized using the onset of the absorption in both
solution and thin film.

P Half-wave reduction potential from solution CV, carried out in dry, O,-free THF, using platinum wires as electrodes
and LUMO/HOMO calculated according to LUMO = -ERgedq,1/2 + Eox ferrocene - 4.8, HOMO = LUMO - Eg ryr.

¢ Energy levels and work function estimated from UPS spectra, with a + 9 V bias, 21.22 eV emission source and
calibrated using an Au reference. We estimated the ionization energy (IE) to be equal to the HOMO energy level and
LUMO = HOMO + EgFiim.

5.6.3 Light-absorbing devices

The (tb-Ph)2-FxSiPcs have been incorporated as non-fullerene acceptors in OPVs, paired
with poly [(thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline)] (PTQ10) a scalable,
low-cost polymer. The device metrics are summarized in (Table 5.3). Films spincoated from (tb-
Ph).-FgSiPc and (tb-Ph).-F16SiPc did not display favorable morphology, with visible phase
separation, and led to devices with very poor J-V characteristics and over 50% of shorted devices.
This was likely due to their low solubility (Table 5.3). The films cast from (tb-Ph)2-FoSiPc and
(tb-Ph).-F4SiPc solutions, alternatively, were smooth and clear. AFM images showed they possess
comparable morphologies (Figure C4) and allow for a more straightforward comparison of the
effect of fluorination. The device based on (tb-Ph).-FeSiPc displayed high open circuit voltage
(Voc) and very low short circuit current (Jsc), likely due to improper energy level alignment
between its HOMO and that of the PQT10 donor (Figure 5.4a). However, the device containing
(tb-Ph)2-F4SiPc had much better J-V characteristics, leading to modest currents (Table 5.3, Figure
5.4c¢). The 0.4 eV drop in HOMO helps align the frontier orbital levels of the PTQ10, making (tb-
Ph),-F4SiPc a suitable acceptor. The champion devices achieved a power conversion efficiency
(PCE) of 3.3%, which is comparable to other R,-SiPc-based devices.?® These results demonstrate
that peripheral fluorination of R2-FxSiPc enables the pairing with PTQ10, by deepening their
HOMO/LUMO levels. That is further evidenced by the results obtained from the incorporation of
(tb-Ph)2-F4SiPc in OPDs, also paired with PTQ10 (Figure 5.4d, Table 5.3). With an average dark
current Jg at -2 V of 5.06 nA cm2, the PTQ10/(th-Ph).-F4SiPc devices perform very similarly to
previously reported PTQ10-integrating OPDs with Jq = 1.1 nA cm™ for the system PTQ10/FBR,®
and Jg = 0.13 nA cm for the system PTQ10/EH-TCNBT.%" At an average of 4.45-102 Jones,
PTQ10/(th-Ph)2-F4SiPc devices also displayed detectivity D* at higher or the same order of
magnitude as the comparable devices,**®%¢" all of which were composed of high SC acceptors.®
Figure C6 shows that PTQ10/(th-Ph).-F4SiPc devices responds linearly with varying irradiance
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over 5 orders of magnitude. These results demonstrate the potential of R2-FxSiPc as low-cost

acceptors in light-absorbing devices, such as detectors and solar cells.

Table 5.3. Current density-voltage results for all assembled OPVs, including photoconversion

efficiency (PCE), open circuit voltage (Voc), short circuit current (Jsc), fill factor (FF) and number

of devices (n); and OPDs, including dark current(Juarx), responsivity (R) and detectivity (D*).

OPYV Characteristics
b
Device” Solub. (mg mL™) PCE” (%)  Voc’ (V) Jsc” (mA cm?) FF’ "
(tb-Ph)>-FoSiPc¢ 13 0.12+0.01 1.05+0.03 042+0.01 027+0.01 9
(tb-Ph)2-F4SiPc 17 3.16+£0.06 1.03+0.01 6.63+£0.19 046+0.01 10
(tb-Ph)2-FsSiPc 5 0.13£0.03 0.64+0.14 0.72+0.02  035+0.02 3
(tb-Ph),-F16SiPc 8 0.13+0.01 0.42+0.00 1.00+0.01 0.31+0.01 4

OPD Characteristics

Device*

Bias (V) Irra. at 528 nm (Wm™)  Jaak mA m?)® R (A W) D (Jones)? n

(tb-Ph)>-F4SiPc

37.7 5.06+3.1

0.16

4.45-10" 11

2 active layer spincoated from PTQ10/(tb-Ph),-FxSiPc, 8 mg ml!, 50°C, spin-coated at 1500 RPM, dried in nitrogen,

no annealing.

b values calculated from J-V curves, average of n devices, 1000 W m irradiation power calibrated with silicon

reference cell.

¢ active layer spincoated from PTQ10/(tb-Ph),-FxSiPc, 40 mg ml’!, spin-coated in two steps, 1) 400 RPM and 2) 2000

RPM, dried in nitrogen, no annealing.

d responsivity R=Jph / Irradiance calculated and detectivity D¥=R/N2qJd are reported at -2.0 V bias, and 37.7 W m
irradiation power at 528nm, averaged over n devices.
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Figure 5.4. a) Energy levels of the semiconductors and electrodes; b) OPV device structure; ¢) J-
V curves for OPVs prepared from PTQI10 and (tb-Ph)2-FxSiPcs; and d) J-V curves for OPD
devices prepared from PTQ10 and (tb-Ph)2-F4SiPcs.

5.6.4 OTFT devices

(tb-Ph),-FxSiPcs were incorporated as the active layers in bottom-gate top-contact OTFTs
by thermal evaporation on a silane-functionalized Si/SiO; substrate using Ag or Ag/Mn as source
and drain electrodes. Both n-type and p-type behaviors were characterized for all devices. Figure
5.5 displays the transfer curves for devices fabricated with (th-Ph).-F16SiPc characterized in N,
and OTFT characteristics are summarized in Table 5.4 and Table 5.5. The Vr and electron
mobility (ue) of (th-Ph)2-FxSiPc materials in OTFTs are comparable to previously reported Ro-
SiPcs.®*® This modest xe can also be a result of the relatively large distance between
phthalocyanine rings in most directions in the crystal packing structure. As observed in SC-XRD
images (Figure C3), close-packing of the phthalocyanine rings happens only in one dimension.
(tb-Ph)2-FxSiPcs exhibited negligible diffraction in the XRD diffractograms (Figure C7)

suggesting all derivatives form amorphous films which is not ideal for OTFT performance. This
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lack of crystallinity is thought to be caused by to the bulky tert-butyl groups, which do not favour
close-packing of adjacent molecules. AFM images show mainly featureless, amorphous domains
for (tb-Ph).-FoSiPc, (tb-Ph)2-F4SiPc and (th-Ph)2-FsSiPc (Figure C8). AFM images of thin films
of (tb-Ph)2-F16SiPc, while not highly crystalline, displayed some ordered feather-like domains.
Fluorine-fluorine interactions are known to increase intermolecular interactions in organic
materials,>*1428° and can lead to close-packing in solid state, as observed with F2F16SiPc.?
When analyzing the data in Table 5.4 andTable 5.5 it is notable that the n-type behavior
is enhanced as peripheral fluorination of the (tb-Ph).-FxSiPc macrocycle increases. (tb-Ph).-
FoSiPc displays only p-type behavior, whereas (tb-Ph).-F4SiPc is ambipolar in N2. Alternatively,
(tb-Ph)2-FgSiPc and (tb-Ph).-F16SiPc exhibit n-type behavior in N2, with the latter able to transport
electrons in air. This is illustrated in Figure 5.6. The fluorination of phthalocyanine brings
significantly increases electron affinity (Figure 5.2) and reduces the energy level of the frontier
orbitals (Error! Reference source not found.), facilitating charge injection. Vt for devices fabricated w
ith (tb-Ph)2-F16SiPc is lower compared to other derivatives suggesting the ease of electron injection
due to peripheral fluorination. When using a Mn interlayer the Vt drops below 10 V, which is

relatively low for typical R,-SiPcs in similar device structures.®
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Figure 5.5. a) Energy levels of the semiconductors and electrodes; b) OTFT device configurations;
and curves of evaporated (tb-Ph).-FxSiPcs transistors characterized at room temperature in No,
with Ag electrodes, operating as c) n-type (Vps = + 50V) and d) p-type (Vps = - 50V)

semiconductors.

Table 5.4. Summary of OTFT n-type characteristics, measured at room temperature in a nitrogen

atmosphere.

Material Electrode  pe [cm? Vs Vr[V]? Ln [A]? L/l n®
Ag -- -- -- -- --

(tb-Ph)2-FoSiPc
Ag/Mn -- -- -- -- --
Ag (4.45+2.16)-10%  23.08+2.46 220-10% 10%-10* 29

(tb-Ph)>-F4SiPc
Ag/Mn (2.13 £ 0.80):107 19.53+3.87 7.19:107  10*10° 27
(tb-Ph)>-FsSiPc Ag (5.03+£1.87)-10%  23.54+228 243107 10*%10° 36

103



PhD Thesis — Mario C. Vebber University of Ottawa

Ag/Mn  (2.06+0.42)10%  3472+£0.07 2.5010% 10%10° 38

Ag (2.15+0.90)-10* 1127+2.73  1.77-107  10%-10* 38
(tb-Ph)2-F16SiPc
Ag/Mn (1.58 £0.59)-107 706420  2.66:107 10%-10° 40

* ue. and Vr were calculated based on mean values of » transistors.

b 1., calculated based on median values

Table 5.5. Summary of OTFT p-type characteristics, measured at room temperature in a nitrogen

atmosphere.

Material Electrode  pp[cm? V!-s!]? Vr[V] Ln [A]° L/l 1

Ag (4.15+7.26)10° 283460  3.37-10% 10%10° 17
(tb-Ph)-FoSiPc
AgMn  (436+£2.92)-10% -40.67+528 321-10° 10%-10 18

Ag (3.68 £5.48)-10°  -51.03+£2.58  7.19:107 10°-10° 14

(tb-Ph)2-F4SiPc
Ag/Mn - - - - -
Ag -- -- -- -- --

(tb-Ph)2-FsSiPc
Ag/Mn -- -- -- - -
Ag -- -- -- -- --

(tb-Ph)2-F16SiPc
Ag/Mn - - - - -

* u. and Vr were calculated based on mean values of n transistors.

b J,, calculated based on median values

(tb-Ph)2-F16SiPc, is also the only (tb-Ph)2-FxSiPc in the series that maintained n-type pe in
air. OTFT metrics of (th-Ph).-F16SiPc devices characterized in air are shown in Table 5.6 and
Figure C9. Devices fabricated with (tb-Ph)2-F16SiPc as the semiconducor showed higher Vt in air
than in N2, but maintained a comparable pe. The improved air stability is likely due to the drop in
the LUMO level with increased peripheral fluorination, as observed by UPS. Air-stability is
expected to increase significantly when the semiconductor’s LUMO drops below -4.0 eV,”%* by
making the transfer of electrons from semiconductor to O in air less favorable. However, it is
unclear why (tb-Ph)2-FgSiPc, having similar HOMO and LUMO levels to (tb-Ph)2-F16SiPc, has
not retained | after devices were exposed to air. Additional research needs to be conducted to
understand the fundamental mechanisms that lead (tb-Ph)>-FsSiPc to be an outlier in many of the

trends observed. Overall, we demonstrate the synthesis and characterization of novel peripherally
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fluorinated silicon phthalocyanines leading to an effective route towards tuning the energy levels

and enabling air stable operation of SiPc-based n-type thin-film transistors.

- p-type mobility in N,
I -type mobility in N,

I -type mobility in air
~ 0.0l
1 - ]
>
™
=
2
ey
E  1E-34
= ]
=
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Number of X peripheral fluorines in (tb-Ph),-F, SiPc

Figure 5.6. N-type and p-type mobilities of (tb-Ph).-FxSiPc as function of peripheral fluorination.

Table 5.6. OTFT n-type characteristics of (tb-Ph),-Fi6SiPc devices tested in air.

Condition  Electrode  pe [cm? V112 Vr[V]? Lon [A]° Ton/Lof n

Ag (2.44 £ 1.57)-10" 25.75+4.51 4.92:10°® 10%-10° 33

Air
Ag/Mn (3.08 £2.06)-10* 2432 +4.49 4.87-10°8 10°-10* 38

* u. and Vr were calculated based on mean values of # transistors.

b 1., calculated based on median values

5.7 Conclusions
We reported the synthesis and characterization of functionalized R2-FxSiPcs with different
degrees of peripheral fluorination. Four novel (th-Ph)>-FxSiPcs were synthesized by relatively

simple synthetic methods, which have been optimized. A novel pathway for the substitution of R»-
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FxSiPc was also reported. As the degree of fluorination increased, the electron affinity increased
and HOMO and LUMO levels were lowered, which highlights the effect of the addition of electron
withdrawing groups to the periphery of the R2-FxSiPc macrocycle, as measured by CV and UPS.
The change in energy levels between (tb-Ph)2-FoSiPc and (tb-Ph)2-F16SiPc was 0.8 eV. The deeper
energy levels enabled (tb-Ph)2-F4SiPc to be paired with PTQ10 in OPV and OPD devices, with
respectable metrics. When incorporated in OTFTs, devices based on (tb-Ph).-F16SiPc as the
semiconductor yielded similar mobilities to unfluorinated R»-SiPcs but at a lower operating
voltage, owing to its higher electron affinity. The type of charge carrier mobility displayed was
also a function of the degree of fluorination of the R2-FxSiPc core. (tb-Ph)2-FoSiPc displayed only
p-type conductivity in OTFTs, whereas (tb-Ph)2-F4SiPc was ambipolar, and (th-Ph)2-FsSiPc and
(tb-Ph)2-F16SiPc only conducted electrons. (tb-Ph)2-F16SiPc retained its electron mobility after
exposure to air which is an important characteristic for the development of next-generation n-type
semiconductors and enables a wider range of applications. The results presented here demonstrate
the potential for further development of R2>-FxSiPc derivatives as effective low-cost, air-stable

organic semiconductors.
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6. CONCLUSIONS AND FUTURE WORK

6.1 Summary and Main Findings

The development of scalable, low-cost organic semiconductors is paramount to enable
relevant commercial applications of organic photovoltaics (OPVs). Silicon phthalocyanines
(SiPcs) compose a versatile group of compounds that can be produced and purified using methods
already employed for large-scale manufacture in chemical plants. It remains, however, that their
performance has been limited by the poor understanding of the physical properties and
microstructure of SiPc-containing bulk heterojunctions (BHJ) films. In fact, this is a general issue
within the field of OPVs, which has relied on a trial-and-error approach to advance the field.
Therefore, during my PhD | aimed to better understand how the physical and electrochemical
properties of individual SiPc compounds interplay with their performance in OPVs.

In chapter 2, a roster of novel axially substituted (R3SiO)2-SiPcs was synthesized and
characterized. These (R3SiO),-SiPcs were then incorporated as ternary additives in P3HT/PCes1BM
OPVs, to assess how different axial groups effect the performance. By changing only the length
of the axial silane groups, it was possible to maintain similar electrochemical properties for all
compounds and isolate the effect of solubility on the overall efficiency of the devices. We found
that matching the solubility of the ternary additive with that of the P3HT polymer optimizes the
PCE of resulting devices. Since (RsSiO).-SiPcs ternary additives need to populate the interface
between P3HT/PCe1BM for effective charge transfer to occur, in addition to compatible surface
energies, matching the solubility is also important to ensure none of the components precipitate
too soon and migrate to the interface. We observed that additives with lower solubilities will form
semicrystalline domains of their own, instead of migrating to the amorphous interface. This rule
can be used by materials engineers to guide their choice or even design of ternary additives, when
deciding how long solubilizing groups should be.

In chapter 3, we chose to assess a few of the (R3SiO).-SiPcs as stand-alone acceptors paired
with P3HT in OPVs. The performance of P3HT/(R3SiO)2-SiPcs has historically been limited to
below 1% due to the over crystallization of SiPc domains. Therefore, | aimed to find out
relationships between their thermodynamic properties and performance in OPVs. We observed
that the drying rate is linked to SiPc precipitation behavior, being growth-dominated for slow-

drying films (lower spin speed), and nucleation-dominated for fast-drying films (higher spin
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speed). The latter showed better results across the compounds tested, in virtue of leading to smaller
domains. Additionally, we stablished that (R3SiO)2-SiPcs with smaller critical radii, tended to form
smaller domains in the blended films, consequently leading to better performance. The miscibility
of (R3Si0).-SiPcs in the polymer phase was another important parameter, where lower miscibility
led to purer and sharper domains. This is due to a reduction in trap states and improves overall
performance. Lower miscibility correlated with shorter alkyl chains rather than total number of
carbons, whereas critical radii correlated with total molecular volume, which increases with total
number of carbons. The groundwork laid out here is an important tool for semiconductor design
and engineering, increasing the property-performance relationships available in the field so we are
able to rely on trial-and-error approach less.

With the studies and improvements listed above, we were able to reach PCEs of 4.3% in
P3HT/(R3SiO)2-SiPcs, which is significantly higher than the fullerene-based blend that averages
at around 3% in AM 1.5 G illumination. Therefore, in chapter 4, we aimed at exploring a new
blend employing a better-performing polymer donor, thereby focusing on PTB7/(BusSiO).-SiPcs
blends. A high voltage of 1.05V was obtained from such devices, with a maximum PCE of 3.8%
after the processing parameters had been optimized, or around 80% of the baseline containing
PCe1BM. The efficiency of the devices obtained from this blend did not vary significantly with
changes to spin speed, acceptor:donor ratio and annealing. This is possibly due to the non-
Newtonian behavior of the solutions employed in spin-coating. Robustness is a desired property
that can greatly facilitate manufacturing devices and goes towards the goal of economically viable
OPVs.

In the search for other polymers we could pair (R3SiO).-SiPcs with, and assess the
property-performance relationships, it was clear that the shallow HOMO (-5.3 eV) and LUMO (-
3.5eV) levels of (R3Si0)2-SiPcs was a great limiting factor. It limits the number of polymer donors
(R3Si0)2-SiPc derivatives are compatible with, and can also be correlated to lower electron
affinities and mobilities. Therefore, in chapter 5 we attempted to deepen those energy levels and
explore how that affects the SiPc properties. We synthesized four silicon phthalocyanines axially
substitute with tertbutylphenol groups ((tb-Ph)2-FxSiPcs) and containing varying number of
fluorine atoms (X =0, 4, 8 or 16). The HOMO and LUMO levels, as estimated from UPS analysis,
deepen as the degree of fluorination increases. This allowed (tb-Ph).-F4SiPcs to be successfully

employed in OPVs, paired with PTQ10, a scalable, high performing polymer donor, which the
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unfluorinated SiPcs are not compatible with due to their shallow energy levels. By incorporating
the (tb-Ph).-FxSiPcs in OTFTs we observed that we were able to control the type of mobility in
the (tb-Ph)2-FxSiPcs semiconductor by changing the degree of fluorination. Only p-type behaviour
was observed for (th-Ph).-FeSiPc, whereas (th-Ph).-F4SiPcs was ambipolar, (tb-Ph)2-FsSiPcs was
only n-type but not stable in air, and (tb-Ph)2-F16SiPcs was n-type and air-stable. Air-stable
electron conduction in organic semiconductors is an elusive property and the results achieved here
can open a wide range of applications for such devices.

In the final analysis, this thesis has advanced the understanding of SiPc-containing organic
electronics, with a focus on OPVs. Several basic properties of SiPcs have been correlated to their
performance in OPVs, which may serve as a guide for molecular engineering and material
selection when designing organic electronic devices. New optimization pathways have been open
in the field. Several new SiPc derivatives have been synthesized for the first time and thoroughly
characterized. The functionalization of FxSiPcs required the development of new chemistry routes
that are now available to chemists. We compromised on overall PCE, in order to advance a group
of readily scalable and low-cost semiconductors, which now have new possibilities for efficiency

and stability improvements, and may lead to commercially relevant devices in the future.

6.2 Recommendations for Future Work

6.2.1 Evaluate different donor/acceptor systems

The property-performance relationships explored in this thesis have been limited to SiPc
derivatives. The way acceptors interact in a BHJ depend on multiple factors, including their shape,
symmetry and which heteroatoms are present in the conjugated core.! Therefore a wider range of
donor/acceptor systems needs to be evaluated to assess the if the trends observed here remain true.
Recently, Li et al 2 explored four different high-performing A-D-A type acceptors (Y6 derivatives)
and found that shorter solubilizing groups led to better performance as acceptors, when paired with
PM6, which is congruent with the results found in Chapter 4. Additional thermodynamic studies
can be performed in this system to verify if the underlying reasons for the trend are the same as in

SiPcs. Symmetry of small-molecule donor also plays an important role and is often correlated to
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better morphological outcomes in OPV films, while asymmetry can improve intermolecular charge
transfer.>3 Phthalocyanine cores are highly symmetric, therefore evaluating how asymmetry
correlated with side chain length/branching is an immediate area to be studied. Similar studies
have assessed the effect of side chain on polymer donors, mainly focused on engineering a face-
on self-assembly.*® It remains however, that most studies are performed from a trial-and-error
approach and customarily do not include discuss how intrinsic, measurable physical properties of
these materials lead to the trends observed. If a more robust groundwork can be drawn for other
systems, it will be a great tool for device engineering and promote faster advancement of the field.

Robust assessment of multiple donor/acceptor systems is necessary to develop artificial
intelligence (Al) tools for OPVs. Machine learning has been increasingly targeted in recent years
to accelerate the development of the OPVs.®” The number of publications on the topic has
increased from one article every few years, to dozens a year since 2019.78 Since different acceptor
cores tend to have different behaviors from one another, specific property-performance
relationships, much like the ones developed in this thesis, are often incorporated in the
algorithms.”® More importantly, due to the wide array of properties and interactions at play in
organic photovoltaics, broad studies, with many derivatives, are necessary to feed the Als enough
data points and improve their accuracy and overall applicability. It is widely believed that Al-

assisted material design and selection is the future of organic electronics.’

6.2.2  Stability studies

In addition to high efficiency and low-cost, the issue that has limited the application of
organic photovoltaics has been their stability. While the efficiency of OPVs has been improved by
a factor of 10 in the past 2 decades, stability studies are relatively scarce and organic photovoltaics
lifetime is still long ways from approaching that of inorganic materials. Most viability studies have
stablished that a 5-year stability threshold needs to be achieved in OPVs before commercialization
is possible.® ! The mains pathways for efficiency degradation in OPVs are related to the
degradation of the materials under long light exposure and alterations in the nanomorphology.**2
SiPcs are promising candidates in both those aspects. They possess overall high stability and we
have demonstrated that fluorination allows operation in air. The axial handles are convenient to
engineer solid-sate interactions with other polymer donors and for crosslinking. OPVs crosslinked

with SiPc additives have been demonstrated in the past,*? and lead to morphologies more resistant
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to change, and can be explored further. New scalable and relatively low-cost blends based on
PTQ10 polymer have been employed in recent years,® and crosslinkable SiPc-based ternary
additives are good candidates to improve both charge generation and long-term stability in these
systems. SiPcs applications in OPVs have been mostly confined to P3HT-based active layers, but
the energetic compatibilization of SiPcs with PTQ10 has been made possible by the synthesis of
fluorinated derivatives (See Section 7.2.3).

It has become clear in recent years that a compromise between efficiency and long-term
stability is hard to avoid.™® For instance, it has been demonstrated while planar molecules with
strong backbones will tend to have better immediate performance, they tend to aggregate over long
operational times, leading to a drop in overall current. Alternatively, when structural hinderance is
introduced via bulky side-chains, the demixing effect is weakened, leading to more stable
performance over longer periods of time.!* Based on that, similar relationships as the ones that
were presented in Chapters 2, 3 and 5 should be assessed with respect to stability, as opposed to
efficiency, towards a better understanding and quantification of the properties that lead to high
stability in OPVs.

Most studies on the stability of OPVs employ accelerated aging comparisons that, while
useful, may not reflect the real aging of organic modules.®*3 Thus, it should also be mentioned that

to fully assess OPV lifetimes, long-term studies need to be carried out.

6.2.3 Explore other FxSiPc derivatives

While only a few devices have been produced in this thesis, the fluorination of SiPcs makes
a wide range of donor: FxSiPcs sytems energetically compatible. Figure 7.1 compares the HOMO
and LUMO levels of SiPcs at different degrees of fluorination with relevant, commercial polymer
donors. On paper, F4SiPc becomes compatible with all the displayed polymer donors, by having
lower lying HOMO and LUMO energies. F16SiPc, which is also compatible, can be explored if the
energy level offsets are found to be too small. Nonetheless, as discussed previously, morphological

considerations.
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Figure 6.1. Frontier orbital energy levels of commercial polymer donors and SiPcs with different
degrees of fluorination

Only a few derivatives of the fluorinated FxSiPcs have been developed in this thesis which
pales in comparison to the number of unfluorinated SiPcs derivatives. What’s more, (tb-Ph).-
FxSiPcs had processability issues in solution that impeded the evaluation of the full potential of
such materials in OPVs. Therefore, obtaining derivatives that may lead to better morphologies is
required to grasp the full potential of such acceptors in terms of efficiency, when paired with new
polymer donors. These derivatives can be assessed as both stand-alone acceptors as well as ternary
additives. Figure 7.2a illustrates a derivative of F4SiPc with tripopylsilane groups in the axial
positions, which is a great candidate given that the unfluorinated counterpart showed the best
performance when paired with P3HT. The solubility imparted by the axial silanes also greatly
improve processability. Figure 7.2b, illustrates an asymmetric FisSiPc derivative, with a
solubilizing silane group on one axial position and a thiophene on the other. Heavily fluorinated
molecules tend to separate due to their unpaired surface energies, therefore, including a thiophene
molecule to interact with the polymer phases can improve mixing and nanomorphology. This
derivative is a good candidate for air-stable application because we have demonstrated F16SiPc’s
ability to conduct electrons in air. This characteristic can alleviate the requirements for device
encapsulation and, consequently, improving processability in large scale. Figure 7.2c shows the
structure of a presumably soluble F4SiPc that is capable of crosslink, owning to the terminal azide
groups.'? This derivative would be a good candidate for ternary additive in high-performing
donor/acceptor pairs, such as PTQ10/ITIC-F, with the role of improving light absorption and
stability.
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Figure 6.2. Structure of FxSiPcs derivatives proposed for future studies.

While time limitation of the PhD thesis prevented us from exploring such possibilities, the
new chemical routes developed here along with the thorough characterization of FxSiPcs prepared

the foundations necessary for such studied to be carried out.
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7. ADDITIONAL CONTRIBUTIONS

Throughout my PhD, | was part of a few projects with other member of our research group
and other groups. My contributions were mainly related to the synthesis and characterization of

phthalocyanines for varied organic electronic devices.

7.1 Low-Cost Silicon Phthalocyanine as a Non-Fullerene Acceptor for Flexible Large Area

Organic Photovoltaics.

ACS Omega 2023, 8, 1, 1588-1596.
Chithiravel Sundaresan, Méario C. Vebber, Jaclyn L. Brusso, Ye Tao, Salima Alem, and

Benoit H. Lessard.

7.1.1 Abstract

We demonstrate large-area (1 cm?) organic photovoltaic (OPVs) devices based on bis(tri-n-
butylsilyl oxide) silicon phthalocyanine (3BS).-SiPc as a non-fullerene acceptor (NFA) with low
synthetic complexity paired with poly(3-hexylthiophene) (P3HT) as a donor polymer.
Environment-friendly nonhalogenated solvents were used to process large area OPVs on flexible
indium tin oxide (ITO)-coated polyethylene terephthalate (PET) substrates. An alternate
sequentially (Alt-Sq) blade-coated active layer with bulk heterojunction-like morphology is
obtained when using (3BS)2-SiPc processing with o-xylene/1,3,5-trimethylbenzene solvents. The
sequential (Sq) active layer is prepared by first blade-coating (3BS).-SiPc solution followed by
P3HT coated on the top without any post-treatment. The conventional sequentially (Sq) blade-
coated active layer presents very low performance due to the (3BS).-SiPc bottom layer being
partially washed off by processing the top layer of P3HT. In contrast, alternate sequentially (Alt-
Sq) blade-coated layer-by-layer film shows even better device performance compared to the bulk
heterojunction (BHJ) active layer. Time-of-flight secondary ion mass spectroscopy (TOF-SIMS)
and atomic force microscopy (AFM) reveal that the Alt-Sq processing of the active layer leads to
a BHJ-like morphology with a well-intermixed donor—acceptor component in the active layer

while providing a simpler processing approach to low-cost and large-scale OPV production.
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7.1.2 Contributions

I synthesized and purified the silicon phthalocyanine used in this work and contributed to

the discussion section in the manuscript.

7.2 High Performance Solution Processed n-Type OTFTs through Surface Engineered F—

F Interactions Using Asymmetric Silicon Phthalocyanines

Adv. Electron. Mater. 2022, 2200696.
Rosemary R. Cranston, Mario C. Vebber, Jonatas Faleiro Berbigier, Jaclyn Brusso, Timothy
L. Kelly, and Benoit H. Lessard.

7.2.1 Abstract

Two novel asymmetric silicon phthalocyanine (SiPc) derivatives consisting of one axially
substituted fluorine and one tri-alkyl silane group are synthesized and characterized in n-type
solution processed bottom-gate top-contact organic thin-film transistors (OTFTs). The effect of
surface energy and fluorination are investigated at the dielectric/semiconductor interface by thin-
film X-ray diffraction, atomic force microscopy, bright field real-color microscopy, and grazing-
incidence wide-angle X-ray scattering to assess alterations in film conformation, microstructure,
and morphology. Low surface energy dielectric modification and the presence of fluorine
interactions produce films with large area crystalline domains that promote charge carrier transport
resulting in high performing OTFTs, with a clear relationship determined between surface energy,
fluorination, and OTFT operation. Through modifying deposition solvent and the exploitation of
fluorine—fluorine interactions, the asymmetric SiPc derivative, (tri-n-hexylsilyl oxide)
fluorosilicon phthalocyanine (F-3HS-SiPc), leads to high performing n-type OTFTs with an
average field-effect mobility of 0.13 cm? V! s7* and a threshold voltage of 26.3 V. These results
successfully demonstrate the use of asymmetric axial fluorination as a route to high performance

n-type OTFT devices through controlled self-assembly by fluorine—fluorine interactions.

7.2.2 Contributions

I synthesized and purified the novel asymmetric SiPcs used in this work. | characterized their
thermal (DSC and TGA), electrochemical (CV), optical (UV-Vis) properties and grew single-
crystals for SC-XRD analysis.
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7.3 Polymeric Composites for Industrial Water Treatment: An Overview

Book chapter in Industrial Wastewater Treatment: Emerging Technologies for

Sustainability Springer International Publishing: Cham, 2022: pp 257—283.

Jordana Bortoluz, Mario C. Vebber, Nayrim B. Guerra, Janaina da Silva Crespo, and

Marcelo Giovanela.

7.3.1 Abstract

Several advanced techniques for water treatment depend on materials and
chemicals that can pose a secondary pollution risk if not removed, such as nanopar-
ticles, catalysts, and disinfectants. The removal of these compounds requires the use
of additional unit operations, making the water treatment process more expensive or
even non-scalable. Immobilizing active materials in polymeric composites is an effec-
tive way to address these concerns. Such hybrid materials possess a combination of
properties that are not normally found in a single constituent, combining the thermal
and chemical stabilities of inorganic materials with the processability and flexibility
of organic compounds while avoiding dangerous chemicals leech into the treated
water. Given that water producers are required to provide high-quality drinking water,
polymeric composites have been broadly employed to abate several pollutants. In this
context, several nanometric materials have been integrated into polymeric matrices to
form state-of-the-art water treatment composites, finding application in microbiolog-
ical treatment, adsorption and photocatalysis. Due to their chemical flexibility, high
surface area, optimal mechanical properties, and cost-effectiveness, such compos-
ites have great potential in water purification. The possibilities for tuning polymeric
networks are virtually endless, which allows for relatively simple control of function-
ality (chemical modification, surface modification) and nanomorphology (porosity,
structure) of the composites, and fine-tuning of these materials for specific appli-
cations and contaminants. In this chapter, we provide an up-to-date review of the
importance of polymeric composites in removing several pollutants from water. The
main techniques and materials employed in preparing nanocomposites for water treat-
ment, along with their target contaminants, will be addressed, as well as a discussion

on their economic feasibility and comparison with well-established techniques.
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7.3.2 Contributions

I co-wrote this review chapter with JB and NBG, under supervision of JSC and MG.

7.4 Design of ternary additive for organic photovoltaics: a cautionary tale

RSC Adv., 2022, 12, 10029.

Chithiravel Sundaresan, Pierre Josse, Mario C. Vebber, Jaclyn Brusso, Jianping Lu, Ye Tao,

Salima Alem, and Benoit H. Lessard.

7.4.1 Abstract

Silicon phthalocyanines as ternary additives are a promising way to increase the performance
of organic photovoltaics. The miscibility of the additive and the donor polymer plays a significant
role in the enhancement of the device performance, therefore, ternary additives can be designed to
better interact with the conjugated polymer. We synthesized N-90-heptadecanyl-2,7-carbazole
functionalized SiPc ((CBzPho).-SiPc¢), a ternary additive with increased miscibility in poly[N-90-
heptadecanyl-2,7-carbazolealt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] (PCDTBT).
The resulting additive was included into PCDTBT and [6,6]-phenyl C71 butyric acid methyl ester
as bulk (PC71BM) heterojunction OPV devices as a ternary additive. While the (CBzPho)-SiPc
demonstrated strong EQE >30% contribution in the range of 650—730 nm, the overall performance
was reduced because (CBzPho);-SiPc acted as a hole trap due to its high-lying HOMO energy
level. This study demonstrates the importance of the solubility, miscibility, and energy level

engineering of the ternary additive when designing organic photovoltaic devices.

7.4.2 Contributions

| carried out the electrochemical characterization of (CBzPho).-SiPc by cyclic voltammetry

(CV) and helped with the thermal characterization.

7.5 N-Type Solution-Processed Tin versus Silicon Phthalocyanines: A Comparison of
Performance in Organic Thin-Film Transistors and in Organic Photovoltaic

ACS Appl. Electron. Mater. 2021, 3, 1873-1885

Rosemary R. Cranston, Mario C. Vebber, Nicole A. Rice, Claire Tonnele, Frédéric
Castet, Luca Muccioli, Jaclyn L. Brusso, and Benoit H. Lessard.

123



PhD Thesis — Mario C. Vebber University of Ottawa

7.5.1 Abstract

Tin(IV) phthalocyanines (SnPcs) are promising candidates for low-cost organic electronic
devices, and have been employed in organic photovoltaics (OPVs) and organic thin-film transistors
(OTFTs). However, they remain relatively understudied compared to their silicon phthalocyanine
(SiPc) analogues. Previously, we reported the first solution-processed SnPc semiconductors for
OTFTs and OPVs; however, the performances of these derivatives were unexpected. Herein to
further study the behavior of these derivatives in OPVs and OTFTSs, we report the synthesis along
with optical and thermal characterization of seven axially substituted (OR).-SnPcs, five of which
were synthesized for the first time. Density functional theory (DFT) was used to predict charge-
carrier mobilities for our materials in their crystal state. The application of these SnPcs as ternary
additives in poly(3-hexylthiophene) (P3HT)/phenyl-Ce1-butyric acid methyl ester (PC61BM)
OPVs and as semiconductors in solution-processed n-type OTFTs was also investigated. When
employed as ternary additives in OPVs, all (OR)2-SnPcs decreased the power conversion
efficiency, open-circuit voltage, short-circuit current, and fill factor. However, in OTFTs, four of
the seven materials exhibited greater electron field-effect mobility with similar threshold voltages
compared to their previously studied SiPc analogues. Among these SnPcs, bis(triisobutylsilyl
oxide) SnPc displayed the greatest electron field-effect mobility of 0.014 cm? V! s, with a
threshold voltage of 31.4 V when incorporated into OTFTs. This difference in electrical
performance between OTFT and OPV devices was attributed to the low photostability of SnPcs.

7.5.2 Contributions

I synthesized and purified all the silicon and tin phthalocyanines used in this work. I also
characterized their thermal properties (TGA, DSC), opto-electronical properties (UV-Vis, CV),
grew single-crystals for SC-XRD analysis, produced and characterized all the OPV devices. | co-

wrote the manuscript with RRC.

7.6 Thin-Film Engineering of Solution-Processable n-Type Silicon Phthalocyanines for

Organic Thin-Film Transistors

ACS Appl. Mater. Interfaces 2021, 13, 1008—1020.
Rosemary R. Cranston, Mario C. Vebber, Jonatas Faleiro Berbigier, Nicole A. Rice, Claire

Tonnelé, Zachary J. Comeau, Nicholas T. Boileau, Jaclyn L. Brusso, Adam J. Shuhendler, Frédéric
Castet, Luca Muccioli, Timothy L. Kelly, and Benoit H. Lessard.

124



PhD Thesis — Mario C. Vebber University of Ottawa

7.6.1 Abstract

Metal and metalloid phthalocyanines are an abundant and established class of materials
widely used in the dye and pigment industry as well as in commercial photoreceptors. Silicon
phthalocyanines (SiPcs) are among the highest-performing n-type semiconductor materials in this
family when used in organic thin-film transistors (OTFTs) as their performance and solid-state
arrangement are often increased through axial substitution. Herein, we study eight axially
substituted SiPcs and their integration into solution-processed n-type OTFTs. Electrical
characterization of the OTFTs, combined with atomic force microscopy (AFM), determined that
the length of the alkyl chain affects device performance and thin-film morphology. The effects of
high-temperature annealing and spin coating time on film formation, two key processing steps for
fabrication of OTFTs, were investigated by grazing-incidence wide-angle X-ray scattering
(GIWAXS) and X-ray diffraction (XRD) to elucidate the relationship between thin-film
microstructure and device performance. Thermal annealing was shown to change both film
crystallinity and SiPc molecular orientation relative to the substrate surface. Spin time affected
film crystallinity, morphology, and interplanar d-spacing, thus ultimately modifying device
performance. Of the eight materials studied, bis(tri-n-butylsilyl oxide) SiPc exhibited the greatest
electron field-effect mobility (0.028 cm? V! s71, a threshold voltage of 17.6 V) of all reported

solution-processed SiPc derivatives.

7.6.2 Contributions

I synthesized and purified all the silicon phthalocyanines used in this work. | also
characterized their thermal properties (TGA, DSC), measured their solubility in various solvents

and grew single-crystals for SC-XRD analysis.

7.7 Mechanism of formation, characterization and cytotoxicity of green synthesized zinc

oxide nanoparticles obtained from llex paraguariensis leaves extract

Nano-Structures & Nano-Objects 24 (2020) 100532.

Marina Bandeira, André L. Possan, Sandra S. Pavin, Camila S. Raota, Mario C. Vebber,

Marcelo Giovanela, Mariana Roesch-Ely, Declan M. Devine, Janaina S. Crespo.
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7.7.1 Abstract

Zinc oxide nanoparticles (ZnONPs) was produced using llex paraguariensis (mate) leaves extract
using a green synthesis process. The influence of ethanolic and aqueous plant extract and zinc
source on the green synthesis of ZnONPs was studied. Cyclic voltammetry and Fourier transform
infrared spectroscopy (FTIR) were used for the assessment of the mechanism route of ZnONPs
while the formation of this nanomaterial was confirmed by X-ray diffraction (XRD) analysis. The
morphology and size of the ZnONPs synthesized were evaluated using field emission scanning
microscopy (FESEM) and transmission electron microscopy (TEM) analysis. In general, all
different synthesized ZnONPs exhibited a hexagonal crystalline structure whereas the size and
shape varied depending on the extract and zinc salt used. Nonetheless, the most uniform and
smallest ZnONPs were obtained using ethanolic extract and zinc nitrate, showing spherical
morphology and a diameter of about 18 nm. With the use of cyclic voltammetry and FTIR analysis,
it was concluded that the formation of ZnONPs through green synthesis occurred due to
complexation of Zn(l1) ions by antioxidants compounds present in the llex paraguariensis extract
and further thermal degradation of the complexes. Concerning the cytotoxicity assays, the L929
cell viability decreases in a dose-dependent manner for all samples tested. In general, nanoparticles
with reduced size and uniform shape exhibited no cytotoxic effects up to a concentration of 10 g
mL—1. However, higher ZnONPs concentrations caused a decrease in cell viability. This was
possibly due an autophagic induction process triggered by the internalization of the nanomaterial.
Finally, this work provides a better understanding of the mechanism route to obtain ZnONPs via

green method and their potential to be used as a biomedical material.

7.7.2 Contribution

| have contributed to the characterization of the ZnO nanoparticles, namely UV-Vis

spectroscopy, cyclic voltammetry and X-ray diffraction.

7.8 Preparation, characterization and application of polymeric thin films containing silver

and copper nanoparticles with bactericidal activity

Journal of Environmental Chemical Engineering 8 (2020) 103745.

Fabiana Z. Eltz, Mario C. Vebber, Cesar Aguzzoli, Giovanna Machado, Janaina S. Crespo,

Marcelo Giovanela.
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7.8.1 Abstract

The aim of this work was to prepare and characterize self-assembled thin films (SATFs) of
poly(allylamine hydrochloride) and poly(acrylic acid) containing silver (AgNPs) and copper
nanoparticles (CuNPs) for their subsequent application in the disinfection of an industrial
wastewater. The AgNPs and CuNPs were synthesized by direct irradiation of SATFs with
ultraviolet light after immersion in silver and copper (I1) salt solutions. At the end of the self-
assembly procedure, the SATFs were thoroughly characterized by different instrumental
techniques, including glow discharge optical emission spectroscopy (GD-OES), atomic force
microscopy (AFM), field emission scanning electron microscopy (FESEM), X-ray photoelectron
spectroscopy (XPS), inductively coupled plasma optical emission spectrometry (ICP-OES), and
transmission electron microscopy (TEM). In general, the GD-OES spectra confirmed the
incorporation/formation of AgNPs and CuNPs/copper (1) oxide in the SATFs. Moreover, it was
observed through the FESEM and TEM analyses that a change in the salt concentration promoted
a variation in the nanoparticle size incorporated into the SATFs (10—250 nm for AgNPs, and
10—170 nm for CuNPs). The disinfection process of the industrial wastewater with the SATFs
reduced the total count of coliforms by 91 and 100 % compared to the raw industrial wastewater
(untreated), being the SATF prepared with a concentration of 0.1098 mmol Ag* L™ the most
efficient material. Finally, the SATFs developed in this work present great potential for a possible
application in the tertiary treatment of industrial wastewater due to ease of application, reduced

environmental impact, and satisfactory inhibitory action.

7.8.2 Contribution

I contributed with the production and testing of self-assembled thin films and contributed to

the final manuscript.

7.9 Influence of silver nanoparticle deposition on self-assembled thin films of weak
polyelectrolytes/TiO2 for bezafibrate photodegradation through central composite

experimental design.

Journal of Environmental Chemical Engineering 8 (2020) 103619.

Jonas Kerwald, Mario Cesar Vebber, Cesar Aguzzoli, Janaina da Silva Crespo, Marcelo

Giovanela.
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7.9.1 Abstract

This study evaluated, through a central composite experimental design, the influence of
silver nanoparticles (AgNPs) deposition, synthesized at different pH and silver concentration
[Ag*], on the photocatalytic efficiency of self-assembled thin films (SATFs) of poly(allylamine
hydrochloride) (PAH)/poly(acrylic acid) (PAA) and TiO2 over bezafibrate (BZF) drug. The
SATFs were produced by dip coating on glass substrates using the layer-by-layer technique and
were characterized by ultraviolet and visible absorption spectroscopy, scanning electron
microscopy with a field emission gun and energy dispersive spectroscopy. The results revealed
that the SATF that represents the optimum point of the central composite design (pH = 7.0 and
[Ag*] =0.46 mmol L1) reduced the initial concentration of BZF by 81.4 %. The presence of
AgNPs on the polyelectrolytes/TiO, thin film was responsible for an increase of 64 % in its
photocatalytic efficiency when compared to the film containing only polyelectrolytes and TiO..
Silver is present mostly in the form of nanoparticle agglomerates with sizes under 90 nm.
Moreover, the optimized SATF showed no reduction in its photocatalytic efficiency after four
reuse cycles. Finally, the data set showed that the SATFs of this work possess a high potential for
photo-oxidation, which makes them attractive for domestic and industrial wastewater treatment.

7.9.2 Contribution

I helped produce and test the self-assambled thin films, as well as characterize their physico-

chemical properties and contributed to the final manuscript
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APPEDIX A - Supporting information for Chapter 2.

University of Ottawa

Bis (tri-alkylsilyl oxide) silicon phthalocyanines: understanding the role of solubility

on device performance as ternary additives in organic photovoltaics.
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phthalocyanine in CDCls.
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University of Ottawa
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Figure A6. 'HNMR spectrum of compound (2.8) Bis(diisopropyloctylsilyl oxide) silicon

phthalocyanine in CDCls.
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Figure A9. >CNMR spectrum of compound (2.3) Bis(n-dodecyldimethylsilyl oxide) silicon
phthalocyanine in CDCls.
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Figure A10. *CNMR spectrum of compound (2.4) Bis(tri-n-ethyl oxide) silicon phthalocyanine
in CDCls.
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from blank reaction; thexyldimethyl chlorosilane + sodium hydroxide in chlorobenzene.
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APPEDIX B - Supporting information for Chapter 3.

Thermodynamic Property-Performance Relationships in Silicon Phthalocyanine-

based Organic Photovoltaics.
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Figure B4. X-ray diffractograms of the P3HT/(R3SiO)2-SiPc thin films.
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APPEDIX C - Supporting information for Chapter 5.

From P-type to N-type: peripheral fluorination of axially substituted silicon

phthalocyanines enables fine tuning of charge transport.

Table C1. Synthetic yield of F2-F16SiPc for reactions carried out at different conditions.

Strategy Yield
As reported 9%
Solvent Quinoline No product
Dichlorobenzene No product
Silicon Source SiBry %
Phthlonitrile + SiBrs / no solvent No product
Increase step 1 to 24h 8%
Reaction time Increase step ii to 48h 7%
Decrease step ii to 4 h 2%
Reaction temperature Decrease step ii to 160C 4%
Decrease temperature of step 1 to 0C 9%
CsF 8 %
External fluoride source CsF + Crown ether No product
Tetrabutylammonium fluoride No product
Phthalonitrile to LIHDMS ratio L:l L7%
1: 0.6 23%
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Figure C1. a) UPS spectra, b)zoom of the trailing edge of the UPS spectra, and ¢) solid-state UV-
Vis of functionalized (tb-Ph),-FxSiPcs.
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Figure C2. a) TGA and b) DSC curves for (th-Ph).-FxSiPc compounds.

a)

Figure C3. Solid-state packing and interplanar distance of a) (tb-Ph),-F4SiPc, b) (tb-Ph),-FsSiPc
(contains significant distortions in the tertbutyl groups, which are not displayed here for that
reason. Solvent in structure is THF, from crystal-growth procedure), and c) (tb-Ph),-Fi6SiPc,
obtained from single-crystal X-ray diffraction. Structure factors can be found in in Figures S26-
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Figure C4. Atomic force microscopy images of bulk heterojunctions composed of PTQ10 and a)
(tb-Ph)2-FOSiPc and b) (tb-Ph).-F4SiPc.
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Figure C5. External quantum efficiency of PTQ10/(tb-Ph).-F4SiPc organic photodetectors.
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Figure C6. Linearity of PTQ10/(tb-Ph).-F4SiPc organic photodetectors as a function of irradiance
power.
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Figure C7. X-Ray diffractograms of (tb-Ph)2-FxSiPcs films evaporated on Si/SiO> substrates.
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Figure C8. Atomic force microscopy images of a) (tb-Ph)>-FoSiPc, b) (tb-Ph)2-F4SiPc, c¢) (tb-Ph)-
FsSiPc and d) (tb-Ph)-F16SiPc films evaporated on Si/SiO; substrates.
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Figure C9. Transfer curves (VDS = +50V) of evaporated (tb-Ph)>-Fi6SiPcs transistors
characterized in N> and in air.
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Figure C10. DART-MS spectrum of (tb-Ph)2-FoSiPc.
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Figure C12. DART-MS spectrum of (tb-Ph),-FsSiPc.
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Figure C13. DART-MS spectrum of (tb-Ph)2-F16SiPc.
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Figure C14. EI-MS spectrum of crude F4SiPc.
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Figure C15. EI-MS spectrum of F4SiPc after treatment with BCls.

147



PhD Thesis — Mario C. Vebber University of Ottawa

4 ] 719.05
210 130

1.20 —
1.10 —
1.00 —
0.90 —
0.80 —

0.70

Intensity

1 164.03
0.60 |

0.50
1 | 8398

0.40 -

030 3 22697 35053
0.20

13803 295.72

0.10

U.DO_EL»L ]}“'.M.. SN lﬂL _— — : ,at , H

200 300 400 500 600 700 800
m/z

Figure C16. EI-MS spectrum of crude FgSiPc.
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Figure C17. EI-MS spectrum of FgSiPc after treatment with BCls.
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Figure C20. a) 'THNMR and b) ’FNMR spectra of (tb-Ph),-FoSiPc in deuterated chloroform.
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Figure C21. a) 'THNMR and b) "FNMR spectra of (tb-Ph),-F4SiPc in deuterated chloroform.
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Figure C22. a) 'THNMR and b) "FNMR spectra of (tb-Ph),-FsSiPc in deuterated chloroform.
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Figure C23. a) 'THNMR and b) "FNMR spectra of (tb-Ph)»-F16SiPc in deuterated chloroform.
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Figure C24. Output curves of working evaporated n-type transistors characterized in N», with Ag
electrodes a) (tb-Ph)2-F4SiPcs, b) (tb-Ph)>-FsSiPcs, c) (tb-Ph):-F16SiPcs; and Ag/Mn electrodes d)
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Figure C25. Output curves of working evaporated p-type transistors characterized in N2, with Ag
electrodes a) (tb-Ph),-FoSiPcs, b) (tb-Ph),-F4SiPcs; and Ag/Mn electrodes ¢) (tb-Ph),-FoSiPcs.
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Figure C26. Output
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Figure C27. Structure factors from (tb-Ph)2-F4SiPc Single-crystal XRD analysis.
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Figure C28. Structure factors from (tb-Ph),-FgSiPc¢ Single-crystal XRD analysis.
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Figure C29. Structure factors from (tb-Ph)>-F16SiPc Single-crystal XRD analysis.
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