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Abstract

Solar cells and X-ray detectors are important components of commercial power
generation and medical imaging, respectively. These devices rely on the generation of charge
carriers in a semiconductor when light is absorbed and the subsequent extraction of those
charges. The development of new semiconductors could lead to improved charge carrier
extraction in solar cells and contrast in X-ray detectors. This thesis is focused on the design of
new organic materials to improve the efficiency of organic solar cells and the design of solution

processed X-ray detectors to improve the performance of these devices.

This thesis describes the design of perylene diimide electron acceptors for organic solar
cells and describes the first use of slot-die coating to deposit methylammonium lead iodide to
fabricate X-ray detectors. In the first section | focus on the design, synthesis, and
characterization of a nitrile-substituted perylene diimide dimer. The focus of this work is the
disruption of intermolecular n-n stacking interactions through dimerization, while
simultaneously lowering the energy of the lowest unoccupied molecular orbital by introducing
nitrile groups. Solar cell performance is improved by pairing high electron affinity donors with
these acceptors, but reduced when a donor with a lower electron affinity is employed.

The second section is focused on the slot-die coating and characterization of
methylammonium lead iodide films capable of absorbing 30 kVp X-rays. These can be improved
using a slot-die coated perylene diimide hole blocking layer and poly(methyl methacrylate)
encapsulation layer. The hole blocking layer reduces the dark current and the poly(methyl
methacrylate) encapsulation layer protects the devices from ambient moisture. These devices are
compared to state-of-the-art amorphous selenium devices and exhibit significantly lower dark
currents. Air ionization was identified as an additional source of photocurrent, which presents

challenges in device characterization.

This thesis shows the utility of perylene diimide semiconductors in optoelectronic
devices. Here | describe the development of regioisomerically pure 1,7-dicyano perylene diimide
semiconductors and the use of a slot-die coater to prepare 100 um thick methylammonium lead

iodide films.
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Chapter 1 - Introduction

This thesis is focused on the improvement of optoelectronic device performance through
material design, synthesis, film deposition, and characterization. The goal of this chapter is to
provide the reader with the pertinent background information which will be drawn upon in
subsequent chapters. Chapter 2 describes my work on the development of perylene diimide as an
electron acceptor in organic solar cells. This chapter features synthetic strategies to tune the
optoelectronic properties of perylene diimide. In Chapter 3 | develop lead halide perovskites for
application in X-ray detectors where perylene diimide is employed as an electron transport
material to improve performance. This chapter features the use of slot-die coating. In Chapter 4 |

discuss the impact of this work and propose directions for future work.

1.1 Photovoltaics

1.1.1Principle of Operation

Semiconductors have undergone extensive research for their ability to generate a
photovoltage and current. Extraction of charge carriers in a solar cell can be achieved in 4-steps:
light absorption and exciton formation, exciton separation, transport of free charge carriers, and
charge collection. In this section, | describe the operation of both organic and inorganic solar

cells, while making note of their distinct differences for accuracy and clarity.

Light absorption and exciton formation are the direct result of light being absorbed by a
semiconductor. In this process, a photon is absorbed resulting in the excitation of an electron
from an occupied to an unoccupied orbital. The absence of an electron within the previously
occupied orbital is referred to as a hole. The electron and hole are held together by electrostatic
forces. This relationship is referred to as an electron and hole pair (an exciton). Here I will focus
on excitation in semiconductors. In the case of organic semiconductors, the offset (Eg) between
the highest occupied molecular orbital (EHomo) and the lowest unoccupied molecular orbital
(ELumo) is typically between 1 and 3 eV. In order to excite an electron across this gap, incident
light must be of equal or greater energy to Eq. When a large number of molecular orbitals exist in
close proximity to one another, such as for inorganic systems, these discrete orbitals create a
nearly continuous band. For inorganic systems, the offset between the energy of the highest

occupied state (valence band maximum) and the lowest unoccupied state (conduction band



minimum) is specifically referred to as the band gap. In either case, the excited electron is

coulombically attracted to the hole as described by Equation 1.1.

& — Equation 1.1

Here g1 and g2 are point charges, co is the vacuum permittivity, ¢ is the relative permittivity, and
r is the distance between the two point charges. In the case of inorganic materials, the available
thermal energy is sufficient to ‘break’ an exciton (separate an electron and hole pair); however,
the typically lower ¢ of organic materials makes charge separation less energetically favourable.

In organic solar cells, the coulombic attraction between an electron and hole pair (exciton
binding energy, Eg) can be overcome by employing two organic semiconductors with an energy
offset between the highest occupied and lowest unoccupied molecular orbitals (Enomo and
ELumo). One organic semiconductor serves as the electron donor, which once excited, will
transfer an electron to the LUMO of the electron acceptor. When the electron acceptor is excited,
a hole is transferred from the HOMO of the acceptor to the HOMO of the donor. For this process
to occur, an exciton must reach the interface of these two materials and the energy offset must be
greater than Eg to drive charge separation. The average distance an exciton can travel before
recombining is referred to as the exciton diffusion length. Organic materials typically have an
exciton diffusion length on the order of 5-10 nm,* which is less than the active layer thickness
needed for light absorption. It is therefore necessary to intimately blend the donor and acceptor
materials to reduce the distance the exciton must travel to reach the donor/acceptor interface.
This is achieved by dissolving the electron donor and acceptor in solution, mixing them together,
and then depositing them onto a substrate. The resulting mixture of donor and acceptor is
referred to as a bulk heterojunction (BHJ). The domain size of either given material within the
bulk heterojunction plays a key role in the performance of a solar cell and will be discussed in

further detail in section 1.1.2.

Once an exciton has reached the donor-acceptor interface in an organic BHJ, electron
transfer may occur provided there is a sufficient energy offset to overcome Eg and drive charge
transfer and separation. The Eg is approximately 0.3 eV for most organic semiconductors,? and
electron acceptors with a high electron affinity (low ELumo) are typically selected for this
purpose. Similarly, organic semiconductors with lower ionization energies (high EHomo) are
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typically employed as electron donors. From the point of view of donor excitation, the difference
in energy between the ELumo of the donor and the ELumo of the acceptor (AELumo) drives charge
transfer and separation. Similarly, when the electron acceptor is excited, the difference in energy
between the Enomo of the donor and the Enomo of the acceptor drives charge transfer and
separation. An illustration of favourable charge transfer for each scenario is shown in Figure 1.1.
It can be seen that either the donor (D) or the acceptor (A) absorb a photon and generate an
exciton, which migrates to the donor/acceptor interface, forms a charge transfer complex, and
then separates into free charge carriers. This will be discussed further in Sections 1.1.2 and 1.2.4.

Donor/Acceptor
Junction

Donor Excitation AcceptorExcitation

Donor Excitation
O 0z Ol6z006 ©0O0 0
Acceptor Excitation
O 0°z00°z0|0 0 0

Figure 1.1 lllustration of charge transfer and separation at the donor/acceptor interface.

Once the respective charges have been separated, the free electron and hole can be
transported toward their respective electrodes. This process is limited by charge carrier mobility
and free carrier recombination which will be discussed in Section 1.1.2. It should be noted that
the distance a charge carrier must travel to reach the corresponding electrode is greater in a bulk
heterojunction due to the typically indirect path which must be followed because of domain

mixing.

When the charge reaches the semiconductor-metal interface, charge collection may occur.
This process is nearly always favourable, but it should be noted that there can still be a barrier to

charge collection at the semiconductor-metal interface.



1.1.2Device Physics

The photovoltaic effect describes the dependance of photocurrent and photovoltage on
the number of photogenerated free charge carriers. | now make use of models which describe
how this impacts the performance of a solar cell. The current density generated from the
resulting diode can be modelled using the ideal diode equation in both the dark (J4, Equation 1.2)
and when light is being absorbed (J, Equation 1.3).

0 VLQ »p Equation 1.2

v 0 0Q p Equation 1.3

Here Jo is the diode leakage current in the dark, g is the charge of an electron, V is the voltage, k
is the Boltzmann constant, T is the temperature, and Jph is the photocurrent density, which is
positive, by convention. For the purposes of solar cell operation at room temperature, Jo can be
treated as a constant unique to each solar cell. Here Jph is a measure of the photocurrent
generated by the solar cell. Using this model, I will discuss factors which impact current density,

voltage, device efficiency, and loss mechanisms within a solar cell.

The generation of photocurrent within a solar cell is reliant upon the four steps outlined
in Section 1.1.1. The generation of charge carriers is related to the probability of absorption and

light intensity as shown in Equation 1.4.

- Q Equation 1.4

Here, | is the intensity of the light transmitted through the sample, I, is the intensity of the
incident light on the sample, « is the absorption coefficient, and x is the thickness of a material.
Here o describes the probability of a photon at a given wavelength being absorbed. As
mentioned in Section 1.1.1, the subsequent exciton separation is spontaneous at room

temperature for inorganic materials, but not for most organic materials.

In the case of organic solar cells, the exciton must travel from the point of excitation
toward the donor/acceptor interface. An exciton propagates through a material by means of
resonance energy transfer.> During this process recombination may occur due to radiative
(release of a photon) or non-radiative (internal conversion and vibrational relaxation)
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recombination.® The distance an exciton typically travels before recombination occurs is the
exciton diffusion length, which is typically 5-10 nm in most organic semiconductors.® It is
therefore important the domain size is optimized such that an exciton can make it to the
donor/acceptor interface without recombining within the solar cell. At the donor/acceptor
interface the main consideration is whether charge transfer is favourable or not. Here the
modified Rehm-Weller relationship for photoinduced electron transfer (Equation 1.5) can be

used to describe this process in organic solar cells.*
wO O 0O 0O O Equation 1.5

Here AG%%r represents the Gibbs free energy for the photoinduced electron transfer process from
a donor to an acceptor. O and 'O  represent the oxidation potential and reduction potential of
the donor and the acceptor, respectively. Here, O  corresponds to the energy difference
between ground state and the excited state at their lowest vibrational levels. If (WO is negative,
then the electron transfer process is favourable, thus it is essential to select an electron acceptor
with a high electron affinity in order to facilitate charge transfer. Once the charge transfer state is
formed, the charges can either recombine® or separate as a result of the energy offset between the

donor and acceptor.

Free charge carriers may then travel toward the corresponding electrodes, following the
path of least resistance. A windy path leads to greater series resistance (Rs) within a solar cell,
particularly when using an organic BHJ. A discontinuity along this path can lead to a sharp
increase in resistance as the charge carrier must pass through a material of a different chemical
composition. These free charge carriers may either recombine radiatively or by a non-radiative
recombination process (Auger or Shockley Read Hall).® Radiative and Auger recombination
processes are unavoidable,” but Shockley Read Hall recombination is dependent on the number
of trap states within a material. For electrons, a trap state is an unoccupied state within a material
that has a lower energy than the neighbouring orbitals, vice versa for holes. Once a trap state is
occupied, there is an increased barrier to charge transport and recombination is more likely to
occur. The number of trap states is dependent on the number of surface states or chemical
impurities within a material. Surface states can be found at the boundaries of a given domain.

Chemical impurities may be found throughout a given material. Strategies to minimize the



number of trap states involve increasing domain size and purity, although this may increase

production costs and leads to other sources of recombination.

When these free charge carriers reach the corresponding semiconductor/metal interface,
the charge may be extracted. The accumulation of these charge carriers generates a photovoltage.

This can be exploited to generate power by driving current through an external circuit.

Power generated within a solar cell is proportional to the photocurrent and photovoltage

as shown in Equation 1.6.

L LW Equation 1.6

The ratio of power generated at a given potential compared to the power of the incident light
(Pin) is the power conversion efficiency (PCE) as shown in Equation 1.7.

060 — Equation 1.7

The maximum efficiency of a solar cell can be estimated by varying the potential while
measuring the current as shown in Figure 1.2. A J-V curve contains a wealth of information
about the performance of a solar cell, such as the short circuit current density (Jsc) and the open
circuit voltage (Voc). Voc is @a measure of the photovoltage generated when charge carriers are not
permitted to flow through an external circuit. A solar cell J-V curve also provides information
about the Rs and shunt resistance (Rsh) of a given device. Rs may be calculated by taking the
inverse of the slope at the x-intercept and Rsh may be calculated by taking the slope at the y-
intercept. Ideally, Rs is relatively low, allowing charges to easily reach the corresponding
electrodes. A high Rsh indicates that charges are being extracted through the intended external

circuit.
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Figure 1.2 Example of a J-V curve. The x and y-intercepts may be used to estimate Jsc and Vo,

respectively.

1.2 Perylene Diimide

1.2.10rganic Electron Acceptors

Organic electron acceptors play an essential role in organic solar cells due to the inherent
need for charge transfer within the bulk heterojunction. Initially, the field of electron acceptors
was dominated by fullerene derivates due to their high electron affinity which allowed them to
accept electrons from most electron donors. Fullerene based acceptors have now been overtaken
by non-fullerene acceptors, which offer improved performance due to their increased absorption
in the visible region.®® In this section | will introduce several high-performance electron
acceptors, the properties which led to this high performance, and the major challenges present
within the field.

Non-fullerene acceptors are derived from building blocks such as benzothiadiazole,
indacenothiophene, fluorene, and cyclopentadithiophene.® A common strategy is to create
calamitic acceptors with a bulky central core fused to electron deficient moieties.® A few

examples of these calamitic acceptors are shown in Figure 1.3.1°® Acceptor-donor-acceptor (A-
7



D-A) structures such as 1 to 3 employ an electron rich moiety in the center with two peripheral
electron deficient moieties fused on either side.? The electron deficient moieties are intentionally
placed on the outside of the molecule so that the LUMO can more easily be accessed by an
electron donor. These A-D-A structures are used to create acceptors with complimentary
absorption to the electron donor they are designed to pair with. The increase in Amax is usually
due to the resulting push-pull structures in which the Enomo is more strongly affected by the
electron rich moiety while the ELumo is more strongly affected by the electron deficient moiety,®
although extending the conjugation length with an electron deficient core has also proven
effective (4 and 5).1* A summary of the optoelectronic properties and photovoltaic performances
of 1 to 5 is presented in Table 1.1. As shown in Table 1.1, all the highest performance acceptors
employ 6 or its derivatives 7 and 8 as the donor, pointing toward the importance of specific
donor and acceptor pairing that is needed to achieve high performance.

Donors Alkyl Chains
6:R;and X=H R, = 2-ethylhexyl
7:R=SR;and X=F R, = Octyl
8:Ryand X=F R; = Undecyl

Figure 1.3 Examples of calamitic acceptors and the donors they are commonly paired with.



Table 1.1 Properties of high performance calamitic acceptors and their corresponding donors.

Acceptor Amax, soln (NM) | Erumo, (V) | Enomo (V) | Average PCE | Donor paired
1t 665 -3.71 —5.43 9.81% 6
210 717 —4.14 —5.66 12.46% 7
312 743 -3.83 —5.49 12.99% 6
413 821 -4.10 —5.65 15.5% 8
54 746 —4.12 —5.68 16.1% 8

A common theme amongst the acceptors shown in Figure 1.3, is the use of a 1,1-
dicyanomethylene-3-indanone electron deficient moiety highlighted in red. Unfortunately, this
moiety and its fluorinated analogue are synthetically complex to produce; these acceptors are
also comprised of several other synthetically complex building blocks making them costly to
produce on scale. It is clear from Table 1.1 that the highest performance acceptors have been
designed to pair with 6 and its derivatives 7 and 8; however, there are an abundance of donors
with a Zmax between 600 and 800 nm. These donors would require acceptors with complimentary
light absorption to achieve high performance. For these reasons, new inexpensive large gap

acceptors such as those employing a perylene building block have been developed.

1.2.2Perylene Diimide as an Electron Acceptor

Perylene diimides are an attractive class of material for their low cost of production, low
ELuwmo, high extinction coefficient (500-600 nm), high electron mobility, and solubility in
organic solvents.®®5-18 For these reasons perylene diimide has been developed for its potential
application as an electron acceptor for commercial photovoltaics. In this section I will discuss the
preparation of perylene diimide, the optoelectronic properties of these materials, their

performance in solar cells, and introduce the challenges associated with these materials.

One of the key advantages of perylene diimide is the ease of preparation from
commercially available starting materials. The general procedure for the synthesis of an
unsubstituted perylene diimide (PDI) monomer is shown in Scheme 1.1. As shown in Scheme
1.1, an unsubstituted PDI monomer may be prepared in a single synthetic step by condensation

with an excess of a primary amine. These amines typically contain an alkyl chain to promote the
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solubility of these materials. Further derivatization of PDI can be achieved through modification
of the bay-region (1, 6, 7, and 12 positions), ortho-region (2, 5, 8, and 11 positions), and the

imide region.

OO
(L —
OO Imidazole
110°C, 24 h

(o]
o
o

Scheme 1.1 General route toward PDI acceptors, along with the numbering scheme of PDI.

Modification of the bay, ortho, and imide regions leads to changes in the optoelectronic
properties of PDI. Unmodified PDI has an ELumo of —3.8 + 0.2 eV, making it capable of
accepting electrons from most electron acceptors without further modification. The difference in
energy between the Enomo and ELumo of PDI is 2.2 + 0.3 eV, 3% with a Amax, sorn around 530 nm
making it suitable for pairing with many electron donors with a Amax > 600 nm. The strong
intermolecular n-x interactions between PDI units aid charge transport with electron mobilities
reaching 0.6 cm? Vst due to the formation of large crystalline domains.'® The use of
unmodified PDI has enabled device efficiencies of up to 5%,%° but higher performance is needed

for commercial application.

The performance of organic solar cells (OSCs) employing unmodified PDI as an electron
acceptor is limited due to the formation of large domains of PDI within the BHJ. When
depositing a BHJ layer containing PDI and a donor molecule, large domains of the acceptor are
formed which leads to increased recombination and series resistance, thus lowering device PCE.
For this reason, it is necessary to disrupt the intermolecular r-x stacking interactions to prevent
over-crystallization of PDI within the BHJ. Strategies to disrupt intermolecular z-x stacking
interactions will be discussed in Section 1.2.3. Once over-crystallization has been prevented,
PCE can be further increased by optimizing the frontier orbitals of PDI. When paired with an
electron donor of low electron affinity, increasing ELumo can lead to increased Voc. When PDI is
paired with electron donors with a high electron affinity, further modifications to lower ELumo

are necessary to facilitate charge transfer and separation. Strategies to modify the frontier orbital
10



energy of PDI will be discussed further in Section 1.2.4. Thus, unmodified PDI, while easy to
produce, typically requires further modification to achieve high performance as an electron

acceptor in OSCs.

1.2.3Structural Modifications to Prevent Ovecrystallization

The most important modifications for PDI electron acceptors involve disruption of
intermolecular n-n stacking interactions to prevent over-crystallization. Two main strategies are
used: imide linkage and bay linkage. Imide strategies can involve direct linkage to join multiple
PDI units together, or the use of spacing groups, which can allow 3D geometries to be obtained.
Bay linkage strategies are more commonplace, with direct linkage, fused core, and spacing
groups among the popular motifs used. In this section I will briefly review the strategies which
have been employed to prevent over-crystallization, the performance of these acceptors, and

discuss the most effective strategies.

Imide linkage is an effective strategy to disrupt intermolecular n-w stacking interactions
which can involve either direct linkers or the use of a spacing group to induce a non-planar
geometry. The general methodology for the direct linkage of two PDI monomers involves the
general reaction of perylene monoanhydride with hydrazine to form an imide-linked dimer as
shown in Scheme 1.2.%! This strategy has enabled device efficiencies reaching 6.19% as shown
in Table 1.2.22%* 1t should be noted that Zmax, sorn does not significantly shift using the imide-
linked strategy due to the lack of conjugation through the imide region. The increase in
performance is due to the induced 90° twist of the two linked PDI acceptors which results in
decreased domain size within the BHJ. Similarly, trimers have been prepared with efficiencies
reaching 7% through the reaction of the dianhydride with the monoanhydride in the presence of
hydrazine.?® Tetramers cannot readily be generated using this synthetic strategy. The
introduction of a spacing group between two or more imide-linked PDI acceptors enables the
adoption of 3D geometries which can help to further reduce intermolecular n-r stacking
interactions. The chemistry involves the reaction of a linking group with terminal amines, which
undergo condensation with an anhydride as shown in Scheme 1.2. A tetrahedral core with
terminal amines has been used to generate an imide-linked PDI tetramer with a tetrahedral
geometry, 11, as shown in Figure 1.4.2% It should be noted that despite there being four PDI
acceptors in close proximity to one another, there are no electronic interactions between the PDI

11



chromophores within the acceptor, and thus no shift in Amax is seen (Table 1.2). Chiral cores such
as 1R,2R and 1S,2S diaminocyclohexane have been employed to create U-shaped PDI acceptors,
but it was found that the racemic mixture, 12 offered the best PCE of 4.34% as shown in Table
1.2.%7 The close proximity of the two PDI chromophores in this acceptor led to weak
intramolecular interactions, as evidenced by a subtle shift of Amax, sorn t0 526 Nm due to the
increased probability of the 0-1 n-n* vibronic transition. A similar strategy was used to create a
V-shaped PDI dimer, 13, by increasing the space between the two chromophores using a 1,1-
diphenylcyclohexane core as shown in Figure 1.4.28 The additional space prevented significant
intramolecular n-x stacking interactions as evidenced by the Amax, soi'n 0f 528 nm with a maximum
PCE of 5.28% as shown in Table 1.2.2% Spirobifluorene has also been employed as a core to
create a PDI dimer, 14, and tetramer, 15, as shown in Figure 1.4.%° Using this strategy, 15 takes
on an X-shape (90°) with a PCE of 4.61% and 14 takes on an L-shape (90°) with a PCE of
5.22%.2° The increase in PCE for the L-shaped dimer was argued to be due to the formation of
H-aggregates (n-n stacking on top of one another).?° It should be noted that there is a slight
hypsochromic shift in 15 compared to 14, which can be attributed to weak intramolecular n-n
interactions between neighbouring PDI chromophores in the tetramer. The success despite the
relatively few examples of imide-linked PDI acceptors suggests there is considerable potential in

this strategy.

(o]
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Scheme 1.2 General route toward PDI dimers.
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Table 1.2 Optoelectronic properties, PCE, and, donor pairing of acceptors 9 to 21.

Acceptor Amax, soln (NM) |  ErLumo (V) | Eromo (V) | Average PCE | Donor paired
9% - —-3.76 —5.87 6.19% 23
10% 537 -3.89 -5.91 7.25%" 24
11% 530 —-3.82 -5.96 2.47% 25
12%7 526 —-3.88 —6.16 4.34% 23
13%8 528 -3.98 —6.16 5.28%* 26
14%° 526 -3.82 -5.99 5.22% 23
15%° 525 -3.85 —6.01 4.61% 23
16%° - —4.04 —6.13 5.73% 23
173 - -3.73 —6.21 7.0%* 27
18% - —-3.62 -5.99 9.13% 27
19% 505 —-3.78 —6.02 5.15% 23
20%2 515 -3.81 —6.03 8.91% 23
2133 514 -3.83 —6.02 8.15% 28

* Indicates champion efficiency instead of averaged efficiency.

Bay-linkage remains by far the most used method to prevent over-crystallization, with
strategies such as direct linkage,3%%! linkage with a spacer, 262 and ring fusion being common.?
Direct bay linkage can be achieved through mono-bromination (usually in the bay region),
followed by homocoupling of two PDI acceptors in the presence of copper to form X-shaped
PDI dimers such as 16 and 17, as shown in Figure 1.5.3* This synthetic strategy led to a series of
X-shaped PDI dimers (70° torsional angle), which were later optimized to be electron acceptors
with device efficiencies reaching 5.73%.° Original works comparing X-shaped bay-linked PDI
dimers showed that dimerization leads to lowering of ELumo and raising of EHomo and a
bathochromic shift of Amax, sorn due to conjugation through the bay region.®* A core may be
introduced between two PDI units via Suzuki or Stille cross-coupling as shown in Scheme 1.3. A
spirobifluorene core has been used to link two PDI chromophores; 18 was synthesized using the
Suzuki cross-coupling strategy shown in Scheme 1.3.% Initially, 18 was paired with 37 to
achieve a PCE of 2.35%,® but was later paired with 27, resulting in a PCE of 9.13%.3! In the

same work, the authors also demonstrated a performance increase moving from 16 to 17 by
14



adjusting the alkyl chain length and pairing with 27 instead of 23. The subtle difference in chain
length can make a significant difference in device performance, but here it was attributed to the
subtle shift in the ELumo of 27 compared to the highly similar 23.3! This demonstrates the
importance of donor and acceptor pairing as mentioned in Section 1.2.1. Tuning of frontier
orbital energy will be discussed further in Section 1.2.4. Another study examined the differences
between a benzene core and 1,3,5-triazine.* The dimer bearing the 1,3,5-triazine core, 20,
exhibited a much higher performance than 19, which used a benzene core as shown in Figure
1.5.32 The increase in performance can be attributed to the differences in steric bulk of the core.
In 19, the PDI units are slightly out of plane with respect to the benzene core (density functional
theory calculations predicted the average of 3 torsional angles to be 19.8°). The 1,3,5-triazine
core has reduced steric bulk due to the absence of the C-H bonds (density functional theory
calculations predicted the average of the 3 torsional angles to be 18.6°), which led to an increase
in domain size within the BHJ.* In this instance, the domain sizes were too small in 19, as
evidenced by the low electron mobility of 6.3 x 10° cm? V1 s (J = 11.91 mA cm 2 and Rs
=14.9 Q cm?), while 20 had an electron mobility of 2.7 x 104 cm? V1 st (Jsc = 17.10 mA cm2,
Rs 6.7 = Q cm?).%2 Derivatives of 19 were prepared by photocyclization resulting in the formation
of 21 and 22 shown in Figure 1.5.3 When 21 was paired with 28 (21:28) the efficiency exceeded
that of 19:23 devices, with efficiencies reaching 8.15%. This strategy offered a workaround to
the small domain size problem by locking the PDI units in place to increase the crystallinity,
despite the increased average torsion angle which was estimated to be 28.3° based on the single
crystal X-ray diffraction of the fluorinated alkyl chain analogue, 22.% For 21 and 28 films, the
domain size was determined to be 14.70 nm which explains the demonstrated increase in

electron mobility to 1.5 x 103 cm? vV 1133
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From Figure 1.5 and Table 1.2, the introduction of steric bulk in the imide and bay region
is shown to have a significant impact on device performance. Nearly all acceptors benefitted
from efforts to reduce the domain size, but a few demonstrated that it is possible to overshoot
and end up in the opposite extreme where the series resistance begins to rise and there is a need
for larger domain sizes. It can also be seen from Table 1.2 that these acceptors are best paired
with donors with a smaller Eg. The introduction of steric bulk in the imide or bay region has a
limited impact on ELumo, with all acceptors having an ELumo of 3.8 £ 0.3 eV. While this is a
good starting point, further modification is needed to make PDI acceptors more flexible in their
application. In the next section, | will discuss strategies to modify ELumo through introduction of

electron withdrawing or donating groups.

1.2.4Strategies to Tune the Frontier Orbital Energy

Efforts to fine-tune the energy of the frontier orbitals, particularly the ELumo, are
becoming increasingly important as effective strategies are identified to prevent over-
crystallization. Novel donors also tend to have increased conjugation length and lower ELumo,
increasing the need for low ELumo PDI acceptors. To address this, many research groups have
focused on the introduction of electron donating and withdrawing groups to further improve
device performance. It is important to consider the energy difference (Edir) between the ELumo of
the acceptor (ELumo, A) and the Exomo of the donor (Exomo, ) to maximize the Voc of organic solar
cells. So far, much of this work has been focused on synthesis alone, with relatively few
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examples of device performance due to the lower values obtained when this strategy is employed
on its own. There are slightly more examples in which this strategy has been used in tandem with
efforts to prevent over-crystallization but remains a rare methodology. In this section, I will
discuss the rationale behind Vo optimization, strategies to modify ELumo of monomeric PDI
acceptors, and how this strategy has been used in conjunction with methods to prevent over-

crystallization.

As described in Section 1.1.2, V¢ plays a key role in the overall PCE of OSCs; here I will
discuss synthetic strategies to maximize Voc with minimal losses. Vqc losses are a result of
radiative recombination (Rr), non-radiative recombination (Rnr), and combined energy losses
during charge transfer and separation (Ezs) as described in Equation 1.8.31:%6:37

w © Y Y O Equation 1.8

By far the most important factor in determining Voc of an OSC is the Eqif, which is also the
easiest to control. When designing an electron acceptor to pair with an electron donor, increasing
the energy offset beyond what is needed to extract charge carriers results in an unnecessary
decrease in Vqc. Therefore, it is essential to fine-tune the ELumo of acceptors to maximize Voc. Rr
and Rnr were discussed in Section 1.1.2 and apply to both organic and inorganic solar cells. Egs is
more complicated due to uncertainties surrounding the energy of the donor/acceptor at the
interface (Ei), the energy of the charge transfer state (Ect), and the energy of the charge separated
state E as illustrated in Figure 1.6.%® In practice, the ELumo, a is designed to be = 0.3 eV lower
than ELumo, o when testing new acceptors and later fine-tuned to minimize Jsc/Voc losses in
0SCs.? Modification of Ermo through bay substitution can be used to make changes in ELumoto

decrease Vo losses.
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Figure 1.6 Illustration of photon absorption, charge transfer, and the resulting impact on the
overall Voc. This is shown using diagrams of the molecular orbitals, donor/acceptor interface, and

the reaction coordinate.
Reprinted with permission from Trends Chem., 2019, 1, 49-62.3 Copyright © 2019, Elsevier.

The ELumo of PDI monomers can be raised by introducing electron donating groups such
as pyrrolidine® or annulated nitrogen groups. The introduction of pyrrolidine can be achieved by
nucleophilic aromatic substitution of brominated PDI.3°® This synthetic method was later used to
fabricate OSCs with device efficiencies reaching 0.04%.3® Nitrogen annulation with PDI can be
achieved by electrophilic aromatic substitution to introduce NO>, followed by reductive
cyclization to create the annulated nitrogen and finally alkylated to afford 30, as shown in Figure
1.7.%% This method was effective in raising ELumo to —3.5 eV and resulted in an efficiency of

3.07% (Table 1.3).%° The more common approach involves lowering ELuwmo.

19



CyH C,H
R 2Ms 2Ms

R . g
(o) N (o] o N (o] (o) N (o]
B D a0 o8
X d CgHq3—N ‘
X an X X eH13
SCIR TP RN v
(o) f;l o o l;l (o) (o) N (o]
® : C,Hs™ "CHs
. o o
a b (minor) Ceblra Coee 30
CeHis CeHys
C6H13\rCGH13 o o
CgHyz_CeHyz o. N._o CeHis 2 SY 2Hs
Io) (o] N

o
0” 'N" 70 CgHy3s™ "CgHyz
CgH CegH C,H C,H
CeHi3™ "CeHys 613 67713 2H5 2Hs
CgH CeH
32 6>1iN 6713
CeHi3 CeH1s 34

CsHy™ "CsHyy CGH13)\CGH13 CeH1a™ "CeHys

35a CiHa1n_CyH,s 35D B 36 C12Has
n
\[ 7 NN\ S s
N I N
s AT
N n
CeH1s +<\,IN
s T 10M217  "CyyHys
CoHz4
38 39

Figure 1.7 Structures of bay substituted PDI acceptors and donors with which they were paired.
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Table 1.3 Device parameters of PDI acceptors employing combined strategies to modify ELumo

and prevent over-crystallization.

Acceptor | Amax,sorn ("M) | Erumo (€V) | Enomo (eV) | Average PCE Donor paired
2938 701 -3.40 —-5.00 0.04%" 37
30 530 —3.50 —5.70 3.07% 23
31%8 526 —4.07 —6.04 0.005%" 37
324 500 —4.06 —6.01 4.22% 23
33% 400 —3.58 —5.74 10.37% 27
3440 533 -3.8 —6.0 6.93% 27
35% - —4.56 —6.59 1.40%" 38
364 530 —3.57 —5.82 4.1%" 39

Lowering the ELumo of electron acceptors is primarily done to enable charge transfer
from donors which also have a low ELumo. This methodology has the added benefit of improving
the air stability of electron transport materials.*® Lowering the ELumo of PDI monomers can be
achieved by halogenation, nitration, and cyanation.!83 31 is an example of a cyanated monomer
employed in an OSC which reached a maximum efficiency of 0.005%.% For these reasons, core
substitution is typically used in combination with another method to disrupt intermolecular n-n

interactions due to the poor efficiencies achieved when using this method alone.

Modification of ELumo has been used in conjunction with, or is sometimes the result of,
bay linkage of PDI acceptors. Considering the low number of examples, the high device
efficiency of 10.37% achieved using this strategy demonstrates the potential for this approach.*?
This was achieved using an electron donating core which linked 4 PDI units together, effectively
raising ELumo to —3.58 eV. In some cases the raising of ELumo Was counteracted by linking two
PDI units together, such as seen for 34.4° This led to an average efficiency of 6.93%,*° which
was slightly better on average than when 16 was paired with the same donor. This suggests that
bay modification is an effective strategy to modify ELumo and can improve efficiency when used
in conjunction with methods to prevent over-crystallization, but there are limited examples of

this methodology. Electron rich thiophene units have been used as linkers to form the PDI dimer
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such as 36 which has a raised ELumo of —3.57 eV which reached a maximum efficiency of
4.1%.%* 17 has been subjected to bromination and the 1,6 and 1,7-regioisomers were
subsequently cyanated to create a mixture of 35a and 35b.%® This was successful in lowering
ELumo to —4.56 eV. When paired with an electron donor with an ELumo of —4.14 eV a maximum

device efficiency of 1.40% could be obtained.*®

The application of PDI as an electron acceptor requires a method to prevent over-
crystallization as evidenced by the PCE’s shown in Tables 1.2 and 1.3. The use of bay
substitution to tune Ervo enabled higher device efficiencies, which indicates that synthetic
strategies which enable both methods is beneficial for the future development of PDI for OSC
applications.

1.3 Coating Techniques
1.3.1Film Deposition

There are many techniques capable of creating a high-quality film; however, solution
processing techniques typically offer a lower cost of deposition. Many solution processing
techniques are limited to thin film deposition, while others are incapable of depositing a thin
film. Some techniques are limited to small scale depositions, while others struggle to deposit
anything smaller than a few square centimeters. It is therefore essential to pick the right
deposition technique for the task. In this section, I will discuss the spin coating, thermal

evaporation, and blade coating techniques illustrated in Figure 1.8.

7

Spin Coating Thermal Evaporation Blade Coating

Figure 1.8 Illustration of spin coating, thermal evaporation, and blade coating techniques.
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Most solution deposited films are spin coated in research labs, yet the technique cannot
practically be scaled up. Spin coating is often used for the ease at which a high-quality thin film
can be deposited and how quickly substrates and ink formulations may be changed. Spin coating
involves the deposition of a solution onto a rigid substrate which is rapidly spinning. As the
solution is dropped (usually by pipette) onto the substrate, the centrifugal force wicks away
excess solution not adsorbed onto the substrate toward and off the edges leaving behind a high-
quality thin film. Unfortunately, this also makes the technique extremely wasteful as the excess
material is difficult to recover. It is possible to increase film thickness by reducing spin speeds
and increasing solution concentration but creating a film thicker than a micron is challenging. In
addition, there is also a considerable amount of skill required to consistently spin coat high-
quality films with minimal coating defects and the desired thickness. As a result, lab-to-lab
variability leads to challenges when reproducing spin coating work. Spin coating is less
industrially relevant but remains important when testing formulations in a research setting. The
different techniques used in these two settings increases the time it takes to transition from one

setting to another.

Both research labs and industry use thermal evaporation to prepare high-quality thin
films. This technique involves the heating of a solid material while simultaneously subjecting it
to high vacuum conditions. During the heating process the material usually melts (although
sublimation may also occur) and then evaporates spreading out in cone-like fashion in the
vacuum chamber and is deposited onto the considerably colder substrate. Higher quality films
are usually obtained through slow thermal evaporation, but this is not always practical. An
advantage of this process is that it is usually automated, thus reducing lab-to-lab variability. The
process also has several disadvantages such as material waste, high energy cost, and limited
scope of deposition materials due to the need for thermal stability. Where possible, this technique

should be replaced with solution processing techniques such as blade coating.

Blade coating is a coating technique capable of rapidly depositing thick films and can be
entirely automated. This technique involves the movement of a rigid or flexible substrate
(although the blade can also be moved) at a fixed rate called the web speed. The blade is kept at
a fixed distance from the substrate called the gap height. When a solution is deposited in front of
the blade, the thickness of the wet film is equal to the gap height with excess solution contained
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by a bar on either side. The solution spreads out across the length of the coating blade. The dry
film thickness is therefore a function of the gap height, dry film density, and concentration. This
technique benefits from the ability to rapidly change ink formulations like spin coating with the
added benefit of scalability. The key disadvantages arise due to the turbulent flow of solution
during the coating process. Turbulent flow results in a variation in the wet film thickness, which
becomes more significant when coating thinner films (below 1 pum). Turbulent flow also makes
the deposition process quite susceptible to dust and precipitation of solids which can lead to low
reproducibility and/or coating defects. For example, streaking occurs when a particle becomes
trapped between the blade and the film (or more commonly, stuck to the blade), resulting in
regions of lower thickness. Coating defects such as this can lead to cracks and pinholes which
are often problematic in optoelectronic devices. The workaround is to work with highly viscous
solutions or pastes and produce thick films where defects are less likely to impact device
performance. For this reason, blade coating is great for developing ink formulations which can

be used for slot-die coating.

1.3.2Slot-die Coating

Slot-die coating is a technique frequently used for large scale manufacturing and is
slowly becoming more prevalent in research settings. Disadvantages of slot-die coating include
the time required to change ink formulations, instrument cost, and difficulties in establishing a
stable meniscus; however, once past these initial barriers, this technique offers many advantages
such as continuous coating, reproducible film deposition, high film quality, and control over film
thickness. In this section, I will describe the slot-die coating process, the theory behind slot-die
coating, and the major advantages of slot-die coating which make this technique the much-

needed bridge between research and manufacturing.

A key advantage of slot-die coating over other scalable solution deposition techniques is
the controlled flow of the solution onto the substrate. An illustration of the slot-die head and the
coating process is shown in Figure 1.9. The solution enters through the inlet shown in Figure 1.9
and begins to fill the manifold. Constant flow can be achieved by adjusting the angle of the
manifold, solution viscosity, and the flow rate. Once adjusted for a given ink formulation,
constant flow is achieved and directed through a shim of known thickness and out of the slot-die

head. A meniscus guide may be used to control the coating width. Like blade coating, the
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distance between the meniscus guide and the substrate is the gap height. The flow of solution out
of the slot-die head is shown in Figure 1.9. Unlike blade coating, the wet film thickness is
determined by the pre-metered flow rate as opposed to the gap height. It is therefore essential to
maintain a stable meniscus to achieve high quality defect-free films.

Premetered Ink Flow

Manifold Inlet

Slot-die Head v

Shim width
Meniscus contactso )

Substrate !

Meniscus Meniscus guide

Moving Web

Moving Web

Figure 1.9 Illustration of a slot-die coater.

Formation of a stable meniscus for a given ink formulation is difficult, requiring
adjustment of the gap height, flow rate, temperature (to tune viscosity), and web speed. The
meniscus can be thought of as two components: the upstream meniscus and the downstream
meniscus, both of which must be stable to prevent coating defects. The range of coating
conditions that lead to the formation of a stable meniscus make up what is known as the slot-die
coating window. If the top contact of the upstream meniscus breaks down due to an excessive
pressure gradient relative to the shear force, then the coater behaves like a blade coater without
the side bars resulting in an ill-defined coating edge and variation in the wet film thickness due
to turbulent flow. If the bottom contact of the upstream meniscus breaks down due to excessive
shear force in relation to the pressure gradient then the meniscus will recede toward the meniscus
guide causing the coating width to decrease along with the introduction of air bubbles within the
film. The bottom contact of the downstream meniscus is intentionally broken to enable film
deposition as illustrated in Figure 1.9. The top contact is primarily stabilized by the pressure
gradient, while the shear force is felt most strongly where the bottom contact breaks down to
deposit the film. If the gap height is increased, the center of the meniscus recedes toward the
slot-die exit due to the reduced pressure gradient and shear stress in this region. If the
downstream meniscus breaks down, then bubbles begin to enter the film. An illustration of the
three contact points which must remain stable during coating is illustrated in Figure 1.9. The

slot-die coating window puts limitations on the thickness that can be achieved. In practice,
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locating the slot-die coating window is achieved through experimentation and requires an
iterative approach of observing the presence of a slot-die coating defect, adjusting a coating

parameter, and then coating again until a defect-free film is achieved.

Slot-die coating is a pre-metered technique, meaning that only the dead volume within
the system is wasted. The wet film thickness is known based on the flow rate of the ink, the web
speed, and the shim width as shown in Equation 1.9.

0 QWQUBEA 0 Q& O Equation 1.9

The dry film thickness can be estimated based on the concentration of the solution, the calculated

wet film thickness, and the predicted density of the deposited film as shown in Equation 1.10.

Qi QB0 Qe Equation 1.10

Provided the conditions are within the slot-die coating window, the film thickness can effectively
be set without repetitive experimentation. By maintaining the wet film thickness, the shim width
can readily be increased with little impact on film quality making this technique easy to scale.
This technique can also be used to create striped patterns defined by the shim and meniscus
guide. Most slot-die coaters also have a built-in heating system for both the slot-die head and the
syringe pump which heat the solution during deposition. This allows higher concentrations to be

used while also providing an instrumental handle on viscosity.

To summarize, slot-die coating can achieve high quality films of varying thickness with
limited barriers to scalability for nearly any stable ink composition. Slot-die coating is ill-suited
for the development of novel ink formulations due to the additional time required to change ink
formulations and the need to locate the slot-die coating window for each one in order to achieve
the high-quality films. Slot-die coating is entirely automatable and accurate reporting of the slot-
die coating parameters enables a high degree of reproducibility not seen for techniques such as
spin coating. The constant flow across the coating width offers improved control over film
thickness compared to techniques such as blade coating, while still maintaining minimal waste

and cost/energy efficient deposition.
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1.4 X-Ray Detectors
1.4.1Principle of Operation

Direct conversion X-ray detectors operate through the generation of charge carriers by
light, followed by the extraction of those charge carriers using a strong applied bias. In this
section I will discuss the nature of the X-ray source, the design of X-ray detectors, and key

figures of merit to evaluate their performance.

An X-ray source is characterized by the energy of the photons emitted and the dose rate,
which is dependent on the applied current, distance to the detector, and filters used. The X-ray
energy is critical to device performance since it determines the penetration depth. The maximum
energy of emitted X-rays is determined by the peak kilovoltage (kVp) applied to the X-ray tube
as shown in Figure 1.10. The three most used peak voltages are: 30 kVp, for mammography
(breast cancer screening); 70 kVp, for an oral exam (dentistry); and 100 kVp, for general
radiography (chest X-ray). The current applied to the X-ray detector determines the number of
electrons which are liberated at the cathode; a portion of those electrons strike the rotating anode
resulting in the formation of X-rays. Those X-rays are emitted in a cone directed toward the X-
ray detector. In the absence of collimation, the distance from the X-ray source to the detector can
have a large impact on the dose rate. Lastly, the dose rate can be modified using filters such as a
sheet of aluminium, which lowers the number of X-rays which reach the detector and modifies

the average X-ray energy.
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Figure 1.10 Hlustration of an X-ray tube.
This research was originally published in INMT. Seibert, J. X-Ray Imaging Physics for Nuclear Medicine
Technologists. Part 1: Basic Principles of X-Ray Production.*® © SNMMI with permission from the author.

X-ray detectors are designed based on the photoconductor used. Based on the ionization
energy and electron affinity of the selected photoconductor, blocking layers are used to
selectively reduce the dark current density. The device architecture of a typical lab prototype
version of an X-ray detector is shown in Figure 1.11. As seen in Figure 1.11, a layer-by-layer
structure is commonly used with an electron and/or hole blocking layer between the
semiconductor and the electrodes. An electron blocking layer must have an electron affinity
lower than the X-ray absorbing semiconductor. The electron blocking layer may also act as a
hole transport material if the ionization energy is less than the photoconductor. A hole blocking
layer must have an ionization energy greater than the X-ray absorbing semiconductor and can
also act as an electron transport material if the electron affinity is greater than the
photoconductor. The main role of blocking layers in an X-ray detector is to reduce the dark

current; this will be discussed in greater detail in Section 1.4.2.
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Figure 1.11 Standard device architecture for a lab prototype X-ray detector.

The key figures of merit for X-ray detectors are sensitivity (S), Ja, contrast, charge carrier
mobility life-time product (uz), and resolution. The sensitivity of an X-ray detector is a measure
of the number of charges generated in relation to the X-ray dose. Increasing the applied bias will
increase the sensitivity, but it will also increase the dark current. The dark current of an X-ray
detector cannot exceed 100 pA cm 2 due to pixel saturation and loss of contrast. Michelson

Contrast (Equation 1.11) is commonly used for X-ray image processing.*®
0EeE0ii 6— Equation 1.11

Here Jmax and Jmin refer to the maximum and minimum luminance, respectively. In the context of
X-ray detectors, Jmax is limited by S and Jmin is limited by Jq. Therefore, increasing S or
decreasing J¢ improves image contrast. Since S and Jq both increase with the applied bias, the
relative change of these two values must be considered. The charge carrier mobility lifetime
product (u7) is a measure of how far charge carriers drift before becoming trapped (a high trap
concentration leads to a low uz). A larger uz value indicates that charge carriers can be readily

extracted using a smaller applied bias.
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1.4.2Device Physics

X-ray detectors generate current by the absorption of light, the transport of charge
carriers, and the extraction of those charge carriers at the corresponding electrodes. In this
section, | will describe flat panel X-ray detectors, the calculation of X-ray sensitivity, estimation
of the charge carrier mobility using the Hecht equation, and how blocking layers affect charge

collection.

X-ray detectors can be divided into two types: direct conversion X-ray detectors and
indirect X-ray detectors (scintillators). Indirect X-ray detectors use two semiconductors; one
absorbs X-rays and emits visible light (scintillator), which is then absorbed by the second
semiconductor (usually silicon). This thesis is focused on direct conversion X-ray detectors
employing a single photoconductor to absorb X-rays. X-ray absorption is typically achieved
using high atomic number elements due to the increased X-ray absorption cross-section, which

can be approximated using Equation 1.12 (ignores absorption edges).
| — Equation 1.12

Here Z is the atomic number, p is the density of the material, E is the X-ray energy, and M is the
atomic mass of the element. The sensitivity (S) of an X-ray detector is a measure of how much

current is generated at a given X-ray dose and energy as shown in Equation 1.13.

Y600 oA Equation 1.13

Sensitivity values can be obtained by taking the slope of charge generated with respect to the X-
ray dose. The sensitivity is therefore also dependent on the X-ray energy and applied bias.
Although exciton splitting is favourable in most X-ray photoconductors, a bias must be applied
to extract those charge carriers. The number of charge carriers collected will increase as a
function of voltage until eventually it reaches a plateau where nearly all charge carriers are
extracted. This dependence can be described by the modified Hecht equation, and fits to the
Hecht equation can provide information about the charge carrier mobility lifetime product within

the photoconductor as shown in Equation 1.14.
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o6 — p Qwn — Equation 1.14

Here O is a constant and x is the thickness of the film. A large u value indicates that charge
carriers are easily extracted from the film and indicates a low number of trap states within the

film. A large ut value improves contrast by increasing sensitivity.

Dark current is affected by field injection, uz, Eg, and ionic conductivity. Field injection
at the semiconductor metal interface can lead to large increases in the dark current due to
Fowler-Nordheim tunneling.*”%® This can be mitigated by forming a Schottky barrier, although
this also affects the photocurrent. More commonly, blocking layers are used to selectively block
electrons or holes at a given interface to improve overall contrast. A large pt value decreases the
time to empty filled trap states, thus improving the dark current relaxation time (“lag”).
Increasing Eg decreases the number of thermally generated charge carriers, but also decreases the
number of photogenerated charge carriers. lon conductivity is undesirable in X-ray
photoconductors due to the increasing movement of ions with an applied bias and the resulting
formation of semiconductor defects. Strategies to prevent this are linked to the X-ray

photoconductor being employed.

1.4.3X-ray Photoonductors

While material selection for solar cells is geared toward visible light absorption, here |
discuss the design of X-ray photoconductors for application in direct conversion X-ray detectors.
Among them, amorphous selenium has attracted considerable use owing to its low dark current
density and high sensitivity. In this section | will introduce commonly used X-ray
photoconductors and their properties, the current status of amorphous selenium X-ray detectors,

and highlight key challenges in material selection for application in X-ray detectors.

Amorphous selenium is an established X-ray photoconductor due to its desirable band
gap, established fabrication conditions, and charge transport properties; materials with similar
properties such as lead halide perovskites and cadmium telluride have more recently been
investigated for these applications as well.**° The X-ray absorption characteristics of
amorphous selenium, lead halide perovskites, silicon, and cadmium telluride are shown in Figure
1.12. It can be seen here that except for silicon, all materials are capable of attenuating incident

35 keV X-rays using a 200-micron thick film or less. Silicon, while highly useful in common
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electronics, simply does not absorb X-rays well enough for this application. At present,
amorphous selenium (a-Se) is the most widely employed material used for X-ray absorption in

breast cancer screening.
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Figure 1.12 X-ray absorption of X-ray photoconductors (a) as a function of energy and (b) as a

function of film thickness at 35 keV.
Reprinted with permission from Phys. status solidi — Rapid Res. Lett., 2019, 13, 1900094.%° Copyright © 2019, John
Wiley and Sons

Amorphous selenium is widely employed in breast cancer screening due to the
established deposition conditions which lead to high film uniformity over large areas (>30 cm?),
ability to coat thick films (= 200 pum), low dark current density (10 pA cm™2 at —10 V um™?),%
and high uz product (up to 2 x 10~° cm? V2 for holes).>® Other materials such as Pbl, have thus
far lacked the ability to form large uniform films with similar electronic properties.*® a-Se has
been further developed by sequential deposition of a thin n-type layer followed by a thick a-Se
layer to effectively lower the dark current.®! Further developments have primarily focused on the
design of interlayers to better extract charges and suppress dark current.>? The development of
this X-ray photoconductor has led to highly successful application in breast cancer screening
where lower X-ray energies are used. Unfortunately, the low atomic number of this material

means that thicker layers are needed at higher energy, presenting barriers to application.

Despite the successful application of amorphous selenium for breast cancer screening,
several challenges exist surrounding its application. a-Se films can be prepared by thermal
evaporation, which as mentioned in Section 1.3.1 produces high quality films, but is expensive,

slow, and energy intensive. a-Se is also highly toxic and films must be disposed of with care to
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prevent environmental contamination or human exposure. In addition, large fields must be
applied to effectively extract charge carriers from these films which can lead to increased cost of
production. Compared to Pb-based X-ray photoconductors, a-Se also has relatively low X-ray
attenuation. Furthermore, little can be done to modify the existing properties of amorphous
selenium outside of the use of dopants and device interlayers, which limits future development of
these devices. For these reasons, new solution processible materials with tunable optoelectronic
properties are ideal as they leave room for future development while also reducing cost of
production.

In this section | have discussed the ideal properties of an X-ray photoconductor.
Compared to other optoelectronic applications, X-ray photoconductors specifically require a high
stopping power, established methods to deposit a thick film over a large area, and low dark
current densities. Amorphous selenium has thus far proven itself to be the best commercialized
candidate for breast cancer screening; ongoing efforts are being made to improve contrast by
increasing sensitivity and decreasing the dark current. Lead halide perovskites have recently
been investigated as a potential replacement for a-Se in this application owing to their higher

atomic number and solution processability.

1.4.41LeadHalide Perovskite

Lead halide perovskites (APbX3) are a class of semiconductors commonly used in
optoelectronic devices due to their high charge carrier mobility, tunable band gap, and solution
processability. Due to the impressive performance of methylammonium lead halide perovskites
(MAPDX3) in solar cells, significant work has been done to study the properties of these
materials. Unfortunately, these materials suffer from stability problems,* which has thus far
limited their application. In this section | will introduce lead halide perovskites and discuss the
applications and challenges of MAPbX3 perovskites, with an emphasis on methylammonium
lead iodide (MAPbDI5).

MAPDX3 perovskites are an established class of materials well-known for their solution
processability and suitable bandgap within the visible region. MAPDI3 can be prepared by the
reaction of CHsNHzl and Pbl, to form either the cubic phase (T > 57°C) or the tetragonal phase
(57°C > T > —110°C).>** These two phases are shown in Figure 1.13. The optical bandgap of

both phases is quite similar at ~1.6 eV,>® and can be increased by replacing | with Br.>® The
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suitability of MAPbI3 for optoelectronics is evidenced by its single crystalline performance in
solar cells with a PCE reaching 21.9%,%" with advanced compositions reaching 25.2%.%8 Despite
this high performance, the key challenge of stabilizing lead halide perovskites remains a major

challenge.

Figure 1.13 The cubic (a) and tetragonal (b) phases of MAPbIs. Crystal structures have been

reported previously.*® Images were generated using Vesta.®°

The application of lead halide perovskites in optoelectronics has thus far been limited by
moisture sensitivity, ion migration, and thermal instability.®*-6 Water has been shown to
facilitate the degradation of MAPDIs through monohydrate formation, MAPblzeH-O, before
degrading to form Pbl, and other species upon further hydration.>*%* The presence of water
within the film is also known to aid ion migration which is particularly problematic due to the
reaction of iodide with Ag electrodes.®>%® Substituting | with Br has been shown to improve
stability,® partially due to the adoption of a cubic phase.%® Alternatively, device encapsulation
can be used to protect devices from moisture which leads to improved stability, particularly

when the electrodes are also sealed.%°

In this section | discussed the suitability of lead halide perovskites for application in
optoelectronic devices, particularly solar cells. The considerable work done in this area has
identified several challenges surrounding device stability, which have been addressed using
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strategies to stabilize and protect the perovskite films. Aside from the visible light absorbing

properties of lead halide perovskites, these materials have also been used to absorb X-rays.

1.4.5Perovskite Xray Detectors

Perovskite X-ray detectors are excellent candidates for replacing amorphous selenium X-
ray detectors due to their high X-ray absorption coefficient, solution processability, high charge
carrier mobility, and tunable optical properties.”® In the past five years, significant work has
led to the realization of sensitivities reaching 1.22 x 10° uC Gyair * cm 2,2 but the real challenge
is reducing the dark current below the threshold of 100 pA cm™2 which is required for
commercial application.® In this section | will provide a brief review of the merits and key areas

for the improvement of lead halide perovskite X-ray detectors.

Current efforts to develop lead halide perovskites for X-ray detection are focused on
surpassing the performance of a-Se. To achieve this, the dark current must be lower, the
sensitivity and pz product greater, the devices must be stable under ambient conditions, and the
deposition process must be scalable.”®’* There have been several reports on the use of lead free
perovskite X-ray detectors’>~"" and the study of lead halide perovskite X-ray detectors
characterized using X-rays below what is used in medical imaging (<30 kVp).*®"881 Here I will
focus on the development of lead halide perovskites for medical imaging. The first successful
image acquired using lead halide perovskite to absorb medically relevant X-rays was achieved
by Kim et al. who used doctor blade coating to deposit a large area MAPbI3 layer onto a thin film
transistor (TFT) substrate to generate the X-ray image shown in Figure 1.14.82 This sparked
widespread interest in the application of lead halide perovskites for medical applications.®? The
majority of experiments are conducted using an unpixellated prototype device due to their ease
of fabrication. A summary of the performance of MAPbX3 based X-ray detectors is shown in
Table 1.4. At an applied field of —0.24 V/ um™, the unpixellated version of the X-ray detector
shown in Figure 1.14 demonstrated a dark current of 100 nA cm2 and a sensitivity of 11
1C Gyair *cm™2 at 100 kVp. Higher sensitivities of 80 pC Gyair * cm~2 were achieved using a
MAPDBT; single crystal at an applied bias of —0.05 mV pm™* with an X-ray energy of 50 kVp.
Direct comparison cannot be made between these two works because the X-ray energy and
applied field are not identical. | can however infer trends based upon relationships described
earlier in this section which show that dark current and sensitivity increase with the applied bias
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and the sensitivity typically decreases with increasing X-ray energy due to the increased
penetration depth of X-rays. For example, in Table 1.4 the Au/MAPbBr3(single
crystal)/Cso/Bathocuproine (BCP)/Au or Ag architecture® has a lower dark current density and
higher sensitivity than the ITO/polyimide-MAPbIs/MAPbIz(doctor blade)/polyimide-
MAPDBr3/ITO architecture,® but it was also measured at half the X-ray energy (thus higher
sensitivity) and a lower applied field (lower dark current density). This suggests that the
performance of the two architectures is comparable, except that the piz product for the MAPbBr3
single crystal is higher. Further improvements were made using MAPDbBr3 single crystals by
incorporating them into a Si/MAPbBrs(single crystal)/Cso/BCP/Au architecture.®* The authors
show that the sensitivity of these devices could be increased to 322 uC Gyair * cm= by
increasing the field to —0.5 mV um™ and the dark current was effectively suppressed in the new
architecture.®* These subtle changes in device architecture®®® made a significant impact on the
dark current density and demonstrate the importance of device interlayers in X-ray detectors. The
change in pz product was attributed to the different measurement techniques employed as
opposed to a difference in film quality.®384 More recently, Au/CsPbBrs(hot pressed
crystals)/FTO architectures have been employed with sensitivities reaching 5.57 x 10*

uC Gyair cm™2 at 50 kVp.8® The high sensitivity is accompanied by a high dark current of 5 pA
cm™2, but with a pz product of 1.32 x 1072 cm? V! which is on par with MAPbBr3 single
crystals. Architectures containing advanced compositions such as
ITO/NiOx/Cso.1(FA0.83MA0.17)0.9Pb(Bro.1710.83)3[inkjet printed]/Ceo/BCP/Au (abbreviated in Table
1.4) have been deposited by inkjet printing with sensitivities reaching 59.9 uC Gyair * cm2 at 70
kVp.8 The higher sensitivity was also accompanied by a high dark current of 1 pA cm™2 with a
comparably low pr product for this inkjet printed composition. Further development led to high
sensitivities of 1.22 x 10° uC Gyair * cm™2, but also featured a correspondingly high dark current.
This appears to be a general trend.”287-% In light of these developments, the clear problem which

exists amongst all lead halide perovskite X-ray detectors is the high dark current.
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Figure 1.14 Image of a hand phantom generated using a MAPbIz X-ray detector.
Reprinted with permission from Nature, 2017, 550, 87-91.82 Copyright © 2017, Springer Nature.

Table 1.4 Lead halide perovskite X-ray detectors for medical applications (30-100 kVp).

Dark
Lead halide perovskite preparation o
) Current Sensitivity Vis
Architecture )
_ _ Density | (uC Gyair tcm™) | (cm?VY)
Field applied
(Acm?)
Doctor blade coated MAPbI3®
ITO/PI-MAPDbIs/MAPDI3/PI-MAPbBr3/ITO 1x107 11 (100 kVp) 1x1074
—0.24 V/pm
MAPDBI; single crystal®®
AUu/MAPDBr3/Ceo/BCP/Au or Ag 29x%x10°8 80 (50 kVp) 1x1072
—0.05 mV/pm
MAPDBI; single crystal®*
Si/MAPDbBI3/Ceo/BCP/Au 23x10°8 322 (50 kVp) 4x10°3
—0.5 mV/pum

* Indicates the X-ray source was monochromatic synchrotron source
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Table 1.4 continued.

Lead halide perovskite preparation
Architecture

Field applied

Hot pressed CsPbBrs crystals®

Dark
Current
Density

(Acm™)

Sensitivity Uz

(uC Gyair tem™@) | (cm?V™Y)

Au/CsPbBrs/FTO
=5 V/um

~5x10°°

5.57 x 10* (50

1x1072
kVp)

Printed Cso.1(FA083MAg.17)0.9Pb(Bro.1710.83)3*
ITO/NiOy/(see above)/Cso/BCP/Au
—0.03 V/um
Pressed MAPDI3 crystals®’

~1 x10°°

59.9 (70kVp) | 2x10°

ITO/PEDOT:PSS/MAPDI3/PCs1BM/ZnO/Ag
=2 V/um

6x10°°

2527 (T0kVp) | 2x 107

MAPDBI; single crystal®®
Au/poly-TBD/MAPbBI3/Ce/PCBM/Ag
—150 V/um

2x10°%8

23.6 (30 keV)*

MAPDBI; single crystal®®
Au/MAPDBrs/Au
—0.83 mV/pm

~1x 1077

259.9 (39 keV)* | 4x 1072

MAPDI; pellet from shake, press, and bake’
Au/MAPDIs/PCBM/Au
=77 mV/pm

~3x107°

1.22 x 10° (40

4x10
kVp)

Spin coated MAPDbI,CI®!
ITO/PEDOT:PSS/MAPLI.CI/PCBM/AI

Not reported

* Indicates the X-ray source was monochromatic synchrotron source

To further improve the performance of lead halide perovskite X-ray detectors the dark

current must be significantly reduced. The selection of transport layers used are shown in Table

1.4 which all bear resemblance to those used in the perovskite solar cell literature. From Table
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1.4 it can be seen that the challenge of increasing sensitivity compared to a-Se has been
addressed, but what is really needed is a significant reduction in the dark current density so as
not to saturate the pixels within a TFT array. In theory, these TFT arrays could be designed to
accommodate this by increasing the capacitance but would still possess poor resolution due to
the high dark current density. Recall from Section 1.4, the design principles for an X-ray detector
are significantly different than solar cells. In particular, the primary role of interlayers in an X-
ray detector is to lower the dark current as opposed to facilitate charge carrier extraction or
modify the Fermi energy of electrode contacts as this can simply be achieved by increasing the
applied bias. The importance of these interlayers is demonstrated by a simply switching the hole
transport layer from PEDOT:PSS to NiOx as shown in Table 1.4. Although the NiOx electron
blocking layer was only 20 nm thick, the dark current was reduced by more than half indicating
the strong dependence of dark current on the selection of interlayer.® It is therefore essential for
future developments to focus on the use of interlayers to suppress the dark current within
MAPbX3 X-ray detectors. In addition, most of the reports published to date focus on single
crystals, which do not benefit from the continuous coating techniques described in Section 1.3.
For these reasons, the development of scalable coating conditions of lead halide perovskites with

interlayers designed for X-ray detector application are imperative for future development.

In this section | have provided a review of lead halide perovskites used in X-ray detectors
for medical imaging. This relatively new field has seen a variety of lead halide perovskites
employed to reach sensitivities well beyond those achieved for a-Se. It is evident from the

literature that the sensitivities are excellent, but the dark current needs to be drastically reduced.

1.5 Thesis Objectiveand Overview

This thesis is focused on the development of organic and inorganic semiconductors and
their application in optoelectronic devices. A common theme is the use of perylene diimide
which is used as an electron acceptor in Chapter 2 and a hole blocking layer in Chapter 3. In both
applications, these devices are designed to absorb light and extract charge carriers. The utility of
perylene diimide is displayed in these applications which demonstrate that it can be used as both
a sensitizing material and a hole blocking layer. The development of lead halide perovskite X-

ray detectors employing a PDI blocking layer has shown significant promise for real world
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application and this thesis concludes by describing where my project ends and where a new

student could begin.

1.5.1Lowering the LUMO Energy of PDI Acceptors WhlPreventing Overcrystallization in
the Bulk Heterojunction

In Chapter 2, | describe my work on the synthesis of imide-linked perylene diimide
dimers bearing nitrile functional groups for application as electron acceptors in organic solar
cells. The goal was to improve the device efficiency of solar cells employing high electron
affinity electron donors. This involved the synthesis of a perylene diimide electron acceptor with
a higher electron affinity that would also prevent over-crystallization when paired with a high
electron affinity donor. Perylene synthesis is typically focused on either preventing over-
crystallization or lowering ELumo, due to the competition for synthetic space in the bay region. |
address both issues by linking two acceptors through the imide region, leaving the 1,7-bay

positions available for nitrile functionalization.

The cyanation of 1,7-dibromo perylene diimide is known to produce an inseparable
mixture of the 1,6 and 1,7-dicyano regioisomers, this has the potential to hinder solar cell
performance because of the impurity. Given that the 1,7-dicyano regioisomer was the major
product, | developed a synthetic route which prevented the formation of the 1,6-dicyano

regioisomer, allowing me to isolate the 1,7-dicyano regioisomer.

| demonstrate that the imide linkage strategy was successful in preventing over-
crystallization with a well-known electron donor based on the film morphology and device
characteristics. | show that nitrile groups had the intended effect on ELumo based on trends seen
in differential pulse voltammetry and optical spectroscopy. Device performance was evaluated
by pairing both high and low electron affinity donors with the imide-linked perylene diimide

dimers.

1.5.2Suppression of Dark Current in Xay Detectors

In Chapter 3, I describe my work on the development of MAPbIs based X-ray detectors
for breast cancer screening (30 kVp) prepared almost entirely by slot-die coating. The first goal
was to prepare a 100 um thick MAPDI3 film and characterize the film properties. The next step

was to fabricate a complete X-ray detector with an X-ray photocurrent which can be
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distinguished from the dark current (J > 3Jq). Once a working device architecture was
established, the next challenge was to improve contrast. | demonstrate that perylene diimide can
be slot-die coated on top of MAPDIs to serve as a hole blocking layer to suppress dark current.
The devices needed to be stable under ambient conditions, thus a method to slot-die coat an
encapsulant was needed. The long-term goal is to derive a device architecture which may be

scaled up to fabricate a multipixel X-ray detector capable of capturing an X-ray image.

1.6 Statement of Ceauthorship

I would like to thank numerous experts who contributed to the work described in this
thesis. Chase Radford prepared the Bis-il-3T. Ken Toms performed the mass spectrometry
experiments. Dr. Yunlong Li developed the original 4 M MAPbIs ink formulation. I adjusted this
formula as | developed it for the preparation of slot-die coated films. Emmanuel Adeagbo set up
the X-ray detector test station described in Section 5.5. Acquiring the raw MAPDbIz X-ray
detector response and modifying the setup to minimize air ionization was a joint effort.
Emmanuel fit the data to extract uz values. | processed the rest of the data. Nicole Boyle built the
vacuum chamber with electrical feedthroughs. We worked together to test an unencapsulated
device using this experimental setup as noted in Section 3.2.4. Dr. Anastasiia Mischenko
(Analogic Canada) tested the multipixel X-ray detector. Dr. Amy Stevens and Dr. George Belev
acquired the time-correlated single-photon counting (TCSPC) data. Amy fit the TCSPC data to
extract the photoluminescence lifetime values as described in Section 5.6. | performed all other

experimental work and analysis.
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Chapter 2 - Perylene Diimide Solar Cells!

2.1Introduction

PDI is an established electron acceptor owing to its high extinction coefficient in the
visible region, low E_umo, and the low cost of PDI starting materials.®'%°2 The majority of the
work published to date has been focused on the disruption of intermolecular - interactions
which can lead to over-crystallization in the bulk heterojunction. The use of this strategy alone
has led to device efficiencies reaching 9.13%.%! While effective, this strategy offers little
flexibility as the readily modified bay region is no longer available for modification of the Ermo.
At a glance, one could say that this strategy is justified based on the fact that efforts to modify
Ermo alone have only led to device efficiencies of 3.07%.%° However, as discussed in Section
1.2, the combination of these two strategies has proven the most effective method with device
efficiencies reaching 10.37%.%? Here | will introduce the benefits of linking two PDI units
together through the imide region which leaves the bay region open for further modification of

Ermo.

Imide linkage can be an effective strategy to prevent over-crystallization of PDI in the
bulk heterojunction. As discussed in Section 1.2.3, imide linkage alone can lead to device
efficiencies reaching 7.25%.2° The main advantage of this strategy is that it leaves the bay region
available for further modification of Ermo. In Section 1.2.4 | provided two examples in which
bay linkage could be used in conjunction with bay functionalization to modify the Ermo as
demonstrated by acceptors 34 and 35. The performance of the dimer 34 is compared with the
performance of the monomer 30 where a clear increase in device performance is seen upon
dimerization. Unfortunately, | cannot directly compare the performance of 35 with the
performance of 31 because these devices were prepared by different groups and 31 was paired
with 37 which has a poorly suited ELuwmo for this acceptor. In addition, 35 exists as two
regioisomers 35a and 35b, which could not be isolated, making it difficult to say if the 1.4%
device efficiency achieved is representative of what the isolated regioisomers could achieve. The
presence of a significant impurity which is well-known to be inseparable by chromatography or

repetitive recrystallization leaves many unanswered questions. Despite these challenges, the

! Most of the results described in Chapter 2 are also published (ACS Omega, 2020, 5, 16547-16555).
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performance of the regioisomeric mixture 35 outperformed the top performing acceptor 16 when
paired with the low E_umo donor 38.% It is clear from this example that there is significant

potential for these acceptors, particularly with low ELumo donors.

To date, the use of the imide linkage strategy in conjunction with bay modification to
optimize Ermo is an underdeveloped area of research with the potential to produce rapid
advancements in the design and performance of PDI acceptors. In this chapter, | evaluate the use
of nitrile substitution to lower ELumo while linking two PDI units together by condensation with
m-xylylene diamine. The dimerization strategy should effectively prevent over-crystallization,
leading to smaller domain sizes. Nitrile substitution should lower Ermo to enable charge transfer
from low ELumo donors, such as bis-il-3T, which was recently been reported by Randell et al.%
As mentioned previously, cyanation of PDI is known to produce a mixture of the 1,7 and 1,6-
dicyano regioisomers, which has left uncertainty surrounding how the individual regioisomers
may perform in OSCs. The 1,7 regioisomer was isolated, such that its properties could be studied
independently. To evaluate the effectiveness of the dimerization and nitrile substitution
strategies, a series of acceptors were prepared (40 to 43, as shown in Figure 2.1), to determine

the impact each modification has on the optoelectronic properties and overall OSC efficiency.

CgHy7

C10Hz1

CBH17

41 43

Figure 2.1 Structures of PDI acceptors 40 to 43 to be used as PDI acceptors in this chapter.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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2.1.1Synthesis

The synthesis of 43 was achieved in 7 steps as shown in Scheme 2.1 with experimental
details described in Section 5.7. The inexpensive and commercially available dianhydride
building block 44 is first subjected to esterification in the presence of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) to form 45 which demonstrates increased solubility. 45 is
then subjected to bromination followed by repetitive recrystallization to isolate the 1,7-
regioisomer, 46, as previously described by Sengupta et al.%® I then worked on isolating the 1,7-
dicyano regioisomer (47, Figure 2.2) from the 1,6 regioisomer (47a). Past efforts have shown
that the Rosenmund-von Braun reaction results in the formation of a regioisomeric mixture of the
1,6 and 1,7 regioisomers;*® thus | avoided that methodology in favour of cyanation in the
presence of tris(dibenzylideneacetone)dipalladium(0) (Pdz(dba)s) as shown in Scheme 2.1.%
Unfortunately, this method also led to the formation of the 1,6 regioisomer as described in Table
2.1. Lowering the reaction temperature did improve the regioisomeric ratio, indicating that the
1,7-regioisomer was the Kinetic product. Further lowering the reaction temperature to ambient
(room temperature =23 °C) prevented the reaction from proceeding at all. The solution was to
exchange the source of palladium to Pd(PPhs)4 while adding an excess of PPhs. This slowed
down the reaction and specifically produced the 1,7-dicyano regioisomer, 47, as shown in

Scheme 2.1.%4
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47 described in this work
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Figure 2.2 Comparison of the *H NMR spectra of 47 and 47a.
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Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.**

https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Table 2.1 Temperature and catalyst dependence on selectivity for the 1,7 regioisomer, 47.

Catalyst, Solvent Temperature Time 1,6:1,7
Ligands Regioisomeric
ratio
Pdz(dba)z, DPPF | N,N-dimethylformamide 160°C 16 h 1:2
Pd>(dba)s, DPPF 1,4-dioxane 95°C 3 days 1:13
Pd2(dba)s, DPPF 1,4-dioxane rt 6 days Starting Material
Pd(PPhs)4, PPhs 1,4-dioxane Reflux 14 days Only 1,7
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Scheme 2.1 Synthetic route toward 43.

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.**
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

The regioisomerically pure tetraester, 47, was then subjected to the solubility-controlled
formation of the anhydride in the presence of p-toluene sulfonic acid monohydrate (p-
TsOHeH>0) to form 48. The monoanhydride, 48, was subjected to condensation with the
branched alkyl chain amine (54) to form 49. Since the amine (54) was not commercially
available, it was prepared by first subjecting the branched alkyl chain alcohol, 51, to the Appel
reaction to form the alkyl bromide, 52, as shown in Scheme 2.2. The alkyl bromide (52) was

subjected to the Gabriel synthesis, forming the phthalimide intermediate (53) and then the
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branched alkyl chain amine, 54, as shown in Scheme 2.2. From there, the removal of the
protecting ester groups of 49 was facilitated using the acid catalyst p-TsOHeH0O to form the
monoanhydride, 50. The dimer was then formed by linkage of two PDI units by condensation
with m-xylylenediamine to form the bay functionalized PDI dimer, 43.

(o]
CBr, O @
PPh, ©:‘<\(N « O CgHyy NyHao H0
C1oH24 — = CyoHy Y _)—C10H21 —_— C1oH24
CH,Cl, N MeOH
CoHlry OH 22 CgHyy Br —— > reflux 28 h CgHi7 NH,
r DMF o} 26%
94% 90 °C 2 days
93%
51 52 53 54

Scheme 2.2 Synthetic route toward 54 via the Appel reaction (52) followed by the Gabriel
synthesis (53, then 54).

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

The synthesis of the bay functionalized PDI monomer (41) and the unmodified PDI
dimer (42) is shown in Schemes 2.3 and 2.4. The unmodified PDI monomer, 40, was readily
prepared by condensation with the branched alkyl chain amine, 54, using the general methods
shown in Scheme 1.2. The bay functionalized monomer, 41, was prepared from the
regioisomerically pure tetraester, 47, by changing the solvent to toluene and allowing the
reaction to form the dianhydride intermediate as shown in Scheme 2.3. Unfortunately, the
dianhydride is insoluble in nearly all solvents and was subjected to condensation with the amine,
54, to form the bay functionalized PDI monomer, 41. The unmodified dimer, 42, was
synthesized using analogous conditions to the bay modified PDI dimer, 43, following literature
procedures to prepare monoanhydride monoamide precursor 55.2% This was used to prepare the
unmodified dimer, 42, by condensing with m-xylylenediamine (Scheme 2.4).
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Scheme 2.3 Synthetic route toward 41.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Scheme 2.4 Synthetic route toward 42.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

2.1.2Computational

The impact that imide linkage and nitrile substitution have on the steric and electronic
properties of 40 to 43 was investigated using density functional theory. Geometries were
optimized using the B3LYP functional and a 6-31G(d) basis set. Ermo was calculated as shown in
Table 2.2. The LUMO isosurfaces are shown in Figure 2.3. Alkyl chain length was truncated to
reduce the number of electrons and simplify calculations. In Table 2.2 | show that the
computational results predict the Ermo of the monomers to be the same as that of the dimers,

while nitrile substitution is expected to result in a pronounced decrease in both ELumo and
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Enomo. In Figure 2.3, a first glimpse into how nitrile substitution may play a role in preventing
over-crystallization is shown. The nitrile substituents are expected to induce a twist in the
aromatic core which will disrupt intermolecular n-n stacking interactions. Meanwhile the use of
the imide linkage to form a dimer results in a non-planar geometry where the two PDI units are
not only separate, but also twist out of plane from one another. Based on these computational
results, | expect that the imide linkage strategy should have a pronounced impact on the domain

size of PDI within the BHJ and that the combined strategy should have the greatest impact.

Table 2.2 Computationally derived frontier molecular orbital energy of 40 to 43.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

40 41 42 43
ELumo (eV) -3.5 —4.1 -3.5 —4.1
Erowmo (eV) —6.0 —6.6 —6.0 —6.6

(d)

Figure 2.3 Isosurfaces of the LUMO of (a) 40, (b) 41, (c) 42, and (d) 43.

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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2.1.3Optical Properties

The absorbance spectrum can give us information about the optical band gap allowing
complimentary donors to be selected for later OSC application. Looking at the absorption profile
in solution also gives us information about the intramolecular interactions which may occur
between PDI units within the dimers. In Figure 2.4 | show the absorption and emission spectra of
each acceptor in chloroform. It can be seen in Figure 2.4 that there are only subtle differences
between 40 to 43. Here, the 0-0 transition at <527 nm is the most intense in all cases, but
increased intensity of the 0-1 transition is seen for 42, which can be attributed to the lower
solubility of this acceptor. The higher order vibronic transitions (0-1 at 490 nm, 0-2 at 459 nm,
etc.) have decreasing intensity; this signature is characteristic of PDI units which are
electronically isolated, meaning that they are not coupling to one another. A summary of the
optical properties is shown in Table 2.3. A similar signature is seen for the corresponding
emission spectrum, with only a slight increase in the Stokes shift for the nitrile-substituted
acceptors. Those subtle differences contain useful information, particularly when comparing the
vibronic peak signature of 40 to 43. In the solid-state, no clear trend can be observed in terms of
the aggregation behaviour of the dimers or the nitrile-substituted acceptors as shown in Figure
2.5. Here it can be seen that there is increased intensity of the 0-1 transition in the solid state.
This behaviour is typical for PDI acceptors in the solid state due to the increased intermolecular

n-1 interactions.
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Figure 2.4 Absorption and emission profiles of PDI acceptors 40 to 43 in CHCls.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Table 2.3 Summary of the optical properties of 40 to 43.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.®*

https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Compound Amax € Eo-o0 Stokes Shift Stokes Shift
(nm) (Lmol'cm™) (eV) (nm) (cm™)
40 527 1.1 x 10° 2.34 6 214
41 525 6.4 x 104 2.33 10 356
42 529 1.3 x10° 2.33 6 212
43 526 1.5 x 10° 2.33 11 389
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Figure 2.5 Solid-state UV/vis spectra of 40 to 43. The discontinuity at 800 nm is attributed to

the wavelength changeover of the spectrometer.

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

2.1.4Electrochemical Proprties (Frontier Orbital Energy Estimation)

The electrochemical properties provide insight into how well these materials accept
electrons. | first performed cyclic and differential pulse voltammetry on 40 to 43, as shown in
Figures 2.6 and 2.7, respectively. From Figure 2.9, the quasi-reversible electrochemical
behaviour of 40 and 41 is seen, but the electrochemical behaviour of the dimers is more complex.
Here differential pulse voltammetry was better able to resolve the individual peaks, as shown in
Figure 2.7. For the monomers, there are two single electron reduction events.®”% As expected,
the bay modified monomer, 41, was more readily reduced (+0.3 V) compared to the unmodified
monomer, 40. The dimers 42 (low solubility) and 43 should have displayed two distinct
reduction peaks corresponding to two electron reductions each (eclipsed). Instead, the first peak

has clearly split into two, with an earlier onset being seen in each case.
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Figure 2.6 Cyclic voltammograms of 40 to 43 in CH.Cl, using a sweep rate of 50 mV s,

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
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Figure 2.7 Differential pulse voltammograms of 40 to 43 in CH2Cl using a pulse amplitude of

2.5mV.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.**
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

This unusual behaviour was recently reported by Samanta et al.,**% who performed light
absorption experiments while reducing the acceptors. They found that the earlier onset of
reduction was due to a conformational change in solution, which led to coupling of the two PDI
units and distribution of the negative charge over both acceptors. Here, similar behaviour can be
inferred based on their findings. An illustration of the predicted conformational change is shown

in Figure 2.8.
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Figure 2.8 Illustration of the conformational change of 43.

Using the E1» from Figure 2.7, it is possible to estimate the Ermo by using the
ferrocene/ferrocenium (Fc/Fc*) quasi-reference and assuming the exchange occurs at —4.8 V vs.
vacuum. A summary of the Ermo is shown in Plot 2.1, where the nitrile-substituted acceptors 41
and 43 clearly display lower Ervo. The reorientation of the PDI also results in a lower Ermo.
Here the EHomo was estimated based on UV/vis data to predict the energy gap (Eg,opt). Based on
the optical and electrochemical behaviour of 40 to 43, 23 was selected as a well-known donor
polymer for characterization purposes and 56 was selected as a the low ELumo donor polymer for
comparison.® In Plot 2.1, all the acceptors have an ELumo lower than the well-known donor, 23.
This made it the universal acceptor for 40 to 43 and well suited for characterization. The AELumo
between 23 and the nitrile functionalized PDI monomer (41) and dimer (43) leads to excessive
driving force, and these acceptors are expected to display a lower Voc with this donor, compared
to the low ELumo donor, 56. The low ELumo of donors such as 56 make it difficult to generate a
sufficiently large AELuwmo to facilitate charge transfer and separation. To demonstrate this, |
compared the OSC performance of this donor with a well-known fullerene (57) and non-
fullerene (58) acceptors (Figure 2.9), to the performance of PDI acceptors, 40 to 43.
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https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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57 58

Figure 2.9 Structures of the well-known electron donor 23, the low E_umo electron donor 56,

and the well-known electron acceptors 57 and 58.

2.1.5Device PerformancéJsing 23 as an Electron Donor

I will first describe the photovoltaic performance of 40 to 43 when paired with 23. The
optimization of the ITO/Zn0O/23:40 to 43/MoOs-x/Ag devices is shown in Table 2.4. Here it can
be seen that in all cases there is a clear trend of increasing performance with increased ratio of
the acceptor with respect to the donor. The donor to acceptor ratio (D/A) of 0.3:1 was selected as
a benchmark to determine if thermal, solvent, or high boiling point additives could increase
performance. The devices generally did not show improvement using these methods except for
41, which showed a small improvement when 0.5% diiodooctane (DIO) was used. A summary of
the optimized device characteristics is shown in Table 2.5. It can be seen in Table 2.5 that the Voc
is lower for the nitrile-substituted acceptors 41 and 43 with no discernable trend in the Vo for the
dimers. The drop in Vo for the bay modified PDI monomer (41) and dimer (43) base on the
AELumo with this donor (23). It is clear that the lower ELumo of the nitrile-substituted acceptors
41 and 43 was not necessary for electron transfer from 23 to the unsubstituted acceptors 40 and
42. The Js of the unmodified PDI dimer, 42, reached the highest value of 4.1 mA cm2, which
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was expected to be lower than the bay modified PDI dimer, 43, due to the decreased AELumo.

The corresponding J-V curves for these devices are shown in Figure 2.10.
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Table 2.4 Average PCEs (%) for ITO/ZnO/23:40 to 43/MoOs-x/Ag devices as a function of

donor/acceptor ratio and processing conditions. The uncertainties are + one standard deviation.

The values for champion cells are given in parentheses.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.**
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

40 41 42 43
1:0.6 0.22 £ 0.05 — — —
(0.26)
1:1 0.37 £ 0.05 0.0319 + 0.0005 0.38 £0.08 —
(0.44) (0.033) (0.55)
0.6:1 05+0.1 0.030 + 0.008 06+0.1 0.10+£0.01
(0.5) (0.035) (0.8) (0.12)
0.3:1 0.68 £ 0.07 0.12 £0.02 09+0.1 0.19 £ 0.009
(0.76) (0.13) (1.2) (0.205)
0.1:1 0.42 +0.04 0.18 +0.04 0 0.123 £ 0.006
(0.48) (0.22) (0.130)
Acceptor N/A 0 — —
Only
Benchmark?® 0.68 = 0.07 0.12 +0.02 09+0.1 0.191 + 0.009
(0.76) (0.13) (1.2) (0.205)
Thermal® 0.54 +0.03 0.03+0.01 0 0.12+0.01
(0.58) (0.04) (0.13)
CHCIs® 06+0.2 0.15+0.02 05+£0.2 0.062 £ 0.007
0.7 (0.16) 0.7 (0.073)
0.5% DIO¢ 05+0.1 0.183 + 0.007 08+0.1 0.14 +0.01
(0.5) (0.192) (1.0) (0.16)

3active layer coated as noted in the experimental; “films were thermally annealed at either 100
(41, 42, and 43) or 120 °C (40) for 30 min prior to MoOs-x and electrode deposition; “films were
solvent annealed in chloroform vapor for 2 min prior to MoOs— and electrode deposition; 90.5%
(v/v) DIO was added to the active layer solution prior to spin coating.

59


https://pubs.acs.org/doi/10.1021/acsomega.0c01217

Table 2.5 Average device parameters for optimized ITO/Zn0/23:40 to 43/Mo0Os-x/Ag devices.

The uncertainties are plus-or-minus one standard deviation. The values for champion cells are

given in parentheses. N represents the number of devices tested for a given condition.
Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*

https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Acceptor | N Voc Jse FF PCE R Rsh
(V) (mA/cm?) (%) (%) (Q cm?) (Q cm?)
40¢ 14| 08+0.1 |[207+0.07| 42+2 068+ | 60+£20 | 89080
(0.9) (2.20) (43) 0.07
(0.76)
41P 15| 030£0.07 | 1.8+£0.2 47 £3 026+ | 40+10 | 700 + 200
(0.32) (2.0) (50) 0.04
(0.31)
42¢ 16 | 0.63+0.03 | 3.7+03 39+4 09+ | 50+11 | 370+70
(0.67) (4.1) (47) 0.1
(1.2)
43d 16 | 0.355+0.005 | 1.42+0.05 | 37.9+0.4 | 0.191+ | 85+7 | 51020
(0.365) (1.48) (38.5) 0.009
(0.205)

aD/A = 0.3; °D/A = 0.1, 0.5% DIO; °D/A = 0.3; “D/A=0.3
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Figure 2.10 J-V curves for ITO/Zn0O/23:40 to 43/MoOz-x/Ag Devices.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

| further characterized the devices by measuring the incident photon to current conversion
efficiency (IPCE). The IPCE measures the current generated as a function of wavelength as
shown in Figure 2.11. Each of the 23:40 to 43 blends show contributions from both the donor
(600-800 nm) and the acceptor (400-600 nm). It is clear from Figure 2.11 that the improved
performance of the 23:42 devices is due to the absorption and extraction of charge carriers
generated by 23. It can also be seen that the photocurrent generated within the 23:43 devices is
lower irrespective of the excitation wavelength, pointing towards difficulties in charge transport.
The Js calculated from the integrated IPCE data shown in Table 2.6 show slightly inflated IPCE
values compared to those measured from the J-V curve, but the same general trend in
performance is observed for acceptors 40 to 43. The IPCE confirms that charge transfer is

occurring from the donor to the acceptor and vice versa.
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Figure 2.11 IPCE spectra of the ITO/Zn0/23:40 to 43/Mo0Os-x/Ag devices.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Table 2.6 Comparison of Jsc for ITO/Zn0/23:40 to 43/Mo0Os-x/Ag devices.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

40 41 42 43
Jsc (IPCE) (MA cm 2 3.4 35 6.6 2.4
Jsc (3-V) (MA cm?) 2.20 2.0 4.1 1.45

To determine if the reason why the unmodified PDI dimer (42) displayed a higher Jsc
than the bay modified PDI dimer (43) was due to increased light absorption, I looked at the solid-
state absorption of the donor acceptor blends shown in Figure 2.12. These blends are
representative of the active layers present within the OSC devices. Here it can be seen that 23
clearly is responsible for light absorption in the 600-800 nm region, while light absorption in the
450-600 nm region can be attributed to absorption by 40 to 43. The absorbance of 23:41 to 43
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films are comparable, suggesting that the increased photocurrent generation in the 23:42 films is
not due to increased light absorbance. These observations point toward poor charge transport

and/or charge extraction within the 23:43 BHJ.
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Figure 2.12 UV/vis spectra of spin coated films of 23 and 23:40 to 43 blends.

Adapted with permission from ACS Omega 2020, 5, 16547—-16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

To investigate what factors could be leading to poor transport, | used atomic force
microscopy to probe the surface morphology of the BHJs. In Figure 2.13, | show the phase
images of the four 23:40 to 43 blends on ITO using the same deposition conditions used for OSC
fabrication. The four blends display a clear trend of decreasing domain size in order of 40 to 43.
It is clear from Figure 2.13 that imide linkage is an effective strategy to prevent over-
crystallization of PDI within the BHJ. To a lesser extent it can also be seen that nitrile
substitution is able to disrupt intermolecular n-w stacking interactions as well. Although clearly
the original goal of decreasing the domain size was successful, it appears that the device
efficiency of 43 is lower than 42. The low solubility of 42 should be taken into consideration, but

from Figure 2.13 it seems that the combined strategy of using imide linkage and nitrile
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substitution to prevent over-crystallization resulted in domain sizes that were too small. As a
result, an increase in the series resistance for the 23:43 devices is seen in comparison to the
23:42 devices. The increased absorbance at 650 nm corresponds to the light absorption by the
well-known donor, 23 in the 23:42 devices. The improved Jsc of this blend compared to the blend
using the bay modified PDI dimer (23:43) can therefore be explained by increased charge carrier

extraction as described in Section 1.1.2.
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Figure 2.13 Atomic force microscopy phase imaging of (a) 23:40, (b) 23:41, (c) 23:42, and (d)

23:43 blends.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS

To rule out other possibilities, quenching experiments can be used to provide insight to
determine if charge carriers are able to reach the donor acceptor interface. In Figure 2.14 | show

the luminescence of 23:40 to 43 blends when excited at both 500 nm and 625 nm corresponding
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to exciton formation in the donor and acceptor, respectively. In each case, complete quenching of
the excited state of 23 is seen which suggests that the excitons can migrate toward the donor
acceptor interface. The lower Jsc of the 23:40,41, and 43 blends can therefore be attributed to
poor charge carrier extraction once the exciton has been split and/or bimolecular recombination
as opposed to geminate recombination.'®* The weakest transfer of holes from the acceptor to the
donor is seen for the 23:42 blends suggesting that while charge carriers are more easily extracted
from this blend, the film clearly contains large segregated domains of 42, which is consistent

with the atomic force microscopy data.
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Figure 2.14 Photoluminescent quenching of the excited states of 23 and 23:40 to 43 blends

excited at (a) 500 nm and (b) 625 nm.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.**
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

In this section | have demonstrated that both nitrile substitution and imide linkage are
effective strategies to prevent over-crystallization within the BHJ. It is clear from the Vo that the
nitrile-substituted acceptors 41 and 43 are better suited for donors with a lower ELumo SO as to
increase the available Eqir. To investigate this further, | make use of 56 to demonstrate the need

for acceptors such as 41 and 43.

2.1.6Device PerformancéJsing 56 as an Electron Donor
To demonstrate the utility of the low ELumo acceptors 41 and 43, | prepared devices using
56 as the electron donor. Donors such as 56 struggle to find acceptors which they can be paired

with owing to their low ELumo. Here | demonstrate the performance of 40 to 43 paired with 56
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and compare it to 57 and 58, which are relatively high-performance acceptors. The J-V curves
for the ITO/ZnO/56:acceptor/MoOs-x/Ag devices are shown in Figure 2.15. Of the PDI
acceptors, the bay modified PDI dimer, 43, had the highest performance when paired with the
low ELumo donor, 56. Pairing with this donor led to an increase in Voc compared to pairing with
the well-known donor, 23, which can be attributed to the reduced AELumo. As expected, the J-V
curve of the unmodified monomer, 40, shows almost no photocurrent being generated. The bay
modified monomer, 41, generated practically no photocurrent. Comparing this to the slightly
improved photocurrent generated using the unmodified PDI dimer, 42, it is likely that poor
charge transport is responsible for the lack of photocurrent, rather than insufficient AE_umo.
When a well-known non-fullerene acceptor, 58, was paired with the low E_umo donor, 56, the Js
was lower than the bay modified PDI dimer, 43. A summary of the device performance is shown
in Table 2.7.
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Figure 2.15 J-V curves for the ITO/Zn0O/56:40 to 43, 57, or 58/M003-x/Ag devices.

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.®
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Table 2.7 Average device parameters for ITO/ZnO/56:acceptor/MoOs-x/Ag devices. The
uncertainties are plus-or-minus one standard deviation. The values for champion cells are given

in parentheses. N represents the number of devices tested for a given condition.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.**
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Acceptor | N Voc Jsc FF PCE Rs Rsh
V) (mA/cm?) (%) (%) (kQ (kQ
cm?) | cm?)
402 11 | 05+0.2 | 0.083+0.004 30+1 0.012+0.004 | 40+ 80 +
(0.7) (0.083) (31) (0.017) 10 30
41° 12 1 0.34+£0.09 | 0.09+0.01 23+2 0.007+0.002 | 50+ | 36+9
(0.45) (0.11) (21) (0.010) 20
42° 8 |[0.16£0.08 | 0.157 +0.008 2712 0.007+0.004 | 96+ | 14+1
(0.33) (0.157) (32) (0.0164) 3
43¢ 13 1 0.39+0.03 | 0.48+0.02 35+3 0.07£0.01 36+ | 16+3
(0.42) (0.51) (36) (0.078) 0.9
43¢ 15 1 0.35+0.05 | 1.08+0.04 32+3 0.12+0.03 |0.15+| 05+
(0.38) (1.14) (36) (0.14) 0.030 0.1
58f 14 1 056 +0.07 | 0.26+0.01 | 28.0+0.7 | 0.041+0.005 | 18+1 | 28+2
(0.71) (0.26) (26.4) (0.048)
579 9 [054+0.06 | 0.69+0.03 41 +2 0.15+0.02 33+ | 2816
(0.66) (0.70) (44) (0.20) 0.3

aD/A = 0.3; °D/A = 0.1; °D/A = 0.3; “D/A = 0.3; °D/A = 0.3, 0.5% DIO (optimized); 'D/A = 1;
ID/A=1

Photocurrent generation in solar cells employing fullerene and this low ELumo donor
(58:56) has previously been attributed to hole transfer from the acceptor to the donor, suggesting
that any light absorbed by the donor (56) does not lead to the generation of free charge carriers.%
To demonstrate this was the case, | measured the IPCE spectra to probe the contributions from
56 and the acceptors (40 to 43, 57, and 58) as shown in Figure 2.16. In the 56:43 blend

employing the bay modified PDI dimer, 43, it can be seen that there is photocurrent being
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generated at 650 nm, it can be seen that only the low ELumo donor, 56, could be responsible for
light absorption at this wavelength (Figure 2.16b). This is supported by the solid-state absorption
profile of the bay modified PDI dimer (43, Figure 2.16b). This indicates that the bay modified
PDI dimer, 43, is capable of accepting electrons from the donor, 56. The use of the fullerene
acceptor with the same donor (56:57) in a solar cell does not generate photocurrent in the 650 nm
region, indicating that electron transfer from the donor, 56, to the fullerene acceptor, 57, does not
occur. The origin of the photocurrent seen for this blend was identified by the perfect match
between the solid-state absorption spectrum of the fullerene base acceptor, 57, with the IPCE
spectrum for the corresponding blend (56:57). Although the signal is very weak, it seems as if
56:41 devices may also be capable of electron transfer from 56 to 42, but the low photocurrent
makes it difficult to discern this from background noise. Although device performance is modest,
it is clear that development of low ELumo acceptors such as 43 is essential to further develop this
technology.
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Figure 2.16 (a) IPCE spectra for 56:acceptor blends, (b) solid-state UV/vis spectra for 56 and
56:40 to 43 blends, (c) comparison of IPCE spectra for the 56:57 devices with the solid-state
absorption spectra of 57, and (d) comparison of IPCE spectra for the 56:43 devices with the

solid-state absorption spectra of 56 and 43.
Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.**
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

2.1.7Conclusions

In this chapter | described a methodology to obtain regioisomerically pure 1,7-dicyano
PDI, which led to the synthesis of 41 and 43. Based on my voltammetry results, it is clear that
cyanation had the intended effect of lowering ELumo, but dimerization also led to a lower ELumo
due to an associated conformational change when reduced. Here | have shown that dimerization
is an effective strategy to prevent over-crystallization within the BHJ as evidenced by the surface
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morphology and device performance. To that end, it was demonstrated that the combined
strategy of dimerization and nitrile functionalization resulted in domain sizes within the BHJ that
were too small as evidenced by the increase in series resistance and small domain sizes. This
resulted in the dimer, 42, having the highest performance when paired with 23. The importance
of bay substituted PDI acceptors was demonstrated using the low ELumo donor, 56, which
struggled to transfer electrons to conventional low ELumo acceptors such as 57 and 58. I have
demonstrated that 43 can successfully accept electrons from both 23 and 56 as evidenced by the
IPCE spectra and supporting thin film absorption experiments.

This experimental work is most likely to have an impact on the development of low
ELumo acceptors. Low ELumo electron transport materials have a wide scope of application in
solar cells as well as other thin film electronics. Based on the device performance of these
acceptors, it is safe to say that these will not be employed commercially any time soon, although
higher efficiencies could likely be obtained by decreasing the alkyl chain length of 43. Here the
selection of a long alkyl chain was needed to ensure the solubility of 42, requiring the same alkyl
chain length be used for the other acceptors for best comparison. It is apparent that nitrile
functionalization does not improve device performance for conventional donors such as 23; in
fact, the excessive driving force results in a lower Vo because of the decreased available Egir. The
synthesis of 43 is nevertheless expected to be valuable for the development of low ELumo donors
for which there are a limited number of acceptors capable of providing the driving force needed
to overcome exciton separation. Based on the OSC performance of the PDI dimers, it is clear that
the dimerization strategy was effective in improving the performance when using donors, 23 and
56, although the bay modification strategy should be reserved for situations where a lower ELumo
acceptor is needed.
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Chapter 3 - Perovskite X-ray Detectors

3.1lIntroduction

X-ray detectors play a crucial role in breast cancer screening and general radiography.
Recent interest has focused on the development of lead halide perovskites for medical imaging
due to their solution processability, high atomic number elements, and favourable charge
transport characteristics. Thus far, the majority of reports to date have focused on single crystals,
but solution processing techniques such as slot-die coating offer a considerable improvement in
terms of cost and deposition time. The use of lead halide perovskites in X-ray detectors has led to
considerable increases in the sensitivity of these devices, surpassing those of a-Se detectors.
High dark current remains a key challenge, which exceeds the maximum threshold of 100 pA
cm ™2 required for use in the flat panel devices used for medical imaging. Lowering the dark
current also has a significant impact on the spatial resolution and contrast which could allow
lower dose rates to be used to obtain the same quality image. In this section | will outline the
advantages of lead halide perovskites, identify key areas where improvement is needed, and
describe how I will address these issues.

As shown in Section 1.4.5, the development of lead halide perovskite X-ray detectors has
led to sensitivities reaching 1.22 x 10° pC Gyair * cm™2 at 40 kVp, but as shown in Table 1.4, the
high sensitivities are also accompanied by high dark currents (4 x 10 A cm2).” Thus far, the
best combination of dark current and X-ray sensitivity has been achieved using single crystals of
MAPDBr3,3 but still the dark currents of these devices remain greater than 100 pA cm ™2, It is
therefore essential for new methods to be developed to suppress the dark current and realize the
potential of MAPbX3 X-ray detectors.

A reduction of the dark current can be achieved by introducing hole and/or electron
blocking layers. It is well-known that PDI is good at transporting electrons, but its low Exomo
also allows it to act as a hole blocking layer. In addition, the energy levels of these materials can
be readily tuned through bay modification. In this chapter | describe the use of PDI as an electron

transporting/hole blocking layer to suppress the dark current.

Thus far, slot-die coating has not been used to deposit thick layers of lead halide
perovskites, but as mentioned in Section 1.3.2, this technique has significant advantages over

other coating techniques. Slot-die coating is well-suited for the deposition of thick (100 um) lead
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halide perovskite films from solution-based precursors with high viscosity. For breast cancer
screening, a 100 um thick film of MAPDIz is sufficient to absorb most incident X-rays at 30 kVp
and useful for preliminary work at higher X-ray energies.

In this Chapter I discuss the slot-die coating of 100 um thick MAPDI3 films. These films
are incorporated into lab prototype X-ray detectors, and PDI hole blocking layers were shown to
suppress the dark current within these devices. In this work | have also identified that air stability
remains an issue for thick lead halide perovskite films, which I address through the introduction
of an encapsulation layer. Background air ionization was found to be a significant component of
the observed photocurrent. The overall performance of these devices is found to compare well to
a-Se detectors, with the potential for improved contrast due to the lower dark currents (=3 orders

of magnitude).

3.2 Results and Discussion

3.2.1Slot-die Coating MAPbI; X-ray Detectors

Since slot-die coating has not previously been used to fabricate thick MAPDI3 layers, the
first step was to develop a method to deposit a 100 um thick MAPDI3 layer capable of absorbing
most incident X-rays at 30 kVp. This can be broken down into two smaller goals of locating the
slot-die coating window and then optimization to reach the target film thickness. Procedures to
slot-die coat a PDI hole blocking layer and encapsulation layer are also required to fabricate
ITO/MAPDIs/Ag, ITO/MAPDI3/PDI/Ag, and ITO/MAPbIs/PDI/Ag/encapsulant device

architectures.

As mentioned in Section 1.3.2, slot-die coating is a highly involved process in which a
stable meniscus must be maintained. The major drawback to the development of slot-die coating
procedures is the initial time investment given that the deposition conditions for each
composition must be optimized to achieve a high-quality film with several hours of cleaning and
assembly between coats. This technique is therefore poorly suited for developing ink
compositions and ideally complimentary techniques such as blade coating are used to develop
the initial ink composition. This was done by colleagues Yunlong Li, Soumya Kundu, and
Nelson Wani. Their work led to the ink formulation of 4 M MAPDI3z with a 2.5% w/w
cetyltrimethylammonium bromide (CTAB) surfactant and a 5% w/w polyvinylpyrrolidone (PVP)

binding agent dissolved in a 1:1 mixture of N-methyl-2-pyrrolidone and N,N-dimethylformamide
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at 180 °C. This composition was selected based on the films’ ability to pass a tape test (a piece of
tape can be placed on the film and peeled off without destroying the film). This ink formulation

served as the starting point for my own research on the slot-die coating of MAPDI3 films.

Since there were no previous reports on the slot-die coating of thick MAPDI3 films, I first
needed to develop the coating conditions. Given the target of a 100 um film, factors such as the
concentration, wet film thickness, coating width, and expected density were considered based on
the relationships described in Equations 1.10 and 1.11. As a pre-metered coating technique, a
continuous flow of solution is required; this meant that the hot pipetting technique used for blade
coating could not be used here. Instead, | made use of the heaters built into the slot-die coater’s
syringe pump and slot-die head, which could not exceed temperatures of 100 °C. Using a
maximum temperature of 100 °C as a starting point, the concentration was initially lowered to
2.5 M to ensure solubility. After deposition, films were dried overnight at 45°C, which allowed
crystallization to occur before driving off any remaining solvent at 125 °C. Dry film thickness
could be used as an indicator of film uniformity due to the potential for films to spread out
resulting in decreased film thickness. During these initial experiments, making minor changes to
the gap height between substrates allowed too much time for the ink to cool down in the
unheated tubing between the syringe and the slot-die head. To address this, the gap height was
fixed at 500 pum with a shim width of 13 mm. The flow rate and web speed were varied to
establish a stable meniscus. Since qualitative inspection and measurement of film width was vital
during this stage, | have summarized the film thickness of key experiments in Table 3.1 with the

corresponding films shown in Figure 3.1.

Table 3.1 Optimization of coating conditions at 100°C/100°C syringe/slot-die head temperature,
500 um gap height, and 13 mm coating width.

Flow rate (mL min™t) | Web speed (cm min™) | Wet film thickness (um) | Film width (mm)

3.3 50 510 20
15 50 230 14
0.3 10 230 19
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Figure 3.1 Picture of the three slot-die coated MAPDIs films described in Table 3.1 after they

have been scored for profilometry measurement.

Each of the three films shown in Figure 3.1 are wider than the intended coating width of
13 mm, but these three films each represent a different problem. The 20 mm wide film looks
much like the 14 mm film at the start of the coating, but a progressive increase in film width is
seen with the coating direction. This indicates that the pressure gradient (flow rate) was too high
with respect to the shear rate (web speed) resulting in breakdown of the upstream meniscus. The
19 mm wide film employed the same wet film thickness as the conditions used for the 14 mm
films, but at a slower coating rate. Here the film is consistently too wide regardless of coating
direction indicating that the lower web speed allowed too much time for the film to spread out
before drying. Increasing the viscosity and web speed can be used to resolve this issue. The 14
mm wide film is close to the intended 13 mm coating width and seems to represent a stable
coating meniscus, but the film is spreading out after being deposited indicating that increasing
the web speed alone is not enough. The flow rate of 1.5 mL min~* with a web speed of 50 cm
min~! was determined to be within the slot-die coating window and selected for further

development.
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| then proceeded to optimize film thickness and quality by increasing the concentration to
reduce film spread, increase viscosity, and increase film thickness. A maximum in concentration
was reached at 3.3 M at which point materials were just barely soluble at 100 °C and did not
precipitate in the unheated lines during coating. The 2.65 M solution was compared to the 3.30
M solution with the corresponding films shown in Figure 3.2, a solvent ratio of 9:8 N-Methyl-2-
pyrrolidinone/N,N-dimethylformamide was used in each case to extend the drying time of
MAPbI; films.1%2 Both compositions contain 2% CTAB (surfactant) and 5% PVP (binding agent)
by weight with respect to MAPDIs; the concentration of MAPDIs is based on the volume of
solvent used prior to solute dissolution. Here it can be seen that each film has a well-defined
coating edge, with no variation in the coating width over the length of the film or defects that
could be detected by eye. This suggests that the meniscus is stable throughout the coating
procedure. The film thickness and width were further characterized using profilometry as shown
in Figure 3.3. Here the coating width is estimated to be 13 mm for the 3.30 M composition and
14 mm for the 2.65 M composition (due to its lower viscosity). The film thickness for the 2.65 M
composition was determined to be 90 £ 10 um (average of three measurements), while the 3.30
M composition had a film thickness of 105 + 7 um (as above). The absence of any visible slot-
die coating defects suggested both compositions were suitable for development, but the 3.3 M
composition offered the desired film thickness and was therefore selected for further

characterization. The refined coating parameters are summarized in Section 5.4.

(a) (b)
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Figure 3.2 Pictures of slot-die coated films using (a) 2.65 M MAPDbIz and (b) 3.30 M MAPbIs.
Both compositions contain 2% CTAB and 5% PVP additives.
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Figure 3.3 Profilometry of slot-die coated films using 2.65 M and 3.30 M compositions.

Structural analysis of the films prepared using the 3.30 M composition was done using
powder X-ray diffraction. In Figure 3.4 it can be seen that this composition leads to the
formation of a cubic MAPbI3 film without any evidence of the characteristic (001) Pbl> peak at
13°.103104 The existence of the cubic phase of MAPbI; phase at room temperature is surprising,
given that it is known to form above =57°C, and then undergo a reversible transition to the
tetragonal phase when cooled below this temperature.>*°>1% An in-situ grazing incidence wide
angle X-ray spectroscopy study investigated the thermal annealing of MAPbI; films deposited
from y-butyrolactone containing a tetrahydrothiophene oxide additive to stabilize Pb?* during
nucleation and growth.% Their computational results suggest that thionyl or carbonyl bearing
additives will adsorb to the Pb?* cations found on the exposed (100) and (110) surfaces of cubic
MAPDI3;1% however their use of a high boiling additive led to the formation of the tetragonal
phase upon cooling.!% Based on their results, the stability of the MAPbI; cubic phase described
in this work (cubic for >3 days) could be the result of cubic phase formation at 125°C, which

remains stable at room temperature due to PVP adsorption.
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Figure 3.4 Powder X-ray diffraction pattern of the 3.30 M MAPDIz composition compared to the

predicted patterns for the cubic and tetragonal phases of MAPDI:.

The band gap of the MAPbIs films was estimated using diffuse reflectance spectroscopy.

In Figure 3.5 the onset of absorption occurs at 837 nm corresponding to an optical bandgap of
1.48 eV. The absence of additional features and the magnitude of the bandgap are in good

agreement (within 0.04 eV) with that of previously reported MAPDI3 films.”
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Figure 3.5 Diffuse reflectance of MAPbIs films prepared using the 3.30 M MAPbI3 composition.

The photoluminescent properties of the MAPDI3 films were investigated. Glass/MAPDI3
films were excited at 500 nm as shown in Figure 3.6. The emission spectrum features a peak
centered at =760 nm with a shoulder extending toward lower energies. The larger peak
corresponds to direct band to band recombination,® while the shoulder could due to Rashba
splitting®® or emission from surface states.'>!% Emission from surface states seems more
probable given the thickness of the film and previous results, suggesting that PP could be

adsorbing onto the film surface.

78



3000

N

a1

o

o
1

2000 -

Photoluminescence (counts)
= =
o a1
o o
o o

650 700 750 800 850 900
Wavelength (nm)

Figure 3.6 Photoluminescence of MAPDI3 films coated on glass. The excitation wavelength was
500 nm.

The photoluminescence lifetime was investigated using time correlated single photon
counting (TCSPC). Comparison of photons emitted at 760 nm to 810 and 830 nm are shown in
Figure 3.7 and Table 3.2. Here it can be seen that the unencapsulated MAPDIs films exhibit two
recombination pathways (A1 and A2) with photoluminescent lifetimes of 150 ns (z1) and 900 ns
(z2). The observation of two distinct recombination pathways is consistent with the theory of
surface vs. bulk recombination,'%-1* where faster recombination is expected at the surface of the
film due to the presence of trap states. It should be noted that the recombination process seems to
be the same regardless of emission wavelength. (760 nm vs. 830 nm). Details of the fitting
parameters are shown in Section 5.6. Methods to encapsulate the devices using
poly(methylmethacrylate) (PMMA) are described in Section 5.4; here it can be seen that the
photoluminescence lifetime increases when the films are encapsulated. This indicates that the
density of surface trap states is increased in the absence of encapsulation, which could be due to
surface passivation by PMMA or protection from device degradation. This is discussed further in
Section 3.2.4.
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Figure 3.7 Time correlated single photon counting (TCSPC) of unencapsulated and encapsulated
MAPbDIs films coated on glass. The excitation wavelength was 400 nm. The detection
wavelength was either 760, 810, or 830 nm. The lifetime at 830 nm is identical to 810 nm. IRF

stands for the instrument response function.

Table 3.2 Summary of the time correlated single photon counting analysis of MAPDI3 films.

e Encapsulated MAPDI3 Unencapsulated MAPbI3

71 (A1) 72 (A2) 71 (A1) 72 (A2)
760 nm 248 £6ns (0.72) | 1391+ 27 ns (0.28) | 149 + 1 ns (0.94) | 915 + 6 ns (0.06)
810/830 nm | 261+ 7 ns (0.76) | 1404 + 41 ns (0.24) | 150 £ 2 ns (0.94) | 905 + 8 ns (0.06)

At this stage, the goal of slot-die coating a 100 um thick MAPDI3 layer was achieved. |

then developed methods to fabricate a series of device structures to be used as prototype X-ray

detectors using 59 as the hole blocking layer and PMMA as an encapsulant. The three
architectures were ITO/MAPDI3/Ag, ITO/MAPDI3/59/Ag, and ITO/MAPDI3/59/Ag/PMMA. Here
59, as shown in Figure 3.8, serves as a hole blocking layer which was slot-die coated on top of
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the MAPDI3 layer using the parameters described in Section 5.4 and will be discussed in greater
detail in Section 3.2.3. The third architecture introduces a PMMA encapsulation layer to protect

the perovskite films from ambient air; this will be discussed in greater detail in Section 3.2.4.

59

Figure 3.8 Chemical structure of 59.

The three X-ray detector architectures (ITO/MAPbIz/Ag, ITO/MAPDbI3/59/Ag, and
ITO/MAPDI3/59/Ag/IPMMA) were first characterized using scanning electron microscopy (SEM)
as shown in Figure 3.9. In Figure 3.9a, smaller grains of MAPDI3 can be seen, which make up a
spindle like network along the surface of the film. The presence of smaller crystallites on the
surface of the film is consistent with the photoluminescence spectrum, which indicated that a
number of surface states were present at the surface of the film. A cross-section of an
ITO/MAPDI3/59/Ag/PMMA device can be seen in Figure 3.9b. Here the MAPDI3 layer can be
seen sandwiched between the top PMMA encapsulation layer and the underlying ITO/glass
substrate. The MAPDI3 cross-sectional thickness of =100 um is consistent with the previous
profilometry results, with a stark contrast seen between the surface morphology and the bulk of

the film.
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Figure 3.9 Scanning electron microscopy images of (a) ITO/MAPbI3 surface and (b)
ITO/MAPDI3/59/Ag/PMMA(top) cross-section. The Ag and 59 layers are too thin to be seen.

3.2.2Prototype ITO/MAPDb/AQ X-ray Detectors

With a reliable procedure to slot-die coat a 100 um thick MAPDI3 film developed, |
moved on to test ITO/MAPbDI3:/Ag devices. The fabrication of ITO/MAPDbI3/Ag devices was
achieved by slot-die coating the 3.30 M composition onto an ITO substrate and thermally
evaporating silver electrodes with active area of 0.55 cm?. Electrical contact is established by
connecting one terminal to the top silver electrode while making contact with the underlying ITO
by scratching the MAPbIs film off prior to making contact with either of the two periphery

electrodes.

The devices were tested using a 30 kVp X-ray source with an applied field of —0.3 V
um™L. The transient response of the ITO/MAPbIs/Ag device is shown in Figure 3.10. Here it can
be seen that the device exhibits a dark current of 0.4 nA cm2 with an X-ray photocurrent of 5 nA
cm 2 when illuminated with 30 kVp X-rays at a dose rate of 2.2 mGyair s *. Here the
photocurrent is clearly distinguished from the background dark current during the 10 s
illumination of X-rays, as evidenced by the transient response of the ITO/MAPbIs/Ag device.
Based on this result, I can conclude that the goal of achieving a photocurrent which can be

distinguished from the dark current (J/Jq > 3), has been achieved.
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Figure 3.10 Transient response of an ITO/MAPbI3/Ag device at 30 kVp and —0.3 V pm™1.

I next focused my efforts on improving device performance prior to performing more
time intensive experiments to extract figures of merit for these devices. The dark current of these
devices is on par with what has been reported previously for MAPbIl; and MAPbBr3,828 but it
remains higher than what is seen for a-Se. In addition, these devices appeared to degrade during
device testing, making it difficult to perform the more involved experiments needed to extract

sensitivity values. | address these issues in subsequent sections by slot-die coating hole blocking
and encapsulation layers.

3.2.3Dark Current Suppression

In this section | describe the use of a PDI hole blocking layer to suppress the dark current.
The primary goal was to reduce the dark current below 100 pA cm™2. The secondary goal is to
improve the stability to minimize the number of devices on a given substrate which degrade prior
to testing, allowing me to focus on performance and reproducibility. The potential of the
ITO/MAPDI3/59/Ag architecture is evidenced by direct comparison to a p-i-n a-Se device
provided by Analogic Canada with the same structure used commercially.

83



A simple PDI monomer, 59, was selected as a hole blocking layer for its high electron
mobility and the energy of its frontier orbitals which allow it to serve as both a blocking layer for
holes and a transport material for electrons. A thin layer of PDI was deposited on top of the
existing MAPDI3 layer using the conditions described in Section 5.4. During deposition, an
excess of PDI was used to establish a coating width greater than 13 mm such that the edges of
the MAPDI3 film were covered. SEM imaging of the film surface of 59 at 1 kV and 3 kV
accelerating voltages is shown in Figure 3.11. The increased surface sensitivity at 1 kV suggests
that the layer of 59 is quite thin but displays increased charging in comparison to the MAPDI3
sample. At 3 kV (Figure 3.11b), the increased penetration depth makes it difficult to distinguish
if the observed crystals are 59 or MAPDI3. Based on the stark differences between the 59 surface
and that of MAPDI3 at 1 kV, the lighter regions in Figure 3.11a can be attributed to 59 (compared
to c). This suggests that the film is non-uniform in its coverage, which may or may not establish

complete coverage of the underlying MAPbI; film.
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Figure 3.11 Comparison of the SEM images for the ITO/MAPDI3/59 (a, b) and ITO/MAPDI;s (c,
d) films at 1 kV (a, ¢) and 3 kV (b, d) acceleration voltages.

The inset of Figure 3.12 shows the completed device structure, with each substrate
consisting of six devices. The device performance clearly shows that the PDI layer (59) reduces
the dark current to 0.1 pA cm™2 without significantly lowering the X-ray photocurrent.
Moreover, the fabrication procedure could be repeated many times with similar results. The slow
return to the original dark current following X-ray exposure is likely due to lag.}*? The

mechanism of dark current suppression will be discussed later in this section.
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Figure 3.12 Comparison of the transient response of device with and without 59 used as a hole
blocking layer at 30 kVp and —0.3 V um™?. The inset shows six ITO/MAPbI3/59/Ag devices on a

single 1”7 x 3” substrate.

The effect of the applied field on both the dark current and photocurrent densities can be
seen in Figure 3.13. Here, 30 kVp (mammography) and 100 kVp (general radiography) X-rays
were used to generate photocurrent. With an increase in the applied field, the photocurrent and
dark current density both increase. In Figure 3.13 there is a disproportionate increase in dark
current density with increasing applied field, which would lead to a decrease in contrast for
medical imaging. While the X-ray photocurrent is greater when exposed to 100 kVp X-rays, it is
important to take into consideration the higher dose rate of 12.4 mGya.ir st compared to the dose
rate of 2.2 mGyair s * at 30 kVp.
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Figure 3.13 Comparison of the transient responses of ITO/MAPbI3/59/Ag devices as a function
of applied field at (a) 30 kVp and (b) 100 kVp.

Given the success of these devices, it seemed relevant to compare them to an a-Se device
based on the architecture currently used in commercial X-ray detectors designed for breast
cancer screening. This is best achieved by measuring the devices under the same conditions as
shown in Figure 3.14. Here | show a comparison between the slot-die coated ITO/MAPDbI3/59/Ag
devices and a 200 um thick a-Se device donated by our industrial partner, Analogic Canada. At
—1 V um™* both devices display the same X-ray photocurrent while the dark current density is
much lower for the slot-die coated MAPbIs devices. For commercial application, a-Se devices
are typically operated at a —10 V um™ to maximize carrier collection, so a more relevant
comparison is made using these conditions as shown in Figure 3.14.
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Figure 3.14 Comparison of a-Se and ITO/MAPDI3/59/Ag devices operated at 30 kVp with a

dose rate of 2.2 MGyair s ™.

Unlike the a-Se devices, the ITO/MAPDbI3/59/Ag devices can operate at lower fields of
—0.3 V um?, while also displaying a more stable dark current. In addition, the
ITO/MAPDI3/59/Ag devices are more easily processed and have lower dark currents, suggesting
they could replace a-Se with further development. The MAPbI; devices perform best at lower X-
ray energies such as 30 kVp; a complete profile of the J-V response as a function of X-ray energy
is shown in Figure 3.15. In the absence of an applied bias, the dark current of these devices is so
low that it could be attributed to thermal generation of charge carriers. The dark current remains
low regardless of whether the devices have a forward or reverse bias, although a slightly higher
dark current is observed when a reverse bias is applied indicating successful transport of
electrons to the Ag cathode and holes to the ITO anode. Increasing the X-ray energy from 20 to
100 kVp displays a clear trend of increasing X-ray photocurrent density. Higher J/Jq ratios can
be obtained at lower applied bias due to the subtle decrease in X-ray photocurrent while the dark
current decreases significantly. An illustration of the barriers to charge transport is shown in
Figure 3.16. Without 59, the barrier for hole transport from the Ag electrode to MAPDI3 is not

88



present which explains the significant reduction in dark current. Under X-ray illumination,
electrons may be collected at either electrode, although a preference is seen for collection at the

silver electrode (referred to as reverse bias) as evidenced by the J-V data.
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Figure 3.15 J-V curve as a function of X-ray energy for an ITO/MAPDbI3/59/Ag device.
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Figure 3.16 Illustration of the charge carrier transport and blocking at reverse bias for (a)
ITO/MAPDIs/Ag in the dark, (b) ITO/MAPDI3/59/Ag in the dark, and (c) ITO/MAPDI3/59/Ag

under X-ray illumination.

The charge carrier mobility lifetime product (uz) of these films provides additional
information regarding how easily charge carriers can be extracted using the ITO/MAPDI3/59/Ag
architecture. In Figure 3.17, | show the current extracted as a function of the applied field which
is then modelled using the modified Hecht equation (Equation 1.14). Based on this model, the
extracted ur value for these devices is 1x107° cm? V1. This modest value is less than the pt
value (2 x 104 cm? V1) reported for another multicrystalline MAPbIs X-ray detector,®” and
higher than some other solution processed MAPbI; films.8? The low uz value for these films may
be low because of the use of CTAB and PVP additives. Despite the comparatively modest uz
value, the ITO/MAPDbI3/59/Ag devices offer a competitive advantage over a-Se and | made

efforts to acquire an X-ray image.
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Figure 3.17 Current as a function of applied field for X-ray energy from 20-100 kVp and the
corresponding fits used to calculate uz.

To generate an X-ray image, the MAPbI3 film needed to be deposited on top of a thin
film transistor array provided by Analogic Canada. Aside from the underlying substrate, the
deposition conditions were identical to what was described for the ITO/MAPDI3/59/Ag devices
except that Kapton tape was not used as it would leave behind unwanted residue. The devices are
shown in Figure 3.18. The devices shown in Figure 3.18a were fabricated and shipped to
Analogic Canada where they were encapsulated using parylene and used to capture the X-ray
image shown in Figure 3.18c. Two devices were prepared; unfortunately, both devices had a
high dark current, resulting in complete pixel saturation as shown in Figure 3.18c. This was
inconsistent with the low dark currents of the ITO/MAPDI3/59/Ag devices. These devices were
prepared in May of 2019, and shortly thereafter nearly all the ITO/MAPbI3/59/Ag devices tested
in Saskatoon began displaying similarly high dark currents of ~1x10~* A cm™. | hypothesized
that the sudden change in device performance was due to a sudden jump in the relative humidity
in the lab.
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Figure 3.18 (a) Image of the TFT/MAPbI3/59/Ag devices, (b) completed
TFT/MAPDI3/59/Ag/Parylene devices connected for image acquisition, and (c) X-ray image and

integrated linecut.

3.2.4Moisture Sensitivity and Encapsulation

The increase in dark current pointed toward MAPbI3 film degradation. This has
previously been shown to be facilitated by water, commonly introduced by air.*¢" | addressed
this issue using PMMA as an encapsulant in an ITO/MAPbI3/59/Ag/PMMA architecture. In this
section | discuss the conditions under which the devices degrade and outline a route toward their

stabilization.

The first step was to verify that humidity was the cause for the drop in device
performance. All chemical reagents were rigorously dried which did not substantially change
device performance (occasionally | would get a device with a dark current ~1x107° A cm™). |

then considered the ambient conditions during the entire slot-die coating process. The slot-die
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coating setup consists of a slot-die coater housed within a box enclosure that was flushed with
nitrogen after each use to expel residual solvent vapor and dust particles. Slot-die coated devices
were stored then stored in a separate glovebox equipped with a purifier (O2 <5 ppm, H.0O < 10
ppm). Prior to device measurement, devices had to be transported across campus using an
evacuated desiccator. | reduced the relative humidity in the box enclosure by introducing a
desiccant-based dehumidifier and using flow controllers to establish a 1 L min~* flow of nitrogen
which was ramped up to 5 L min~* for 15 minutes whenever materials were introduced or
removed. This was effective in keeping the relative humidity below 10%. The experimental
setup for device fabrication is shown in Figure 3.19a. Devices prepared using this setup initially
displayed dark currents of 1x107* A cm™2, but within a few seconds of measurement the dark
current would spike to 1x10~* A cm™2. An undergraduate student (Nicole Boyle) and | worked
together to test devices using the vacuum chamber that she built (Figure 3.19b), which could be
kept under vacuum or refilled with N2. Devices tested under either vacuum or nitrogen using this
experimental setup returned to the performance seen prior to May, with dark current densities
below 1x1073 A cm2 at an applied field of —0.3 V um™2. This indicated that the primary cause
of the high dark current was exposure to ambient air in the presence of an applied field. |
therefore switched to an ITO/MAPDI3/59/Ag/PMMA device architecture (shown previously in

Figure 3.9) for all subsequent experiments.
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Figure 3.19 Experimental setup for (a) slot-die coating in a humidity controlled box enclosure

and (b) testing X-ray detectors devices in a vacuum chamber under vacuum or No.

A direct comparison of the encapsulated device architecture
(ITO/MAPDI3/59/Ag/PMMA) and the unencapsulated device architecture (ITO/MAPbI3/59/Ag)
is shown in Figure 3.20. Here a subtle drop in the X-ray photocurrent is observed for the
encapsulated devices which is attributed to the attenuation of X-rays by the 6 um layer of
PMMA. The encapsulated devices also display a decrease in dark current, indicating the
dependence of dark current on the relative humidity. This is supported by the longer

photoluminescence lifetimes observed for the encapsulated devices (Figure 3.7).
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Figure 3.20 Comparison of the transient response of the encapsulated
(ITO/MAPDI3/59/Ag/IPMMA) devices with the unencapsulated (ITO/MAPbI3/59/Ag) devices
before and after the ambient humidity increased. Devices were tested at 30 kVp at an applied
field of =1 V pm™.

a-Se X-ray detectors are known to display a temporary decrease in photocurrent upon
repeated exposure known as X-ray fatigue or long-term X-ray damage.’®? The stability of these
devices was probed by exposing them to a series of 10 s X-ray pulses as a preliminary check to
see if fatigue was an issue for the ITO/MAPDI3/59/Ag/PMMA devices. As shown in Figure 3.21
there is no significant change in device performance. While this does not disprove the possibility
of X-ray fatigue, it does show that longer timescales would be needed to observe this change.

The next best option is to compare the sensitivity, dark current density, and uz product.
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Figure 3.21 Transient response of ITO/MAPDbI3/59/Ag/PMMA devices upon repeated exposure

to 30 kVp X-rays.

The uz product and dark current density were discussed earlier in this Chapter, while the
sensitivity can be measured by taking the slope of the current density (background subtracted)
against the dose rate as shown in Figure 3.22. The devices had a sensitivity of 1 uC Gyair * cm
at—0.3 V um™ and 2 uC Gyair *cm=2at —0.3 V um™. While lower than the literature examples
shown in Table 1.4, a higher sensitivity does not necessarily lead to improved performance. The
dark current density must also be low to obtain a high-quality image, which in this case offers a
competitive advantage over the ITO/MAPbI3/59/Ag architecture. At this stage, | was ready to
coat another set of devices and ship them to Analogic. While prototyping device layouts, |
noticed that photocurrent could be generated without a proper contact between the electrical

leads and the electrodes, leading me to investigate the possibility of air ionization.
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Figure 3.22 Sensitivity of ITO/MAPbI3/59/Ag/PMMA devices exposed to 30 kVp X-rays with
an applied field of —0.3 and —1 V um™. Dark current has been subtracted from the current

density.

3.2.5Background Air lonization

It is well-known that X-rays have sufficient energy to ionize air; however, there is very
little discussion as to whether this could be a source of error in measurements of the X-ray
photocurrent. X-ray measurements typically rely on the difference between the dark current
density and the measured current density during X-ray illumination to be representative of the
device photocurrent. For many devices this may be a valid approximation, but if the device
photocurrent is low, then it is possible that background currents such as air ionization are no

longer negligible.

Initially I observed a smaller photocurrent without making proper contact between the
terminal and the corresponding electrode. Both a bare ITO substrate and ITO/MAPbI3/Ag
devices connected with the top electrode “floating” displayed an increase in current during X-ray
illumination. Given the 30 kVp X-ray source, it is possible that when the air becomes ionized,
current can travel the short distance from the “floating” contact shown in Figure 3.23 to the
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corresponding electrode in order to complete the circuit. provided that the air between those two
electrodes is illuminated. Importantly, photocurrent due to air ionization would also display a

dependence on both the X-ray dose and applied field.

Figure 3.23 Picture of a piece of ITO with the bottom terminal (—ve) in contact with the ITO
strip down the middle and the top contact (+’ve) placed to the right of the ITO strip such that it is

not in direct contact.

To test if air ionization could be leading to photocurrent, | performed a simple test in
which a bare ITO substrate was connected as shown in Figure 3.24 and tested using the same
conditions as the top performing ITO/MAPbI3/59/Ag device. This test revealed current
generation when the X-ray beam was turned on which increased with applied bias and X-ray
dose. This can only be explained by air ionization. In all cases it can clearly be seen that the
ITO/MAPDI3/59/Ag devices generate more current than the piece of bare ITO. This indicates that
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the devices still produce photocurrent, just that there is an additional background current that
must be accounted for. In theory, background subtraction could be applied, but that would fail to
take into consideration the area of the silver electrodes and the area of the exposed ITO which

are not equivalent.
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Figure 3.24 Comparison of bare ITO with one terminal lead floating and ITO/MAPbI3/59/Ag
devices.

To circumvent the issue, | used an aperture mask (a lead plate with a circular hole) to
control what part of the sample was illuminated (Figure 3.25). The electrical leads were also
coated with a plastic sheath to minimize the area of the exposed metal surface. The experiment
effectively kept the X-ray dose the same, while minimizing the air ionization current. A
schematic of the illumination experiment is shown in Figure 3.25b. This method was used to test
a modest performing ITO/MAPDI3/59/Ag/PMMA device at 100 kVp with an applied field of
—0.3 V um™2. The device was first tested without the aperture (photocurrent of 2.8 nA cm™2) and
compared to when the aperture was used as shown in Figure 3.26. As expected, the dark current
remained unchanged; however, the photocurrent dropped to 1.2 nA cm2. When the X-ray beam
was moved such that only the area between the electrodes of the measured device was being

illuminated, the X-ray photocurrent dropped to 0.04 nA cm 2. These results confirm that the
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background signal is due to X-ray irradiation. The photocurrent measured with the aperture is a
good estimate of the true device photocurrent.

(a) 1= = = = = ()

I
I
|Samp|e [
I
I

Figure 3.25 (a) lllustration of the lead shielding used to block a portion of the X-ray beam (b)

Illustration of the X-ray beam either (i) on a device or (ii) between electrodes.
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Figure 3.26 Minimizing air ionization photocurrent in ITO/MAPbI3/59/Ag/PMMA devices.
Devices were measured at 100 kVp and —0.3 V um™1,
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This presents the question as to whether air ionization can be treated as a systematic error
for which a correction factor could be applied to the acquired data. Subtracting a fixed value of
1.6 nA cm™2 from the measured photocurrent density of all devices previously measured at 100
kVp and —30 V um* seemed like a reasonable approximation at first. It became clear when
comparing device performance that this method was not ideal because the air ionization current
varied depending on how the electrical leads were placed on each individual device. This would
likely result in a significant overestimation the degree of air ionization in low performance
devices. Based on these experiments, some, but not all of the X-ray photocurrent can be

attributed to air ionization.

3.2.6Conclusions

In this chapter | described a method of preparing 100 um thick MAPDI3 films using a
slot-die coater. These films were incorporated into X-ray photodetectors. A PDI hole blocking
layer, 59, was effective at suppressing the dark current. The moisture sensitivity of MAPDI3
devices was addressed by slot-die coating PMMA on top of MAPbIs, enabling device operation
under humid conditions in the presence of an applied field. Comparison with a-Se devices
measured under identical conditions, ITO/MAPbI3/59/Ag devices should offer improved
resolution based on the significantly lower dark current and a slightly lower photocurrent. The
improved performance of the ITO/MAPDI3/59/Ag devices can be attributed to the PDI layer, 59,
which blocked the injection of holes from silver, lowering the dark current. Air ionization was
identified as a source of significant background photocurrent in this work, and additional steps
are proposed to minimize its contribution. It is my hope that MAPbI3 X-ray detectors will be

developed for X-ray imaging to enable lower X-ray dose breast cancer screening.
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Chapter 4 - Conclusions and Future Work

4.1 General Conclusions

This thesis has been focused on the development of optoelectronic devices, specifically
organic solar cells and perovskite X-ray detectors. My work led to improvements in key figures
of merit, including the PCE of organic solar cells and the dark current of perovskite X-ray
detectors. Along the way | developed a series of regioisomerically pure 1,7-dicyano PDI
acceptors and a methodology for the deposition of thick MAPDIs films using a slot-die coater.
These experimental procedures may have other indirect impacts in the field of optoelectronics.
The overarching use of perylene diimide in these applications also shows the utility of this

material as an electron transport material in a variety of optoelectronic devices.

In Chapter 2, | described my work on the design, synthesis, deposition, characterization,
and photovoltaic application of a series of PDI acceptors, 40 to 43. The synthetic design was
intended to demonstrate how imide linkages can be used to prevent over-crystallization while
bay functionalization can be used to lower ELumo. The synthetic work included a method to
access 1,7-PDI acceptors while expanding the library of bay functionalized imide-linked
acceptors (which are rare within the literature). The film deposition procedures | developed for
these materials are comparable to other PDI acceptors. The morphology of these films
demonstrated a clear trend of decreasing domain size with increasing steric bulk in the bay
region and dimerization through the imide region. VVoltammetry measurements revealed the
predicted drop in ELumo upon nitrile functionalization in addition to the unusual effect of
dimerization resulting in early onset reduction. The use of these acceptors with a conventional
donor demonstrates that over-crystallization can be prevented in imide-linked PDI dimer, but
revealed that in combination with bay functionalization there is an increase series resistance
hindering photovoltaic device PCE. In situations where the donor has an unconventionally low
ELumo | demonstrated the need for low ELumo acceptors such as 41 and 43 where electron
transfer is otherwise unfavourable. In this instance, enhanced performance was seen for the
imide-linked dimer, 43, in comparison to the monomer, 41, which demonstrated that imide
linkage can improve the PCE of bay modified acceptors. This work demonstrates the potential of
the imide linkage and bay functionalization strategies, particularly when paired with low ELumo

donors.
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In Chapter 3, I described my contributions toward the design, synthesis, deposition,
characterization, and application of MAPDIs in medical X-ray detectors. This work involved
adapting a MAPDI3 ink composition such that it could be slot-die coated to prepare 100 pm thick
films as part of a simple ITO/MAPDI3/Ag design architecture. Characterization of these films
showed that the deposited MAPDIs films crystallized in the cubic phase. The devices have
potential for a competitive advantage over commercial a-Se detectors due to their solution
processability. Improvements on this work led to a new ITO/MAPDbI3/59/Ag architecture which
reduced the dark current considerably more than the X-ray photocurrent. Characterization of
these films under both humid and dry conditions revealed a moisture sensitivity which led to the
development of an ITO/MAPDI3/59/Ag/PMMA device architecture. This architecture offers
enhanced stability owing to the use of a PMMA encapsulation layer. Over the course of this
work, | discovered that air ionization had the potential to produce air ionization current only
present during X-ray exposure. | therefore took steps to develop improved testing protocols, first
by evaluating its impact, and then taking measures to minimize it. The development of the
ITO/MAPDI3/59/Ag/PMMA device architecture is an area of ongoing interest, as the technology
has disruptive potential for the field of medical X-ray imaging.
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4.2 Future Work
4.2.1Minimizing Air lonization in ITO/MAPbI 3/59PMMA X-ray Detectors

Air ionization photocurrent presents a variable source of X-ray photocurrent background.
Chapter 3 demonstrates the potential of the ITO/MAPDbI3/59/Ag/PMMA devices, but there is
uncertainty surrounding the amount of photocurrent being generated by MAPDI3. To address this,
| propose repeating key experiments with the use of lead shielding to collimate the X-ray beam,

which | have shown to reduce the amount of air ionization photocurrent.

Re-measuring the photocurrent and dark current of the ITO/MAPDI3/59/Ag/PMMA
devices at key X-ray energies of 20, 30, 70, and 100 kVp using the proposed lead shielding
would provide a clear indication as to whether air ionization has been eliminated. Given that the
X-ray photocurrent of a modest performance device was decreased, but not eliminated; it is
possible that air ionization is only a relevant source of background for devices with low X-ray
photocurrents. A more rigorous investigation into the variability of air ionization with applied
field, electrical contact placement, and exposure area is needed to determine if this source of
error has the potential to inadvertently lead researchers to select for these conditions when
optimizing device performance. This could be achieved by testing devices under vacuum, where
the air ionization photocurrent is expected to decrease due to the decreased number of molecules
which could become ionized. Of course, not all experiments can be performed in a vacuum and
this experiment would serve only to identify the amount of air ionization photocurrent being
generated. The vacuum chamber described in Section 3.2.4 combined with the use of lead
shielding could serve as a means of calibrating the X-ray photocurrent of a device prone to air
ionization. It would then be possible to systematically modify factors such as the exposed
electrode surface area, applied field, and illumination area to identify other methods of
minimizing air ionization.

The goal of this investigation would be to identify the various circumstances under which
air ionization occurs and how to prepare and measure devices such that it does not lead to

uncertainty surrounding their performance.
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4.2.2Reducing Lag, Lowering the Dark Current, and Improvingé Charge Carrier Mobility
in Perovskite Xray Detectors

An interesting direction for future work would be to develop methods to improve charge
collection by increasing the carrier mobility within the MAPDI3 layer. The transient response of
the ITO/MAPDI3/59/Ag/PMMA devices exhibit a slow return to their original dark currents
following X-ray illumination known as lag. This lag could be the result of poor charge carrier
extraction within the MAPbI3 layer, injection of charges into MAPbIs, or a combination thereof.
In this section | will discuss how modifying the electron blocking layers (or lack thereof),
MAPbI3 additives, and device temperature could be used to lower the dark current, improve

charge carrier mobility, and minimize lag within MAPbI3z X-ray detectors.

The simplest approach to lowering the dark current is to introduce an electron blocking
layer between ITO and MAPbIs. This layer would prevent direct injection of charge carriers
which may contribute to the lag observed in the MAPbI; devices described in Chapter 3.
Preventing direct injection would also reduce the dark current in the 1TO/electron blocking
layer/MAPDI3/59/Ag devices. The proposed device architecture is an ideal starting point given
that the dark current is already below the 1 x 1071° A cm™ required for X-ray imaging
applications. A number of materials could be used as an electron blocking layer, but preliminary
results have shown that a layer of 37 can be slot-die coated on top of ITO. The ELumo of 37 is
higher than MAPDbI3 meaning that it presents a barrier to the injection of electrons into MAPDI3
at the ITO/MAPDI3 interface, while still allowing holes to flow toward the corresponding
electrode. Comparing the transient response of ITO/37/MAPbI3/59/Ag/PMMA with control
devices should reveal if direct injection is contributing to the observed lag.

A more involved, but perhaps more rewarding approach would be to modify the
surfactant used in the MAPbI3 ink compositions. The formulation described in this work makes
use of CTAB, a long alkyl chain ammonium-based surfactant with a bromide counterion.
Preliminary results suggest that reducing the CTAB content has a profound impact on the film
morphology. Altering the selection of surfactant could have a larger impact on device
performance than morphology alone; in this case the selected ammonium based surfactant was
too large to incorporate into the bulk MAPbIs lattice but has the potential to accumulate on the
MAPbIs surface. This could be exploited to dope the MAPDI3 films with the selected surfactant
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counterion. It has previously been shown that doping of MAPbI3 films can be used to improve
charge carrier lifetime.1*3 Moreover, if ion migration is the cause of the observed lag in the
ITO/MAPDI3/59/Ag devices then doping the films with smaller or larger counterions may change
the amount of lag observed. Alkyl chain length may improve the MAPDI3 film morphology and

consequently improve charge transport.

The dark currents presented in Chapter 4 could be the result of thermal generation, field
injection, or ion migration. If the primary source of dark current is thermal generation then
studying the temperature dependence of the dark current should provide insight. Given the
potential for film degradation, excessive heating of the films is likely to have adverse effects and
cooling of the samples is likely to improve the dark current and provide insight into the source of
the dark current. Given that ion migration is also temperature dependent,*'* a reduction in dark
current alone would not be able to differentiate between ion migration and thermally generated
charge carriers. Modeling the dark current as function of temperature could separate the two
variables, while periodically measuring the emission spectrum to investigate the possibility of a
change in the number of surface states as the result of ion migration. This method could still
result in an overall increase in device performance, but more importantly provides insight into

the origin of dark current within MAPbI3z X-ray detectors.
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Chapter 5 - Experimental Details
5.1 Materials andMethods

Solvents were dried over activated 3 A molecular sieves and stored under argon.
Pd(PPh)s was purchased from Strem Chemicals and stored in a nitrogen-filled glovebox when
not in use. Compounds 40, 45 % 46,% 55,2 and 59*° were prepared according to literature
procedures. All other reagents were purchased from commercial suppliers such as Millipore-
Sigma, Fisher Scientific, and Matrix Scientific and used as received unless otherwise noted.
Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker Avance 500 MHz
spectrometer. Mass spectra were obtained on a JEOL JMS-T100GCv AccuTOF-GCv4G Mass
Spectrometer with an EiFi field desorption ionization source. UV/vis spectra were measured in
chloroform solutions using either a Cary 50 or 6000i UV/vis spectrophotometer. Cyclic and
differential pulse voltammetry were carried out in 0.05 mol L™ tetrabutylammonium
hexafluorophosphate dissolved in either dry, degassed dichloromethane (for dissolved acceptors)
or acetonitrile (for thin films). The working electrode was glassy carbon, the counter electrode
was a Pt wire, and the reference electrode was a Ag wire. Voltammograms were referenced to an
internal Fc/Fc* standard; Fc/Fc* was assumed to be —4.8 V vs. vacuum. Atomic force
microscopy measurements were performed using a PicoSPM microscope operating in tapping
mode. Profilometry measurements were made using a KLA-Tencor stylus surface profilometer
with a force of 10 mg. Diffuse reflectance measurements were carried out using a Cary 6000i
with a diffuse reflectance accessory. Powder X-ray diffraction patterns were obtained using a
Rigaku Ultima IV X-Ray diffractometer with a Cu K-o source (1.54056A). Scanning electron
microscopy images were taken using a Hitachi SU8010.

5.2 Computational Methods

Density functional theory calculations were performed using the Gaussian 09 software
suite.!® All calculations were performed using the B3LYP exchange-correlation functional with
the 6-31G(d) basis set. 2-Octyldodecyl alkyl chains were replaced with ethyl groups to simplify
the calculations. Geometry optimizations were first performed on all structures and frequency
analyses carried out to ensure that the optimizations had converged to a potential energy
minimum. The isosurfaces and eigenvalues of the frontier molecular orbitals were obtained from

single point energy calculations.

107



5.3 0rganic Solar CellFabrication and Testing

ITO-coated glass substrates (Rs =20 Q sq?, Xin Yan Technology Ltd.) were cleaned by
sequential sonication in Extran 300 detergent (2% v/v in Millipore H20), Millipore H20O,
acetone, and isopropanol for 20 min each, blown dry with filtered nitrogen (0.45 pm
poly(tetrafluoroethylene) syringe filter), and UV/ozone cleaned for 15 min. A ZnO sol-gel
precursor solution was prepared by dissolving ZnOAc-2H>0 (0.108 g) and ethanolamine (30 pL)
in 2-methoxyethanol (1.0 mL) and stirring vigorously overnight. The ZnO precursor solution was
spin cast onto the cleaned ITO/glass substrates and annealed at 180 °C for 15 min; the substrates
were placed into a nitrogen-filled glovebox while still hot. 56/acceptor active layer solutions
were prepared by dissolving in chlorobenzene to a total solid concentration of 20 mg mL™* (18
mg mL* for 23) by heating to 60 °C. The active layer was spin coated at 2500 rpm. After the
active layer was deposited, MoO;— (5 nm, 0.1 A s™*) and Ag (70 nm, 0.1-0.3 A s™1) were
thermally evaporated at a base pressure of 1 x 10°® mbar. Current-voltage measurements were
performed inside a nitrogen-filled glovebox using a Keithley 2400 source-measure unit. The
cells were illuminated by a 450 W Class AAA solar simulator equipped with an AM1.5G filter
(Sol3A, Oriel instruments) at a calibrated intensity of 100 mW cm™2, as determined by a standard
silicon reference cell (91150V, Oriel Instruments). The cell area was defined by a non-reflective
anodized aluminum mask to be 0.0708 cm?. Devices with noticeable spin coating defects were

omitted from testing.

5.4 X-ray Detector Device Fabrication

The perovskite and interlayers were coated using a compact sheet coater (FOM
Technologies). The shim width and thickness were 13 mm x 50 um, respectively. Slot-die head
alignment and gap height was set by eye (using a flashlight to illuminate the opposite side of the
meniscus guide) with an estimated accuracy of = 10 um. 1x3” patterned ITO-coated glass
substrates (Rs = 20 €/sq, Xin Yan Technology Ltd.) were cleaned by sequential sonication in
Extran 300 detergent (2% v/v in Millipore H,O), Millipore H>O, acetone, and isopropanol for 20
min each, blown dry with filtered nitrogen (0.45 um poly(tetrafluoroethylene) syringe filter),
dried for 5 minutes on a hot plate at 120 °C and then UV/ozone cleaned for 15 minutes prior to
use. All solvents were stored over dry sieves and syringe filtered (0.45 pm

poly(tetrafluoroethylene) syringe filter) prior to use. Unless otherwise noted, exclusion of
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moisture during the device fabrication process was done using an Ivation 13-pint small-area
desiccant dehumidifier that was also housed in a Mbraun box enclosure. The box enclosure was
flushed with N for five minutes with a flow rate of 5 L min~* prior to device fabrication and
each time the antechamber door was opened. The box was otherwise continuously flushed with

N at a rate of 1 L min%.
ITO/MAPDI3/Ag device fabrication:

In a 3 dram vial: Pbl> (3.80 g, 8.25 mmol), methylammonium iodide (1.31 g, 8.24 mmol),
polyvinylpyrrolidone (0.256 g), cetrimonium bromide (0.102 g), and dry 9:8 N-Methyl-2-
pyrrolidinone/N,N-dimethylformamide (2.5 mL) were combined. The mixture was stirred at 110
°C until dissolved. During this time, the 1x3” patterned ITO substrates were cleaned using the
general procedure, masked using Kapton tape, and transferred to a <40% relative humidity box
enclosure and carefully aligned in series. The perovskite pre-cursor was then loaded into a 3 mL
polypropylene syringe and held at 95 °C for 5 minutes prior to coating. The substrates were then
slot-die coated with a web speed of 50 cm min™?, flow rate of 1.5 mL min%, gap height of 350
pum, and a slot-die head temperature of 100 °C. Immediately after coating, the substrates are
transferred to a 45 °C hot plate and dried overnight. Films were then annealed at 125 °C for 60
minutes. The Kapton tape was then carefully removed and a small section of the perovskite was
scraped off prior to bottom contact electrode deposition. Silver (100 nm) was thermally
evaporated using a base pressure of 1 x 10°® mbar and masked to create six 0.55 cm? devices per

substrate.
ITO/MAPDI3/59/Ag device fabrication:

| employed the same methodology for the deposition of the MAPbIs layer as mentioned above.
Prior to tape removal, 59 (40 mg) was dissolved in 3 mL of chlorobenzene at 60 °C. 49 was then
slot-die coated with a web-speed of 50 cm min™2, flow rate of 0.4 mL min?, gap height of 250
pum, and a slot-die head/syringe temperature of 60 °C. The films were then dried at 45 °C for 2
hours. The Kapton tape was then removed and silver (100 nm) was thermally evaporated using a
base pressure of 1 x 10°® mbar and masked to create six 0.55 cm? devices per substrate.

ITO/MAPDI3/59/Ag/PMMA device fabrication:
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PMMA (50 mg/mL in chlorobenzene) was slot-die coated on top of the ITO/MAPbI3/59/Ag
devices at a web speed of 50 cm min?, flow rate of 0.6 mL min™%, gap height of 250 pm, and a
room temperature slot-die head. The PMMA encapsulation layer left a portion of the silver
electrodes exposed for testing.

5.5 X-ray Measurements

The X-ray source used for the X-ray photocurrent measurements is the Faxitron Cabinet
X-ray system. The voltage output range of the X-ray system was 10 — 110 kVp, 3 mA continuous
current with 0.76 mm beryllium window X-ray tube. A Stanford Research system PS350 model
high voltage power supply capable of reaching up to 5000 V with dual polarity was used as the
power source. The ammeter used was the Keithley 6512 Model Programmable Electrometer with
current range 2 fA to 20 mA, resistance range of 100 mQ to 200 GQ and built-in IEEE-488
interface. A general-purpose interface bus was used to establish communication between the
power supply, the electrometer, and the computer. Results were recorded using LabView

software controls for voltage and exposure time. The experimental setup is shown in Figure 5.1.

......... \ 4—: X-ray source

Readout— I 1

Device

i

Figure 5.1 Experimental setup for X-ray measurements.

5.6 Time-correlated Singlephoton Counting (TCSPC)
TCSPC data were measured using a Ti:sapphire laser (Mira, Coherent) that provided
mode-locked pulses in the 700—1000 nm range. The 76 MHz pulse train was sampled using a

pulse picker to provide excitation pulses at a repetition rate of 200 kHz and was frequency
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doubled using a second harmonic generator. The samples were positioned at an angle of 45
degrees, relative to the 400 nm excitation beam. The resulting fluorescence passed through a
filter to eliminate scattering and was detected at wavelengths of 760, 710, and 830 nm, which
covered the photoluminescence peak and its red shoulder. The instrument response function
(IRF) was measured at the excitation wavelength on the samples, yielding an IRF with a width of
80 ns (full width at half-maximum). The TCSPC decay curves were fit using biexponential

functions in the range 350 ns to 4.8 ps:

" BoOQ Equation 5.1

where I(t) is the fluorescence intensity at time t and A; is the amplitude of the iw lifetime such
that:

Bo p Equation 5.2
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5.7 Detailed Synthetic Procedures

C4Hg C4Hg
1 1

Zn(CN),
—_—
Pd(PPh,), and P(Ph),
1,4-dioxane, reflux 2 weeks
78%

Scheme 5.1 Synthesis of 47 (cyanation).

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

A 250 mL flame-dried two-neck round bottom flask was evacuated/refilled three times
with argon. 46 (4.806 g, 5.929 mmol), Zn(CN)2 (2.05 g, 17.5 mmol), Pd(PPhs)4 (0.342 g, 0.296
mmol), and PPh3 (0.081 g, 0.31 mmol) were then added to the flask. Dry 1,4-dioxane (100 mL)
was sparged for 30 minutes with argon and added to the reaction vessel by cannula transfer. The
reaction mixture was heated at reflux for two weeks, monitoring by TLC until no starting
material or intermediates were visible. The mixture was then diluted with dichloromethane and
filtered through Celite. The filtrate was transferred to a separatory funnel and washed with 1 M
NaOH, then distilled water. The solution was dried over MgSQOyg, filtered, and the solvent was
removed via rotary evaporation. The product was then dissolved in a minimal amount of
dichloromethane and passed through a silica pad (eluent: 15:85 EtOAc/Hexanes). The resulting
solid was recrystallized from hot hexanes and dried at 100 °C under vacuum to afford the final
product as an orange solid (3.269 g, 78%). *H NMR (500 MHz, CDCls), 8: 9.14 (d, 2H, J = 7.95
Hz), 8.35 (s, 2H), 8.32 (d, 2H, J=7.95 Hz), 4.39-4.35 (m, 8H), 1.83-1.77 (m, 8H), 1.54-1.46 (m,
8H), 1.02-0.99 (m, 12H). **C NMR (126 MHz, CDCls, §): 167.3, 166.6, 135.8, 134.2, 132.5,
132.2,131.5, 130.4, 129.3, 128.0, 119.5, 106.9, 77.3, 77.1, 76.8, 66.2, 66.0, 30.6, 19.3, 13.8.
HRMS (m/z): (M™) calc (Cs2H42N20s): 702.29412 found: 702.2912.
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Figure 5.2 'H NMR spectrum of 47 in CDCls.

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

@

=

no erURoOTNOd 0 - =
o S-COUNONT 0 - o ©m o @ o
0@ NoO-ROEOOn O o EGa N6 0@ QW g
N QB eLTR0o0n o gue =4 o nod
r~o DYNN=Caa~ 0 w Qar No k] a0
wo POEOORNNN — =3 =g o oo oo o
e L L oL - [N 1] a0 == <

e

)

” } } ‘ ) o

" 3 M } Y o
T T T T T T T T T T T T T T T
150 100 50 [ppm]

Figure 5.3 1*C NMR spectrum of 47 in CDCls.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Acq. Data Name: RP3-170-A Experiment Date/Time: 05/01/2018 12:42:33 PM
Creation Parameters: Average(MS Time:0.44..0.49) lonization Mode: FD-+(eiFi)
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Figure 5.4 High resolution mass spectrum of 47.

Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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p-TsOHeH,0

®

I CN

1:5 toluene/heptane
95°C,21h

63% o o

¢ 9
C4Hg C4H,

48

Scheme 5.2 Synthesis of 48 (hydrolysis, solubility controlled).

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.**
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

47 (2.92 g, 4.15 mmol), p-TsOH-H20 (0.937 g, 4.93 mmol), heptane (7.5 mL), and
toluene (1.6 mL) were combined in a 25 mL round bottom flask and then heated to 95 °C for 22
h. The mixture was diluted with methanol (2 mL), and collected the precipitate by suction
filtration, washing with methanol. The precipitate was dissolved in CH.Cly, filtered, and the
solvent removed by rotary evaporation. The crude product was then triturated in 100 mL of hot
methanol to remove traces of p-TsOH-H-O. The resulting red solid was collected by filtration
and dried at 100 °C under high-vacuum to afford the final product (1.49 g, 63%). *H NMR (500
MHz, CDCls) 6: 9.45 (d, 1H, J=8.10 Hz), 9.44 (d, 8.00 Hz), 8.95 (s, 1H), 8.91 (d, 1H, J=8.10
Hz), 8.42 (s, 1H), 8.39 (d, 1H, J=8.00 Hz), 4.39 (m, 4H), 1.84-1.80 (m, 4H), 1.53-1.51 (m, 4H),
1.02 (m, 6H). *C NMR (126 MHz, CDCls, §): 166.8, 166.2, 158.5, 138.9, 137.8, 135.4, 134.5,
133.8, 133.4, 132.2, 131.3, 129.6, 128.2, 126.8, 119.8, 119.0, 108.7, 107.9, 66.6, 66.3, 30.6, 19.2,
13.8. HRMS (m/z): (M) calc. (C34H24N207): 572.15835 found: 572.1564.

115


https://pubs.acs.org/doi/10.1021/acsomega.0c01217

25 [rel]

FONN DWW 0w 0 00 =N OoIN NN OO =000

SOOoOT WOHH OO <+ O MOEONOCOM =T — DLW C

DTTT HOHa L0 Qo ROEUmE~nWLnnWwco

BOOO 00K 0000m T 2000 rercercceeoeeo =

RVERNEIRAY y SR
o
0

N ' Lol

44650 m———
1 T T T
0.0 05 1.0 1

= i 2 3 |® &
3 |8 i : R |8
<t L i
T | : . . . T . . . | . T . . T
8 6 4 2 [ppm]

Figure 5.5 'H NMR spectrum of 48 in CDCls.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Figure 5.6 *C NMR spectrum of 48 in CDCls.
Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Acq. Data Name: RP4-124-A and sid Expenment Date/Time: 05/04/2018 3:33:23 PM
Creation Parameters: Average(MS Time:0.48..0.51) lonization Mode: FD+(eiFi)
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Figure 5.7 High resolution mass spectrum of 48.

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Scheme 5.3 Synthesis of 49 (condensation).

Adapted with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.%
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

48 (1.49 g, 2.60 mmol), 2-octyldodecylamine (1.15 g, 3.86 mmol), and toluene (50 mL)
were combined in a 100 mL round bottom flask and heated at reflux for 23 h. The solvent was
removed by rotary evaporation and the resulting solid was triturated in 50 mL of hot methanol.
The solid was collected by suction filtration, washing with methanol, and dried under high-
vacuum at 100 °C for 2 h to afford the pure product as a red solid (2.204 g, 99%). *H NMR (500
MHz, CDCls) é: 9.46 (d, 1H, J=8.05 Hz), 9.40 (d, 1H, J=8.05 Hz), 8.93 (s, 1H), 8.88 (d, 1H,
J=8.10 Hz), 8.40 (s, 1H), 8.36 (d, 1H, J=7.95 Hz), 4.40-4.37 (m, 4H), 4.15 (d, 2H, J=7.35 Hz),
2.01 (m, 1H), 1.83-1.79 (m, 4H), 1.55-1.48 (m, 4H), 1.41-1.23 (m, 32H), 1.03-1.00 (m, 6H),
0.87-0.84 (m, 6H). 13C NMR (126 MHz, CDCls, 8): 167.1, 166.4, 162.7, 162.3, 137.3, 136.0,
134.7,134.4,133.7, 133.4, 132.7, 132.2, 129.9, 129.4, 128.6, 128.2, 126.6, 123.9, 122.9, 119.4,
107.8, 107.5, 66.4, 45.0, 36.6, 31.9, 31.6, 30.6, 30.1, 29.6, 29.4, 26.5, 22.7, 19.2, 14.2, 13.8.
HRMS (m/z): (M) calc. (CssHssN30s): 851.48734 found: 851.4870.
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Figure 5.8 'H NMR spectrum of 49 in CDCls.
Adapted with permission from ACS Omega 2020, 5, 16547-16555. Copyright © 2020, ACS Omega.®*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Figure 5.9 1*C NMR spectrum of 49 in CDCls.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Figure 5.10 High resolution mass spectrum of 49.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Scheme 5.4 Synthesis of 50 (hydrolysis).

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

49 (1.04 g, 1.22 mmol), p-TsOH-H.0 (1.17 g, 6.15 mmol), and toluene (100 mL) were
combined in a 250 mL two-neck round bottom flask that had been evacuated/refilled 3 times
with Argon. The mixture was stirred at reflux for 24 hours. The solvent was removed by rotary
evaporation and the resulting crude product was purified by sequentially triturating in 165 mL of
hot 1:10 acetone/hexanes and 50 mL of hot methanol. The product was dissolved in
dichloromethane, filtered, and solvent removed. Further drying under high-vacuum at 100 °C for
one hour afforded the product as a red solid (0.630 g, 72%). *H NMR (500 MHz, CDCls) &: 9.75-
9.73 (m, 2H), 9.01 (s, 1H), 9.00 (s, 1H), 8.97-8.95 (m, 2H), 4.17-4.16 (m , 2H), 2.02-2.00 (m,
1H), 1.42-1.23 (m, 32H), 0.87-0.86 (m, 6H). 3C NMR (126 MHz, CDCls, 8): 162.3, 161.8,
158.2, 137.9, 136.2, 135.5, 133.7, 131.6, 129.6, 128.8, 127.3, 125.5, 124.5, 120.6, 119.9, 118.9,
118.6, 109.3, 108.7, 45.2, 36.6, 31.9, 31.6, 30.0, 29.7 29.4, 26.4, 22.7, 14.1. HRMS (m/z): (M™")
calc. (CasH47N30s): 721.35157 found: 721.3547.
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Figure 5.11 *H NMR spectrum of 50 in CDCls.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Figure 5.12 1*C NMR spectrum of 50 in CDCls.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Creation Parameters: Average(MS Time:0.51.0.52) lonization Mode: FD+(eiFi)
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Figure 5.13 High resolution mass spectrum of 50.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Scheme 5.5 Synthesis of 43 (condensation to form dimer).

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

50 (0.408 g, 0.565 mmol), m-xylylenediamine (0.038 g, 0.28 mmol), and chlorobenzene
(25 mL) were combined in 100 mL two-neck round bottom flask which had been
evacuated/refilled 3 times with Argon. The mixture was heated at reflux for 4 days. The mixture
was concentrated using rotary evaporation and purified using silica gel column chromatography
(eluent: 2:100 MeOH:CHCIy). The crude product was triturated in 50 mL of hot hexanes. The
solid was further dried under high-vacuum at 100 °C for 1 hour to afford the product as a red
powder (0.242 g, 56%). *H NMR (500 MHz, CDCls) 8: 9.70-9.68 (m, 4H), 8.97 (s, 2H), 8.96 (s,
2H), 8.93-8.90 (m, 4H) 7.76 (s. 1H), 7.45-7.44 (m, 2H), 7.31-7.28 (m, 1H), 5.40 (s, 4H), 4.17-
4.15 (m, 4H), 2.04-1.97 (m, 2H), 1.46-1.23 (m, 64H), 0.87-0.84 (m, 12H). 13C NMR (126 MHz,
CDCls, 6): 162.1, 161.7, 136.4, 136.3, 136.1, 133.7, 132.4, 132.0, 129.7, 129.0, 128.4, 127.0,
124.7,123.7,119.1, 108.4, 45.1, 36.6, 31.9, 30.0, 29.6, 29.3, 26.4, 22.7, 14.1. HRMS (m/z):
(M) calc. (C100H102NsOg): 1543.78542 found: 1543.7817.
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Figure 5.14 'H NMR spectrum of 43 in CDCls.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Figure 5.15 *C NMR spectrum of 43 in CDCls.
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Figure 5.16 High resolution mass spectrum of 43.
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Scheme 5.6 Synthesis of 52 (Appel reaction).

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Known compound.'!’ Alternatively prepared as follows: 51 (5.0 mL, 14 mmol), carbon
tetrabromide (4.65 g, 14.0 mmol) and dichloromethane (25 mL) were combined in a 50 mL two-
neck pear-shaped flask. The solution was sparged with argon for 15 minutes. The mixture was
cooled to 0 °C and then triphenylphosphine (3.72 g, 14.2 mmol) was added over the course of 15
minutes while stirring. The solution was gradually warmed to room temperature as it continued
to stir for 24 hours. The solution was concentrated by rotary evaporation and then hexanes were
added. The resulting precipitate was removed by filtering twice and the filtrate was collected and
concentrated by rotary evaporation. The mixture was then passed through a pad of silica gel
(eluent: hexanes). The solution was concentrated and the bromoform side-product was removed
under high-vacuum while stirring at 75 °C for 2 hours to afford 2-octyldodecyl bromide as a
colorless oil (4.76 g, 94%). *H NMR (500 MHz, CDCls), &: 3.45 (d, 2H, J=4.8 Hz), 1.59 (m,
1H), 1.41-1.20 (m, 32H) 0.88 (m, 6H).
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Figure 5.17 *H NMR spectrum of 52 in CDCls.
Copied with permission from ACS Omega 2020, 5, 16547—-16555. Copyright © 2020, ACS Omega.*
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Scheme 5.7 Synthesis of 53 (Gabriel synthesis, part #1).
Copied with permission from ACS Omega 2020, 5, 16547—-16555. Copyright © 2020, ACS Omega.*
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Known compound.'!’ Alternatively prepared as follows: 52 (4.76 g, 13.2 mmol),
dimethylformamide (25 mL) and potassium phthalimide (2.60 g, 14.0 mmol) were combined in a
50 mL two-neck pear-shaped flask. The headspace of the flask was flushed with argon for 5
minutes. The reaction mixture was heated to 90 °C and stirred for 2 days. It was then transferred
to a separatory funnel with distilled water (120 mL). The product was extracted using
dichloromethane (4 x 35 mL) and washed with 0.2 M KOH (100 mL), distilled water (100 mL)
and 1 M aqueous ammonium chloride (80 mL). The combined organic layers were dried over
magnesium sulfate, filtered, and the solvent removed via rotary evaporation. The crude product
was purified by flash column chromatography (eluent: dichloromethane). The resulting product
was dried under high-vacuum at 70 °C for 30 minutes to afford N-(2-octyldodecyl)phthalimide
as a colorless oil (5.25 g, 93%). *H NMR (500 MHz, CDCls), 8: 7.86-7.82(m, 2H), 7.24-7.69 (m,
2H), 3.56 (d, 2H, J=7.3 Hz), 1.92-1.83 (m, 1H), 1.42-1.19 (m, 32H), 0.89-0.85 (m, 6H).
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Scheme 5.8 Synthesis of 54 (Gabriel synthesis, part #2).
Copied with permission from ACS Omega 2020, 5, 16547—-16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

Known compound.t” Alternatively prepared as follows: 53 (5.21 g, 12.2 mmol),
hydrazine monohydrate (2.0 mL, 41 mmol) and methanol (60 mL) were combined in a 250 mL
two-neck round bottom flask. The headspace of the reaction vessel was flushed with argon for 5
minutes. The solution was then heated to reflux and stirred for 28 h. The methanol was removed
by rotary evaporation and the mixture was dissolved in dichloromethane (120 mL) and
transferred to a separatory funnel. The solution was washed with 10% KOH and this layer was
re-extracted with dichloromethane (3 x 25 mL). The combined dichloromethane fractions were
washed with brine (2 x 50 mL), dried over magnesium sulfate, filtered, and the solvent removed
by rotary evaporation to afford pure 2-octyldodecylamine as a colorless oil (2.76 g, 76%). *H
NMR (500 MHz, CDCly), 8: 2.60 (d, 2H, J=5.3 Hz), 1.32-1.20 (m, 33H), 0.87 (m, 6H).

15 [rel]

mmmmmmm
mmmmmmm
mmmmmmm

25936
—_ 255836
3
2

1.9974 ——
23212

6.4767
L 2=t

T
35.4782

T T T i
7 6 5 4 a 2 [ppm]

Figure 5.19 'H NMR spectrum of 54 in CDCls.
Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Scheme 5.9 Synthesis of 41 (hydrolysis and subsequent amine condensation).

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

47 (2.265 g, 3.222 mmol), p-TsOH-H-0 (1.84 g, 9.66 mmol), and toluene (50 mL) were
combined in a 100 mL round bottom flask and heated at reflux for 23 h. The mixture was
filtered, and the precipitate was washed with CHCIlz and MeOH. The precipitate was then dried
under vacuum at 100° C for 1 hour to afford the insoluble dianhydride as a red solid (1.108 g,
2.505 mmol).

A portion of the crude dianhydride (0.319 g, 0.721 mmol), 54 (0.479 g, 1.61 mmol), and
imidazole (10 g) were combined in a 50 mL two-neck pear-shaped flask and the headspace was
flushed with argon. The mixture was stirred at 140 °C for 13 h. The imidazole was removed by
triturating with 20 mL of 2 M HCI and the crude product isolated by suction filtration, washing
sequentially with 2 M HCI, water, and methanol. The crude product was then dissolved in
CH.ClIy, filtered, and then precipitated with methanol. The crude product was collected by
suction filtration and then purified by silica gel column chromatography (eluent: CH2Cl,). The
product was triturated in hexanes to remove traces of grease, and the red solid dried at 100 °C
under high-vacuum for 1 hour to afford the final product (0.146 g, 20% over two steps). *H NMR
(500 MHz, CDCls3) 4: 9.70 (d, 2H, J=8.10 Hz), 8.98 (s, 2H), 8.93 (d, 2H, J=8.10), 4.17-4.15 (m,
4H), 2.02-2.00 (m, 2H), 1.42-1.23 (m, 64H), 0.87-0.85 (m, 12H). *C NMR (126 MHz, CDCls,
9): 162.5,162.0, 136.1, 133.6, 132.2, 129.6, 127.0, 124.9, 123.9, 119.2, 108.5, 45.1, 36.7, 31.9,
31.7, 30.0, 29.6, 29.3, 26.4, 22.7, 14.1. HRMS (m/z): (M"") calc. (CesHssN4O4): 1000.68056

found: 1000.6835.
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Figure 5.20 *H NMR spectrum of 41 in CDCls.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.
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Figure 5.21 **C NMR spectrum of 41 in CDCls.
Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
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Figure 5.22 High resolution mass spectrum of 41.
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Scheme 5.10 Synthesis of 42 (condensation to form dimer).

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
https://pubs.acs.org/doi/10.1021/acsomega.0c01217. Further permissions should be directed to the ACS.

m-Xylylenediamine (0.0695 g, 0.0510 mmol), 55 (0.749 g, 1.11 mmol), zinc acetate
dihydrate (0.001 g, 0.005 mmol), and quinoline (50 mL) were combined in a 100 mL two-neck
round bottom flask. The head space of the reaction vessel was flushed with argon for 5 minutes.
The reaction mixture was then heated to 180 °C and allowed to stir for four days. The hot
mixture was poured onto 350 mL of 2 M HCI, producing a red precipitate. The crude product
was isolated by suction filtration, washing sequentially with 2 M HCI, water, and methanol. The
crude product was triturated in chlorobenzene, collecting the product via centrifuge. The
decanted pellet was broken up into a fine powder and dried under high-vacuum at 100 °C for 2 h
to afford the product as a red powder (0.435 g, 51%). *H NMR (500 MHz, CDCl3) 8.59-8.53 (m,
8H), 8.49-8.43 (m, 8H), 7.45-7.43 (m, 1H), 7.40-7.38 (m, 2H), 5.39-5.35 (m, 4H), 4.17-4.13 (m,
4H), 2.02-1.97 (m, 2H), 1.62-1.17 (m, 56H), 0.90-0.80 (m, 20H). One additional proton
corresponding to m-xylylene diamine is hidden by the CDClI; solvent peak. The solubility was
too low for characterization by 3C NMR. HRMS (m/z): (M™) calc. (CosH106N4Os): 1443.80442
found: 1443.8072.
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Figure 5.23 'H NMR spectrum of 42 in CDCls.

Copied with permission from ACS Omega 2020, 5, 16547—16555. Copyright © 2020, ACS Omega.*
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Figure 5.24 High resolution mass spectrum of 42.
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