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ABSTRACT
MARGARET KOCHERGA. Hexacoordinate Silicon Complexes for Electronic Devices
(Under the direction of DR. THOMAS A. SCHMEDAKE)

Organic electronics such as organic light emitting diodes, organic photovoltaics,
organic field effect transistors begin to replace classically used technology. This is due to
their tailorability, possibility of smaller and flexible devices, and new functionalities.
These devices are light weight and consume less power. Although, these qualities are
beneficial, there are major drawbacks to this technology. Commercially available devices
exceed the cost of conventional due to instability and short lifetimes of organic materials,
which results in costly manufacturing and assembling. Also, many devices employ heavy
metals and rare-earth metals, which impose environmental challenges.

Hexacoordinate silicon based complexes with conjugated pincer ligands will have
improved electronic, optical, and chemical properties for wide-scale application in
organic electronic devices. The hexacoordinate silicon center enforces planarity of the
pincer ligand, leading to extended, conjugation and improved optical properties compared
to the free ligand alone. Also, the tridentate nature of the pincer ligand would lead to a
more stable product less stable to hydrolysis than existing state-of-the-art materials such
as Alqgs. In this work a new generation of electron and hole transport, and
electroluminescent materials were synthesized, characterized and tested in prototype
devices.

In this work, complexes with hexacoordinate silicon complexes with dianionic
pincer ligands, Si(pincer),, motif were tested. All of the synthetic analogs were found to

be air/moisture stable and fluorescent in solution and solid state. Thin films of the
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complexes can be grown using vacuum deposition with high uniformity. The charge
carrier mobilities of Si(pincer), complexes have been measured and demonstrated that
Si(pincer) complexes are efficient electron and hole transport layers with electron
mobilities comparable to commercially available alternatives. Si(pincer), complexes have
been successfully embedded into prototype OLEDs and OPVs, which confirms that
hexacoordinate silicon complexes are attractive candidates for organic electronic

applications.
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CHAPTER 1: ORGANIC ELECTRONICS

1.1 Introduction

Organic electronic devices consist of active layers composed of organic molecules
and/or polymers. Organic materials were first found to have acceptable electronic
properties in 1950-1960s.! Electroluminescence in organic materials was observed
shortly after.? Organic electronic devices have many unique advantages over
conventional electronics. For example, they can be manufactured on flexible substrates,
they have potential for printability, and they can be tuned allowing for a wide range of
properties. These advantages allow for a variety of different applications such as organic
light emitting diodes (OLEDs) in displays,* signage and lighting; organic photovoltaics
(OPVs) for outdoor and indoor solar cells and photodetectors for biomedical application.*
They also enable unique emerging applications such as organic field-effect transistors
(OFETs) for pixel switches on electronic paper.’

Typically, semiconducting organic molecules contain conjugated substructure. Such
structure results in an overlap of m-orbitals and allows for delocalization of the 7-
electrons facilitating the conduction. In OLED devices, charge carriers, electrons and
holes, can be injected into the organic materials at the anode (holes) and cathode
(electrons). The charge carriers travel through the organic material via a hopping
mechanism from molecule to molecule.® Eventually the electron and hole can combine to
form an electron-hole pair, which is called an exciton. The resulting exciton can be a
singlet or triplet exciton depending on the spin pair orientation. In singlet excitons, spins
align in opposite directions, and the exciton can relax radiatively, since radiative

relaxation from the excited singlet state to the ground state (singlet) is spin-allowed.



Radiative recombination from the triplet exciton is spin-forbidden however, and typically
non-emissive. Since the singlet exciton is singly degenerate while the triplet exciton is
triply degenerate and typically lower energy, only 25% of excitons are emissive and 75%
of the injected charge carriers are wasted. Several schemes have been developed to
harvest the triplet excitons including: increasing the radiative recombination efficiency of
the triplet exciton by addition of a heavy atom (PHOLEDs),” thermally activated delayed

fluorescence (TADF),® and triplet fusion delayed fluorescence (TFDF).?

1.2 Organic electronic devices

1.2.1 Organic light emitting diodes

OLEDs are one of the greatest examples of commercially successful organic
electronic devices and have been extensively studied in academia and industry for the last
thirty years. OLED displays for example have significant advantages over the
conventional liquid crystal display (LCD) technology.'® ! LCDs use a white-light source,
polarizing filters, liquid crystals and color filters. OLEDs offer a significantly simpler
design that is direct emission, which does not require color filters or light source. This
fundamental difference in the engineering of the devices allows OLEDs to have lower
power consumption, faster response time, better contrast, wider viewing angles, and new
form factors. Even though this technology is commercially available, there are still many
issues with OLEDs, such as poor lifetime, moisture sensitivity, burn-in issues, and high
manufacturing cost.!?

The existing challenges motivate the research community in both academia and

industry to find new solutions. The first OLED was reported by Tang and VanSlyke in



1987 in its simplest design, where a single organic layer is sandwiched between anode
and cathode as shown in Figure 1.1.!3 This was the first successful demonstration of the
electrons and holes being transported through organic material under forward bias
voltage resulting in light emission. The charges are injected into the organic material,
travel towards the center of the device due to applied electric field, and recombine in the
form of an electron-hole pair, exciton. The light is then emitted as these excitons decay

and release their energy as a photon. This mechanism of OLED operations is shown in

I

‘ Organic Emitting Layer
HIE \

Figure 1.1. Schematic representation of the first OLED device. The organic light
emitting layer is sandwiched between the electron injecting electrode (EIE) and hole
injecting electrode (HIE).

Figure 1.2.

& o
= 1 Charge injection
® B 2 Charge transport
—® — 3 Exciton formation
1 4 Radiative exciton recombination
5 Light emission

HIE HTM EL ETM EIE

Figurel.2. Schematic representation of the photon generation in OLEDs: charge injection
and transport through the HTM:ETM interface, exciton formation and radiative emission.
HIE-hole injection electrode; HTM-hole transport material; EL-emissive layer; ETM-
electron transport material; EIE- electron injection electrode.



There are five key step that are occurring in order for successful light emission to
occur. The first step is injection of electrons and holes through electron injecting
electrode (EIE) and hole injecting electrode (HIE), upon applied bias voltage.

The second step is charge transport. After the injection, the charges have to travel
towards the center of device, organic emitting layer, and the charge transport efficiency
depends on how ordered the materials are. Highly ordered materials have greater carrier
mobilities, while materials with defects will have worse carrier mobilities and are prone
to have traps sites for charges, causing loss of efficiency.

The third step is exciton formation. After traveling through the electron or hole
transport materials (ETM and HTM), electrons and holes will combine to form singlet
and triplet excitons in the emitting layer leading to the last two steps: radiative exciton
recombination and light emission. Well-designed singlet exciton emitters can emit with a
near unity quantum yield leading to an overall internal quantum efficiency approaching

25%. To exceed this limit a triplet harvesting scheme must be exploited.

1.2.1.1 State of the art

One of the ways of improving the device performance is by thermally activated
delayed fluorescence (TADF). Unlike traditional singlet emitters, the triplet excitons that
are usually non-emissive are converted into the singlet excitons via reverse intersystem
crossing (RISC). This is possible when the singlet-triplet energy levels have a gap of less
that 0.1 eV.!* By converting the triplet excitons into singlet, it is possible to obtain 100%
internal quantum efficiency (IQE), instead of 25% when using singlet emitters. This

hypothetical 100% IQE is a result of the prompt and delayed fluorescence mechanisms.



The prompt fluorescence is S1 — So (first excited singlet state — ground state)
decay and occurs on the nanosecond scale. Singlet excitons that are created via RISC
result in delayed fluorescence, which happens on the order of 100 ps.!> This time delay
conveniently does not affect the spectral distribution, and both have the energy from the
S1 — So decay. The key challenges are to design materials that not only have a small
singlet-triplet gap, but also have a stable triplet state that would allow the excitons to
efficiently undergo the RISC to singlet state. Current TADF emitters are either
macromolecules, dendrimers, or polymers. Examples of such emitters from 2020 review
of Jiang et. al are shown in Figure 1.3.'°

There are still some challenges to this day to prepare TADF materials that would
meet all the requirements. The first challenge is to achieve a small singlet-triplet gap and
maintain high photoluminescence. Second, in the case of macromolecules and polymers,
they suffer quenching of the excited states. Another challenge is ability to control the
emission, addition of units that assist in control and prevention of quenching, often
results in broadening of the light emission, or additional unwanted luminescence. All of
these shortcomings inspire research for new materials to continue in academia and
industry.!”

Another approach to improving the OLED efficiency is to use phosphorescent
emitters, which is somewhat reverse of TADF process. During phosphorescent emission
the singlet excitons are converted to triplet through intersystem crossing (ISC).!® ISC
allows all of the singlet excitons to become triplet excitons, the heavy atom effect (spin-

orbit coupling) enables the triplet excitons to radiatively emit and have 100% IQE. Such



OLEDs are called POLEDs, PhOLEDs or PHOLEDs. Although, phosphorescent emitters

offer great performance improvement in comparison to the
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Figure 1.3. Examples of molecular structures of polymers and dendrimers for TADF
emission. (1a,b,c) Blue TADF emitters. (2a,b,¢) Green TADF emitters. (3a,b,c) Red
TADF emitters.!®

fluorescent emitters, there are limitations. At high bias voltages phosphorescent emitters
suffer efficiency degradation called roll-off, they have very low lifetimes for blue
emitters, and are usually made with scarce elements, which makes them expensive.!”
Some of the most commonly employed phosphorescent emitters are iridium based. In

fact, most of the commercially available OLED displays employ iridium based green,



yellow, and red emitters produced by Universal Display Corporation. Few examples of
recently reported by Mao et. al iridium emitters are shown in Figure 1.4.2°

There is one more type of OLEDs that employs triplet states, and it is triplet
fusion delayed fluorescence (TFDF) or triplet-triplet annihilation delayed fluorescence
(TTADF).?! This is a process in which two triplet states combine to produce either a

triplet or singlet exciton that is higher in energy. When fluorescent emitters are used,
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Figure 1.4. Examples of phosphorescent iridium complexes.?

TF results in formation of singlet excitons with much longer lifetimes, but leads to only
25% conversion efficiency due to spin statistics. In the systems where first excited singlet
state energy level is at least twice larger than the first triplet state. TF can be executed
under requirement that first triplet state must be at least two times smaller in energy than
the higher-order triplet states to prevent production of non-radiative excitons. This
approach allows to achieve 50% IQE. The first material to meet these criteria was
rubrene with tetracene based molecule. Since then material variety has increased, but
motif remained similar. Some of the TFDF-OLED materials are shown in Figure 1.5.

Although this approach is very promising, there are great challenges in to maximizing the



contribution of TTS process due to lack of understanding of the mechanism. Similarly to
POLEDs, these materials suffer roll-off issues, along with poor efficiency of the deep-

blue.
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Figure 1.5. Examples of TFDF materials. (a) charge transfer featured (b) and (c) local
excited featured.’

The key shortcomings in OLEDs are the low efficiency and poor lifetime. To
improve the performance more complex device designs are used in the current market. In
Figure 1.6 a the most essential layers for current device are listed, most commercial
OLEDs would have multiple materials in the stack for each of the essential layers. To
further improve the external quantum efficiency (EQE), tandem devices are often used,
shown in Figure 1.6 b. Tandem OLEDs allow for over 100% IQE due to presence of
multiple emissive layers, which results in multi-photon emission, with over 100%
quantum efficiency and improvement in EQE. Tandem white OLED device design is

shown in Figure 1.7, where can be seen that it was assembled with over 20 layers.?

Cathode

(a) Cathode (b) il
Electron transport layer (ETL) EML-2 r Unit2
Hole blocking layer (HBL) *’ i
Emissive layer Intermediate
Hole transport layer (HIL) ﬁ T
Hole injection layer (HIL) ETL ’

T ’ L Unit1
Substrate .
Anode
Glass substrate

Figure 1.6. Modern OLED structures. (a) Single emitter OLED.? (b) Tandem OLED.?*
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Figure 1.7. White emitting tandem OLED structure.??

1.2.2 Organic photovoltaics

Organic photovoltaic devices have distinct differences to inorganic OPVs, and
even though they not as efficient, there have been significant improvements in the
efficiency and lifetime in recent years.? 26 Inorganic semiconductors have electrons
delocalized over a sigma bonded three-dimensional lattice, while organic semiconductors
have electrons delocalized over the conjugation within the molecule and are held together
by m-  stacking of the molecules, van der Waals, and dipole-dipole based intermolecular
interactions. The key difference between the inorganic and organic photovoltaic devices
is how excitons are generated upon illumination. Upon absorption of photons by the
inorganic solar cells, the free electrons and holes are generated, while in the organic solar
cells, both electrons and holes are still bound via Coulombic forces. This results in the
need for different device architectures in order to successfully separate the electron and
hole pairs.?”-2® Although, architectural engineering can assist to resolve some issues in

charge separation and extraction, the inorganic solar cells are still far superior to the



organic counterparts, as can be seen in Figure 1.8. This motivates the area of organic

semiconductors to continue growing.
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11 Perovskite/CIGS tandem 24 Three-junction (concentrator)
12 Perovskite 25 Four-junction (concentrator)
13 | Single-crystal (non-concentrate)

Figure 1.8. Best research solar cell efficiencies from National Renewable Energy
Laboratory July 2020 report.?’

Currently, OPVs underperform inorganic based devices, but there are many
benefits that can be achieved using OPV technology such as flexible, bendable, lighter,
safer, and lower cost solar cells. Two of most common architectural designs of OPVs are

shown in Figure 1.9, which generally have sandwich like structure, where organic layers
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are inserted between cathode and anode. In order to separate the Coulombically-bound
electron-hole pairs, the photoactive layer includes electron transport material (ETM) with
a high electron affinity and hole transport material with a small ionization potential
(HTM). The HTM and ETM can be assembled in either bilayer fashion as shown in
Figure 1.9 b or in bulk-heterojunction (BHJ) configuration shown in Figure 1.9 c.
Indium tin oxide (ITO) is commonly used as hole collecting electrode (HCE), and
aluminum is chosen as electron collecting electrode (ECE). It is also common to include
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as a hole

transport layer.

(a) [i = (b)
e HTM

| Photoactive Layer N Bilayer
HCE \ - -
T =<4
Bulk heterojunction

Figure 1.9. Simplified schematic representation of OPV device. The photoactive layer is
sandwiched between the electron collecting electrode (ECE) and hole collecting electrode
(HCE).

There are five key step that are occurring in order for successful conversion of
light to occur as shown in Figure 1.10. The first step for operation of OPV is absorption
of photons by the photoactive layer, which causes formation of Coulombically bound
electron-hole pairs called excitons. The formed excited state is a theoretical limit for the
maximum voltage that can be achieved from the device. The exciton binding energy in
organic semiconductor is typically in the range of a few hundreds of meV, and on the

order of a few meV for inorganic semiconductors.
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Light absorption

Exciton generation

Exciton separation/charge generation
Charge transport
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Figure 1.10. Schematic representation of the photo-induced charge-carrier formation in
OPVs: exciton formation and dissociation at the HTM:ETM interface through charge
separation and charge-transfer. HIE-hole injection electrode; HTM-hole transport
material; AL-active layer; ETM-electron transport material; EIE- electron injection
electrode.

The second step is exciton migration. After the exciton is formed, it then needs to
reach the HTM:ETM interface for the charge transfer to occur. To reach the interface, the
exciton will have to diffuse through the material and migrate towards the interface.
Exciton diffusion is competing with exciton decay or charge recombination, which results
in an exciton diffusion length typically around 5-20 nm for organic semiconductors 3% 3!
High performance in OPVs can be achieved via minimization or radiative and non-
radiative decay pathways that contribute to loss of excitonic states. Thus, the device
needs to be engineered in a way that would maximize the number of excitons that reach
the interface

The third step is exciton separation. In order to produce photocurrent, the exciton
must dissociate into free charges, which in OPV needs an energetic driving force for
charge separation to occur. Charge-transfer process through HTM and ETM serves as the

driving force, where electrons and holes are transferred as intermediate step towards

exciton separation.
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The fourth step is charge transport. After the separation, the charges must travel
towards the corresponding charge collecting electrodes, and the efficiency of the charge
transport depends on how well-ordered the materials are. The more ordered the material
the greater the carrier mobilities, while disordered materials will have worse carrier
mobilities and are prone to have charge traps. The device efficiency is greatly impacted
by the charge transport loses, which depends on parameters such as molecular packing,
morphology and defects. All of these parameters are heavily investigated within the
literature, to understand their impact. 3234

The fifth step is charge collection, which is the final step that requires charges to
be collected at the appropriate charge collecting electrode. The success of charges being
collected depends on metal-organic layer interface and electrode work functions that

must be appropriately matched.

1.2.3 Device characterization

Photovoltaic device performance is judged based on the current-voltage response
of the device in the dark and under illumination. The current density under illumination at
zero applied voltage is the short-circuit current density Jsc. The voltage under
illumination where current density is zero is the open-circuit voltage Voc. The points
Vmax and Jmax can be identified as the values that give the maximum power output,
Pmax, for the device. The fill factor FF of the device can be calculated as shown in
Equation 1.1 and is demonstrated graphically in a sample plot shown in Figure 1.11.
Another important parameter in device characterization is power conversion efficiency,

17, and can be calculated as shown in Equation 1.2.
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FF = T‘]SC Equation 1.1
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Figure 1.11. Current-voltage mock curve of a typical OPV device.

1.2.4 State of the art

Some of the current approaches to assembling OPVs are through bilayer or bulk
heterojunction with small molecules, polymers or combinations of the two. These devices
can have one or two active layers, modern devices would always have two active layers.
There is a large variety of molecular donor and acceptor molecules that can be employed
in OPVs. Some examples of the donor molecules are shown in Figure 1.12 from review
by Lin et. al.® There are many more molecules reported in the review, but examples of
each family of molecules are shown here, such as dye-based (Figure 1.12 a, b),
oligothiophene-based (Figure 1.12 ¢), acene-based (Figure 1.12 f), triphenylamine-based
(Figure 1.12 d, e), and commonly used polymer based acceptor P3HT (Figure 1.12 g).%
There is also a variety of acceptor molecules that can be used as an active layer

component in OPVs. Some of the representative molecules are shown in Figure 1.13.
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Fullerene-based acceptors, such as very commonly used PC70BM is shown in Figure

1.13 a, rylene diimide-based (Figure 1.13 b), and other nonfullerene-based acceptors

(Figure 1.13 ¢, d, e, f).*°
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Figure 1.12. Chemical structures of donor molecules for OPVs. %
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Figure 1.13. Chemical structures of acceptor molecules for OPVs.3

1.3.  Charge transport in organic electronics
Charge transport materials are a very important part of electronic devices. It is

crucial for optimal device performance to select appropriate charge transport materials
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that have optimal transport rates, packing, and appropriate energy levels. ETM and HTM
have to be not only good materials, but their rate of recombination, space-charge
distribution, electron and hole injection must match each other.

The key requirements for electron transport materials are: a) high electron
mobility, b) good electron-injection, and ¢) good hole-blocking.*® The current range of
electron transport rates is between 1073 — 10® cm?/Vs. Examples of currently used
electron transport molecules are shown in Figure 1.14.3” The key challenges are ability to
maintain high electron mobility, high triplet energy, and the anility be deposited into

smooth thin films.
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Figure 1.14. Examples of electron transport materials.?’

Good hole transport materials should have: a) high hole mobility, b) good hole-
injection, and c) good electron-blocking. The current range of hole transport rates is
between 107 — 10 cm?/Vs. The key shortcomings in the current materials is ability to

obtain high carrier mobility, and thermal stability. Also, the synthesis is often very
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complex, resulting in high cost of these materials. Examples of currently used molecular

hole transport materials are shown in Figure 1.15.38
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Figure 1.15. Examples of hole transport materials.?®

When an interface is formed between a metal and an intrinsic semiconductor,
given that the value of the work function of the metal, or the metal Fermi energy, Epmet?! |
is approximately equal to either the energy of conduction or valence band, either
electrons or holes are injected into the semiconductor from the metal forming either a
negative or positive space-charge layer at the interface. At high voltages, the charge
density becomes spatially constant, and the current shows Ohmic behavior and depends
on this spatially constant charge-carrier density, given essentially by the density of states
and the injection barrier heights.

When relatively low voltage is applied across the device, the current across the
device will mainly be governed by drift. The current in this case is usually described by
the Mott—Gurney law. In this regime the relationship is no longer J « V, but rather J

V2. The Mott-Gurney equation is shown in Equation 1.3, where u is the charge carrier
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mobility (m? V-1 s7!), J is the current density (A m?), L is the thickness of the film
(m), Va is the applied voltage (V), 0 = 8.85 x 10712 A s V-! m'! is the permittivity
of free space, € = 3 is the relative dielectric constant.?®
J= % ssou:—é Equation 1.3
When all of these conditions are met, then Mott—Gurney equation can be used to

compute the charge carrier mobility. Mott—Gurney law is a good model for interpreting
Space-Charge-Limited Current of devices that satisfy the following conditions:*

(1) the semiconductor layer is a thin film

(i1))  the semiconductor layer being probed is undoped and trap free

(ii1))  the semiconductor layer is sandwiched between two Ohmic contacts

(iv)  diffusion contributions to the current must be negligible, which may be the

case only for certain voltage ranges.
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CHAPTER 2: HEXACOORDINATE SILICON COMPLEXES FOR
APPLICATION IN ORGANIC ELECTRONICS
2.1. Introduction

Metal chelates have been frequently used in organic electronics since the
beginning of the field. They are used as electroluminescent layers (ELs), electron
transport layers (ETLs), hole transport layers (HTL), emissive layers (EM) and
others. The very first reported organic light emitting diode device that was reported
by Tang and VanSlyke employed tris(8-hydroxyquinolinato)aluminium, Alqs.*!
The complex Algs and its derivatives are routinely used in OLEDs, OPVs,?
perovskite solar cells,* memory and spintronic devices®. There is a continuous
development of new materials for organic electronic devices that are chemically
and electrochemically robust, and efficient. Challenging multi-step syntheses raise
the cost of these materials, and organic electronic materials often employ scarce
elements as described in Chapter 1. There are also challenges in manufacturing
using these materials due to their poor chemical stability. All of these factors lead
to exploring new types of molecular materials for organic electronics.

Chelating ligands have been widely employed in d-block coordination chemistry,
but they are not commonly used with main block elements. There has been a rapid
increase in the synthesis and utilization of stable hexacoordinate silicon complexes in
recent years. The first examples of hexacoordinate complexes were those that employed
pyridine ligands in 1963.> The most notable is tremendous success of hexacoordinate
silicon phthalocyanine complexes such as Pc4 shown in Figure 2.1 as photodynamic

therapy agents for cancer treatment.** Silicon phthalocyanines have also been utilized as
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near-IR sensitizers in dye-sensitized solar cells.** The air/moisture stability and photo-

stability

Figure 2.1. Structure of Pc4.

of these complexes results in part from the rigid tetradentate Ns-ligand that favors
octahedral geometry at the silicon center.

Likewise, bidentate and tridentate ligands containing pyridine moieties have
proven to be excellent stabilizing ligands for hexacoordinate silicon centers.* A wide
variety of air/moisture stable bipyridine and phenanthroline complexes have been
synthesized, and applications with these compounds are emerging. Fluorescent dyes
(Figure 2.2 a) ,*® DNA intercalators (Figure 2.2 b),** high-energy materials (Figure
2.2 ¢),” and electrochromic materials (Figure 2.2 d)°! have been developed based on the
rigid octahedral-like geometry imposed by the polydentate, pyridine-containing ligands.*’

Hexacoordinate silicon complexes have been largely neglected as promising
structural templates for electronic applications. Very little has been reported about the
luminescent properties of hexacoordinate silicon complexes. Schmedake has reported the
photoluminescence of charged hexacoordinate silicon complexes, [Si(bpy)3](PFs)4

(Figure 2.2 d),>? [Si(terpy)2](PF¢)s, and [Si(bpy)2(O,0-dipyridocatecholate)](PF¢)2.>* A
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recent study by Shibahara et. al,*® demonstrated that compound Figure 2.2 a, possesses a
high fluorescence quantum yield (Aem = 499 nm and quantum yield, ®r = 0.98), and
fluorescent applications of hexacoordinate trifluorides analogous to Figure 2.2 a have
been patented. The limited reports in the literature so far, indicate polydentate pyridine-
containing ligands are a promising ligand motif to target for further synthetic

development of hexacoordinate silicon complexes for applications in electronics.
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Figure 2.2. Hexacoordinate silicon with pyridine-containing ligands.*’

Silicon is the smallest tetravalent atom capable of forming stable hexacoordinate
complexes. Tetravalency is advantageous because it allows for two symmetric dianionic
pincer ligands to coordinate to the center atom, leading to low dipole moments and lack
of stereoisomers. The small size of silicon is advantageous because it minimizes spin-
orbit coupling effects, thereby providing longer triplet state lifetimes. Also, the
tetravalent silicon center is fairly redox innocent with reductions being primarily ligand

localized in hexacoordinate Si(IV) complexes;>* this should lead to greater intermolecular
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electronic coupling with low reorganization energies and therefore fast electron transfer
rates and high electron mobility.

These benefits of employing hexacoordinate silicon-based complexes lead to
hypothesis that they will have ideal electronic, optical, and chemical properties for wide-
scale application in organic electronics. The hexacoordinate center will enforce planarity
of the pincer ligands, resulting in extended conjugation, which would lead to better
charge transport. The tridentate nature of selected pincer ligands will lead to a more
stable product, addressing the hydrolysis issues in current materials. Upon successful
synthesis of Si(pincer), complexes, a new generation of hexacoordinate silicon

complexes that can be used as materials for organic electronic devices can be obtained.

2.2.  Synthesis of hexacoordinate complexes

Several Si(bzimpy). derivatives were synthesized using modified 2,6-
bis(benzamidazol-2’-yl)pyridine, bzimpy, ligand. To obtain Si(bzimpyOMe), complex
2,2'-[4-(methoxy)-2,6-pyridinediyl]bis[ 1 H-benzimidazole], bzimpyOMe, ligand was
used. To obtain Si(bzimpyMe), complex 2,2'-(2,6-Pyridinediyl)bis[5,6-dimethyl-1H-
benzimidazole], bzimpyMe, ligand was used. To obtain Si(bzimpyMeOMe), complex
2,2'-[4-(methoxy)-2,6-pyridinediyl]bis[5,6-dimethyl-1H-benzimidazole],
bzimpyMeOMe, ligand was used. For Si(IPI), complex ligand 2,6-bis(imidazol-2’-
yl)pyridine, IPI, was used. The described ligands were used as shown in Schemes 2.1
and 2.2 to yield the hexacoordinate silicon complexes. The appropriate ligand was dried
under vacuum then reacted with silicon tetrachloride and triethylamine in chloroform

under continuous nitrogen flow. This reaction did not work with the 2,6-bis(indol-2’-
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yl)pyridine, BIP, ligand, presumably due to the lower acidity of the BIP ligand. Instead,
Si(BIP)2 was synthesized by first lithiating the BIP ligand in THF, followed by reaction
with SiCl4 (Scheme 2.3). The reactions were left to proceed overnight at room
temperature. The crude reaction mixtures were collected using liquid-liquid extraction in
solutions of dichloromethane followed by evaporation to provide the crude product,
which was subsequently purified by chromatography and recrystallization as needed. The
pure complexes were then characterized using a variety of solution- and solid-state

characterization techniques described in this work.
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Scheme 2.3. Reaction synthesis scheme of Si(BIP)s.
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For all of the complexes, a characteristic upfield shift is observed in the 'H NMR
as a result of the aromatic ring current of the perpendicular ligand. The upfield shifted
hydrogen position for each complex is indicated by the red circle in Figure 2.3. The
hydrogen signal shifts from 7.8-7.0 ppm to 6.0-5.4 ppm region, and in the case of
Si(bzipmy), 5.9 ppm. '"H NMR (Figure 2.4) also shows evidence for the 2:1
hexacoordinate complex in solution and the symmetry due to two ligands
perpendicularly attached to the silicon center. The representative NMRs of each
complex are shown in the Appendix G-K. '*C NMR spectra can be seen in
Appendix L-P, which confirm the presence of hexacoordinate silicon complexes.
I3C NMR spectrum of Si(bzipmy): is shown in Figure 2.5.

The 2°Si NMR peaks appear in the region that is expected for
hexacoordinate silicon complexes containing pyridine ligands, that has been
reported to be between -140 ppm and -190 ppm for all of the complexes.** For the
complexes observed in this work the 22Si NMR peaks have been observed between
-179 ppm and -189 ppm, and spectra can be seen in the Appendix Q-U, which
confirms the presence of hexacoordinate silicon complex in solution. 2Si NMR

spectrum of Si(bzipmy): is shown in Figure 2.6.
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Figure 2.3. Location of hydrogen that is most shielded due to aromatic ring-current. On
the left is the scheme of Si(bzimpy). and Si(BIP), motif complexes, and on the right is
the scheme of Si(IPI),
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Figure 2.5. 3C NMR spectrum of Si(bzimpy).. (125 Mhz, CDCl3/CD30D)
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Figure 2.6. °Si NMR spectrum of Si(bzimpy)z. (99 Mhz, CDCl3/CDs;0OD)

The crystal structures were also obtained for complexes Si(bzimpy),
Si(bzimpyMe),, Si(bzimpyOMe),, Si(bzimpyMeOMe),, and Si(IPI), which are shown in
Figure 2.7. All of the complexes were formed with two ligands perpendicular to each
other, which confirms the results obtained via NMR and the peaks that were observed.
For Si(bzimpy): derivatives that have substituents, significant distortion from planarity is
observed, especially in the case of Si(bzimpyMeOMe).. This distortion is not observed
via NMR possibly due to free movement in solution, and an average of the signals of
different movements is captured.

To further confirm the presence of hexacoordinate species in the solid state,
MALDI-TOF (mass assisted laser desorption ionization — time of flight) mass
spectrometry was used to see if corresponding m/z (mass to charge ratio) to
hexacoordinate silicon complex species will be present. As a result of these experiments,

it was observed that each of the synthesized complexes is indeed present as a
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hexacoordinate species in the solid state. Spectrum of Si(bzimpy): is shown in Figure 8,

and others can be found in Appendix V-Y.

(@ (b)

(e)

Figure 2.7. Crystal structures of: (a) Si(bzimpy), (b) Si(bzimpyMe)a, (c)
Si(bzimpyOMe),, (d) Si(bzimpyMeOMe),, and (e) Si(IPI)..
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Figure 2.28. MALDI-TOF-MS spectrum of Si(bzimpy); (Matrix = 1,8,9-
trihydroxyanthracene)
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2.3.  Characterization of complexes in solution
Optical properties of molecules are a significant part of characterization of
molecules and understanding their potential for organic electronics applications. A
simulated UV-Vis spectra for all six of the obtained complexes can be seen in Figure 2.9.
It is important to note two distinct and broad peaks for all of the complexes, a stronger
high energy peak and a weaker low energy peak that varies considerably with the
composition of the ligand. Simulated spectra shown in Figure 2.9 were calculated for
complexes in gas phase using DFT with the B3LYP functional and the 6-31G* basis set.
Experimentally obtained UV-Vis data have been obtained in solution of
dichloromethane or dimethylformamid (DMF), by making saturated solution then
filtering using 45 um PTFE microfilter, then diluted to have absorption bellow 1.0. The
normalized absorbance spectra of complexes are shown in Figure 2.10. For clarity all
spectra were normalized to have similar intensity of the highest energy peak. Comparison
of the simulated and experimental UV-Vis spectra indicates validity of the selected
calculation approach. The relative peak intensities, as well as approximate peak location
Si(bzimpy)2
—Si(bzimpyMe)2
—Si(bzimpyOMe)2
——Si(bzimpyMeOMe)2

—Si(BIP)2
—Si(IP1)2

0.8 ]

06 |

Intensity (arb. units)

04 |

02 &

280 330 380 430 480 530 580

Wavelength (nm)

Figure 2.9. Simulated UV-Vis spectra of all complexes in gas phase (Calculations
performed using Spartan’16).
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Figure 2.10. UV-Vis spectra of all complexes in solution (Intensity is normalized.
Complexes Si(bzimpy)>, Si(bzipmyMe),, Si(bzimpyOMe),, Si(bzimpyMeOMe),, and
Si(IPI), were dissolved in DCM, and Si(BIP), in DMF)
have been correctly assigned in the simulated approach. In Table 2.1 the two most
intense peaks are reported for simulated and experimentally obtained spectra, indicating
strong correlation. This provides confidence that molecular modeling using DFT
(B3LYP/6-31G*) can help design and identify target molecules with desired properties,

which is a powerful tool in the quickly evolving environment of the organic electronics

industry.

Table 2.1. Values of intensity for the two greatest intensity peaks from simulated and
experimentally obtained UV-Vis spectra of all complexes.

Complex | Simulated | Experimental Simulated | Experimental
(nm) (nm) (nm) (nm)
Si(bzimpyOMe). 400 390 332 322
Si(IPI)2 415 418 301 310
Si(bzimpyMeOMe) 422 415 348 343
Si(bzimpy): 440 428 335 325
Si(BIP) 455 458 332 333
Si(bzimpyMe): 460 454 350 343
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The molar absorptivity corrected UV-Vis spectra for the four Si(bzimpy)
derivatives are shown in Figure 2.12. The UV-Vis experiment is a good visual
demonstration of the ability to tailor the HOMO and LUMO of the molecules through
synthetic modification, specifically in this case via the addition of electron donating
substituents. The addition of electron donating groups onto the LUMO/HOMO portion of
the molecule results in destabilization or raising of the LUMO/HOMO respectively. The
LUMO of the parent complex Si(bzimpy): is delocalized predominantly over the pyridine
ring as shown in Figure 2.11, while the HOMO of the molecule is predominantly
delocalized on the benzimidazole portion of the ligand. Addition of methyl groups to the
benzamidazolyl group in Si(bzimpyMe),, primarily raises the HOMO resulting in a
lowering of the HOMO/LUMO gap and accounts for the red-shift seen in the UV-vis
spectrum (Figure 2.12). Likewise, addition of an electron donating methoxy group to the
pyridine leads to a raising of the LUMO and accounts for the blue shift seen for
Si(bzimpyOMe); realative to Si(bzimpy).. In the case of addition of electron donating

groups to both the pyridine and benzamidazolyl portions of the ligand, as in the case of

LUMO(+1) = -2.60 eV

¢ HOMO=-5.88 eV ¢ HOMO(-1) =-5.88 eV

Figure 2.11. Calculated HOMO and HOMO-1 (left) and LUMO and LUMO+1 (right) of
Si(bzimpy) calculated in the gas phase, using B3LYP/6-31G* (Spartan 2016).
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Si(bzimpyMeOMe),, both the LUMO and HOMO of the molecule are destabilized and
the energy is both the LUMO and the HOMO are increased. The net effect is little change
on the HOMO/LUMO gap and an overall absorption wavelength range very similar to the
parent molecule, Si(bzimpy)., although the molar absorptivity is greater, as shown in
Figure 2.12.

From the spectra demonstrated in Figure 2.12 can be observed that the
methylated derivatives overall have greater absorption of the incoming light. The
complexes without methoxy groups on the pyridine, absorb broader than those with the
methoxy groups. The fluorescence emission spectra of all six complexes in solution are
shown in Figure 2.13. All complexes were dissolved in dichloromethane with the
exception of Si(BIP)2, which was dissolved in DMF due to solubility challenges. The
excitation wavelength of 365 nm was used to excite all samples except Si(BIP),,which
was excited with 450 nm wavelength due to differences in the excitation wavelengths for
these complexes demonstrated in Figure 2.11. The highest energy fluorescence emission

is observed for Si(IPI),, and the lowest for Si(BIP),. For Si(bzimpy) derivatives, a

——Si(bzimpyOme)2
—Si{bzimpyMe)2
——Si(bzimpy)2
——Si{bzimpyMeOMe)2

Molar Absorbtivity (x10%)
o

0 F—— Sy :
300 350 400 450 500 550
Wavelength (nm)

Figure 2.12. Molar absorptivity corrected UV-Vis spectra of complexes in solution of
dichloromethane.
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similar trend is observed as for UV-Vis. Raising of the HOMO due to added electron
donating groups resulted in the shift of emission into the lower energy wavelengths
for Si(bzimpyMe),, in comparison to the parent complex Si(bzimpy).. Raising of the
LUMO due to added electron donating groups resulted in the shift of emission into the
higher energy wavelengths for Si(bzimpyOMe)z, in comparison to the parent complex
Si(bzimpy).. Fluorescence emission peak of Si(bzimpyMeOMe); is observed between
Si(bzimpyOMe) and Si(bzimpy).. Figure 2.15 includes photos of fluorescence
emission of all complexes in solution and solid state for better visual correlation.

The quantum efficiency (@) and lifetimes (t, measured using time-correlated
single photon counting) of all complexes in solution are listed in Table 2.2. The highest
quantum efficiency was observed for Si(bzimpyMe) (67%), and the lowest quantum
efficiency was observed for Si(BIP) (10%). The lifetimes range between 1-6 ns, which is
typical for fluorescent emitters.One of the most common issues in the organic electronics
world is presence of moisture, which results in material degradation and device failure.
To see the effect of water on the hydrolysis and optical

—Si{bzimpyOMe)2

[ —Si(bzimpyMe)2

0.8 | Si(bzimpy)2
—_ [ —Si(bzimpMeOMe)2
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3 06 —Si(IPI)2
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Figure 2.13. Fluorescence emission spectra of all complexes in solution (Intensity is
normalized. Complexes Si(bzimpy), Si(bzipmyMe),, Si(bzimpyOMe)a,
Si(bzimpyMeOMe),, and Si(IPI), were dissolved in DCM, and Si(BIP), in DMF)
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Figure 2.14. Excitation spectra of all complexes in solution (Intensity is normalized.
Complexes Si(bzimpy)>, Si(bzipmyMe),, Si(bzimpyOMe),, Si(bzimpyMeOMe),, and
Si(IPI), were dissolved in DCM, and Si(BIP), in DMF)

Si(bzimpyOMe), Si(bzimpyMeOMe), Si(bzimpy), Si(bzimpyMe), Si(IP1), Si(BIP),

Figure 2.15. Fluorescence emission in solution and solid state. (Solid state emission of
Si(BIP), was not captured via camera due to low intensity)

Table 2.2. Solution phase quantum yields and lifetimes. Dichloromethane was used
as a solvent except for BIP, which was dissolved in dimethylformamid.

Complex D T(ns)
Si(bzimpyMe)» 0.67 3.8
Si(bzimpyMeOMe)» 0.66 4.1
Si(bzimpyOMe)» 0.63 3.3
Si(bzimpy)2 0.50 4.2
Si(IPI)> 0.45 6.1
Si(BIP), 0.10 1.0

33



properties, Si(bzimpy), was used to study the effects of moisture on this family of
complexes via UV-Vis, fluorescence emission, and NMR. The experimental monitoring
of Si(bzimpy), dissolved in THF via UV-Vis is shown in Figure 2.16, and via
fluorescence emission in Figure 2.17. The radiative and non-radiative rates, quantum
yield, and lifetime are shown in Table 2.3. The radiative and non-radiative rates were
calculated using the relationship shown in Equation 2.1, where @ = quantum yield, t =
lifetime, kraq = radiative rate, and k,r = non-radiative rate. In Figure 2.17 the black
curve represents 100% THF:0% H2O, and serves as initial measurement. Upon changing
the solvent composition to 80% THF:20% H:0O a decrease in intensity is observed in both
UV-vis and fluorescence emission. Upon addition of water both radiative and non-
radiative rates change, and quantum efficiency drops from 57% to 27% as shown in
Table 2.3. For 40% and 60% H>O content, the further changes were minor in UV-Vis,
fluorescence emission and in radiative and non-radiative rates. After increasing water
content to 80%, significant drop in intensity in both UV-Vis and fluorescence emission,

and quantum efficiency drops to 17%.

Table 2.3. Quantum yield and lifetime data in THF/H>O mixture

THF/H,0 P 7(ns) Kraa (s Knr (s
100/0 0.57 4.3 1.3 x 108 1.0 x 108
80/20 0.27 2.9 9.6 x 107 2.6 X 108
60/40 0.22 2.5 9.0 x 107 3.1 x 108
40/60 0.21 2.4 8.8 x 107 3.3 x 108
20/80 0.17 2.3 7.5 x 107 3.5 x 108
Krad 1 .
o = T and T = R Equation 2.1
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Figure 2.16. UV-Vis spectra of Si(bzimpy): in solution of THF and water mixture.
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Figure 2.17. Fluorescence emission spectra of Si(bzimpy): in solution of THF and water
mixture.

The effect of water on optical properties of the molecule lead to the investigation
of possible hydrolysis or other structural changes using 'H NMR. The sample was
prepared using THF-d8 and D>O mixture in approximately 50:50 ratio. In Figure 2.18
the initial spectrum and the sample after 56 hours do not show any structural difference,
there are no new signals nor peak shifts observed. No changes were observed after 122

hours as well, as shown in Figure 2.19.
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Figure 2.18. NMR spectrum of Si(bzimpy): in solution of THF-d8 and D>O mixture.
(Green line — initial, brown line — after 56 hours in solution)
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Figure 2.19. NMR spectrum of Si(bzimpy): in solution of THF-d8 and D>O mixture.
(Green line — initial, brown line — after 122 hours in solution)
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A quenching effect has been observed upon addition of HCI into solution of
Si(bzimpy). in THF. This process is reversable as can be seen in Figure 2.20 ¢. Three
different pH ranges were selected to see the effect of HCl quenching on Si(bzimpy): in
solution. Black curve represents the initial excitation (Figure 2.20 a) and emission
(Figure 2.20 b) at pH = 7 in THF/H>O mixture. Upon addition of HCI, Si(bzimpy) is
significantly quenched, as seen in the excitation (Figure 2.20 a) and emission (Figure
2.20 b), as well as in the photo in Figure 2.20 ¢ can be seen that there is no fluorescence
emission from the vial with added HCI. The fluorescence emission can be recovered by

adding base, such as NaHCOs3, and recovered emission can be seen in the Figure 2.20 c.
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Figure 2.20. (a) Excitation spectra of Si(bzimpy)> in solution of THF and HCI to adjust
to appropriate pH. (b) Fluorescence emission spectra of Si(bzimpy): in solution of THF
and HCI to adjust to appropriate pH. (¢) Photos of Si(bzimpy) in solution under UV-light
(390-400 nm) of THF, and THF/H>O mixture, THF/H,O/NaHCO3 mixture,
THF/H,O/HCI mixture and THF/H>O/HCI/NaHCO3 mixture.
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Some of the complexes in this study exhibit sensitivity to the polarity of the

solvent. Fluorescence emission changes when different polarity solvent is used. The polar

interactions lower the excited state energy, which results in the redshift of the emission,

which is observed in the case of Si(bzimpyMe): in solution shown in Figure 2.21, a

similar effect was observed for Si(bzimpyMe), in solution shown in Figure 2.22. In the

case of Si(bzimpyMe)> the emission in the least polar solvent is observed at 531 nm and
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Figure 2.21. Effect of solvent polarity on fluorescence emission of Si(bzipmyMe) in
solution (Intensity is normalized).
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Figure 2.22. Effect of solvent polarity on fluorescence emission of Si(bzipmyOMe): in
solution (Intensity is normalized). (a) Fluorescence emission spectra (b) Photo of
fluorescence emission of Si(bzipmyOMe); in solution under UV light (390-400 nm
LED). Solvents from left to right respectively: chlorobenzene, chloroform, DMF, ethanol,

methanol.
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in the most polar solvent is 547 nm. For Si(bzimpyOMe), the emission in the least polar
solvent is observed at 462 nm and in the most polar solvent is 471 nm.

The phosphorescence spectra of the four Si(bzimpy)> derivatives are shown in
Figure 2.43. The samples were prepared by dissolving in dichloromethane and cooling
with liquid nitrogen to 77 K. Blue 390-400 nm LED was used to excite the samples. The

phosphorescence emission is significantly red shifted as shown in Table 2.4. The

Table 2.4. Tabulated peaks of fluorescence and phosphorescence emission of silicon
complexes. The tabulated values for phosphorescence emission are listed based on the
highest energy shoulder peaks.

Complex Fluorescence Phosphorescence AE__ (meV)
emission at 77K (nm) | emission at 77K (nm) ST
Si(bzimpy)> 463 500 198
Si(bzimpyMe) 503 536 152
Si(bzimpyOMe)2 515 545 133
Si(bzimpyMeOMe), 546 577 122
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Figure 2.23. Phosphorescence emission spectra of complexes in dichloromethane at 77 K
(Intensity is normalized). Phosphorescence emission photo images of complexes in
solution at 77 K. The saturated solutions in dichloromethane were placed into glass NMR
tubes and then into dewar with liquid nitrogen.
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difference between the singlet and triplet states AEST based on the peak emission obtained

experimentally is between 122-198 meV. The <100 meV requirement for TADF
applications cannot be met with the demonstrated materials in this study, but there is a

promising potential to modify these molecules to have desired AE_ and these can

potentially serve as the next generation materials for TADF applications. This was not of

interest for this work, and is something to investigate further in the future.

2.4. Solid state characterization of complexes

The obtained hexacoordinate silicon complexes have demonstrated very high
thermal stability for all six complexes. In this experiment thermal gravimetric analysis
(TGA) was used to study the thermal stability. Si(bzimpy): is stable up to 500 °C as
shown by the TGA curve in Figure 2.24. Si(bzimpyMe): is stable up to 570 °C as shown

by the TGA curve in Figure 2.25. Si(bzimpyOMe); is stable up to 400 °C as shown by

Mass (mg)
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Figure 2.24. TGA spectrum of Si(bzimpy)2 under nitrogen flow, blank corrected
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the TGA curve in Figure 2.26. Si(bzimpyMeOMe); is stable up to 410 °C as shown by
the TGA curve in Figure 2.42. Si(BIP); is stable up to 480°C as shown by the TGA
curve in Figure 2.28. Si(IPI); is stable up to 400 °C as shown by the TGA curve in

Figure 2.29.
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Figure 2.25. TGA spectrum of Si(bzimpyMe)> under nitrogen flow, blank corrected
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Figure 2.26. TGA spectrum of Si(bzimpyOMe), under nitrogen flow.
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Figure 2.27. TGA spectrum of Si(bzimpyMeOMe); under nitrogen flow
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Figure 2.28. TGA spectrum of Si(BIP), under nitrogen flow
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Gradual stepwise temperature dependent fluorescence emission has been
performed and is shown in Figure 2.30. A 45 nm film on glass substrate was heated on a
hot plate in the presence of air for 10 min at each temperature indicated in Figure 2.31
from 150 °C to 300 °C. A change in the fluorescence emission is observed after
annealing at 200 °C, which corresponds to the start of glass phase transition. After
annealing at 220 °C the emission blue shifts from initial 545 nm (the center of the peak)
to 523 nm (the center of the peak). The blue shift along with the appearance of shoulders
can be a sign of the film becoming more ordered upon annealing, or due to structural

changes due to presence of oxygen in the atmosphere during annealing.
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Figure 2.30. Effect of thermal annealing in air on fluorescence emission of Si(bzipmy):
45 nm film. (Intensity is normalized). The films were annealed for 10 min on hot plate at
each temperature, then cooled to room temperature for measurements.
The next set of annealing experiments were performed in nitrogen atmosphere, to
exclude any chemical changes induced by the presence of moisture and/or oxygen. Thin
film of Si(bzimpy), 110 nm thickness was annealed at 300 °C for 10 min in the glovebox,

then cooled to room temperature, after which the absorbance and fluorescence emission

changes were measured and shown in Figure 2.31. Film absorption before annealing is

43



observed between 300 — 500 nm with two major peaks, one at 340 nm and second at 440
nm, and no noticeable shoulders observed. In the case of annealed film, one peak
observed at 345 nm and second at 447 nm, and the appearance of three distinct shoulders
can be observed. Fluorescence emission shown in Figure 2.31 b, the. Initial fluorescence
emission peak, before annealing is centered at 549 nm and after annealing under nitrogen
atmosphere the peak overall blue shifted to 544 nm, and the emission intensity
significantly decreased and multiple shoulders appeared. These results are different from
those obtained in presence oxygen and moisture in air, which leads to hypothesis that the
packing of the film is changing.

The observations made via monitoring fluorescence emission suggest aggregate
formation. Possible aggerates are shown in Figure 2.32, and the most appropriate
description of the obtained data is the formation of the H-aggregate, where luminescence

intensity is typically reduced, and blue shift in fluorescence emission is common.
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Figure 2.31. Effect of thermal annealing at 300 °C in N atmosphere of Si(bzipmy), 110
nm film. The film was annealed for 10 min on hot plate, then cooled to room temperature
for measurements. (a) UV-vis of the film before and after annealing. (b) fluorescence
emission of the film before and after annealing.
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Figure 2.32. Possible aggregates that can be formed within the film.>

Thin film of Si(bzimpy), of 110 nm was then further investigated to observe if the
packing of the film was changing upon annealing. Raman spectra before and after
annealing at 300 °C for 10 min is shown in Figure 2.33. Although there are no significant
shifts as shown in Figure 2.33 b, or differences in the peak location, the narrowing of the
peaks’ widths is be observed. This change can be attributed to change of the film
packing, but it is inconclusive whether or not changes occurred. This led to further
investigation of the film structure via atomic force microscopy (AFM).

The AFM images before and after annealing at 300 °C for 10 min are shown in
Figure 2.34. Top view of the film before annealing is shown in Figure 2.34 a, along with
three-dimensional view of the surface. The surface roughness of the film as deposited is
3.6 nm, and the surface looks density packed, with fiber like structure. Upon annealing
the surface appearance has changed, in the top view of the surface in Figure 2.34 c the
surface looks island-like with variety of smaller and larger islands, along with appeared
valleys. This can be further seen in three-dimensional view in Figure 2.34 d. The surface

roughness after annealing was found to be 20.8 nm.
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Figure 2.33. Effect of thermal annealing at 300 °C in N; atmosphere of Si(bzipmy), 110
nm film on Raman spectra (normalized 1630 cm! peak). The film was annealed for 10
min on hot plate, then cooled to room temperature for measurements. (a) Raman spectra
of the film before (blue) and after annealing (orange) overlaid. (b) Raman spectra of the
film before (blue) and after annealing (orange) with labeled peaks. Data acquired by Jose
Castaneda.
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Figure 2.34. Effect of thermal annealing at 300 °C in N atmosphere of Si(bzipmy), 110
nm film using AFM The film was annealed for 10 min on hot plate, then cooled to room
temperature for measurements. (a) before annealing (b) after annealing

46



As a part of film characterization omega-2theta x-ray diffraction (XRD) scan was
performed on Si(bzimpy), 100 nm film as deposited on silicon substrate as shown in
Figure 2.35 b, and the spectrum of which is shown in Figure 2.35 a. From obtained
XRD pattern, there are no defined peaks, which is indicative of an amorphous film. In the
obtain spectrum there is a broad peak which could be caused by the tape that film was
taped with, as well as by disorder in the film, in the case of randomly oriented film
domains.

From fluorescence emission, Raman, AFM, and XRD experiments can be
concluded that films are predominantly amorphous as deposited, and most likely undergo
some H-aggregate formation upon annealing. The structural change upon annealing
results in decrease of fluorescence emission, and the increase in surface roughness, which
can lead do worsening in device performance in the future due to increase chance of
short-circuiting. Thus, for the purposes of applications in OLEDs and OPVs, the films

will be used as deposited, without annealing.
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Figure 2.35. XRD omega-2theta of Si(bzimpy), 100 nm film.

The problem of photobleaching is common among the organic materials.

Comparison of response to photobleaching of widely used in organic electronics Algs and
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Si(bzimpy): is shown in Figure 2.56. Both samples were prepared by making saturated
solution in methanol, then filtering using 45 pm PTFE microfilter. Then samples were
placed in a dark area and illuminated with UV lamp of 390-400 nm simultaneously. The
fluorescence emission was measured after each exposure interval and is shown in Figure
2.53 a for Alqs and Figure 2.36 b for Si(bzimpy).. For Alqgs noticeable reduction in
fluorescence emission is observed after 2008 min of UV light exposure, while no
reduction in the intensity of the emission is observed for Si(bzimpy), over the same time

of exposure period
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Figure 2.36. Effect of UV light exposure of complexes in solution of methanol at room
temperature. (a) Fluorescence emission of Algs. (b) Fluorescence emission of
Si(bzipmy)a.

Photobleaching experiment was also performed in the solid state by exposing 90
nm films of Algs and Si(bzipmy), to 60 W/cm? and 440 W/cm? light source at 442 nm.
The decay of the intensity of fluorescence emission is shown in Figure 2.37. In the case
of 60 W/cm? light source the photodegradation is very similar for both materials, but
Si(bzipmy)2 shows less of emission intensity loss than Alqgs. The greater stability of

Si(bzipmy)2 in comparison to Alqs is especially noticeable in the case of exposure to

higher intensity light of 440 W/cm?. The intensity remains much greater over time for
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Si(bzipmy),, which suggest that it will be a more stable material for applications in

electronic devices.
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Figure 2.37. Effect of UV light exposure of complexes in solution of methanol at room
temperature. Yellow line corresponds to the fluorescence emission of Alq3. Black line
corresponds to the fluorescence emission of Si(bzipmy),. Data acquired by Jose
Castaneda.

As a part of film characterization, AFM images are shown in Figures 2.38-2.42
for all of the complexes. Surface images of 90 nm Si(bzimpy), film are shown in Figure
2.38 a, top view of the surface, and Figure 2.38 b, three-dimensional view of the surface,
where the surface roughness (root mean squared, RMS) across the film was found to be
0.3 nm. Surface images of 118 nm Si(bzimpyMe): film are shown in Figure 2.39 a, top
view of the surface, and Figure 2.39 b, three-dimensional view of the surface, where the
surface roughness (RMS) across the film was found to be 0.6 nm. Surface images of 18
nm Si(bzimpyOMe); film are shown in Figure 2.40 a, top view of the surface, and
Figure 2.40 b, three-dimensional view of the surface, where the surface roughness

(RMS) across the film was found to be 0.5 nm. Surface images of 27 nm

Si(bzimpyMeOMe): film are shown in Figure 2.41 a, top view of the surface, and
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Figure 2.41 b, three-dimensional view of the surface, where the surface roughness
(RMS) across the film was found to be 0.5 nm. Surface images of 90 nm Si(IPI), film are
shown in Figure 2.42 a, top view of the surface, and Figure 2.42 b, three-dimensional
view of the surface, where the surface roughness (RMS) across the film was found to be

7.0 nm.
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Figure 2.38. Si(bzimpy)z 90 nm film with 0.3 nm surface roughness.
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Figure 2.39. Si(bzimpyMe)2 118 nm film with 0.6 nm surface roughness
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Figure 2.40. Si(bzimpyOMe)2 18 nm film with 0.5 nm surface roughness
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Figure 2.42. Si(IP1)2 90 nm film with 7.0 nm surface roughness
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CHAPTER 3: PROTOTYPE ORGANIC ELECTRONIC DEVICES WITH
HEXACOORDINATE SILICON COMPLEXES

3.1. Electron mobility

Electron mobility devices were assembled using Si(bzimpy)z, Si(bzimpyMe)s,
Si(bzimpyOMe),, Si(bzimpyMeOMe),, and Si(IPI).. Due to challenges with obtaining
Si(BIP), films, it was not possible to assemble prototype devices using this complex. All
of the devices were assembled using design shown in Figure 3.1, to allow injection,
transport and collection of electrons, and measure carrier mobility for each of the
materials. For each of the materials three top performing devices are reported. It is also
important to know that thicknesses of Si(pincer), complexes were very different, in some
cases three times thinner than others, which can be partially attributed to why the charge

transport was lower for these films.

- w
T Si(pincer),

ITO I

Figure 3.1. Device structure of electron only devices to measure electron mobility using
SCLC method.

Patterned OLED substrates with 100 nm indium tin-oxide (ITO) coated glass (from
Ossila) of area of pixel equal to 2.97 « 10 m? with sheet resistance of 20 Q/square were
first cleaned by ultrasonication for 15 min in each of the following solvents: deionized
water, acetone, and isopropanol. Then dried with nitrogen flow, and treated in a
UV/ozone ProCleaner for 15 min. The substrates were then quickly transferred to the
glovebox with nitrogen atmosphere for thermal evaporation of materials. The thermal

evaporation was performed under ultra-high vacuum of 10"° mbar using a MB-EVAP
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system inside a MBRAUN glovebox and controlled with a SQC-310C Deposition
Controller. The rate of evaporation along with thickness of Si(pincer). complexes are
listed in Table 3.1. After deposition of the active layer, cathode layer is applied.
Aluminum was used as cathode and was deposited onto the substrate by thermal
evaporation at a rate of 0.20 A/s for the first 20 nm and 2.0 A/s for 20-150 nm. The total

thickness of the aluminum layer was 150 nm for all of the devices.

Table 3.1. Rate of deposition, and total thickness for active layers of electron transport
devices.

Material Rate (A/s) Thickness (nm)
Si(bzimpy)> 0.20 92
Si(bzimpyMe)> 0.30-0.40 89
Si(bzimpyOMe): 0.01-0.10 14
Si(bzimpyMeOMe)> 0.01-0.10 35
Si(IPI), 0.02-0.05 29

The highest electron mobility was found to be in Si(bzimpy). with average
mobility of 1.17 x 10 + 2.51 x 107> cm?/Vs, and representative curves of the three top
performing devices are shown in Figure 3.2. Such high carrier mobility can be attributed
to potentially better packing of the molecules within the film, which would support the
charge hopping mechanism, and lower the risk of pinholes, which would interrupt the
charge transport. It is also important to note that depending on the orientation of the
molecules, either hole or electron transport can be favored, since molecules can align
with the intermolecular stacking where: 1) LUMOs of two or more molecules overlap; 2)
HOMGOs of two or more molecules overlap; or 3) HOMO of one molecule would overlap

with LUMO of neighboring molecule. According to previous observations of no
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particular orientation, and films looking rather amorphous, it is possible that the films

have molecules aligned in a manner of all three possibilities, and everything in-between.
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Figure 3.2. (a) J-V c:;rve of ITO/Si(bzimpy)2/Al devices. (b) log(J)-log(V) curve of
ITO/Si(bzimpy)2/Al devices. (¢) J-V? curve of ITO/Si(bzimpy)>/Al devices.
Electron mobilities were calculated from slopes of lines in graph 3.2 c.

The lowest electron mobility was found to be in Si(bzimpyOMe), with average
mobility of 3.05 x 10® + 2.87 x 10"® cm?/Vs, and representative curves are shown in
Figure 3.3. Lower carrier mobility can be assigned to potentially the molecules being not
as tightly packed in the film due to the film being significantly thinner, only 14 nm, while
Si(bzimpy)> was 92 nm thick.

Complex Si(bzimpyMe): also demonstrated high average mobility of 4.94 x 107
+2.04 x 10 cm?/Vs, and representative curves are shown in Figure 3.4. Film thickness

for these films was 89 nm, which is more comparable to Si(bzimpy), and the lower

mobility is probably a result of greater spacing between the molecules due to increased
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bulkiness on the backbone of benzimidazoles due to presence of methyl groups. These
spacers prevent molecules to pack very tightly, even in the case when they are well

aligned.
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Figure 3.3. (a) J-V curve of ITO/Si(bzimpyOMe),/Al devices. (b) log(J)-log(V)
curve of ITO/Si(bzimpy)>/Al devices. (¢) J-V? curve of ITO/Si(bzimpy),/Al
devices. Electron mobilities were calculated from slopes of lines in graph 3.3c.

Electron mobilities of Si(bzimpyMeOMe),, shown in Figure 3.5, and Si(IPI)
shown in Figure 3.6 were found to be in between the lowest and the highest
performing materials, and were determined to be 1.46 x 106+ 6.30 x 10”7 cm?/Vs,
and 5.21 x 106+ 8.53 x 10”7 cm?/Vs for Si(bzimpyMeOMe), and Si(IPI),
respectively. These were both relatively thin films of 35 and 29 nm for
Si(bzimpyMeOMe), and Si(IPI)2, accordingly. As in previous cases, the molecules
in the films are most likely randomly oriented, which can influence the carrier

mobility.
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Figure 3.5. (a) J-V curve of ITO/Si(bzimpyMeOMe),/Al devices. (b) log(J)-log(V)
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Figure 3.6. (a) J-V curve of ITO/Si(IPI)2/Al devices. (b) log(J)-log(V) curve of
ITO/Si(bzimpy)2/Al devices. (¢) J-V? curve of ITO/Si(bzimpy)>/Al devices.
Electron mobilities were calculated from slopes of lines in graph 3.6c.

3.2 Hole mobility

The next set of devices were assembled to measure hole transport of Si(bzimpy)a,
Si(bzimpyMe)a, Si(bzimpyOMe),, Si(bzimpyMeOMe),, and Si(IPI),. All of the devices
were prepared using design shown in Figure 3.7, to allow injection, transport and
collection of holes, and measure carrier mobility for each of the materials. For each of the
materials three top performing devices are reported. The thicknesses of films with

Si(pincer), complexes vary significantly, in some cases three times thinner than others,

which may contribute to lowering of charge transport for these devices.
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Figure 3.7. Device structure of hole only devices.

Patterned OLED substrates were used to make the devices and prepared as
discussed in section 3.1. The substrates were then quickly transferred to the
glovebox with nitrogen atmosphere for thermal evaporation of materials, or were
used to spin coat PEDOT:PSS in ambient conditions. PEDOT:PSS solution was
filtered through a 0.45 um PES filter into a vial, then placed along with prepared
ITO glass on a hot plate and heated to 55 °C prior to spin coating. The ITO glass
was spun at 2000 rpm in a spin coater for 40 s, and 90 pL of PEDOT:PSS
solution was deposited onto the slide. The film was allowed to dry for 3 min at
room temperature. A second layer of PEDOT:PSS was added by spin coating 90
pL onto the substrate at 2000 rpm for 40 s, slides were room temperature. The
anode portion of the device was then wiped with a cotton swab dipped in water to
remove PEDOT:PSS. The films were then annealed at 140 °C for 10 min on a hot
plate inside an N> filled glove box.

The thermal evaporation was performed under ultra-high vacuum of 10°® mbar
using a MB-EVAP system inside a MBRAUN glovebox and controlled with a SQC-310C
Deposition Controller. The rate of evaporation along with thickness of Si(pincer)

complexes are listed in Table 3.2. After deposition of the active layer, cathode layer is

58



applied. Gold was used as cathode, and was deposited onto the substrate by thermal

evaporation at a rate of 0.20-0.25 A/s until total thickness of 50 nm.

Table 3.2. Rate of deposition, and total thickness for active layers of electron transport
devices.

Material Rate (A/s) Thickness (nm)
Si(bzimpy)> 0.20 91
Si(bzimpyMe)» 0.30-0.40 115
Si(bzimpyOMe)2 0.01-0.10 21
Si(bzimpyMeOMe)» 0.01-0.10 35
Si(IPT), 0.02-0.05 29

The highest hole mobility was found to be for Si(bzimpy), with average mobility
of 1.07 x 10 £ 5.99 x 106, and representative curves are shown in Figure 3.8.
Si(bzimpy): also had the highest electron mobility. Such ability to be good carrier for
both electrons and holes may be due to films being amorphous. As discussed earlier, the
molecules can align with the intermolecular stacking where: 1) LUMOs of two or more
molecules overlap; 2) HOMOs of two or more molecules overlap; or 3) HOMO of one
molecule would overlap with LUMO of neighboring molecule. Thus, ability to almost
equally be good ETM and HTM can be due to mix of alignment of the molecules, which
are tightly packed.

The hole mobility in the case of Si(bzimpyMe)., is slightly lower than electron
mobility. The average hole mobility was found to be 2.56 x 10 + 5.48 x 108 cm?/Vs,
and representative curves are shown in Figure 3.9. The molecules are likely to be
oriented in the film to favor electron mobility in this case. More evidence would be

needed to confirm if there is a more organized structure to the film present or not.
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Similarly to electron mobility, the lowest hole mobility was found to be in
Si(bzimpyOMe), with average mobility of 2.60 x 10® + 5.60 x 10 cm?/Vs, and
representative curves are shown in Figure 3.10. Similarly, the film was significantly
thinner, only 18 nm, while Si(bzimpy)> was 90 nm thick. The molecules are also
potentially not packed as tightly and with more random orientation, resulting in lower

carrier mobilities.
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Figure 3.10. (a) J-V curve of ITO/PEDOT:PSS/Si(bzimpyOMe),/Au devices. (b)
log(J)-log(V) curve of ITO/Si(bzimpy)2/Al devices. (¢) J-V? curve of
ITO/Si(bzimpy)./Al devices. Hole mobilities were calculated from slopes of lines
in graph 3.10 c.

T Hole mobilities of Si(bzimpyMeOMe)z, shown in Figure 3.11, and Si(IPI)2
shown in Figure 3.12 were found to be the second highest performing materials, and
were determined to be 3.84 x 10°° + 5.39 x 10° cm?/Vs, and 9.60 x 106 +3.57 x 10”7

cm?/Vs for Si(bzimpyMeOMe) and Si(IPI)2, respectively. As in previous cases, the
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molecules in the films are most likely randomly oriented, which can influence the

carrier mobility to be equal for both electrons and holes. Both of the materials can

be promising ambipolar hosts, with rate being identical for both electrons and

holes. To better compare both electron and hole mobilities of all materials that were

studied, all values are listed side by side in Table 3.3. In comparison to commercially

available materials listed in Table 3.3, Si(pincer), complexes have competitive electron

and hole transport rates, and provide improved thermal, chemical, and photostability.
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Figure 3.11. (a) J-V curve of ITO/PEDOT:PSS/Si(bzimpyMeOMe),/Au devices.
(b) log())-log(V) curve of ITO/Si(bzimpy)./Al devices. (¢) J-V? curve of
ITO/Si(bzimpy)./Al devices. Hole mobilities were calculated from slopes of lines

in graph 3.11 c.

62




5000 .
@) A
4000 | s
SR
l—.’. -
T 3000 | ‘a.'.,p ?D
2 el =
~ 2000 § -~
1000 4
0 . o ' s ) 005 0.11 o.=15 o.}z 025 03
‘ Volts (V) ‘ log (V)
so00 & YRLZABMMKASBETT 7,
© e Color Slope R? mobility
wo L e (A/Viem?) (cm?/Vs)
E g Red 1224.84 | 0.9772 | 1.00 x 107
= a0 & 2~ A =1,159.4415x + 263.4828 -6
R?=0.9801 Green 1159.44 | 0.9801 | 9.32x 10
e Blue 114192 |0.9798 | 9.47 x 106
2000 T el e y =1,141.9186x + 67.1232
R?=0.9798
1000 Ay
1 15 2 25 3 35 4

V2

Figure 3.12. (a) J-V curve of ITO/PEDOT:PSS/Si(IPI)2/Au devices. (b) log(J)-
log(V) curve of ITO/Si(bzimpy)./Al devices. (¢) J-V? curve of ITO/Si(bzimpy)./Al
devices. Hole mobilities were calculated from slopes of lines in graph 3.11 c.

Table 3.3. Electron and hole mobility averages of three top performing devices for each
of the complex using SCLC method, including mobility ranges of some of the

commercial materials.

Complex Name | Electron Mobility (cm?/Vs) Hole Mobility (cm?/Vs)

Si(bzimpy): 1.17 x 104 £ 2.51 x 10 1.07x10°£5.99x 10°
Si(bzimpyMe): 4.94x10°+£2.04x 107 2.56x10°+5.48x 108
Si(bzimpyOMe). 3.05x10%+2.87x 10 2.60x 108 +5.60x 107°
Si(bzimpyMeOMe), 1.46 x 10+ 6.30 x 10”7 3.84x10°+539x 10°
Si (IPI): 521x10°%+8.53x 107 9.60x 10°+3.57x 107

Alq3 10-6_ 10-7 %56 10-8 _ 10-10 %57

Bphen 1074- 105 *38
NPB 10-6_ 10-8 *59, 60 10-4_ 10-5 %60, 61
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CHAPTER 4: PROTOTYPE ORGANIC ELECTRONIC DEVICES WITH
HEXACOORDINATE SILICON COMPLEXES
4.1. Organic light emitting diodes
OLED substrates were prepared as described in the section 3.1.1, then materials

were thermally evaporated in the order shown in Figures 4.1 OLED device prototyping
started with design similar to the first ever reported OLED device design reported by
Tang and VanSlyke, but instead of Algs use Si(pincer), complexes.!*> The OLED device
was assembled according to Generation 1 design shown in Figure 4.1. After substrates
were cleaned, Si(bzimpy) was deposited at the rate of 0.5-0.8 A/s to obtain 78 nm film.
Aluminum was used as the cathode and was deposited on top of Si(bzimpy): via thermal
evaporation at the rate of 0.20 A/s for the first 20 nm and 2.0 A/s for the rest of the

deposition. The total thickness of the aluminum layer was 300 nm.

Generation 1 Generation 2 Generation 3
———e
a -
LiF Al ’
Bphen ’ LiF
—_ Si(pincer), —_ Si(pincer),
il Al ’ NPB NPB
& Si(pincer), ® MoO; ® MoO;

ITO I ITO

ITO I

Figure 4.1. Three generations of OLED architecture.

Although, 1% generation architecture resulted in successful electroluminescence,
after applying bias voltage of 12 V, with Amax = 560 nm the emission lasted only for 1

min. Comparison of photoluminescence (PL) and electroluminescence (EL) of the
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Si(bzimpy): film is shown in Figure 4.2. This successful light emission inspired

Generation 2 device design shown in Figure 4.1.
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Figure 4.2. Photo- and electroluminescence of first-generation OLED using Si(bzimpy)s.

Multiple versions of second-generation devices were tested to find the optimal
architectural design to use for the rest of the devices using other Si(pincer), complexes.
Four iterations of OLED Generation 2 devices are shown in Figure 4.4. The materials
were deposited at the rate and thickness reported in Table 4.1 and assembled in the order
shown in Figure 4.4. The devices were then tested by applying a ramping bias voltage
until 13 V, and their electroluminescence was recorded for each illuminating device,
shown in Figure 4.4. Due to issues with capturing Generation 2-3 device, there is no
representative photo shown. All of the measured devices had a dominant peak emission
centered at 750 nm, which corresponds to NIR region. Besides the dominant peak, there
are additional, much smaller in intensity peaks present in the visible region.

The peak at 750 nm does not correspond to the excitonic emission of Si(bzimpy)a,
since this emission does not come from the excited state of Si(bzimpy)> monomer.

Instead it is observed from excited dimer, commonly called excimer or electromer, which
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Table 4.1. Rate of deposition, and total thickness for active layers of OLED devices.

Material Rate (A/s) Thickness (nm)
MoO; 0.18-0.21 10
Si(bzimpy)> 0.25-0.30 60
NPB 0.10-0.90 90
Bphen 0.05-0.90 30
LiF 0.13-0.16 7
Al| 0.35-0.40 up to 30 nm, then 1.2 150

is formed between a molecule that donates electrons and molecule that accepts electrons.
This results in excited state that is lower in energy than excited state of a monomer. In the
case of dissimilar molecules, the excited state of the complex is called exciplex. The
exciplex formation can be generated optically or electrically. In the devices demonstrated
in Generation 2, the emission is obtained only in the cases of application of bias voltage,
in the case of optical excitation of Si(bzimpy). and NPB (N,N’-Di(1-naphthyl)-N,N'-
diphenyl-(1,1'-biphenyl)-4,4’-diamine) together, no low energy emission is observed. In
electroluminescence, electrically generated electron-hole pairs then can have cross
transitions between different molecules and radiatively emit, resulting in modification of
emission spectrum. Such electron-hole pairs are called electromers or electroplexes.®?
There are many ways to obtain exciplex or electroplex, which are shown in
Figure 4.3. Donor and acceptor must be present, they can be either two different
materials, or within the same molecule. Based on carrier mobility experiments,
Si(bzimpy)> can be thought of as a n-type acceptor or bipolar acceptor, which would
correspond to the case shown in Figure 4.3 a or Figure 4.3 b, due to NPB being p-type

donor. In recent years, the trend had switched from achieving improvement in device
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performance by addition of emissive components to reduction of emissive components by

using excimers, exciplexes, electroplexes, or electromers.*!: 63
LUMO L L | wwo | o
p-type, ’?u p-type ,"®
1 1
donor' ; donor*,
I
: n-type I , blpolar
| /IacceptorHOMO \ /acceptor, 0
—_ B N —_ \7
® (2) ® (b)
LUMO B <®— LUMO donor ©)
\ ~
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Figure 4.3. Scheme of exciplex or electroplex formation. This figure was inspired
by the work reported by Xiao et.al. The red star represents exciplex or electroplex
formation, green arrow electron transport, and blue arrow hole transport.*!

Generation 2 devices show that it is possible to achieve both exciton and
electroplex emission using Si(bzimpy)2 as n-type acceptor, and NPB as a p-type donor. In
the case of Generation 2-1 and Generation 2-2 devices, the difference is that Generation
2-2 includes MoO;s as hole injection layer. Separate hole injection layer was added to
observe improvement in performance lifetime and brightness of the devices. The overall
emission intensity of the peak at 750 nm is greater in device that does not have additional
layer of MoQO3, and the peak at 530 nm remains the same in intensity. The lifetime of the
device without MoO; was significantly shorter, on the order of 4-5 min at operating

voltage of 13 V. While Generation 2-2 had slight loss in luminescence, the lifespan of the

devices increased to 12-14 min.
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Figure 4.4. Variations of the second generation of OLED architecture.

Generation 2-3 and Generation 2-4 devices included Bphen (bathophenanthroline)
as electron injection layer, and the difference between them is that Generation 2-3 does
not include MoOs layer, while Generation 2-4 does. The addition of Bphen as an electron
injection/electron transport layer to see how Si(bzimpy): performance as emitter would
change. Similar emission intensity changes are observed, without MoOs layer 750 nm
peak is more intense, while 530 nm stays the same. In this set of devices there is
additional peak observed at 440 nm, intensity of which also is not influenced with
presence of MoOs layer. This peak was not present in Generation 2-1 and 2-2, there is
observable patchiness of films, where blue emission and yellow emission is observed
separately, this can be due to film uniformity issues due to challenges upon deposition of
Bphen. These devices had lifetime on the order of 6-7 min for Generation 2-3 and 8-9
min Generation 2-4 for at operating voltage of 13 V.

From results obtained from Generation 2 devices the most optimal balance
between device lifetime and brightness of the emission was the Generation 2-2. Based on

these results Generation 3 devices were assembled and tested for complexes Si(bzimpy)a,
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Si(bzimpyMe),, Si(bzimpyOMe),, and Si(bzimpyMeOMe),. The devices were assembled

as shown in Figure 4.1, and deposition rates and thicknesses are listed in Table 4.2.

Table 4.2. Rate of deposition, and total thickness for active layers of OLED devices.

Material Rate (A/s) Thickness (nm)

MoO3 0.18-0.21 10

Si(bzimpy)> 0.25-0.30 90
Si(bzimpyMe), 0.10-0.40 77
Si(bzimpyOMe)» 0.02-0.15 21
Si(bzimpyMeOMe)» 0.02-0.10 35

31, for
device thickness was 55

LiF 0.13-0.16 7

Al| 0.35-0.40 up to 30 nm, then 1.2 150

The electro- and photoluminescence of all assembled OLED devices are shown in
Figure 4.5. The contribution of excitonic and electroplex emission varies in the obtained
devices. The film thickness in devices was supposed to be as similar as possible between
all four devices, but it was not achieved due to differences in material properties and
ability to make thicker films. Therefore, it will not be possible to exclude the influence of
thickness differences on device properties. All of the device electroluminescence
emissions were recorded at applied bias voltage of 12 V. One of the most notable
observations is intensity of excitonic emission. Black line in Figures 4.5 a-4.5d
represents the photoluminescence of corresponding Si(pincer). films, which had been
normalized to the maximum peak emission in the electroluminescence, which is
represented by green line.

For device with Si(bzimpyMe)., Figure 4.5 a, the excitonic peak contribution at

575 nm is greater than low energy emission peak at approximately 645 nm, which
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overlaps with excitonic emission. To the eye this OLED looks bright yellow as shown in
the photo in Figure 4.5 a. This device had the longest performance lifetime, and the
longest performing device was illuminating for 14 min at 15 V.

Device with Si(bzimpyMeOMe),, shown in Figure 4.5 b, the excitonic
peak contribution at 530 nm is equal to the low energy emission peak at 630 nm.

Light observed to the eye looks close to white light, and in the photo can be seen a
slight green tint resulting in greenish white illumination. These did not have as
high performance longevity and had the shortest performance. At 15 V the longest
performing device was illuminating for 5 min before the burn out.

For OLED device assembled with Si(bzimpy)z, spectrum of which is shown in
Figure 4.5 ¢, the excitonic peak contribution at 540 nm is much lower in intensity than
the low energy emission peak at 750 nm. These pixels appear to have bright orange
emission to the eye, as shown in the photo in Figure 4.5 ¢, this is probably due to color
mixing of the yellow excitonic emission, and deeper red emission of the electroplex
emission. These devices also had longer performance lifetime, at 16 V the longest
performing device was illuminating for 12 min.

For device with Si(bzimpyOMe),, Figure 4.5 d, the excitonic contribution cannot
be distinguished in the obtained spectrum, and only the low energy emission peak at 930
nm is observed. This is very different than for the rest of the devices, the low energy
emission is significantly more intense than for the rest of the devices, and there is no
visible to the eye emission. The longest performing device was illuminating for 10 min at

I5V.
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Figure 4.5. Electroluminescence and photoluminescence of Generation 3 OLED
devices, along with photos of illuminating pixels. (a) Si(bzimpyMe)2. (b)
Si(bzimpyMeOMe)2. (¢) Si(bzimpy)2. (d) Si(bzimpyOMe)2

A stepwise measurement of emission at applied voltage of OLED device with

Si(bzimpyMe): is shown in Figure 4.6. The turn on voltage of the lowest energy peak at

675 nm is at 2 V. This peak is significantly lower in energy than photoluminescence of

the film in the solid state. This emission is not observed upon mixing NPB and

Si(bzimpyMe), and photoexciting the mixture, the emission for both materials are

observed in the regions that belong to those materials. In the case of applied voltage, the

low energy luminescence is observed. This leads to believe that electroluminescence is



observed due to emission from the formed electromer or electroplex upon excitation of
NPB and Si(bzimpyMe).. In fact, there can be multiple electromers or electroplexes,
upon application of higher voltage the emission intensity increases and different
shoulders of the broad peak gain greater intensity until excitonic emission is observed
along with electroplex emission. The much lower turn on voltage for the electroplex
based peak can be explained by the nature of this emission being the interfacial
interaction between the two films, which has much smaller energy barrier that needs to be

overcome than in order to achieve the excitonic based emission.
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Figure 4.6. Applied voltage vs. emission change of
ITO/MoO3/NPB/Si(bzimpyMe),/LiF/Al. (a) Photo of electroluminescent at applied bias
voltage of 2 V. (b) Photo of electroluminescent at applied bias voltage of 10 V. (¢) Photo
of electroluminescent at applied bias voltage of 12 V. (d) Intensity is shown as obtained.
(e) Normalized intensity to the highest intensity shoulder.

From the band edge diagram shown in Figure 4.7 some trends can be observed.
In the case of the device with Si(bzimpyMe), the film was thicker than NPB film, and the

HOMO of the Si(bzimpyMe): is very close to the HOMO of NPB, and for this device the
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excitonic emission was significantly more intense in comparison to the electroplex
emission. For device with Si(bzimpyMeOMe), the NPB layer was significantly thicker.
The difference between the HOMO of NPB and Si(bzimpyMeOMe); is greater in this
case, and the emission intensity of the excitonic based peak is comparable to the intensity
of the electroplex based peak. The band gap of Si(bzimpyMeOMe): is also greater than
of the Si(bzimpyMe),, but possibly due to the thickness differences the electroplex
emission peak did not shift significantly. The difference in the HOMO energy levels
between Si(bzimpy). and NPB is even greater than in the previous examples. The
thickness for Si(bzimpy). was almost three times greater than of NPB, and the intensity
of the excitonic peak was significantly smaller in comparison to the electroplex emission.
The electroplex emission peak in this device is red shifted by approximately 50 nm. For
device with Si(bzimpyOMe): the film thickness was significantly thinner than of NPB.
The difference in the HOMO energy levels is very similar to Si(bzimpy)., but the band
gap is much greater for Si(bzimpyOMe). The excitonic peak emission is not observed, or
it is very convoluted, while the electroplex emission peaks is very strong. For this device,
the electroplex emission peak is shifted by almost 200 nm in comparison to
Si(bzimpyMe)>. Such significant shift towards lower energy could be attributed to the
Si(bzimpyOMe): layer being much thinner, and possibly the interface with NPB is also
different in this case. Due to the nature of electroplex emission being interfacial, it is

possible that difference in the film interaction can lead to such energy difference.
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Figure 4.7. Band edge diagram of donor and acceptor materials in Generation 3 OLEDs.
The HOMOL and LUMO energy levels of NPB were taken from previously reported
values by Trinh Dac et. al.** Si(pincer), band edges were calculate based on cyclic
voltammetry experiments and UV-Vis.

4.2. Organic photovoltaic devices

For all of the OPV devices the substrates were prepared as described in the
section 3.1.1, then were used to spin coat PEDOT:PSS in ambient conditions.
PEDOT:PSS solution was filtered through a 0.45 pm PES filter into a vial, then placed
along with prepared ITO glass on a hot plate and heated to 55 °C prior to spin coating.
The ITO glass was spun at 2000 rpm in a spin coater for 40 s, and 90 pL of PEDOT:PSS
solution was deposited onto the slide. The film was allowed to dry for 3 min at room
temperature. A second layer of PEDOT:PSS was added by spin coating 90 uL onto the
substrate at 2000 rpm for 40 s, slides were room temperature. The anode portion of the
device was then wiped with a cotton swab dipped in water to remove PEDOT:PSS. The
films were then annealed at 140 °C for 10 min on a hot plate inside an N filled glove
box. It is important to note that the lamp intensity was found to be 150 mW/cm?, which

was then corrected for in the calculation of efficiency. The J-V curves are reported as

recorded.
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Figure 4.8 Band edge diagram. The energy levels of P3HT and PCBM were obtained
from data reported by Khlyabich et. al.%> Si(pincer): band edges were calculate based on
cyclic voltammetry experiments and UV-Vis.

The control P3HT:PCsoBM OPV devices were assembled as shown in Figure 4.9
along with performance parameters are shown in Figure 4.10. In the article reported by
Irwin et. al in 2007, theoretical Voc was reported to be 1.0 V based on cyclic
voltammetry.%® This sets a goal for the future optimization of these solar cells. For
P3HT:PCs0BM devices obtained in this experiment three best performing devices had
Voc between 0.52-0.54. These results closely compare to reported 0.45-0.55 V for similar
devices, important note that the blend used in the article was 10:8 mg (lower performance
value) and 20:16 mg (higher performance value) of P3HT:PCsBM.*’ Fill factors
obtained experimentally were between 34.3-38.4%, while the reported fill factors were
33-44% for blends of 10:8 mg (lower performance value) and 20:16 mg (higher
performance value) of P3HT:PCBM.%" The experimental performance efficiency was
calculated to be between 3.3-3.7%, and reported efficiency 0.81-3.96% blends of 10:8 mg
(lower performance value) and 20:16 mg (higher performance value) of P3HT:PCsoBM.
These control devices suggest that this is a good method of preparing these solar cells,

and we can use these devices as control to compare a set of devices with addition of

Si(pincer)z complexes.
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Figure 4.9. OPV device structure for testing P3HT:PC4BM OPVs.
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Figure 4.10. J-V curves of standard P3HT:PCsBM devices. (a) dark and light
curves of device 3-2 (b) light curves of top three devices. Measured at AM1.5.
The first OPV devices with Si(pincer), was assembled as shown in Figure 4.11.
This device was designed to access the potential of Si(pincer). complexes to be used as
absorber/acceptor layers in the OPVs. P3HT solution was then prepared inside an N>
filled glove box by dissolving 20 mg P3HT in 1.00 mL 1,2-dichlorobenzene. The
obtained solution was heated to 50 °C on a hot plate for 2 hours before use. The ITO
glass was spun at 2000 rpm for 20 s using a spin coater, while 45 uL of P3HT solution
was dispensed onto the substrate. The film was then allowed to dry for 30 min at room

temperature inside an N filled glove box. Then Si(bzimpy). was deposited using vacuum
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deposition chamber at 0.25 - 0.30 A/s until thickness of 45 nm. Last layer was aluminum,
which was deposited at the rate of 0.40 A/s until thickness of 30 nm was reached, then
rate was raised to 1.2 A/s until thickness of 150 nm was reached.

Al ’

Si(bzimpy),

I PEDOT:PSS

ITO

.
I

Figure 4.11. OPV device structure for testing Si(bzimpy)> complex as
acceptor/absorber layer in OPVs.

Assembled OPV devices were then tested in the dark and under
illumination. J-V curves of three best performing devices are shown in Figure 4.12
along with performance criteria such as Voc, Jsc, FF and n. Obtained devices had
very low Voc for most devices except Device 2-2, and current density was
observed in the range of 0.10-0.27 mA/cm?. The fill factor was found to be 24.2-
28.5%. These performance results lead to conclusion that Si(bzimpy): is a poor
acceptor/absorber for OPVs, but this does not conclude whether or not Si(bzimpy):
can be used as an electron transport layer in these devices and possibly improve
their performance.

The next set of devices were assembled as shown in Figure 4.13 to probe the
hypothesis that thin films of Si(pincer). materials can be used to improve device
performance based on their electron mobilities, their band edge alignment with P3HT and
PCs0BM, as well as their great thermal stability can save the soft polymer blend from
harsh aluminum that is used on top as a cathode. The assembling procedure was the same

as for control OPV, except before aluminum layer Si(pincer), films were added.
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Si(pincer)> complexes were deposited via thermal evaporation, the rates and thicknesses
of which are listed in Table 4.3. Then 150 nm layer of aluminum was added on top for all

of the devices.

(a) (b)
;;\ e :0.5 :;7 ;.Tg -20
E 1: : ;éf :. ] - iz
2.5 . :il:i -40
Voltage (V) Voltage (V)
Device 2-2 2-3 3-6
Voc (V) 0.54 0.22 0.23
Jsc (mA/cm?) -0.014 -0.27 -0.10
FF% 24.2 27.8 28.5
n% | 12x10° | 1.1x10? | 45x10°

Figure 4.12. J-V curves of Si(bzimpy). devices. (a) dark and light curves of device
2-2 (b) light curves of top three devices. Measured at AM1.5.
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Figure 4.13. OPV device structure with Si(pincer), complexes.

Table 4.3. Rate of deposition, and total thickness for Si(pincer), complexes in OPV
devices.

Material Rate (A/s) Thickness (nm)
Si(bzimpy)> 0.15-0.20 3.5
Si(bzimpyMe)» 0.30-0.40 4.0
Si(bzimpyOMe)2 0.02-0.10 3.0
Si(bzimpyMeOMe)» 0.02-0.15 3.5
Si(IPI), 0.02-0.15 4.5




Upon addition of Si(bzimpy), film, an improvement in Voc is observed from
0.53-0.54 V t0 0.58-0.59 V as shown in Figure 4.14. There is also significant
improvement in the fill factor from 34.3-38.4% to 49.4-54.3%, which is on average a
31% increase from the control. Overall device performance efficiency increased on
average by 37% to average of 5.5%.

OPVs with Si(bzimpyMe); film, show similar improvement in Voc from 0.53-
0.54 V for control to 0.58-0.59 V as shown in Figure 4.15. There is also significant
improvement in the fill factor from 34.3-38.4% to 50.8-52.3%, which is on average a
30% increase from the control. Overall device performance efficiency increased on

average by 43% to average of 6.1% efficiency.
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Figure 4.14. J-V curves of Si(bzimpy)> devices. (a) dark and light curves of device
2-2 (b) light curves of top three devices. Measured at AM1.5.

For devices with Si(bzimpyOMe); film, the Voc improved from 0.53-0.54 V for
control to 0.58-0.60 V as shown in Figure 4.16. The improvement in the fill factor was

not as significant fill factors were 46.3-48.6%, which is on average a 24% increase from
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the control. Overall device performance efficiency increased on average by 28% to

average of 4.8% efficiency, which is not as significant of improvement as for previously

discussed complexes.
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Figure 4.15. J-V curve of Si(bzimpyMe): devices. (a) dark and light curves of
device 1-1 (b) light curves of top three devices. Measured at AM1.5.
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Figure 4.16. J-V curve of Si(bzimpyOMe): devices. (a) dark and light curves of
device 1-1 (b) light curves of top three devices. Measured at AM1.5.
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Devices with Si(bzimpyMeOMe); film have shown the greatest improvement in

Voc from 0.53-0.54 V for control to 0.60-0.62 V as shown in Figure 4.17. The fill factor

was calculated to be 46.3-48.6%, which is on average a 31% increase from the control.

Overall device performance efficiency increased on average by 39% to average of 5.6%

efficiency.
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Figure 4.17. J-V curve of Si(bzimpyMeOMe), devices. (a) dark and light curves of
device 2-2 (b) light curves of top three devices. Measured at AM1.5.

The last set of prototype OPV devices was with Si(IPI)> complex, which was
shown to have improvement in Voc from 0.53-0.54 V for control to 0.60 V as shown in
Figure 4.18. The fill factor was calculated to be 41.1-41.7%, which is on average a 13%
increase from the control and the lowest improvement in this set of devices. Overall
device performance efficiency increased on average by 24% to average of 4.5%

efficiency.
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Figure 4.18. J-V curve of Si(IPI)2 devices. (a) dark and light curves of device 3-1
(b) light curves of top three devices. Measured at AM1.5.

In summary, addition of thin Si(pincer). film as a buffer and electron transport
layer improved performance of P3HT:PCBM solar cells. This can be due to multiple
factors, such as improved thermal stability of Si(pincer): films served as protecting layer
for aluminum contact deposition, protecting the polymer blend from damage. Addition of
separate electron transport layer can serve as assistance for better charge extraction, and
prevent some unwanted processes, which result in loss of efficiency. This can be seen in
the summary figure with all of the representative curves overlaid in Figure 4.19.
Summary of the performance criteria of P3HT:PCBM devices that employed Si(pincer):
complexes as an electron injection/buffer layer are reported in Table 4.4. The best overall
improvement in device performance was observed using Si(bzimpyMe), with an average
fill factor of 51.47% and efficiency of 6.09%. This complex has an overall higher thermal
stability in comparison to other pincer complexes, the hole mobility of P3HT:PCBM

blend has been reported to be in 103 cm? V! §71,68 6 while electron mobility was reported
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to be 10 cm? V-1 571,68 69 The electron mobility of Si(bzimpyMe), film was determined
tobe 5x 10°+2 x 10 cm? V! s7!, which would fit well for optimal device performance.
Si(bzimpyMe), makes densely packed films, and would serve as a good hole blocker.
The LUMO of Si(bzimpyMe): is much higher than of PCBM, which would assist
maximization of the Voc. These contributing factors can serve to minimise the loses
within the device, and result in improved performance.

5 - Voltage (V)

o I | | | I
t t 1 t

/4 07

J(mA/cm?)

—P3HT:PCBM

Si(bzimpy)2
—Si(bzimpyMe)2
—Si(bzimpyOMe)2
—Si(bzimpyMeOMe)2
—Si(IPI)2

Figure 4.19. J-V curve of Si(IPI)2 devices. (a) dark and light curves of device 3-1
(b) light curves of top three devices. Measured at AM1.5.

Table 4.4. Summary of all P3HT:PCBM devices along with Si(pincer), complexes as an
electron injection/buffer layer.

Device P3HT:PCBM Si(bzimpy), Si(bzimpyMe),
Voc (V) 0.530 £ 0.010 0.583 + 0.006 0.603 + 0.006
Jsc (mA/em?) 27.02 031 -26.68 +0.92 2941 £2.32
FF% 36.07 £2.12 52.56+2.73 51.47£0.74
% 3.44£0.21 546+ 0.42 6.09 + 0.48
Device |  Si(bzimpyOMe), Si(bzimpyMeOMe), Si(IPT),
Voc (V) 0.590 £ 0.010 0.607 = 0.012 0.597 + 0.006
Jsc (mA/em?) -25.47 £ 1.66 26.76 + 4.72 275+ 139
FF% 4750+ 1.14 52,17 +3.44 41.4+0.33
% 4.76 £ 0.29 560+ 0.61 4.56+0.21
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

In this work, total of six hexacoordinate silicon complexes with two dianionic
ligands were synthesized, characterized and then studied to understand their place in
organic electronic devices. These complexes have shown good stability in solution and
solid state, which makes them applicable in variety of devices. Some of the most unique
characteristics of these molecules are their thermal stability at temperatures over 200 °C.
The Si(bzimpy). has demonstrated good moisture stability when placed in moisture
containing environment.

These complexes can be thermally evaporated into very dense, smooth films, in
some cases the surface roughness was under 1 nm. This is important in order to
minimized pinholes and device short-circuiting. These materials have also shown
improved photostability, which remains to be one of the issues of use of organic materials
in electronics. From the results obtained with XRD and Raman experiments it still
remains unknown in which orientation molecules stack inside the film. But it can be
concluded that films are largely amorphous as deposited. It is common for films at the
nanoscale to undergo changes upon annealing, and these films are no exception.
Si(bzimpy). was thermally annealed at a range of different temperatures, as well as at the
phase change temperature, and it was observed that upon annealing the
photoluminescence significantly decreases. This result leads to believe that it was best to
use these materials as deposited for better device performance.

From carrier mobility experiments using SCLS method can be concluded that all
studied Si(pincer), complexes with the exception of Si(BIP),, which was not investigated

due to the challenges in film deposition, are promising electron transport materials.
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Materials Si(bzimpyMeOMe), and Si(IPI), have similar carrier mobilities for both
electrons and holes. For the rest of materials the hole mobility was found to be about an
order of magnitude slower than the electron mobility. The highest electron mobility was
calculated to be 1.17 x 10* £ 2.51 x 103 cm?/Vs for Si(bzimpy),. The highest hole
mobility was calculated to be 1.07 x 107 + 5.99 x 10" cm?/Vs for Si(bzimpy),. These
charge transport layers can be used in variety of organic electronic devices such as
OLEDs, OPVs, OFETs, and sensors. In this work OLED and OPV devices with
Si(pnicer), complexes were assembled and tested.

The OLED devices were successfully assembled using Si(bzimpy)a,
Si(bzimpyMe)a, Si(bzimpyOMe),, and Si(bzimpyMeOMe),. Devices that were
assembled with NPB have shown significant improvement in performance lifetime from
1 min to over 10 min, and intensity of emission in comparison to the single layer
approach. It was also observed that all of the obtained devices have deep red — NIR
emission. Although the assembled devices do not have strong emission in the visible
range of the spectrum, there are verity of applications in sensing that can benefit from
such OLED devices such as eye tracking, night vision, automotive LiDIR, facial and
gesture recognition.

OPV devices that were assembled with Si(bzimpy): as an acceptor/absorber layer
for P3HT donor were not successful, the best performing device had fill factor of 27.8%
and efficiency of 1.1 x 102%. Instead, Si(pincer), complexes were used as electron
transport/buffer layers in P3HT:PCsBM blended OPVs. A control OPV device with
pristine P3HT: PCsoBM blended were assembled and tested. The best performing device

had a fill factor of 38.4% and efficiency of 3.7%. All of the devices that employed
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Si(pincer), complexes have shown significant improvement in device performance. The
most improvement was observed for device with Si(bzimpyMe)2, which had a fill factor
of 52.3% and efficiency of 5.9%.

In the future, further studies of film structure would be needed to obtain a better
understanding of some of the properties that are caused possibly due to packing in the
film. These experiments include further studies using Raman spectroscopy, XRD,
possibly GIWAX. The studies would need to be performed for films as deposited, as well
as after annealing at the temperatures of the phase change.

From results obtained after charge mobility experiments, it would be appropriate
to test ambipolar host capabilities of the Si(pincer), materials. This can be done via
assembling an OLED device where Si(pincer): will be doped with highly efficient emitter
and used as the active emitting component in the device. As the general trend moving
towards not only more efficient OLEDs, but also reducing the number of layers in the
device, this can be a great solution, since there will be no need for additional ETL and
HTL, and possibly may eliminate the need for electron and hole injection layers as well.

The future of OPVs is possible if they can be manufactured on large scale much
cheaper than inorganic Si-wafer based solar cells, even if they are not as efficient. Thus,
would be important to test solution processing capabilities of Si(pincer), materials.
Although, these complexes have low solubility, this should note pose issues, since only
very thin layer is needed to achieve improvement in device performance. Thus, solution

based processing would be the next step in the OPV device development and testing.
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APPENDIX — A: Synthesis of Si(bzimpy):

Under a nitrogen atmosphere, bis(benzimidazole)pyridine (2.036 g, 65.07 mmol)
in chloroform (60 mL) was stirred at 0 °C, and triethylamine was added to a stirring
suspension (1.81 mL, 12.98 mmol). Upon addition of silicon tetrachloride (0.37 mL,
32.23 mmol) the mixture instantly turned yellow and was allowed to stir for 3 min at 0
°C. The resulting brownish-yellow suspension was warmed to room temperature, and the
reaction allowed to proceed for 16 h with no stirring. The yellow solid obtained was
separated by filtration, washed with chloroform (2 x 15 mL), and dried in vacuo for 1 h at
120 °C. The product was then suspended in acetone (60 mL), stirred for 1 h, and filtered
to yield a bright yellow powder (1.170 g, 56%). The powder was purified using Soxhlet
extraction (0.100 g of product and chloroform (350 mL) were used to extract the
product). The yellow luminescent solution was concentrated to dryness to obtain 0.068 g
of product. (38% yield overall from SiCls). 'H NMR(CD:>Cl>, 500 MHz): 6 5.75 [d, Ju-u
=8.4,4 HJ, 6.98 [dd, 4 H], 7.05 [dd, , 4 H], 7.58 [d, Ju-n= 8.1, 4 H], 8.81 [m, 4 H], 8.97
[t, Juu= 7.4, 2 H]. ¥C NMR(CDCl,/CD30D, 40/60 mixture, 125 MHz): § 110.6 (4 C),
119.9 (4 C), 120.6 (4 C), 123.5(4 C), 125.7(4 C), 134.9 (4 C), 145.7 (4 C), 147.3 (4 C),
147.4 (4 C), 150.4 (s, 2 C). 2°Si NMR(CDC]l3/CD30D, Cr(acac)3 added, 40/60 mixture,
99 MHz): 6 -185.7. IR data: 3400 (w), 3058 (w), 1629 (m), 1574 (m), 1558 (m), 1537
(W), 1473 (vs), 1438 (w), 1412 (w), 1376 (W), 1352 (m), 1322 (s), 1294 (w), 1263 (w),
1238 (w), 1194 (w), 1175 (w), 1146 (m), 1122 (w), 1089 (w), 1043 (m), 1007 (w), 963
(W), 926 (m), 835 (w), 816 (w), 807 (w), 738 (vs), 718 (m), 697 (w). Anal. Calc. for
CssH22N10Si-H20: C, 68.7; H, 3.6; N, 21.1. Found: C, 68.8; H, 3.9; N, 20.9%. MS

(MALDI-TOF): m/z = 647.8
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APPENDIX - B: Synthesis of Si(bzimpyMe),

Under a nitrogen atmosphere, bzimpyMe ligand (1.000g, 2.74 mmol) in
chloroform (60 mL) was stirred at 0 °C, and triethylamine was added to a stirring
suspension (0.76 mL, 5.45 mmol). Upon addition of silicon tetrachloride (0.16 mL, 1.39
mmol) the mixture instantly turned orange and was allowed to stir for 5 min at 0 °C. The
resulting brownish-orange suspension was warmed to room temperature, and the reaction
allowed to proceed for 18 h with stirring. The orange solid obtained was separated by
removing the solvent via vacuum. The product was then dissolved in dichloromethane
(100 mL), and washed with DI water (3 x 50 mL), then obtained solution was brought to
dryness. Orange powder was then dissolved in 50:50% acetonitrile:dichloromethane
mixture of total volume 50 mL, and was purified via silica gel column (mobile phase
50:50% acetonitrile:dichloromethane mixture). Obtained solution was dried to yield a
bright orange powder, and dried in vacuo for 12 h at 110 °C (0.454 g, 42.9%). 'H
NMR(CD:Clz, 500 MHz): 6 2.03 [s, 12 H], 2.13 [s, 12 H], 5.55 [s, 4 H], 7.28 [s, 4 H],
8.60 [d, Juu=7.9, 4 H], 8.84 [t, Ju.u= 7.9, 2 H]. 1*C NMR(CD:Cl>, 125 MHz): § 20.2 (4
0),213M40),111.7(8C),119.1 (4C), 1209 (4 C), 133.0(4 C), 134.7(4 C), 135.4 (4
C), 147.1 (4 C), 147.7 (4 C), 148.3 (2 C) ?°Si NMR(CD:Cl,, Cr(acac)3 added, 99 MHz):

0 -185.9. MS (MALDI-TOF): m/z = 758.5
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APPENDIX — C: Synthesis of Si(bzimpyOMe);

Under a nitrogen atmosphere, bzimpyOMe ligand (1.380 g, 4.07 mmol) in
chloroform (50 mL) was stirred at 0 °C, and triethylamine was added to a stirring
suspension (1.13 mL, 8.10 mmol). Upon addition of silicon tetrachloride (0.23 mL, 2.00
mmol) the mixture instantly turned pale yellow color and was allowed to stir for 10 min
at 0 °C. The resulting greenish-yellow suspension was warmed to room temperature, and
the reaction allowed to proceed for 20 h with stirring. The light yellow solid obtained was
separated by removing the solvent via vacuum. The product was then dissolved in
dichloromethane (150 mL), and washed with DI water (3 x 50 mL), then obtained
solution was brought to dryness. Light yellow powder was then dissolved in 50:50%
methanol:dichloromethane mixture of total volume 90 mL, and was purified via silica gel
column (mobile phase 50:50% methanol:dichloromethane mixture). Obtained solution
was dried to yield a bright light yellowish green solid, and dried in vacuo for 12 h at 110
°C (0.424 g, 30.0%). 'H NMR(CDCl3, 500 MHz):  4.44 [s, 6 H], 5.89 [d, Ju.u=9.5, 4
H], 6.93 [m, 4 H], 7.01 [m, 4 H], 7.56 [d, Ju-u= 8.0, 4 H], 8.07 s, 2 H]. 1*C
NMR(CDCIL/CD30D, 40/60 mixture, 125 MHz): 8 59.3 (2 C), 106.3 (4 C), 121.1 (4 C),
121.2 (4 C), 124.0 (4 C), 126.1 (4 C), 136.0 (4 C), 148.0 (4 ©), 148.2 (4 C), 148.7 (4 ©),
176.5 (s, 2 C). 2Si NMR(CDCI3/CDs0OD, Cr(acac)3 added, 40/60 mixture, 99 MHz): § -

187.4. MS (MALDI-TOF): m/z = 706.9
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APPENDIX - D: Synthesis of Si(bzimpyMeOMe),

Under a nitrogen atmosphere, bzimpyMeOMe ligand (1.000g, 2.52 mmol) in
chloroform (60 mL) was stirred at RT, and triethylamine was added to a stirring
suspension (0.70 mL, 5.02 mmol). Upon addition of silicon tetrachloride (0.14 mL, 1.22
mmol) the mixture instantly turned yellow and the reaction allowed to proceed for 20 h
with stirring. The yellow solid obtained was separated by removing the solvent via
vacuum, The product was then dissolved in dichloromethane (120 mL), and washed with
DI water (3 x 50 mL), then obtained solution was brought to dryness. Orange powder was
then dissolved in 50:50% acetonitrile:dichloromethane mixture of total volume 100 mL,
and was purified via silica gel column (mobile phase 50:50%
acetonitrile:dichloromethane mixture). Obtained solution was dried to yield a bright
yellow powder, and dried in vacuo for 14 h at 110 °C (0.497 g, 49.8%). 'H
NMR((CD3)2SO, 300 MHz): 6 2.04 [s, 4 H], 2.10 [s, 4 H], 4.56 [s , 4 H], 5.63 [s, 4 H],
7.29 [s, 4 H], 8.34 [s, 2 H]. 3C NMR((CD3)2S0, 125 MHz): § 54.9 (4 C) 59.3 (4 C),
105.1 (2 C), 111.0 (4 C), 120.2 (4 C), 131.7(4 C), 133.6 (4 C), 133.9 (4 C), 146.4 (4 ©),
147.0 (4 C), 147.4 (s, 2 C). ?Si NMR((CD3)SO0, Cr(acac)3 added, 99 MHz): § -188.5.

MS (MALDI-TOF): m/z = 817.7
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APPENDIX - E: Synthesis of Si(BIP)

Under a nitrogen atmosphere, BIP ligand (0.8660 g, 2.80 mmol) in THF (100 mL)
was stirred at -78°C, and 2.5 M n-butyllithium was added to a stirring suspension (2.24
mL, 5.60 mmol) and allowed to stir for 30 min. Upon addition of silicon tetrachloride
(0.20 mL, 1.74 mmol) the mixture instantly turned yellow after which the reaction flask
was brought to room temperature and the reaction was allowed to proceed for 18 h. The
solvent was then evaporated under vacuum and the resulting crude solid was purified via
soxhlet extraction in chloroform for 24 hours, then acetone for 48 hours. The pure brown
solid was then allowed to dry under vacuum for 24 hours (0.050g, 4.81%). 'H
NMR(DMSO-ds, 500 MHz): 6 5.70 (m, 4H), 6.74 (m, 4H), 7.29 (d, J = 6.55, 4H), 7.34
(m, 4H), 7.71 (s, 4H), 8.44 (d, J = 7.95, 4H), 8.84 (t, J = 7.90, 2H). *C NMR((CD3):S0,
125 MHz): 6 102.79 (4 C), 111.13 (4 C), 116.84 (4 C), 119.19 (4 ©), 122.26 (4 ©),
123.97 (4 C), 131.85 (4 C), 133.42 (4 C), 138.45 (4 C), 147.44 (4 C), 147.84 (2 C). ’Si

NMR ((CD:3)2S0, Cr(acac)3 added, 99 MHz):  -179.4. MS (MALDI-TOF): m/z = 643.0
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APPENDIX - F: Synthesis of Si(IPI);

Under a nitrogen atmosphere, IPI ligand (1.000g, 4.74 mmol) in chloroform (50
mL) was stirred at RT, and triethylamine was added to a stirring suspension (1.32 mL,
9.48 mmol). Upon addition of silicon tetrachloride (0.27 mL, 2.37 mmol) the mixture
instantly turned yellow-green and the reaction allowed to proceed for 22 h with stirring.
The yellow solid obtained was separated by removing the solvent via vacuum. The
product was then dissolved in dichloromethane (150 mL), and washed with DI water (3 x
50 mL), then obtained solution was dried to yield a bright yellow powder, and dried in
vacuo for 24 h at 100 °C (0.805 g, 55.2%). 'H NMR((CD3)SO, 500 MHz): § 6.48 [s, 4
H], 6.97 [s, 4 H], 8.11 [(d, J = 8.00, 4 H], 8.67 [t,J = 7.75,2 H]. 3C NMR((CD3).S0, 125
MHz): 6 116.5 (4 C) 121.8 (4 C), 1354 (4 C), 143.9 (4 C), 144.8 (4 C), 148.9 (2 C). MS

(MALDI-TOF): m/z = 646.1
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APPENDIX — G: '"H NMR spectrum of Si(bzimpyMe),. (500 Mhz, CD2Cl)
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APPENDIX — H: 'H NMR spectrum of Si(bzimpyOMe),. (500 Mhz, CDCl5)
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APPENDIX - I: 'H NMR spectrum of Si(bzimpyMeOMe),. (300 Mhz, (CD3).SO)
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APPENDIX — J: 'H NMR spectrum of Si(BIP),. (500 Mhz, (CD3),SO)
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APPENDIX - K: 'H NMR spectrum of Si(IPI); (500 Mhz, (CD3).SO)
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APPENDIX - L: 13C NMR spectrum of Si(bzimpyMe).. (125 Mhz, CD:Cl,)
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APPENDIX — M: BC NMR spectrum of Si(bzimpyOMe),. (125 Mhz, CD2Cl)
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APPENDIX — N: BC NMR spectrum of Si(bzimpyMeOMe)z. (125 Mhz, (CD3),SO)
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APPENDIX - O: 3C NMR spectrum of Si(BIP),. (125 Mhz, (CD3):SO)
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APPENDIX —P: 3C NMR spectrum of Si(IPI)2. (125 Mhz, (CD3)SO)
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APPENDIX —-Q: *Si NMR spectrum of Si(bzimpyMe),. (99 Mhz, CD>Cl,)
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APPENDIX -R: ?°Si NMR spectrum of Si(bzimpyOMe). (99 Mhz, CD,Cl,)
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APPENDIX -S: 2°Si NMR spectrum of Si(bzimpyMeOMe):. (99 Mhz, (CD3).SO)
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APPENDIX -T: #Si NMR spectrum of Si(BIP):. (99 Mhz, (CD3)SO and DMF)
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APPENDIX -U: #Si NMR spectrum of Si(IPI). (99 Mhz, (CD3):SO)
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APPENDIX -V: MALDI-TOF-MS spectrum of Si(bzimpyMe), (Matrix = 1,8,9-
trihydroxyanthracene)
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APPENDIX —-W: MALDI-TOF-MS spectrum of Si(bzimpyOMe). (Matrix = 1,8,9-
trihydroxyanthracene)
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APPENDIX —X: MALDI-TOF-MS spectrum of Si(bzimpyMeOMe), (Matrix =
1,8,9-trihydroxyanthracene)
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APPENDIX - Y: MALDI-TOF-MS spectrum of Si(BIP), (Matrix = 1,8,9-
trihydroxyanthracene)

200 +

150 +

100 ~

Intensity (arb. units)

wv
o
|

0 t t f {
550 600 650 700 750

Mass (m/z)

APPENDIX - Z: MALDI-TOF-MS spectrum of Si(IPI); (Matrix = 1,8,9-
trihydroxyanthracene)
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APPENDIX - AA: Cyclic voltammetry of Si(BIP): in DMF TBAPF6
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APPENDIX - AB: Cyclic voltammetry of Si(bzimpy): in dichloromethane TBAPF6
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APPENDIX - AC: Cyclic voltammetry of Si(bzimpyMe): in dichloromethane
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APPENDIX - AD: Cyclic voltammetry of Si(bzimpyMe); in dichloromethane
TBAPF6
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APPENDIX - AE: Cyclic voltammetry of Si(bzimpyMeOMe): in dichloromethane
TBAPF6
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APPENDIX - AF: Si(bzimpy): single crystal data tables

Table Crystal data and structure refinement for Si(bzimpy),.

Empirical formula C3sH22N10S1
Formula weight 646.75
Temperature/K 298(3)

Crystal system tetragonal

Space group P-4n2

a/A 9.8218(9)

b/A 9.8218(9)

c/A 15.820(4)

a/° 90

pB/e 90

v/° 90

Volume/A3 1526.1(4)

Z 2

Pealeg/cm? 1.4299

wmm-! 0.128

F(000) 678.7

Radiation Mo Ka (A =0.71073)
20 range for data collection/°7.8 to 57.18

Index ranges -13<h<8,-12<k<9,-19<1<20
Reflections collected 3804

Independent reflections 1609 [Rint = 0.1028, Rsigma = 0.1850]
Data/restraints/parameters ~ 1609/0/118
Goodness-of-fit on F? 1.004

Final R indexes [[>=2c (I)] Ri=0.0729, wR> =0.1223
Final R indexes [all data] R1=0.1838, wR, =0.1737
Largest diff. peak/hole / e A 0.97/-0.52

Flack parameter 0.2(7)
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APPENDIX - AG: Si(bzimpyMe): single crystal data tables

Table Crystal data and structure refinement for Si(bzimpyMe)..

Empirical formula Ca6H38N10S1
Formula weight 758.97
Temperature/K 90(4)

Crystal system orthorhombic

Space group Pca2,

a/A 22.1141(15)

b/A 10.9744(4)

c/A 19.8058(8)

a/° 90

p/e 90

v/° 90

Volume/A3 4806.6(4)

Z 4

Pealeg/cm? 1.2479

wmm-! 0.111

F(000) 1913.2

Radiation Mo Ka (A =0.71073)
20 range for data collection/® 6.66 to 57.42

Index ranges -19<h<27,-14<k<14,-26<1<18
Reflections collected 15306

Independent reflections 7865 [Rint = 0.0342, Rgigma = 0.0483]
Data/restraints/parameters ~ 7865/1/621

Goodness-of-fit on F? 1.057

Final R indexes [[>=2c (I)] Ri=0.0485, wR> =10.1202

Final R indexes [all data] R1=0.0625, wR, =0.1311

Largest diff. peak/hole / e A 0.37/-0.26

Flack parameter -0.12(12)
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APPENDIX - AH: Si(bzimpyOMe): single crystal data tables

Table Crystal data and structure refinement for Si(bzimpyOMe),.

Empirical formula C41H28N1002Si
Formula weight 720.83
Temperature/K 99.98(10)

Crystal system monoclinic

Space group P2i/c

a/A 9.5059(3)

b/A 30.4222(7)

c/A 11.8486(4)

a/° 90

p/e 103.699(3)

v/° 90

Volume/A3 3329.03(17)

Z 4

Pealeg/cm? 1.4101

wmm-! 1.072

F(000) 1469.5

Radiation CuKao (A=1.54184)
20 range for data collection/° 8.22 to 133.46

Index ranges -8<h<11,-36<k<35,-14<1<13
Reflections collected 22280

Independent reflections 5884 [Rint = 0.0480, Rsigma = 0.0365]
Data/restraints/parameters 5884/0/582
Goodness-of-fit on F? 1.079

Final R indexes [[>=2c6 (I)] = R1=10.0433, wR> =0.0999
Final R indexes [all data] R1=0.0536, wR, =0.1075
Largest diff. peak/hole / e A® 0.32/-0.46
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APPENDIX - AI: Si(bzimpyMeOMe); single crystal data tables

Table Crystal data and structure refinement for Si(bzimpyMeOMe)..

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

pcalcg/Cl'l’l3

wmm-!

F(000)

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

CagH42N1002Si

819.02

100.0(1)

monoclinic

P2i/c

10.78042(19)

23.4583(4)

20.0208(4)

90

95.6050(17)

90

5038.87(16)

4

1.2318

0.901

2011.2

Cu Ka (A=1.54184)
7.54t0 133.5
-12<h<12,-27<k<27,-21<1<23
37658

8909 [Rint = 0.0438, Rsigma = 0.0350]
8909/0/785

1.052

R1=0.0458, wR, =0.1150
R1=0.0614, wR, =0.1279
0.50/-0.33
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APPENDIX — AJ: Si(IPI); single crystal data tables

Table Crystal data and structure refinement for Si(IPI).

Empirical formula C22H14N10S1
Formula weight 446.51
Temperature/K 100.0(1)

Crystal system orthorhombic

Space group Pna2,

a/A 16.6643(3)

b/A 13.2204(2)

c/A 19.9165(4)

a/° 90

p/e 90

v/° 90

Volume/A3 4387.78(13)

Z 4

Pealcg/cm’ 1.4487

wmm-! 1.291

F(000) 1992.0

Radiation CuKa (A=1.54184)
20 range for data collection/°8.02 to 133.58

Index ranges -19<h<17,-15<k<14,-22<1<23
Reflections collected 18383

Independent reflections 6619 [Rint = 0.0334, Rgigma = 0.0316]
Data/restraints/parameters ~ 6619/1/635

Goodness-of-fit on F? 1.068

Final R indexes [[>=2c (I)] Ri=0.0359, wR> =0.0873

Final R indexes [all data] R1=0.0406, wR> =0.0914

Largest diff. peak/hole / e A~ 0.20/-0.32

Flack parameter 0.06(3)
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