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The use of hydrogen gas as an alternative to a petroleum fuel source has become a
primary focus in research in the last decade to decrease global greenhouse gas emissions.
However, further improvements in the safe storage of hydrogen gas must be developed
before it can become a viable alternative fuel source. One possibility is the use of the non-
flammable solid, ammonia-borane, as a form of molecular hydrogen storage. Ammonia-
borane can be readily dehydrogenated using transition metal catalysts to generate hydrogen
gas. One such dehydrogenation catalyst is the iridium pincer complex, (1,3-OPt¢-
Buz)2CsH3)Ir(H)2, which has been shown to readily react with substituted ammonia-borane
to generate hydrogen gas by Heinekey and coworkers. Our focus is to functionalize the
iridium catalyst, (1,3-OP#-Buz).CeH3)Ir(H)2, with capped 3.,4-ethylenedioxythiophene
groups to determine if functionalization of the ligand with electropolymerizable groups
will alter the catalytic activity.

The transportation sector along with the production of electricity for lighting
applications is estimated to generate 18% of the global greenhouse gas emissions. Thus,
efficiency gains in the lighting sector along with alternative fuel sources for transportation
would significantly cut the global greenhouse gas emissions. One potential way to more

effectively use electricity for lighting applications is the development of more efficient
vi



solid-state lighting. One promising new form of solid-state lighting that is currently being
developed are light-emitting electrochemical cells (LEECs). Herein is reported the
synthesis, characterization, and study of the photophysical properties of a series of novel
pyrazolate bridged dinuclear Pt(II) complexes. The incorporation of the 3,5-
diphenylpyrazole bridged dinuclear Pt(I) complex into a light-emitting electrochemical
cell is also discussed.

In developing novel ligands and metal complexes, understanding the solid-state
properties of these materials is of fundamental importance. One way in which this may be
accomplished is through the use of x-ray crystallography. Single crystals of several novel
organic ligands and metal complexes have been grown and their single crystal structures

have been determined and fully analyzed for key crystallographic features.
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Chapter 1: Latest Advancements in Hydrogen Storage and Solid-State
Lighting

INTRODUCTION: GREENHOUSE GASES AND HYDROGEN PRODUCTION

Greenhouse gases are gases in the atmosphere that absorb and emit infrared
radiation and are responsible for the greenhouse effect by keeping heat and energy trapped
within the planet’s atmosphere. Water vapor, methane, nitrous oxide, ozone, and carbon
dioxide are the primary greenhouse gases in Earth’s atmosphere. Due to these gases, the
current average temperature on Earth’s surface is 15 °C, but without these gases, the
average temperature would drop to roughly -18 °C.!?

The main gas involved with increasing surface temperatures on Earth is carbon
dioxide. Since the start of the industrial revolution in 1750, human activities such as
burning of coal, oil, and natural gas have caused a 40% increase in the atmospheric
concentration of carbon dioxide from 280 ppm in 1750 to 400 ppm in 2015.>* Other forms
of anthropogenic carbon dioxide emissions include deforestation, soil erosion, and animal
agriculture.* Increasing carbon dioxide levels are particularly concerning due to the very
long lifetime of carbon dioxides in the atmosphere (30-95 years) compared to methane (12
years).>® With increasing greenhouse gas emissions, more and more radiation from the sun
is trapped within Earth’s atmosphere, leading to global warming and climate change. It is
estimated that the global surface temperature is likely to rise a further 0.3 to 1.7 °C for the
lowest emission estimates to 2.6 to 4.8 °C for the highest emission estimates.” This global
warming could lead to numerous impacts on Earth, including sea level rise, changes in
climate extremes, and melting of the Artic sea ice. Development of carbon neutral
alternative fuels for the transportation sector can greatly help cut the amount of greenhouse

gas emissions. One such attractive alternative fuel is hydrogen gas.



Hydrogen is the most abundant element on Earth, but the majority of it is
chemically bound as water. Overall, less than 1% of the total hydrogen on Earth is available
as molecular hydrogen gas (Hz). Hydrogen gas is an attractive alternative to petroleum
fuels due to the chemical energy per mass of hydrogen (142 MJ kg™!) being over three times
higher than that of liquid hydrocarbons (47 MJ kg™'). When burnt in the presence of pure
oxygen, the only by-product is water. However, when burnt in the presence of air, lean

mixtures must be used to avoid the formation of nitrous oxides.

Sources of Hydrogen Gas

Currently, the four main sources of hydrogen production are natural gas (48%), oil
(30%), coal (18%), and electrolysis (4%).® The production of hydrogen from natural gas is
primarily done though steam reforming which involves the heating of the gas in the
presence of steam and a nickel catalyst, producing one equivalent of carbon monoxide and
three equivalents of hydrogen. The carbon monoxide can then be further mixed with steam
and passed over iron oxide to produce another equivalent of hydrogen and one equivalent
of carbon dioxide in a water-gas shift reaction. While this method produces four
equivalents of hydrogen gas, the production of carbon dioxide is not ideal and it requires
high temperatures (700-1100 °C for steam reforming and ~360 °C for the water-gas shift
reaction). Depending on the quality of the feed stock used, 9 to 12 tons of CO; are produced
for every ton of hydrogen.’

The production of hydrogen from oil is achieved via partial oxidation. Similar to
the process of producing hydrogen from natural gas, the partial oxidation of oil uses the
water-gas shift reaction. In the partial oxidation of oil, the fuel-air mixture is carefully
controlled to give only partially combustion. The heat of the combustion produces the

energy required to drive the water-gas shift reaction forward. This process results in an H»
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rich gas, which the hydrogen can be separated from the other components of the resulting
gas for further use.?

The production of hydrogen from coal uses the process of coal gasification. Coal
gasification is primarily used for the production of electricity, but the hydrogen gas
produced as a by-product is separated from the other gases formed. This process is similar
to steam reforming except the available hydrocarbon is coal instead of natural gas and the
amount of oxygen or air that is used is carefully controlled so that the process is gasification
instead of combustion. '

Water electrolysis is the electrochemical decomposition of water to form molecular
hydrogen and molecular oxygen. The most ideal method for the generation of hydrogen
gas via water electrolysis is the use of solar energy for water splitting. In this method,
photovoltaic cells are used to harvest the energy from the light generated by the sun. This
electricity is then used in water electrolysis to generate hydrogen gas and molecular
oxygen. Unfortunately, the thermodynamics of water electrolysis are not favorable at
standard temperature and pressures, requiring -1.23 V in an ideal system. However, most
systems are not at ideal conditions, so water electrolysis requires large overpotentials to
overcome various activation barriers. This is further hindered by the limited self-ionization

of water.!!
ADVANCEMENTS IN HYDROGEN STORAGE FOR THE TRANSPORTATION SECTOR

Metal-Organic Frameworks for Hydrogen Storage

One of the key issues facing the use of hydrogen gas is the safe storage on-board a
vehicle. A modern, commercially available car which is designed for mobility with a range

of roughly 250 miles requires 24 kg (8.8 gallons) of gasoline. To cover that same range,



roughly 8 kg of hydrogen would be required in a combustion engine, and half that would
be required in an electric car with a fuel cell.'?

Hydrogen gas is light-weight, highly combustible, and liquifies at very low
temperature (b.p. =-252.89 °C). For these reasons, advancements in hydrogen storage must
be achieved before the use of hydrogen gas as an alternative fuel can become commercially
viable. One of the promising current areas of research in the area of hydrogen storage is
the use of metal-organic frameworks. Metal-organic frameworks (MOFs), as the name
implies, are compounds made up of metal ions that are coordinated to organic ligands to
make one-, two-, or three-dimensional structures. These structures can be very porous,
which if stable upon evacuation of these pores, can then be used for the storage of gases
such as hydrogen. Two ways in which hydrogen interacts with MOFs are chemisorption
and physisorption. Chemisorption occurs when hydrogen interacts though stronger
chemical associations with the MOF and generally involves the formation of new bonds.
Physisorption occurs when hydrogen binds to the surfaces of MOFs through weak
dispersive interactions and is dependent on the available surface area. MOFs are attractive
for the use of hydrogen storage materials due to their large surfaces areas, which can take
advantage of higher physisorption of hydrogen, as well as their low densities. However, in
the temperature range of hydrogen storage for automotive applications, dispersive
interactions cannot facilitate substantial hydrogen storage.!® Therefore, current research in
the area of MOFs for hydrogen storage is focused on strategies designed to increase the
storage capacity of these materials.

The use of “close-packing” alignment in MOFs for hydrogen storage has been
studied by Zhou and co-workers. The strategy that they employed was to increase the
number of open metal sites within each H»-hosting void and to align the open metal sites

to enhance MOF-H; interactions.!* The alignment of the open metal sites was key as to
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allow for direct interaction with the guest H> molecules. The Cu-mdip (mdip = 5,5’-
methylene-di-isophthalate) MOFs in which they studied were PCN-12 and PCN-12’,
which are polymorphs of each other. In PCN-12, all of the open metal sites are aligned and,
in PCN-12’, the open metal sites are out of alignment. The polymorphism arises from the
ability of the mdip ligand to have either Cs or C2y symmetry. PCN-12 shows a surface area
of 2425 m? g while PCN-12’ shows a surface area of 1962 m? g'!. PCN-12 has a hydrogen
uptake of 3.05 wt % at 77 K and 1 atm, while PCN-12’ has a decreased hydrogen uptake
of 2.40 wt % under the same conditions.!* These results demonstrate the ability of the

alignment of open metal sites to increase the hydrogen storage ability of MOFs.
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Figure 1.  The synthesis, open metal site alignment, and hydrogen uptake of PCN-12
and PCN-12".14
Long and co-workers have studied two different MOFs using tetrakis(4-
tetrazolylphenyl)methane (Hasttpm) as the organic linker which exhibit rare 4,6- and 4,8-
connected topologies identical to garnet and fluorite.!®> Solventothermal reactions between
Hattpm and Mn(NO3)2-4H>0 or CuClz-2.5H>0 in mixtures of DMF and methanol yielded

MOFs Mng(ttpm)3-SDMF-3H,0 or Cu[(CusCl)(ttpm)2]2-CuCl-:5DMF-11H,0,



respectively. The combination of the 4-connected node of ttpm* with the 6-connected node
of the Mn?>" ion bound to 6 tetrazolate rings of ttpm* gives rise to MOF
Mng(ttpm)3-SDMF-3H>O, which displays a 4,6-connected framework with garnet
topology. The combination of the 4-connected node of ttpm* with the 8-connected node of
the {CusC1}”" unit in which each Cu®* ion is bridged by two tetrazolate rings gives rise to
the MOF Cu[(CusCl)(ttpm)2]>-CuClL-SDMF-11H>0, which displays a 4,8-connected

framework with fluorite topology.



Figure 2.  Portions of the crystal structure of
Cu[(CusCl)(ttpm)2]2-CuCl2:SDMF-11H>0: the four- and eight-connected
nodes, depicted in gray and purple and represented by ttpm* and
{Cu4Cl(tetrazole)s units, respectively, combine to form a three-dimensional
structure with the fluorite topology. Purple, green, blue, and grey spheres
represent Cu, Cl, N, and C atoms respectively. Solvent molecules and
hydrogen atoms were omitted for clarity.'

Unlike  Mng(ttpm)3-5DMF-3H,0,  Cu[(CusCl)(ttpm)2]2-CuCla-5SDMF-11H,0
remains intact both during methanol exchange and evacuation at 65 °C under reduced

pressures. Soxhlet extraction of CuCl, using hot methanol caused a anionic-to-neutral



transformation of Cu[(Cu4Cl)(ttpm)2]2-CuCl:SDMF-11H20. After five days of CuCl
extraction from Cu[(CusCl)(ttpm)z]2-CuClo-5SDMF-11H>0 and subsequent evacuation at 65
°C under reduced pressures yielded the new high surface area (2745 m? g!) MOF,
Cuy(ttpm)2-0.7CuClz, which displayed Cug squares void of chloride anions. Due to the lack
of the chloride anions, which generated open metal coordination sites, Cus(ttpm)z-0.7CuCl»
displayed a high H, uptake of 2.8 wt % at 77 K and 1.18 atm.'® This research shows that
anionic-to-neutral transformations within MOFs can potentially be used to generate MOFs
with high H» uptake.

One strategy employed by Suh and co-workers was the use of a redox-active MOF
which had been fabricated with palladium nanoparticles.!® The MOF which they studied,
[Zn3(ntb)2], (SNU-3) where ntb = 4,4’,4”-nitrilotrisbenzoate, was chosen due to the redox-
activity of the ntb ligand. SNU-3 was shown to adsorb 1.03 wt % of hydrogen at 77 K and
1 atm. Incorporation of the Pd nanoparticles (3.0 + 0.4 nm, 3 wt %) was achieved in 30
minutes via the autoredox reaction of the ntb ligands and the Pd(II) ions in an acetonitrile
solution of Pd(NO;3)2-2H>0 to yield PANPs@[SNU-3]%3*"(NO3)os4. The surface area of
PANPs@[SNU-3]%*(NOs)os4 is 242 m? g, which is a decrease from the surface area of
SNU-3 (559 m? g'!). This is not surprising due to the inclusion of the PANPs and the NOj5"
counter anions. Despite the decrease in surface area, hydrogen absorption was increased to
1.48 wt % at 77 K and 1 atm, which increased the effective enhancement factor of hydrogen
absorption by 350%, when considering the reduced surface area and increased host weight.
At 298 K and 95 bar, the excess hydrogen capacity is increased to 0.30 wt % for
PANPs@[SNU-3]%**(NO5")o.s4, in comparison to SNU-3 which has a hydrogen capacity
of 0.13 wt % under the same conditions. While the hydrogen capacity of PANPs@[SNU-
31%%**(NO3")0.54 is enhanced in comparison to SNU-3, it is still lower than the very best

MOFs for hydrogen capacity, which are in the regime of 2.8-3.0 wt % hydrogen capacity
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at 77 K and 1 atm and an excess hydrogen capacity at 298 K of 0.3-0.6 wt %.!%!517-20

However, the hydrogen uptake of PANPs@[SNU-3]"3*(NOs)oss is remarkable
considering the surface area (242 m? g'!) in comparison to others with much larger surface
areas (2000-5500 m? g'!'), demonstrating the ability of Pd nanoparticles to increase

hydrogen storage in MOFs. !¢

Liquid Organic Hydrogen Carriers

Liquid organic hydrogen carriers (LOHCs) are an attractive form of hydrogen
storage due to their high density of available hydrogen and the ability to be readily
dehydrogenated/hydrogenated for use and reuse. LOHC systems enable hydrogen storage
without binding or releasing other substances from or to the atmosphere. LOHCs consist
of two different phases in the scheme as alternative fuel sources. The first is hydrogen-rich
LOHCs, which are ideally high-boiling carrier molecules which can be compressed and
stored in liquid form. Pure H> is obtained after dehydrogenation of the LOHCs. The
hydrogen-rich LOHC compounds can be stored for extended periods of time without
energy loss and transported over long distances using established energy transport logistics
for liquid fuels, which builds on the existing public confidence in dealing with liquid
energy carriers. The second is hydrogen-lean LOHCs, which are the dehydrogenation
byproducts after use as a hydrogen storage materials.?!

One class of compounds which could be used as hydrogen-rich/hydrogen-lean
storage molecules are aromatic hydrocarbons. Some of the aromatic hydrocarbon systems
which have been studied are toluene/methylcyclohexane, naphthalene/tetralin/decalin,
benzyltoluene/perhydrobenzyltoluene, and  dibenzyltoluene/perhydrobenzyltoluene
(Scheme 1). The toluene/methylcyclohexane system has a hydrogen storage capacity of 6.1

mass % hydrogen. However, the toluene/methylcyclohexane system has a high



thermodynamic barrier for dehydrogenation, which requires harsh conditions of at least
320 °C at 1 bar H»??* Yolcular and co-workers studied the dehydrogenation of
methylcyclohexane using a nickel catalyst supported on Al,03.2* The amount of nickel
loaded onto the Al,O3 support was varied at 5, 10, 15, and 20 wt % nickel and the reactions
were carried out in a fixed-bed catalytic reactor between 380 °C and 440 °C. However,
under such harsh conditions, the formation of side products via dealkylation or coking was

typically observed, which lead to poor conversion of methylcyclohexane to toluene.??

Scheme 1. Potential aromatic hydrocarbon LOHC systems: a)
toluene/methylcyclohexane, b) naphthalene/tetralin/decalin, c)
benzyltoluene/perhydrobenzyltoluene, d)
dibenzyltoluene/perhydrobenzyltoluene.
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The naphthalene/tetralin/decalin, benzyltoluene/perhydrobenzyltoluene, and
dibenzyltoluene/perhydrobenzyltoluene systems have a hydrogen storage capacity of 6.2
mass % hydrogen. The use of benzyltoluene and dibenzyltoluene is particularly attractive
due to excellent thermal robustness, low flammability, and very favorable toxicological
profiles. Furthermore, benzyltoluene and dibenzyltoluene are already in large-scale use as
heat transfer oils which adds the benefit of well-established quality standards for
production.?! The use of the LOHC dibenzyltoluene/perhydrobenzyltoluene system has
been studied by Wasserscheid and co-workers.?* In their work, they studied the use of a
ruthenium catalyst supported on aluminum oxide for hydrogenation of dibenzyltoluene to
perhydrobenzyltoluene and then subsequent dehydrogenation of perhydrobenzyltoluene to

dibenzyltoluene using a Pt catalyst supported on aluminum oxide (Scheme 2).

Scheme 2. Hydrogenation/dehydrogenation of dibenzyltoluene/perhydrobenzyltoluene
for the use as a LOHC system.?!
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Due to the high thermodynamic barriers of aromatic hydrocarbons as LOHCs,
research has been focused on the development of N-heteroaromatics as LOHC systems,
which have lower thermodynamic barriers for dehydrogenation. A few of the LOHC
systems which have been studied are N-ethylcarbazole/dodecahydro-N-ethylcarbazole,
indole/indoline, and quinoline/1,2,3,4-tetrahydroquinoline. However, the LOHC system of
N-ethylcarbazole/dodecahydro-N-ethylcarbazole (hydrogen capacity = 5.8 mass %) has a
melting point of 68 °C.?! The use of different N-alkyl substituted carbazoles was studied
by Stark and co-workers, in which they were able to lower the melting point to 24 °C.?°
However, at temperatures below the decomposition of the heteroaromatic ring structure,
the N-ethyl group of N-ethylcarbazole and dodecahydro-N-ethylcarbazole have a tendency
to cleave off.?! Jessop and co-workers have studied the dehydrogenation of indoline to
indole using Pd supported on silica as a catalyst, which showed an 81% dehydrogenation
of indoline within one hour at 100 °C .%6 Fujita and co-workers studied the dehydrogenation
of 1,2,3,4-tetrahydroquinoline using homogeneous Cp* iridium complexes, which were
able to reach 100% conversion of 1,2,3,4-tetrahydroquinoline to quinoline within 20 hours

at 138 °C.>’

12



Scheme 3. Potential N-heteroaromatics LOHC systems: a) N-
ethylcarbazole/dodecahydro-N-ethylcarbazole, b) indole/indoline, c)
quinoline/1,2,3,4-tetrahydroquinoline.
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ADVANCES IN SOLID-STATE LIGHTING

As of 2010, the transportation sector along with the production of electricity for
lighting applications was estimated to generate 19% of the global greenhouse gas
emissions.”®?’ With an increasing global demand for electricity for myriad applications,
including electricity for lighting applications, renewable, carbon neutral methods of
generating electricity must be developed. The use of wind power, hydropower, solar
energy, and geothermal energy to generate electricity can greatly cut the amount of
greenhouse gases emitted. While developing renewable, carbon neutral methods for the
production of electricity is desirable, more efficient uses of electricity can also cut global
greenhouse gas emissions. One such area is the development of alternative lighting
applications. Incandescent lightbulbs are a highly inefficient source of light and only
convert on average 2.2 % of the energy used into visible light.*® The rest of the energy is
lost via non-radiative pathways such as heat generation. Compact fluorescent lighting
(CFL) is also widely used as a light source. CFLs are much more energy efficient than
incandescent lightbulbs. In comparison, the CFL counterpart to a 60 watt incandescent

13



lightbulb uses 77 % less energy and has a lifespan over eight times greater.’! However,
advancements in solid-state lighting are proving to be even more efficient due to lower
energy consumption and longer lifetimes.

Light-Emitting Diodes

Light-emitting diodes (LEDs) have emerged as commercial options in lighting
applications such as lightbulbs, televisions, automotive headlamps, and traffic signals.
LEDs have many advantages over incandescent bulbs and CFLs, such as lower energy
consumption (10 watts vs 14 watts for CFLs and 60 watts for incandescent bulbs), longer
lifetimes (50,000 hours vs 10,000 hours for CFLs and 1,200 hours for incandescent bulbs),
improved physical robustness, faster turn-on times, and smaller size.’!

LEDs are a two-lead semiconductor light source made of a p-n junction diode,
which emits light in the form of electroluminescence when an electrical current is applied.
Most LEDs are comprised of III-V compound semiconductor systems based on gallium,
arsenide, indium, aluminum, zinc, and selenide which have been doped with impurities
such as phosphorous and nitrogen.>? Light emission occurs when the valence band is filled
with a large number of electrons, while the conduction band is practically empty due to
lying at a higher energy level. Electrical conductivity is attributed to the transport of
electrons in the conduction band and can be changed by filling the conduction band with
electrons donated by appropriate impurity atoms.** The doping of these materials allows
for tuning of the semiconductor direct bandgap, which then can emit light in the near-IR,
visible, or near-UV range. In direct-band gap semiconductors, this transition of electrons
is radiative and results in the emission of photons via electron-hole recombinations.*

LEDs are constructed by growing an n-type material on a p-type base. The n-type

material is doped with donor atoms and the p-type material is doped with acceptor atoms.
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Donor atoms are elements that have one or more valence electron than the host, where
acceptor atoms have one less valence electron than the host.** These materials, which must
be fabricated using high purity components, are typically made using techniques such as
chemical vapor deposition, plasma-enhanced molecular beam epitaxy, and metal-organic

vapor deposition.>3

Table 1.  Typical LED characteristics.>*

Semiconductor Material Wavelength (nm) Color
GaAs 850-940 Infra-red
GaAsP 630-660 Red
GaAsP 605-620 Amber
GaASP:N 585-595 Yellow
AlGaP 550-570 Green
SiC 430-505 Blue
GalnN 450 White

Organic Light-Emitting Diodes

Organic light-emitting diodes (OLEDs) have attracted a considerable amount of
interest due to their promising applications in flat-panel displays for technologies such as
television, computer, and cell phone displays. OLEDs offer many advantages for lighting
applications due to their self-emitting properties, high luminous efficiencies, full-color
capabilities, low power consumption, and low bulk density.*> OLEDs also offer the ability
for flexible displays. Like LEDs, OLEDs emit light via electroluminescence. However, as

the name implies, OLEDs use organic materials rather than inorganic materials such as
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GaAs and GalnN. Electroluminescence in organic materials was first observed from single
crystals of anthracene in the 1960s.%¢ In 1987, research performed by Tang and co-workers
demonstrated efficient, low-voltage OLEDs from p-n heterostucture devices using thin
films of vapour-deposited organic materials.’’

OLEDs, in the most-simple form, are constructed on a substrate with the organic
material sandwiched between an anode and a cathode. The organic materials are typically
pi-conjugated molecules, however, organic polymers may also be used (PLEDs).>333% The
anode is a transparent material such as indium tin oxide (ITO) and the cathode is typically
reflective and made of metal. When a voltage is applied to the electrodes, holes from the
anode and electrons from the cathode are injected into the organic material. The charges
move within the organic material typically via hopping processes and then recombine to
form excitons and photons are generated.’® The wavelength of the photon released is a
function of the energy difference between the HOMO and LUMO of the
electroluminescent molecules. To further increase the efficiencies, OLEDs are typically
fabricated with additional electron/hole injection and transport layers.*® Hole injection can
be further enhanced via oxygen plasma treatment of the ITO*'*? while electron injection
can be enhanced using low work function metals such as calcium and magnesium.*
However, calcium and magnesium are problematic due to their high sensitivity to moisture,
so rigorous encapsulation must be used to inhibit interaction of these materials with
ambient conditions.*® More stable materials have been developed, such as
magnesium/silver alloys, thin LiF layers capped with a thicker Al layer, as well as CsF,
MgO, Al,0s, and NaCl.**

The main requirements for OLED materials are high luminescence quantum yields
in the solid-state, good carrier mobility, good film-forming properties, good thermal and

oxidative stability, and good color purity.* The first generation of OLEDs typically used
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fluorescent molecules (Figure 3), which emit via the recombination of singlet exitons.
However, singlet emission only allows for 25% quantum efficiencies due to forbidden

emission from triplet excited states.

| jN\ O N N

Alq; = tris(8-hydroxyquinolato)aluminium(lil) CBP = 4,4'-N,N'-dicarbazole-biphenyl
N
N N
/ —N
W

t-Bu
DCJTB = 4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran

N

DMQA = N,N'-dimethylquinacridone
BCzVB = 4,4'-(bis(9-ethyl-3-carbazovinylene)-1,1"-phenyl

Figure 3.  Examples of fluorescent molecules used in OLEDs.

To overcome this, new materials have been developed which allow for emission
via triplet excited states, theoretically allowing 100% quantum efficiencies through

phosphorescent emission. These materials employ heavy atoms such as iridium and
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platinum, which, due to the heavy-metal effect, use spin-orbit coupling and inter-system
crossing to allow radiative triplet emission. Baldo and co-workers were the first to report
the use of green phosphorescent dyes to increase device efficiencies.*’ Highly efficient
green and red emitters have been since developed which demonstrated internal quantum

efficiencies approaching 100%.44
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Chapter 2: Functionalization of an Ir(III) Catalyst with Ethyl Capped
3,4-ethylenedioxythiophene Groups for Catalytic Hydrogen Gas
Generation

INTRODUCTION

The Use of Ammonia-Borane as a Hydrogen Storage Material

Ammonia-borane, NH3:BH3, (AB) and related amine-borane complexes have been
studied for their potential use as hydrogen storage materials. AB is an attractive hydrogen
storage media due to the high weight percent of available hydrogen (19.6%) as well as
being a light-weight, non-flammable, non-explosive solid at room temperature. AB can be
synthesized in various ways, but the most common are salt metathesis of ammonium salts
with borohydride salts or direct reaction of ammonia with BoHe or BH3-THF.*¢ However,
these methods of generating AB are expensive. Currently, according to the Sigma-Aldrich
catalog, the price of 10 g of 90% technical grade AB is $158 while the price of 10 g of 97%
technical grade AB is $325. Therefore, more efficient and cost effective methods of large-
scale production of AB must be realized before its use in practical applications such as
hydrogen storage are feasible. An alternative synthetic route for the production of AB has
been studied by Gargare and co-workers which reveals a promising method for large-scale
production.*® They synthesized high purity AB (98%) from sodium borohydride and
ammonium formate in dioxane in high yields of 95%.%

The dehydrogenation of AB can be achieved simply via the thermolysis of AB and
subsequent [NH2BH:], and [NHBH], dehydrogenation products, liberating a total of three
equivalents of H.. However, the thermolysis of AB requires high temperatures of 70-200
°C and long induction periods for the release of Hz, making this method of dehydrogenation

unfeasible for practical applications.*¢ Research has been done in improving the induction
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time of Ha release via thermolysis by using either ionic liquids*®, organic solvents*, or

high-surface area templates such as mesoporous silica.*

Dehydrogenation of Ammonia-Borane Mediated by Transition-Metal Catalysts

Another approach for H» generation from AB is the use of transition-metal
catalysts. There are two general methods for the dehydrogenation of AB using transition-
metal complexes. The first of which is hydrolysis of AB in aqueous solutions. Many
different transition metal complexes have been shown to be active in the hydrolysis of AB,
most of which consist of cobalt, iron, copper, molybdenum, vanadium, rhodium, and
iridium.>'~>* The use of cobalt, nickel, iron, copper, gold, ruthenium, rhodium, palladium,
and platinum nanoparticles for the hydrolysis of AB has also been studied by various
groups.*”>*%% However, hydrolysis of AB generates various borate products which are
thermodynamically difficult to rereduce as well as ammonia, which is a known poison for
proton exchange membrane fuel cells.’’

The second method is the nonhydrolytic dehydrogenation of AB. Typical

homogeneous transition-metal catalysts which are used in this method are complexes of

58-60 62,63 64-68 70,71

iron , molybdenum,® iridium, rhodium, nickel, palladium, and
ruthenium.>”-’>7¢ Of these catalysts, very few are capable of releasing two or more
equivalents of Hz, and the ones that are capable of releasing more than two equivalents of
H, require long reaction times.’”%%61%° Fagnou and co-workers have studied the use of
ruthenium-based known alcohol redox process catalysts as ammonia-borane
dehydrogenation catalysts (Figure 4).”> Catalysts F1 and F2 proved to be particularly active
toward AB dehydrogenation, generating one equivalent of H, within five minutes with as

little as 0.03 mol % catalyst loading at room temperature in THF.
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Figure 4. Ammonia-borane dehydrogenation catalysts studied by Fagnou and co-
workers.

Heinekey and co-workers have studied the catalytic AB dehydrogenation using an
Ir(Ill) PCP catalyst.®*% The catalyst, (POCOP)IrH, (where POCOP = [n3-1,3-(OP(t-
Bu)2)2CsHs], was first studied by Brookhart for the transfer dehydrogenation of
alkanes.””””® The theory proposed by Heinekey is that the Ir(Il) PCP catalyst could
effectively dehydrogenate AB due to ammonia-borane being isoelectronic with the ethane.
Indeed, they were able to show that (POCOP)IrH. was highly active toward AB
dehydrogenation, where using 0.5 mol % catalyst loading of (POCOP)IrH2 generated one
equivalent of Hz within 14 minutes at room temperature in THF. Decreasing the catalyst
loading to 0.25 mol % extended the reaction time of Hz generation to over 30 minutes while
increasing the catalyst loading to 1.0 mol % decreased the reaction time of H. generation
to roughly 4 minutes. Only one equivalent of Hz was generated for the reactions using 0.25
mol % and 1.0 mol % of (POCOP)IrH; as well. In all cases, a solid precipitate was formed
which was identified as the known cyclic pentamer, [HoNBHz]s. However, after complete
consumption of the AB, gas generation was immediately renewed upon addition of more

AB.%2 The (POCOP)IrH; catalyst is of particular interest due to the ability change the
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electron donating ability of the phosphine “arms” of the ligand via the use of different

substituted phosphines as well as the ability to easily functionalize the benzene core.
EXPERIMENTAL

Instrumentation

All H, 13C °F, and 3P NMR spectra were recorded on either a Varian Unity 300
spectrometer (300 MHz), Varian Mercury 400 spectrometer (400 MHz), Varian
DirectDrive 400 spectrometer (400 MHz), or Agilent MR 400 spectrometer (400 MHz).
All *H and *C NMR signals were referenced to residual solvent peaks and reported in ppm;
all coupling constants are reported in Hz. Infrared spectra were recorded on a Nicolet iS50
FT-IR spectrophotometer. Low-resolution and high-resolution mass spectrometry was
performed on an Agilent Technologies 6530 Accurate Mass QTofLC/MS spectrometer.
Melting points were recorded on an OptiMelt Automated Melting Point System made by
Stanford Research Systems. Elemental analysis was performed by Midwest MicroLab Inc.

(Indianapolis, IN).
Crystal Structure Determination

Crystallographic data for complex 8 is given in Table S1. Single crystals of 8 were
grown via slow evaporation of a CH2Cl/Et;O solution of 8. Crystals were covered in a
Paratone/chloroform mixture and mounted on a nylon thread loop. Data was collected at
100 K on an Agilent Technologies SuperNova Dual Source diffractometer equipped with
a AtlasS2 CCD detector using a p-focus Cu Ko radiation source (A = 1.5418 A) and an
Oxford 700 Cryostream system. Data collection, unit cell refinement, and data reduction
were performed using the Agilent Technologies CrysAlisPro software. The structure of 8
was solved by direct methods using the SIR2014 program and refined by full-matrix least-

squares on F2 with anisotropic displacement parameters for all non-H atoms using
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SHELXL-2014. The structural analyses were performed using the PLATON98 and
WinGX programs. The hydrogen atoms were placed in fixed, calculated positions with
isotropic displacement parameters set to 1.2 x Ueq with respect to the attached atom.
Crystallographic images were created using the Cambridge Crystallographic Data Centre’s
Mercury program and rendered using POV-ray. All bond angles, torsion angles, and
intermolecular interactions were calculated using the Cambridge Crystallographic Data
Centre’s Mercury software. The intermolecular interactions are calculated by the Mercury
software by looking for atoms within close contact of each other based on their Van der

Waal’s radii plus 0.15 A.

Electrochemistry

All electrochemical experiments were performed under nitrogen in a glovebox
using a GPES system from Eco. Chemie B. V. and an Autolab Potentiostat. The electrolyte
used was 0.1 M tetrabutylammonium hexafluorophosphate, [(n-Bu)4N][PF¢] (TBAPFs) in
either dry CH3CN, CH2Cl,, or THF. The electrolyte was purified via three recrystallizations
from hot ethanol before drying under dynamic vacuum for three days at 100 °C.
Electrochemical experiments on 7 and 8 were carried out in a 20 mL electrochemical cell
using a glassy carbon button working electrode (1.6 mm diameter), a Ag/AgNO3 (0.01 M
AgNO; and 0.1 M TBAPFs in dry CH3CN) non-aqueous reference electrode, and a Pt wire
coil counter electrode. All potentials were reported relative to ferrocene/ferrocenium,
which was used as an external standard to calibrate the reference electrode. Ferrocene was
purified by sublimation at 95 °C. A step potential of 10 mV and a scan rate of 100 mV s-1

were used unless otherwise noted.
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Synthesis

All air and moisture-sensitive reactions were performed using standard Schlenk,
high vacuum, and glovebox techniques using a nitrogen atmosphere unless otherwise
noted. All dry solvents were dried using an Innovative Technology, Pure Solv solvent
purifier with a double purifying column and sitting over 3 A molecular sieves for 48 hours.
The ammonia-borane complex (Sigma Aldrich) was purified via vacuum sublimation at 75
°C/ 140 militorr and all other chemicals were used as received. The following compounds
were prepared by literature procedures: 4,6-diiodobenzene-1,3-diol (1), 1,5-diacetoxy-2,4-

diiodobenzene (2), and 2-n-hexyl-3,4-ethylenedioxythiophene (3a).

Preparation of 3

In a Schlenk flask equipped, 3,4-ethylenedioxythiophene (5 mL, 46.81 mmol) was
dissolved in THF (250 mL). The solution was cooled to -78 °C then n-BuLi (32 mL of a
1.6 M hexane solution, 51.49 mmol) was added drop-wise. Upon complete addition of the
n-BuLi solution, the reaction was stirred for one hour. Iodoethane (5.64 mL, 70.21 mmol)
was then added drop-wise to the solution. The solution was stirred for 16 hours, warming
to room temperature. The THF was removed under vacuum giving an orange oil. The oil
was dissolved in Et2O (50 mL), washed with aqueous NH4Cl (2 x 20 mL of 3.58 M
solution) followed by a final wash with cold DI water (20 mL). The organic layer was dried

over anhydrous magnesium sulfate and filtered. The solvent was removed under vacuum,
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resulting in an orange oil. The oil was purified via column chromatography on silica gel
using 10% ethyl acetate in hexane. The product (3) was collected as a pale-yellow oil (1.76
g, 10.34 mmol, 22%). 'H NMR (300 MHz, Chloroform-d) § 6.12 (s, 1H), 4.18 (d, J= 0.9
Hz, 4H), 2.69 (q, J = 7.5 Hz, 2H), 1.25 (t, J = 7.5 Hz, 3H). '3C {'H} NMR (100.52 mHz,
CD2Clp) 141.51, 137.04, 119.78, 94.84, 64.64, 64.49, 19.34, 14.78.

Preparation of 4

In a 3-neck flask, 3 (1.76 g, 10.34 mmol) was dissolved in THF (100 mL). The
solution was cooled to -78 °C then n-BuLi (7.11 mL of a 1.6 M hexane solution, 40.54
mmol) was added drop-wise. Upon complete addition of the n-BuL.i solution, the reaction
was stirred for one hour at -78 °C. Tributyltinchloride (3.9 mL, 14.47 mmol) was added to
the flask drop-wise. The resulting pale yellow solution was stirred for 16 hours, warming
to room temperature. The THF was removed under vacuum, resulting in a pale yellow, oily
residue. The residue was dissolved in Et2O (20 mL) then washed with water (2 x 10 mL).
The organic layer was dried over anhydrous magnesium sulfate and filtered. The Et,O was
removed under vacuum, producing a pale-yellow oil (5.73 g). The oil was used in future

reactions without further purification.
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Preparation of 4a

In a dry 3-neck flask, 2-n-hexyl-3,4-(ethylenedioxy)thiophene (8.74 g, 38.62
mmol) was dissolved in dry THF (500 mL). The solution was cooled to -78 °C then n-BulL.i
(38.25 mL of a 1.6 M solution in hexanes, 40.54 mmol) was added drop-wise using an
addition funnel. Upon complete addition of the n-BuL.i solution, the reaction was stirred
for one hour at -78°C. Tributyltinchloride (15.29 mL, 54.05 mmol) was added to the flask
drop-wise using an addition funnel. The resulting orange solution was stirred overnight,
warming to room temperature. The THF was removed by rotary evaporation, resulting in
an orange, oily residue. The residue was dissolved in diethylether (50 mL) then washed
twice with water (2 x 20 mL). The organic layer was dried with anhydrous magnesium
sulfate, and then filtered. The solvent was removed by rotary evaporation, producing 29.88

g of a dark orange oil. The oil was used in future reactions without further purification.
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Preparation of 5

To a Schlenk flask, 1,5-diacetoxy-2,4-diiodobenzene (1 g, 2.24 mmol), 4 (3.16 g,
897 mmol), CsF (136 g, 897 mmol), Cul (427 mg, 0.22 mmol),
tris(dibenzylideneacetone)dipalladium(0) (102.7 mg, 0.11 mmol), and [(t-Bu)sPH][BF4]
(71.6 mg , 0.24 mmol). Reagents were dissolved in n-methylpyrolidone (NMP, 20 mL)
then heated to 85 °C for 4 days. The reaction mixture was diluted with CH2Cl> (30 mL)
then washed with aqueous NaCl (3 x 20 mL of 3.07 M solution) followed by a final wash
with cold DI water (20 mL). The organic layer was dried over anhydrous magnesium
sulfate then filtered. The solvent was removed under vacuum to yield a dark brown liquid.
Residual NMP was removed by column chromatography on silica gel using Et2O/hexanes
(2:1 v/v) as an elutant, which could be monitored by following the yellow band on the
column. The crude product was recovered from the column by flushing with ethyl acetate
then the solvent was removed under vacuum resulting in a brown oil. The crude product
was purified by column chromatography on silica gel using CH2Cl> as the elutant. Partial
deprotection occurred during the column chromatography, and separation of the two
different products was difficult. Therefore, the two products were collected together and

used in the following reaction crude.
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5a

Preparation of 5a

To a dry Schlenk flask, 1,5-diacetoxy-2,4-diiodobenzene (2.00 g, 4.48 mmol), 4a
(9.25 g, 17.94 mmol), tris(dibenzylideneacetone)dipalladium(0) (205.40 mg, 0.22 mmol),
and [(t-Bu)sPH][BF4] (138.00 mg, 0.47 mmol) were added. Reactants were dissolved in
dry n-methylpyrolidone (NMP, 25 mL). The solution was heated to 85 °C and stirred for
three days. The NMP was removed by column chromatography on silica gel using
diethylether/ hexanes (1:1 v/v) as the elutant. Upon removal of the NMP, the column was
flushed with ethyl acetate. The ethyl acetate solution was concentrated to ~20 mL then
washed with water (2 x 20 mL). The organic layer was dried with anhydrous magnesium
sulfate, and then filtered. Removal of the solvent resulted in a brownish yellow oil. The oil
was purified by column chromatography on silica gel using CH2Cl> as the elutant to afford
5a (2.01 g, 3.13 mmol, 70%) as a brown solid. m.p. 112 °C (decomp.). *H NMR (399.77
MHz, CDCl3): 6 8.07 (s, 1H), 6.98 (s, 1H), 4.19 (s, 8H), 2.65 (t, J=7.6, 4H), 2.29 (s, 6H),
1.62 (p, J=7.6, 4H), 1.35 (m, 12H), 0.90 (t, J=6.8, 6H). 13C NMR (100.52 MHz, CDCl3) &
168.97, 145.31, 138.54, 137.13, 131.58, 123.43, 118.47, 118.03, 106.92, 64.77, 64.23,
31.50, 30.29, 28.86, 25.74, 22.55, 21.34, 14.04. FTIR (cm™): 2924, 2853 (s, alkyl C-H);
1752 (s, C=0). HRMS (ESI) m/z calculated for C34H420sS; 665.8126 [M+Na]*, found
665.2208.
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Preparation of 6

In a Schlenk flask, 5 (100 mg, 0.19 mmol) was dissolved in THF (3 mL). The
solution was cooled to 0 °C then lithium aluminum hydride (LiAlH4, 43 mg, 1.13 mmol)
was added to the solution slowly. The reaction was stirred for 16 hours, warming to room
temperature. Unreacted LiAlH4 was quenched with ethyl acetate (2 mL) slowly then the
solvent was removed in vacuo. The resulting residue was dissolved in deoxygenated
chloroform (7 mL) then washed with Rochelle’s salt (2 x 5 mL of a 1.17 M aqueous,
deoxygenated solution) followed by washes with cold, deoxygenated DI water (2 x 5 mL).
Each wash was removed by cannula filtering off the top aqueous layer from the chloroform.
Solvent was removed in vacuo then the resulting residue was dissolved in CH2Cl> (10 mL).
The CH:Cl> solution was cannula filtered into a new Schlenk flask. The CH>Cl> was
removed in vacuo resulting in a tan solid (72.80 mg, 0.16 mmol, 87%). The product glows
purple upon excitation with a long-wave UV lamp (Amax = 365 nm). 'H NMR (400 MHz,
Methylene Chloride-d2) & 7.22 (s, 1H), 6.94 (s, 2H), 6.56 (s, 1H), 4.38 —4.32 (m, 4H), 4.27
—4.22 (m, 4H), 2.70 (q, /= 7.5 Hz, 4H), 1.24 (t, J = 7.5 Hz, 6H).
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6a

Preparation of 6a

In a dry Schlenk flask, 5a (500 mg, 0.78 mmol) was dissolved in dry THF (15 mL).
The solution was cooled to 0 °C then LiAlH4 (147.61 mg, 3.89 mmol) was added to the
flask. Upon addition, the solution bubbled and then turned a slight greenish, grey color.
The solution was stirred overnight, warming to room temperature. Remaining LiAlH4 was
quenched using deoxygenated ethyl acetate (1 mL). Solvent was removed in vacuo then
the remaining residue was dissolved in deoxygenated CH>Cl> (10 mL) then washed with
Rochelle’s salt (2 x 5 mL ofa 1.17 M aqueous, deoxygenated solution) followed by washes
with cold, deoxygenated DI water (2 x 5 mL). Each wash was removed by cannula filtering
off the top aqueous layer from the CH>Clo. The CH>Cl; solution was cannula filtered into
anew Schlenk flask. The CH>Cl> was removed in vacuo resulting in 3 (350 mg, 0.63 mmol,
81%) as a brown solid. '"H NMR (399.77 MHz, CD,Cl,): § 7.22 (s, 1H), 6.95 (s, 2H), 6.56
(s, 1H), 4.30 (dm, J=44.0, 8H), 2.66 (t, J=7.6,4H), 1.62 (p, J=8.0, 4H), 1.33 (m, 12H), 0.90
(t,/=7.0, 6H). *C NMR (100.52 MHz, CD,Cl) & 154.60, 137.58, 135.37, 130.34, 118.97,
113.82,110.19, 106.59, 66.19, 64.64, 31.91, 30.80, 29.17, 26.09, 22.97, 14.22. FTIR (cm
1): 3293 (br, O-H); 2924, 2854 (s, alkyl C-H).
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Preparation of 7

In a Schlenk flask equipped a condenser, 6 (108.5 mg, 0.24 mmol) was dissolved
in THF (20 mL). To the solution, NaH (20.41 mg of 60% NaH suspended in paraffin oil,
0.51 mmol) was added to the solution slowly. The reaction was heated to 75 °C for one
hour then cooled to room temperature. To the reaction, di-tert-butylchlorophosphine (10.09
mL of a 48.5 uM THF solution) was added slowly. The solution was heated to 75 °C for 2
days. The solvent was removed in vacuo to yield a tan solid. The solid was dissolved in
toluene (10 mL) and insoluble impurities were removed by filtration through a neutral
alumina plug. The toluene was removed in vacuo. The product was purified by
recrystallization from CH2Cl2 (3 mL) by slowly adding pentane until the formation of a
precipitate was noticed. The impurities were removed by filtration through celite, then the
CHCl> was removed in vacuo to yield a tan solid (123.9 mg, 0.17 mmol, 69%). The
product glows purple upon excitation with a long-wave UV lamp (Amax = 365 nm). 'H NMR
(300 MHz, Methylene Chloride-d>) & 7.76 (t, J = 5.4 Hz, 1H), 7.68 (s, 1H), 4.18 (s, 8H),
2.70 (q,J = 7.5 Hz, 3H), 1.32 — 1.06 (m, 42H). 3'P NMR (121 MHz, Methylene Chloride-
d>) 6 158.20.
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Preparation of 7a

In a dry Schlenk flask, 6a (100 mg, 0.18 mmol) and NaH (15 mg of 60% NaH
suspended in paraffin oil, 0.38 mmol) were dissolved in dry THF (2 mL). The solution was
heated to 90 °C and stirred for one hour. The solution cooled to room temperature then di-
iso-propylchlorophosphine (57.35 mg, 0.38 mmol) dissolved in dry THF (1 mL) was added
to the reaction drop-wise. The solution was heated to 90 °C and stirred for 24 hours. The
solvent was removed in vacuo, resulting in an orange oil with a white precipitate. The
residue was extracted with dry hexanes (5 mL) then purified on a neutral alumina plug
using dry hexanes as the elutant. The solvent was removed in vacuo resulting in 4 (132.30
mg, 0.17 mmol, 93 %) as an orange oil. 'H NMR (399.77 MHz, CD,Cl,): § 8.09 (s, 1H),
7.58 (t, J=4.8, 1H), 4.20 (m, 8H), 2.68 (t, J=7.6, 4H), 2.04 (sepd, J=7.2, J=3.2, 4H), 1.64
(quin, J=7.2, 4H), 1.34 (m, 12H), 1.14 (m, 24H), 0.92 (t, J=4.8, 6H). '*C NMR (100.52
MHz, CDCl;) & 155.22 138.06, 137.44, 131.24, 116.86, 116.35, 108.96, 106.71, 65.86,
64.86, 32.09, 30.93, 29.17, 28.47 (d, J=18.2), 25.98, 23.11, 17.92 (d, J=19.7) 17.42 (d,
J=9.1), 14.34.>'P NMR (161.83 MHz, CD>Cl>) & 150.69. FTIR (cm™): 2923, 2854 (s, alkyl
C-H). HRMS (CI) m/z calculated for C42Hs406P2S2 790.3624 [M]", found 790.3610.
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Preparation of 8

In a Schlenk flask equipped with a reflux condensor, 7 (123.9 mg, 0.17 mmol) and
bis(1,5-cyclooctadiene)diiridium(l) dichloride (46.6 mg, 0.08 mmol) were dissolved in
toluene (2 mL). The reaction was heated to 150 °C for 24 hours. The toluene was removed
in vacuo to yield an orange/brown solid. The product was purified by recrystallization from
CH2Cl> (3 mL) by slowly adding pentane until the formation of a precipitate was noticed.
The impurities were removed by filtration through celite, then the toluene was removed
under vacuum. The product was collected as a dark red solid (75 mg, 0.08 mmol, 46%).
Melting point, 226-275 °C (decomposition). Elemental analysis calcd for
CssHs6ClIrOsP2S, (962.59): C, 47.42; H, 5.86. Found: C, 48.03; H, 5.75. 'H NMR (300
MHz, CDzCl,) & 8.08 (s, 1H), 4.23 (d, J = 1.5 Hz, 8H), 2.70 (q, J = 7.5 Hz, 4H), 1.40 (t, J
= 7.6 Hz, 36H), 1.25 (t, J = 7.5 Hz, 6H), -41.32 (t, J = 13.0 Hz, 1H). *C NMR (101 MHz,
CD:Cl») 6 161.30, 137.87, 137.22, 126.07, 117.62, 111.58, 109.73, 65.18, 64.80, 43.47 (t,
J=11.3 Hz), 40.02 (t, J = 12.5 Hz), 27.81 (dt, J = 28.1, 3.1 Hz), 19.54, 15.03. HRMS (ESI)
m/z calculated for CzsHselrOsP2S2 927.26 [M-CI]*, found 927.26.
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RESULTS AND DISCUSSION

Initial Pathways to Model Ir(III) Ammonia-Borane Dehydrogenation Catalyst

Initial attempts in producing a model Ir(l1l1) ammonia-borane dehydrogenation
catalyst involved “capping” of the 3,4-ethylenedioxythiophene (EDOT) moieties with
hexyl groups. Hexyl groups were chosen to increase the solubility of the intermediates
during the synthetic process as well as to inhibit unintentional polymerization of the
intermediates through the EDOT groups. The synthetic route to produce the hexyl-capped
Ir(111) complex, 8a, is shown in Schemes 4-6. The route to 8a began with the synthesis of
the two Stille coupling partners, diacetoxydiiodobenzene (2) and tributyl(7-hexyl-2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane (4a). The synthesis of 4a was performed
via the stanyllation of 3a using tributyltin chloride (Scheme 4) to produce 4a as a dark
orange oil, which was used without further purification in the following Stille coupling

reaction with 2.

Scheme 4. Stanyllation of 3a to produce the Stille coupling partner 4a.
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Compound 4a was coupled to 2 (Stille) to render the desired protected precursor
5a. The deprotection of 5a was achieved by removal of the acyl groups using lithium
aluminum hydride to generate the di-hydroxyl intermediate 6a. Compound 6a was unstable

in the presence of light and oxygen, which is likely due to the meta-phenylene linkages

34



promoting oxidation and dearomatization of the benzene core to the quinone form.”
Compound 6a was then reacted with NaH and di-iso-propylchlorophosphine to produce
the ligand 7a as a light orange oil (Scheme 5). The formation of 7a was confirmed by

3IP{*H} NMR (singlet resonance at § 151 ppm).

Scheme 5. Synthetic route to ligand 7a.
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Metallation was attempted by heating 7a in the presence of bis(1,5-
cyclooctadiene)diiridium(l) dichloride in deoxygenated toluene at 150 °C in a pressure
vessel for 24 hours (Scheme 6). However, attempts at purification of the metallated
product, 8a, were unsuccessful. Thus, different recrystallization conditions, ranging from
recrystallization from CH2Cl> using hexane to recrystallization from EtOH using water
afforded no pure sample of 8a. The likely cause of this is due to the high solubility of 8a
due to the presence of the hexyl groups, making it nearly impossible to isolate 8a from

impurities with similar solubility properties. However, formation of 8a was detected via
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H NMR and *!P{*H} NMR. The 'H NMR showed a metal hydride resonance at -25 ppm
as a triplet and the 3'P{*H} NMR showed a doublet at 159 ppm. Mass spectrometry also
confirmed the formation of 8a via detection of the charge species of 8a, [8a-Cl]", with m/z

equal to 983.

Scheme 6. Attempted metallation of 7a with [Ir(cod)Cl]. to produce 8a.
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Model Ir(III) Complex with Ethyl-Capped EDOTs

As described above, isolation of 8a proved to be problematic because of the high
solubility of the complex. Instead, a new target was designed by “capping” the EDOTs
with ethyl groups instead of hexyl groups. It was hypothesized that using ethyl groups
instead of hexyl groups would still hinder the random polymerization of the intermediates
during the synthesis of the Ir(111) catalyst while making all the intermediates and the desired
metallated product, 8, less soluble.

The synthesis of the ethyl EDOT functionalized pincer ligand 7 required producing
two Stille coupling partners, diacetoxydiiodobenzene (2) and tributyl(7-ethyl-2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane (4). Diacetoxydiiodobenze was synthesized
according to known literature procedures.®8! The synthesis of 4 began by first

functionalizing 3,4-ethylenedioxythiophene at the 2-position with an ethyl group using
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iodoethane (Scheme 7). This reaction yielded 3 as a slight yellow oil, but in a low yield of
22 % due to the production of the 2,5-ethyl-3,4-ethylenedioxythiophene byproduct as well
as unreacted 3,4-ethylenedioxythiophene. Stanylation of 3 was achieved using tributyltin
chloride to produce 4 as a pale-yellow oil (Scheme 7), which was used in the following

Stille coupling reaction without further purification.

Scheme 7. Synthetic route to the Stille coupling partner 4.
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Compound 4 was Stille coupled with 2 to render the desired protected precursor 5
followed by subsequent deprotection of 5 by removal of the acyl groups using lithium
aluminum hydride to generate 6 (Scheme 8). Compound 6 was unstable in the presence of
light and oxygen, which is due to the meta-phenylene linkages promoting oxidation and
dearomatization of the benzene core to the quinone form.” Compound 6 was then reacted
with NaH and di-tert-butylchlorophosphine to produce the ligand 7 as a slight brown solid
(Scheme 8). The formation of 7 was confirmed by 3!P{*H} NMR as a singlet resonance at
5 158 ppm which is similar to the 3P{*H} NMR singlet resonance of 2,6-bis(di-tert-

butylphosphinito)-phenyl at & 153 ppm.
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Scheme 8. Stille coupling of 4 to 2 followed by subsequent synthetic steps to ligand 7.

//\O Pd,(dba);, 5 mol % 0/\\0 o//\O

[(t-Bu);PH][BF ], 10.6 mol %

| 1 (o) / \
CsF, Cul | |
j@( Ig_ (\ Et 3 Et Et
AcO OAc NMP

2 4 85 °C, 3 days AcO OAc
92%

(3]

THF
LiAlHy |0 °C to R.T,, 16 hr
88%

RNV

o] (0] o/\\ //\o
1) NaH, 78 °C, 1 hr o O
er— | == o 7 N\
S S 2) (t-Bu),PClI, 78 °C, 3 days Et | | Et
- S S
0" "0 69% Ho” P om
(t-Bu),P P(t-Bu), ’

Metallation of the ligand was achieved by heating 7 with bis(1,5-
cyclooctadiene)diiridum(l) dichloride in toluene at 150 °C for 24 hours to afford the
iridium(111) complex 8. The formation of 8 was confirmed by *H and 3'P{*H} NMR. The
'H NMR displays a metal-hydride triplet resonance at & -41 ppm and the *!P{*H} NMR

singlet resonance at & 158 ppm shifted to 6 180 ppm and is shown as a doublet.

Scheme 9. Metallation of 7 using [Ir(cod)Cl]. to produce complex 8.
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Slow evaporation of a solution of 8 dissolved in a CH2Cl2/Et,O mixture gave block-
like single crystals suitable for X-ray diffraction; the single crystal structure of 8 is shown
below in Figure 5. The structure of 8 shows that the Ir metal center is bound in square
planar geometry by ligand 7 and the chloride. The metal hydride was not found in the
structure due to the resolution of the data being 0.84 A. This is not surprising due to the
large electron density difference between Ir and a hydride.. Nonetheless, the presence of a
metal hydride was detected by 'H NMR, as described above. The ethyl-capped 3,4-
ethylenedioxythiophene groups show a torsion angle of 24 degrees away from the plane of
the benzene core of the pincer ligand 7, which is due to solid-state short C-H contacts
between the hydrogens on the 3,4-ethylenedioxythiophene groups on one complex and the
carbons on the benzene core, 3,4-ethylenedioxythiophene groups, and t-Bu groups on an

adjacent complex in the crystal structure.

Figure 5.  Single crystal structure of 8 (50% thermal ellipsoid probability) as viewed
from a) the top down and b) the side to show the square planar geometry and
torsion of the 3,4-ethylenedioxythiophene groups away from the plane of the
benzene core.
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Electrochemistry of 7 and 8

The electrochemistry of 7 was studied using cyclic voltammetry and the
electrochemistry of 8 was studied using both cyclic voltammetry and differential pulsed
voltammetry. The cyclic voltammogram of 7 (Figure 6) in CH2Cl> shows three irreversible
oxidative events centered at 0.34 V, 0.76 V, and 1.11 V vs Fc/Fc*. We postulate that in the
cyclic voltammogram of 7, the peak at 0.34 V is due to oxidation of one of the EDOT
groups which is then followed by the oxidation of the other EDOT group at 0.76 V. This
IS supported by the relatively equal size of the oxidative waves, which suggest a one-
electron oxidation of one EDOT group at 0.34 V and a one-electron oxidation of the other
EDOT group at 0.76 V. The oxidative peak at 1.11 V appears to be a two-electron oxidative
event, due to the overall size of the peak being twice the size of either the 0.34 V peak or
the 0.76 V peak. This 2-electron process is likely due to oxidation of one of the phosphines
from P(111) to P(V). This is further supported by the disappearance of the oxidative peak at
1.11 V in the cyclic voltammogram of 8 in which phosphorous oxidation is inhibited by

coordination to iridium.
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Figure 6.  Cyclic voltammogram of 7 in CH2Cl.

The cyclic voltammogram of 8 in CH2Cl2 shows two irreversible oxidative events
centered at 0.33 V and 0.77 V vs Fc/Fc* (Figure 7). At first analysis of the cyclic
voltammogram of 8, we assigned the two oxidative events to a one-electron oxidation of
one of the EDOT groups followed by a one-electron oxidation of the other EDOT group.
This assignment is supported by the relatively similar size of the oxidative waves.
However, the differential pulsed voltammogram of 8 does not support this theory. The
differential pulsed voltammogram of 8 shows two oxidative peaks at 0.33 V and 0.77 V,
with the peak at 0.33 V about twice the size of the peak at 0.77 V, which suggests that the
peak at 0.33 V is a two-electron event and the peak at 0.77 V is a one-electron event. An
explanation of the observed oxidative events in the differential pulsed voltammogram
could be that the peak at 0.33 V is oxidation of the EDOT groups, with each group having
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a one-electron oxidation. The peak at 0.77 V could then be a one-electron oxidation of the
Ir metal center from Ir(11l) to Ir(1V). However, this assignment is not fully supported by
the cyclic voltammogram of 8, even though determination of how many electrons involved
per event via cyclic voltammetry is flawed. Further electrochemical studies would need to
be performed to be able to fully assign the oxidative events observed in 7 and 8, such as

differential pulsed voltammetry of 7.
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Figure 7.  Cyclic voltammogram of 8 in CH2Clo.
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Figure 8.  Differential pulsed voltammogram of 8 in CH2Clo.

Catalytic Ammonia-Borane Dehydrogenation

We next investigated the ability of 8 to perform catalytic AB dehydrogenation.
Experiments were conducted where activation of the catalyst was achieved by stirring 8
with 1.1 equivalents of NaO(t-Bu) in H saturated THF under an argon atmosphere for 30

minutes at room temperature to generate 9 in situ (Scheme 10).
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Scheme 10. Activation of 8 with NaO(t-Bu) and Hz to generate 9 in situ.
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The catalytic dehydrogenation of ammonia-borane (AB) using 1.00 mole %, 0.50
mole %, and 0.25 mole % catalyst loading of 9 (generated in situ) in a 0.5 M solution of
AB in THF was studied (Figure 10-12). The amount of THF and the concentration of the
9 THF solution was varied so that a constant volume of 0.8 mL of the stock solution of 9
could be added to the AB solution so that the total volume in the reaction was always 3
mL. With 1.00 mole % of 9, release of 1 equivalent of H, was observed within 4 minutes.
With 0.50 mole % of 9, release of 1 equivalent of H, was observed within 15 minutes. In
both cases, a precipitate was formed during the catalysis. The precipitate was identified as
the cyclic oligomer, (NH2BH:)s via infrared spectroscopy. These results match well with
the results observed by Heineky and co-workers, where generation of 1 equivalent of Hy
using 1.00 mole % catalyst loading and 0.50 mole % catalyst loading in a 0.5 M solution

of AB in THF was observed within 4 minutes and 14 minutes, respectively.®
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Figure 10. Ammonia-borane dehydrogenation using 1.00 mole % of 9.
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Figure 12. Ammonia-borane dehydrogenation using 0.25 mole % of 9
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However, with a 0.25 mole % catalyst loading of 9, there was an observed induction
period of the catalyst where very little gas generation was observed that lasted about 4
minutes. After the induction period, rapid generation of Hz was observed with 1 equivalent
of H being released within 15 minutes. These results are not consistent with what was
observed by Heineky et al., where they observed generation of 1 equivalent of H> in 30
minutes.%? One possible explanation is that not all of the catalyst was fully activated upon
addition to the AB solution, potentially due to the THF used in the activation step of 8 not
having enough H: dissolved in it. The induction period could be due to some portion of 8
being activated, which would release H, when added to the AB solution. The released H:
could have then been used by the unactivated portion of the catalyst to become activated.
NMR studies done by Heineky et al. could also shed some light on this phenomenon, where
upon addition of AB to a solution of (POCOP)IrH, (where POCOP = [n3-1,3-(OP(t-
Bu)2)2CeHs], the signals of (POCOP)IrH, immediately disappeared and the tetrahydride
species, (POCOP)IrH4 was observed.®? The complex (POCOP)IrH2 was originally studied
by Brookhart et al., but they were unable to isolate the tetrahydride species (POCOP)IrH4
due to the complex losing Hz> when not stored over an atmosphere of Ho, even in the solid-
state .3 Since 8 was not activated under an atmosphere of Hz and lower concentrations of
the catalyst were used in the dehydrogenation of AB for the 0.25 mole % catalyst loading
studies, it is possible that only a small portion of the activated catalyst was the active
tetrahydride species, and it took 4 minutes for enough H> to be generated to fully activate
all of the catalyst. However, this still does not explain why, when using 0.25 mole % of 9
in the dehydrogenation of AB, that 1 equivalent of H, was released within 15 minutes, even
with the 4-minute induction period. Further NMR studies would need to be performed to
shed light onto the possibility that, in the case of 9, another form of active catalyst is

generated in situ at lower concentrations than is more catalytically active than 9.
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CONCLUSIONS AND FUTURE DIRECTIONS

PCP-type ligands are attractive motifs for homogeneous catalysis due to the easily
modifiable structure and strong sigma-donation of the cyclometallating carbon of the aryl
core. The sterics and electronic properties of the catalyst are also easily tuned via
incorporation of different phosphine groups. The targeted PCP-type ligand, 7, was
successfully synthesized with ethyl-capped 3,4-ethylenedioxythiophene groups and
successfully metallated to generate the targeted Ir(l111) complex, 8. Activation of complex
8 was achieved to form complex 9 which was successfully used in the catalytic
dehydrogenation of ammonia-borane, demonstrating that functionalization of the known
ammonia-borane dehydrogenation catalyst first studied by Heinekey et al. at the 4 and 6-
positions would not hinder the catalytic activity. Future directions would include the
synthesis of the un-capped version of 8, followed by incorporation of the catalyst into a
conducting metallopolymer. Finally, the catalytic activity toward ammonia-borane
dehydrogenation of the resulting conducting metallopolymer should be studied before and

after electrochemical oxidation of the metallopolymer backbone.
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Chapter 3: Photophysical Properties of Substituted Pyrazolate Bridged
Dinuclear Pt(IT) Complexes

Light emitting electrochemical cell device fabrication and testing was performed by Dr.
Jason Slinker at The University of Texas at Dallas.

INTRODUCTION

Platinum Luminescence

Platinum is typically found in the 2+ oxidation state with a d® electronic
configuration and a square planar geometry. The stable square planar geometry pushes the
un-occupied dxa.y2" molecular orbital to high energies while allowing for stabilization of
the occupied d», dxy, dxs, and dy, molecular orbitals. The square planar geometry is
responsible for many of the key features which are characteristic for platinum(II)
absorption, luminescence, and other excited state properties.®*

The dxo-y2 orbital is strongly antibonding in nature. Therefore, if population of this
orbital occurs through photoexcitation, the molecule will undergo a significant distortion
and the platinum-ligand bond lengths will increase. Upon relaxation, the energy lost is
typically via a non-radiative pathway. This is one of the reasons platinum complexes with
simple inorganic ligands (NH3, Cl, etc.) are either weakly luminescent or not luminescent
in solution. In the solid-state or at low temperatures, this distortion upon photoexcitation is
inhibited to some extent, and emission can then be observed in some cases.®*

The use of conjugated aromatic ligands around the platinum(Il) center allows for
ligand-centered (°LC) and metal-to-ligand charge transfer (MLCT) emission pathways.
The *LC transition is typically a n-n" or n- 7" transition which is localized on the ligand, as
the name suggests. The MLCT transition is excitation of a metal d-electron to a m" orbital
on the conjugated ligand. In many platinum(II) complexes which have conjugated aromatic
ligands, either the *LC or the MLCT states, or both, may lie at lower energies than the d-
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d states which allows for *LC or *MLCT emission rather than non-radiative decay from

excitation to the dy-y2" orbital. ¥

The use of cyclometallating ligands, due to their strong o-
donating ability, also allows for platinum luminescence in solution through either *LC or
SMLCT transitions. This is caused by the cyclometallating ligand raising the energy of the
deactivating d-d excited states, inhibiting non-radiative decay through the excitation of the

dxa-y2" orbital %

Luminescent Dinuclear Pt(IT) Complexes

Another key feature of platinum(Il) luminescence is the ability to have Pt-Pt
interactions in both the ground state (intermolecular stacking or dimerization) and the
excited state (excimer formation). This property is facilitated by platinum(Il) complexes
with sterically undemanding ligands adopting the flat square planar geometry. Ground state
stacking of platinum(II) complexes typically occurs through the open d,; orbitals, where a
separation of 3-3.5 A is appropriate for the formation of weakly bonding and antibonding
do and dc” molecular orbitals. One of the implications of such interactions is that the
highest occupied metal-based molecular orbital is raised in energy compared to that of the
isolated molecules, so that lowest-energy optical transitions are shifted to lower energies.
This can lead to a switch in the nature of the lowest-energy excited state (e.g. m-n" in the
monomer to do - 7" in the presence of such interactions).®*

Due to the close proximity of the metal centers to each other, as stated above, the
metal-metal contacts create the possibility of a lower-energy photoluminescence that is
red-shifted from the "MLCT. This type of transition is considered a metal-metal-to-ligand

charge transfer CMMLCT or do'-n"). Due to the interesting photophysical properties

which arise from this form of interaction of separate platinum(Il) complexes, much
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research has been devoted to the area of synthetically forcing two platinum(II) centers

within close contact of each other.3!
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Figure 13. Simplified frontier molecular orbital diagram showing the effect of face-to-
face interactions and intermolecular dz> orbital overlap. In this example,
such interaction leads to a change in the nature of the lowest-energy excited
state from n-n" (°LC) transitions to do”-n° *MMLCT) transitions.?*

Che and co-workers have studied the *MMLCT of 6-phenyl-2,2’-bipyridine
dinuclear platinum(Il) complexes. In their studies, they used bis(diphenylphosphino)-
methane, -propane, and -pentane as well as pyrazolate as the bridging ligand. The Pt-Pt
bond lengths of the complexes ranged from 3.6 A for the pyrazolate bridged dinuclear
complex to 3.3 A for the bis(diphenylphosphino)methane bridged complex. All of the
dinuclear complexes were luminescent in solution at room temperature. Of the complexes
studied, only the bis(diphenylphosphino)methane bridged complex displayed a *MMLCT
transition. This is attributed to the bis(diphenylphosphino)methane ligand forcing the

platinum(II) centers within close contact of each other, changing the emission from *MLCT

in the case of the bis(diphenylphosphino)propane, bis(diphenylphosphino)pentane, and
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pyrazolate bridged complexes (which do not display close Pt-Pt interactions) to a °"MMLCT
transition. 367

Castellano and co-workers have also studied the MMLCT transition of
platinum(Il) complexes. In their report, they studied the photophysical properties of an
array of 3,5-susbstituted pyrazolate bridged platinum(Il) complexes (Figure 14) to examine
the effects of changing the cyclometallating ligand while imposing various degrees of steric
bulk provided by the 3,5-substituted pyrazolates. The Pt-Pt distances were not studied via
X-ray crystallography. All of the complexes studied were luminescent both at room
temperature and 77 K. Complexes cla-c1d all displayed an emission transition at ~563 nm
which showed some vibronic structure. Upon cooling to 77 K, the vibronic progression
sharpened slightly but no shift in emission was observed. Based on these observations, the
observed emission profile was attributed to a LC transition located on the 2-(2’-

thienyl)pyridine ligand. Furthermore, the variation of the bridging pyrazolate ligand had

no effect on the emission of c¢la-c1d.*°
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Figure 14. Pryazolate bridged dinuclear platinum(Il) complexes studied by Castellano
and co-workers.®
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Complexes c¢2a and ¢2b both displayed a similar emission profile at room
temperature with a transition at ~607 nm which displayed vibronic side bands which are
less defined than in cla-c1d. However, the emission of ¢2¢ was quite different, displaying
a structureless transition at 713 nm. Upon cooling to 77 K, the emission profile of
complexes c2a and ¢2b remained relatively the same. However, the emission profile of c2¢
displayed a hypsochromic shift to 596 nm as well as the same structured appearance as that
of c2a and ¢2b. These observations lead to the assignment of the observed transition in ¢2a
and ¢2b as a *LC transition while the observed transition of ¢2¢ is assigned as "MMLCT.
Furthermore, this series of complexes does show that the bridging pyrazolate ligand can
play an important role in the photophysical properties.”®

Complexes ¢3b-c3d all display a similar structureless emission profile to that of
c2¢ while ¢3a displays a higher energy shoulder. Upon cooling to 77 K, similar to ¢2c, the
emission profile of ¢3a-c3c¢c becomes structured and displays a hypsochromic shift.
However, complex ¢3d remains quite broad and structureless at 77 K. These observations
lead to the assignment of the room temperature transition of ¢3b-c3d as a °"MMLCT while
the emission profile of ¢3a was assigned to be a mix of a ’LC transition and a *MLCT
transition which are in thermal equilibrium of each other. Furthermore, as the steric bulk
imposed by the bridging pyrazolate ligand increased across the series, there was an
observed bathochromic shift in the emission profile from 596 nm for ¢3b to 631 nm for
c3d. This observation is likely due to an increase in the Pt-Pt interaction associated with

an increase in the steric bulk imposed by the bridging pyrazolate ligand.

Light-Emitting Electrochemical Cells
Light-emitting electrochemical cells (LEECs) are a new form of solid-state lighting

which has received considerable attention in recent years.***>"1% LEECs offer many
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advantages over other forms of solid-state lighting due to their potential for low-cost
fabrication via solution-based technologies such as spin-coating, printing, or slot-die
coating, the ability to use air-stable electrodes, and the ability to use thick active layers
which can make the devices more fault tolerant.** Unlike OLEDs, which have multiple
layers to facilitate more efficient electron and hole injection/transportation, LEECs have

the ability to be single-layer devices (Figure 15).

OLED

LEEC
Electron Transport Layer Metal
Light Emitting Layer Light Emitting Layer

Transparent Conductive Oxide
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Transparent Conductive Oxide

Substrate

Figure 15. The different layers of an OLED vs the different layers of an LEEC.*

The active layer in an LEEC is typically comprised of a polymeric material
(pLEEC) or ionic transition-metal complexes (iTMC-LEEC). iTMC-LEEC:s typically used

100.103 o jridium*?69-101.106 hased ionic complexes. However, ionic copper

ruthenium
complexes have also been used in the active-layer of an iTMC-LEEC.” In pLEECs, the

ionic and electronic conductivity is decoupled but for iTMC-LEECs, the ionic complex is
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responsible for both events.*’ For pLEECs, it is essential that ions are added to the light-
emitting layer to facilitate electrical conductivity, while this is not necessarily the case for
iTMC-LEECs. However, the type of counter-ion used to balance the charge of iTMC-
LEECs has a large effect on device performance. An example of this is iTMC-LEECs
which have small counter-ions. These devices have faster turn-on times when compared to
similar devices which employ larger counter-ions.**!%7 The use of lithium-salt additives in
LEECsS has also been studied, which helps with device performance in allowing for faster

turn-on times and longer stability when operated at constant voltage.”®%%1°!

EXPERIMENTAL

Instrumentation

All *H, 13C 1°F, and 3P NMR spectra were recorded on either a Varian Unity 300
spectrometer (300 MHz), Varian Mercury 400 spectrometer (400 MHz), Varian
DirectDrive 400 spectrometer (400 MHz), or Agilent MR 400 spectrometer (400 MHz).
All *H and 3C NMR signals were referenced to residual solvent peaks and reported in ppm;
all coupling constants are reported in Hz. Infrared spectra were recorded on a Nicolet iS50
FT-IR spectrophotometer. Low-resolution and high-resolution mass spectrometry was
performed on an Agilent Technologies 6530 Accurate Mass QTofLC/MS spectrometer.
Melting points were recorded on an OptiMelt Automated Melting Point System made by
Stanford Research Systems. Elemental analysis was performed by Midwest MicroLab Inc.
(Indianapolis, IN).

Crystal Structure Determination
Crystallographic data for complexes 11a-11f are given in Tables S2-S6. Single

crystals of 11a, 11b, 11d and 11f were grown via layer diffusion of hexane into a CH,Cl»

solution of 11a, 11b, and 11f, separately. Single crystals of 11c were grown via layer
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diffusion of benzene into a N,N-dimethylformamide solution of 11¢. Single crystals of 11e
were grown via layer diffusion of pentane into a CH>Cl, solution of 11e. Crystals were
covered in a Paratone/chloroform mixture and mounted on a nylon thread loop. Data was
collected for 11a and 11b at 100 K on an Agilent Technologies SuperNova Dual Source
diffractometer equipped with a AtlasS2 CCD detector using a p-focus Cu Ko radiation
source (A = 1.5418 A) and an Oxford 700 Cryostream system. Data collection, unit cell
refinement, and data reduction of 11a and 11b were performed using the Agilent
Technologies CrysAlisPro software. Data was collected for 11c-11f at 100 K on a Rigaku
AFC-12 diffractometer equipped with a Saturn 724+ CCD detector using a u-focus Mo Ka
radiation source (A = 0.7107 A) and a Rigaku XStream low-temperature system. Data
collection, unit cell refinement, and data reduction of 11c-11f were performed using
Rigaku’s CrystalClear software. The structures of 11a-11f were solved by direct methods
using the SIR2014 program and refined by full-matrix least-squares on F2 with anisotropic
displacement parameters for all non-H atoms using SHELXL-2014. The structural analyses
were performed using the PLATON98 and WinGX programs. The hydrogen atoms were
placed in fixed, calculated positions with isotropic displacement parameters set to 1.2 x
Ueq with respect to the attached atom. Crystallographic images were created using the
Cambridge Crystallographic Data Centre’s Mercury program and rendered using POV-ray.
All bond angles, torsion angles, and intermolecular interactions were calculated using the
Cambridge Crystallographic Data Centre’s Mercury software. The intermolecular
interactions are calculated by the Mercury software by looking for atoms within close

contact of each other based on their Van der Waal’s radii plus 0.15 A.
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Electrochemistry

All electrochemical experiments were performed under nitrogen in a glovebox
using a GPES system from Eco. Chemie B. V. and an Autolab Potentiostat. The electrolyte
used was 0.1 M tetrabutylammonium hexafluorophosphate, [(n-Bu)sN][PFs] (TBAPFs) in
either dry MeCN, dry CH2Clz, or dry dimethylformamide. The electrolyte was purified via
three recrystallizations from hot ethanol before drying under dynamic vacuum for three
days at 100 °C. Electrochemical experiments of 11a-11f were carried out in a 20 mL
electrochemical cell using a platinum button working electrode (1.6 mm diameter), a
Ag/AgNO3 (0.01 M AgNO3z and 0.1 M TBAPFe in dry MeCN) non-aqueous reference
electrode, and a Pt wire coil counter electrode. All potentials were reported relative to
ferrocene/ferrocenium, which was used as an external standard to calibrate the reference
electrode. Ferrocene was purified by sublimation at 95 °C. A step potential of 10 mV and
a scan rate of 100 mV s were used unless otherwise noted. The band gap was determined
from the difference between the onset of oxidation (HOMO) and the onset of reduction

(LUMO).

Optical Spectroscopy

Solvents used for emission, excitation, and lifetime studies were degassed (freeze-
pump-thaw) under a N> atmosphere. Absorption spectra were recorded on a Varian Cary
60001 UV-VIS-NIR spectrophotometer. Luminescence measurements were recorded using
FeliX32 software with a BryteBox interface on a Photon Technology International (PTI)
QuantaMaster 4 spectrophotometer equipped with a 6-inch diameter K Sphere-B
integrating sphere. Steady-state luminescence spectra were measured by exciting the
sample with a xenon short arc lamp (USHIO, UXL-75XE) connected to a PTI lamp power
supply (LPS-250B) and recording the emission with a PTI detection system (model 814)

using a photomultiplier tube (Hamamatsu, R928P). Time-resolved luminescence
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spectroscopy was used to measure the excited-state lifetimes by exciting the sample with a
xenon flash lamp (Hamamatsu, L4633), connected to a PTI XenoFlash power supply, and
recording the decay using a photomultiplier tube (Hamamatsu, R562).

All solution measurements were recorded with the samples in Starna quartz
fluorimeter cells (pathlength of 1 cm). For solution spectra, each complex was dissolved in
the desired solvent and diluted until the UV-Vis absorbance was below 0.1. For solid
spectra, the solid was ground into a powder and loaded into either the main box (PTI, K-
149) or the sphere powder holder (PTI, K-205). Frozen spectra were taken using a
fluorimeter dewar (Wilmad Glass Co., Inc.) with a Suprasil quartz sample tube, which fits
into the cuvette dewar (PTI, K-158) in the spectrophotometer. Samples were made by
slowly freezing a solution of each complex dissolved in 2-methyltetrahydrofuran
(2-MeTHF) in an EPR tube with liquid nitrogen in the fluorimeter dewar. Optical filters
from Edmund Industrial Optics were used where specified.

All quantum yield measurements were recorded using the integrating sphere. For
solution quantum vyields, the concentration of the solution was maximized to the point
before concentration quenching of the emission occurred. Quantum yields were calculated
by dividing the area under the emission peak of the complex by the difference between the
area under the excitation peak of the sample from that of a blank solution (Aem sample /(Aex
blank — Aex sample), Where A = area under peak).1% The reported quantum yields are an average

of three trials.

LEEC Device Fabrication and Testing

The overall LEEC device composition was as follows: ITO/PEDOT:PSS/Active
Layer/LiF/Al. Active layers of 11b were tested with and without the 0.3% LiPFs salt

additive. LiPFe¢ was purchased from Sigma Aldrich in the highest available purity and used
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as received. Prepatterned ITO-coated glass substrates were purchased from Thin Film
Devices, Anaheim, CA. These substrates were cleaned in a non-ionic detergent and water
bath, followed by UV ozone treatment. Aqueous PEDOT:PSS solutions (1.3 — 1.7%,
Clevios AI4083) were filtered through a 0.45 pum GHP filter and then spin coated (~20 nm
thick) onto the ITO-coated glass substrates. The substrates were subsequently transferred
into a dry nitrogen glovebox for further processing and characterization. Separate solutions
of 11b and LiPFe were prepared (24 mg/mL in MeCN) inside the glovebox. For the devices
with the 0.3% LiPFe additives, the LiPFgsalt and iTMC solutions were subsequently mixed
at a volume ratio of 3 to 997, respectively. The final solutions were then heated on a
hotplate at 85 °C while stirring for 10 minutes and allowed to cool down to room
temperature before being passed through a 0.1 pm nylon filter. The iTMC films, with and
without LiPFe, were spin cast at 900 rpm and thermally annealed at 120 °C for 1 hour. The
active layers were generally ~100 nm thick. Then the samples were transferred to a vacuum
chamber, where 10 A of LiF and 800 A of Al were deposited through a shadow mask that

defined 12 devices per substrate, each with a 3 mm? active area.

Electroluminescence LEEC Device Testing

The electrical and radiant flux characteristics were obtained with a custom LEEC
multiplexer testing station capable of measuring 16 device slides simultaneously. In brief,
this instrument served as a current or voltage source and measuring unit and captured
radiant flux with a calibrated Hamamatsu photodiode (S2387-1010R) for each device. The
device slides were driven at a constant current of 1.5 mA (10 V compliance). These results
were verified against measurements obtained with a 760D electrochemical analyzer from
CH Instruments (Austin, TX) and a calibrated Labsphere integrating sphere, equipped with

a thermoelectric cooled silicon photodetector and Keithley 6485 Picoammeter.
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Electroluminescence spectra were measured from thin film single layer devices with an

Ocean Optics Jazz fiber spectrometer.

Synthesis

All air and moisture-sensitive reactions were performed using standard Schlenk and
high vacuum techniques. All solvents were dried using an Innovative Technology, Pure
Solv solvent purifier with a double purifying column and sitting over 3 A molecular sieves
for 48 hours. All chemicals were used as received without further purification. The
following molecules were synthesized from literature procedures: 3,5-di-tert-butyl-1H-
pyrazole ,'%° 1,3-di(2-pyridyl)benzene (9)}° and platinum 1,3-di(2-pyridyl)benzene
chloride (10).1!

Preparation of 11a

In a Schlenk flask, 10 (200 mg, 0.43 mmol) was dissolved in CH>Cl, (10 mL) then
AgPF¢ (110 mg, 0.43 mmol) was added to the flask. The solution immediately changed
from yellow to red but was stirred at room temperature for an hour. After the hour, the

solution was a very faint yellow and a black solid had precipitated. The CH2Cl> was
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evaporated under a gentle stream of N». In a separate Schlenk flask, 3,5-
bis(trifluoromethyl)pyrazole (44 mg, 0.22 mmol) was dissolved in THF (10 mL). To this
solution, NaH (11 mg of 60% NaH suspended in paraffin oil, 0.26 mmol) was added
slowly, then the solution was stirred at room temperature for 16 hours. Upon removal of
the CH>Clz from the reaction of AgPFs with 10, there remained a black solid and a slight
amount of orange/yellow powder. Acetonitrile (10 mL) was added to the black solid, which
instantly turned red. After stirring for one hour, the MeCN solution was orange and a white
solid had precipitated, which was removed by filtration through celite. The MeCN was
removed in vacuo at 40 °C, resulting in an orange/yellow solid. THF (20 mL) was added
to the orange/yellow solid, creating a suspension. The solution containing the deprotonated
3,5-bis(trifluoromethyl)pyrazole was slowly added to the suspension via a cannula transfer.
The reaction was allowed to stir for 16 hours, changing to an orange solution with a small
amount of solid present. The THF was removed in vacuo, resulting in an orange solid and
a dark brown solid. CH2Cl, was added to the solids, creating an orange solution with an
insoluble solid. The insoluble solid was removed by filtration, leaving behind a dark red
precipitate. The CH>Cl, was evaporated under a gentle stream of N, resulting in an orange
solid. Any further impurities were precipitated by recrystallization from CH2Cl> (10 mL)
by slowly adding hexanes until the formation of a precipitate was noticed. The precipitate
was removed via filtration. The CH2Cl> was removed under vacuum, resulting in a bright
orange solid (137 mg, 0.11 mmol, 26%). The solid glows orange upon excitation with a
long-wave UV lamp. m.p. 136-305 °C (slow decomp.), FTIR (solid): 1611 (w, aromatic
C=C) cm™. '"H NMR (400 MHz, CD>ClL): § 7.77 (td, J = 7.8, J = 1.6, 4H), 7.67 (d
(unresolved Pt satellites), J=5.3, 4H), 7.60 (s, 1H), 7.42 (d (unresolved additional
splitting), J=8.0,4H), 7.20 - 7.07 (m, 6H), 6.85 (ddd,J=7.4,J=5.7,J = 1.5, 4H). HRMS

(ESI) m/z calculated for C37H23FsNgPt2 1055.12 [M]", found 1055.1. Elemental analysis
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calcd for C37H23F12N6PPt2 (1200.76): C, 37.01; H, 1.93; N, 7.00. Found: C, 37.42; H, 1.93;
N, 6.77.

General Synthetic Procedure for 11b-11f

In a Schlenk flask, the desired di-substituted pyrazole (1.9 equivalents) and NaH
(1.4 equivalents of 60% NaH suspended in paraffin oil) were dissolved in THF (20 mL).
The solution was stirred for one hour at room temperature then 10 (200 mg, 0.43 mmol)
was added to the flask. The reaction was heated to 76 °C and stirred for 20 hours. The
reaction was cooled to room temperature then potassium hexafluorophosphate (4
equivalents) was added to the flask. The reaction was stirred for an additional hour. The
THF was removed under vacuum, then the resulting brown solid was washed with cold DI
water (10 mL) then collected by filtration. From here, 11b and 11d-11f were purified by
washing the brown solid with Et2O (3 x 5 mL) over filter paper then dissolving the solid in
CHCI2 (5 mL). The desired product was purified via recrystallization from CHCl, (5 mL)
by adding either hexanes or Et,O until the formation of a brown precipitate was noticed.
The brown precipitate was removed via filtration, resulting in the desired product. Complex
11c was purified after filtration from the cold DI water wash by dissolving any impurities
in excess CH2Cl then excess methanol. The solid was then washed with excess Et20,
leaving behind pure product on the filter paper as a bright yellow solid.

[((NACAN)Pt)2(u-(Ph)2P2)][PFe] (11b). Isolated as a bright orange solid (215 mg,
0.18 mmol, 41 %). Solid glows bright orange when exited with a long-wave UV lamp.
(m.p. 250-302 °C (slow decomp.), FTIR (solid): 1608 cm™ (m, aromatic C=C) cm™. H
NMR (300.14 MHz, CD,Cl): & 8.57 (d (unresolved additional splitting), J=7.5, 4H), 7.85
(d (unresolved additional splitting), J=7.5, 4H), 7.71 (t (unresolved additional splitting),
J=7.5, 4H), 7.63 (s, 1H), 7.44-7.22 (m, 10H), 7.20-7.06 (m, 6H), 6.68 (t (unresolved
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additional splitting), J=7.75, 4H). 13C {*H} NMR (100.53 mHz, CD:Cl,) & 167.40, 162.23,
153.21, 151.41, 141.42, 139.90, 132.92, 129.23, 128.34, 126.54, 124.48, 124.23, 123.49,
120.26, 103.79. HRMS (ESI) m/z calculated for C47H33NePt2 1071.99 [M]*, found 1071.21.
Elemental analysis calcd for C47H33FeNsPPt2 (1216.96): C, 46.39; H, 2.73; N, 6.91. Found:
C,46.41; H, 2.64; N, 6.86.

[((N*"CAN)Pt)2(u-(H)2Pz)][PFe] (11c). Isolated as a yellow solid (171 mg, 0.16
mmol, 37%). Solid glows faint yellow when excited with a long-wave UV lamp. *H NMR
(400 MHz, DMSO0-ds): 6 8.29 (d, ] =2.0, 2H), 8.06 (d (unresolved Pt satellites), J = 5.7, 4H),
7.89 (td, J =7.8,J = 1.6, 4H), 7.87 (d (additional unresolved splitting), J = 8.0, 4H), 7.53
(d,J=7.7,4H), 7.18 — 7.04 (m, 6H), 6.95 (t, J = 2.1, 1H). *C{*H} NMR: Product was too
insoluble in deuterated solvents to acquire a spectrum. HRMS (ESI, complex fragments
into C16H1:N2Pt) m/z calculated for CisH11N2Pt 426.06 [M]*, found 426.1. Elemental
analysis calcd for CssHasHeNsPPt2 (1064.76): C, 39.48; H, 2.37; N, 7.89. Found: C, 39.45;
H, 2.32; N, 7.69.

[((N*"CAN)Pt)2(u-(Me)2Pz)][PFs] (11d). Isolated as a bright orange solid (232 mg,
0.21 mmol, 58%). Solid glows orange when excited with a long-wave UV lamp. *H NMR
(300 MHz, Methylene Chloride-dz) 6 7.89 (d (unresolved Pt satellites), J = 5.6, 4H), 7.78
(t (unresolved additional splitting), J = 7.8, 4H), 7.45 (d (unresolved additional splitting),
J=8.0, 4H), 7.22 (d, J = 7.4, 4H), 7.07 (dd, J = 8.3, 1 = 7.0, 4H), 6.84 (ddd, J = 7.0, J =
5.5,J=1.4,4H), 6.51 (s, 1H), 2.56 (s, 6H). *C NMR (100 mHz, CDCl,) § 168.10, 163.81,
151.76, 149.45, 142.03, 140.23, 124.60, 124.31, 123.59, 120.34, 106.27, 14.30. HRMS
(ESI) m/z calculated for Cs7H29HePt2 947.17 [M]", found 947.2. Elemental analysis calcd
for Ca7H20FsNsPPt: (1092.81): C, 40.67; H, 2.67; N 7.69.

[((NAMCAN)Pt)2(u-(iPr)2Pz)] [PFe] (11e). Isolated as a dark red solid (119 mg, 0.10

mmol, 24%). m.p. 206-243 °C (slow decomp.). *H NMR (400 MHz, Methylene Chloride-
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d2) 6 7.93—-7.70 (m, 8H), 7.47 (d (unresolved additional splitting), J = 8.1, 4H), 7.23 (d, J
=75, 4H), 7.10 (dd, J = 8.2, J = 7.1, 2H), 6.86 (ddd, J = 7.3, = 5.6, J = 1.4, 4H), 6.55 (s,
1H), 3.40 (p, J = 6.9, 2H), 1.45 (d, J = 6.8, 12H). HRMS (ESI) m/z calculated for
Ca1H37NePt2 1003.24 [M]*, found 1003.2. Elemental analysis calcd for CaiHz7FsNsPPt2
(1148.92): C, 42.86; H, 3.25; N, 7.31. Found: C, 43.01; H, 3.37; N, 7.23.

[((NA"CAN)Pt)2(u-(tBu)2Pz)][PFs] (11f). Isolated as a yellow solid (136 mg, 0.12
mmol, 26 %). Solid glows yellow/orange when excited with a long-wave UV lamp. m.p.
178-300 °C (slow decomp), FTIR (solid): 2948.42 (w, C-H), 1606 (m, aromatic C=C) cm"
! 14 NMR (400 MHz, Methylene Chloride-dz) & 7.80 (td, J = 7.8, J = 1.6, 4H), 7.58 (d
(unresolved Pt satellites), J = 5.8, 4H), 7.39 (d, J = 8.0, 4H), 7.13 (d, J = 7.6, 4H), 7.02 (dd,
J=8.3,1=7.0,2H),6.79 (ddd, J = 7.3,J =5.8,J = 1.5, 4H), 6.64 (s, 1H), 1.58 (s, 18H).
13C NMR (100 mHz, CDCl,) & 167.89, 162.64, 162.52, 151.66, 141.65, 140.07, 124.43,
124.08, 123.35, 120.21, 102.34, 32.96, 31.87. HRMS (ESI) m/z calculated for 1031.27
[M], found 1031.3. Elemental analysis calcd for CasHa1FsNsPPt2 (1176.98): C, 43.88; H,
3.51; N, 7.14. Found: C, 45.04; H, 3.50; N, 6.84.

RESULTS AND DISCUSSION

Synthesis of Pyrazolate Bridged Dinuclear Pt(IT) Complexes

Synthesis of the cyclometallating ligand, 1,3-di(2-pyridinal)benzene (9), was
accomplished by a known literature Negishi coupling reaction of 2-bromopyridine and 1,3-
dibromobenzene in a 79% vyield as a yellow o0il.*° Reaction of the 1,3-di(2-
pyridinal)benzene ligand with potassium tetrachloroplatinate in deoxygenated acetic acid
afforded the metallated precursor platinum 1,3-di(2-pyridinal)benzene chloride (10) in a
75% yield as a yellow solid, which displayed Pt satellites in the *H NMR signal located at

9.26 ppm.t! The 3,5-bis(trifluoromethyl)-1H-pyrazolate bridged platinum(I1) dimer was
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synthesized by first reacting 10 with silver hexafluorophosphate to remove the chloride
ligand. In a separate flask, 3,5-bis(trifluoromethyl)-1H-pyrazole was deprotonated using
NaH, which was then added to the solution containing 10 and silver hexafluorophosphate
to yield the desired 3,5-bis(trifluoromethyl)-1H-pyrazolate bridged complex (11a), as
shown in Scheme 11. The complex 11a was isolated as a bright orange solid which glowed
orange when excited using a long-wave UV lamp (365 nm).

1) n-BulLi, -78 °C, 1 hr.
2) ZnCly, -78 °C to R.T.

/@\ @ 3) Pd(PPhy),, reflux, O.N. K,PtCl,
Y N > —_—
Br Br Br” N7 THF | | acetic acid

62% N N reflux, 3 days
75%

AgPFe | A A
) MecN ZN—Pt—N_
R.T., 1hr ®o
PFe
+
THF
H Na R.T., 20 hr
NN, NaH N_N@ 26%
. c)'\/)_ 3T THF Ji_p—CFs
3 RT, 1hr |FsC

Scheme 11. Synthetic scheme of 9, 10, and 11a.

The targeted 3,5-diphenyl-1H-pyrazolate, 3,5-dimethyl-1H-pyrazolate, 3,5-di-iso-
propyl-1H-pyrazolate, 3,5-di-tert-butyl-1H-pyrazolate, and unsubstituted pyrazolate
bridged platinum(ll) dimers were all synthesized from 10 in a similar fashion, but without
the use of silver hexafluorophosphate. As shown in Scheme 12, the desired pyrazolate was
synthesized by deprotonation in THF using NaH. To this solution, platinum 1,3-di(2-

pyridinal)benzene chloride was added. After refluxing the solution for twenty hours, the
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targeted pyrazolate-bridged platinum(l1) dimer was obtained as a positively charged cation
with a chloride counter anion. Due to the ability of the chloride counter ion to act as a
binding ligand and potentially degrading the desired product, potassium
hexafluorophosphate was added before work-up of the reaction to replace the chloride
anion with a non-binding hexafluorophosphate anion. The 3,5-diphenyl-1H-pyrazolate
bridged complex (11b) was isolated as a bright orange solid which glowed bright orange
when excited using a long-wave UV lamp. The pyrazolate bridged complex (11c) was
isolated as a yellow solid which glowed a faint yellow when excited using a long-wave UV
lamp (Amax = 365 nm). The 3,5-dimethyl-1H-pyrazolate bridged complex (11d) was
isolated as a bright orange solid which glowed bright orange when excited using a long-
wave UV lamp. The 3,5-di-iso-propyl-1H-pyrazolate bridged complex (11e) was isolated
as a dark orange solid which glowed orange when excited using a long-wave UV lamp.
The 3,5-di-tert-butyl-1H-pyrazolate bridged complex (11f) was isolated as a yellow solid

which glowed orange-red when excited using a long-wave UV lamp.

®
H Na
n-N N@ N N 1) reflux, 20 hr.
)I\/)—R NaH )NL/)_R | ) 2)KPFe,RT, 1hr,
—_— D >
R THF N—Ft—N ~ THF

R.T, 1 hr. Cl 26 - 58%
R = Ph, H, Me, i-Pr, t-Bu 10

Scheme 12. General synthetic scheme of 11b (R = Ph), 11c (R = H), 11d (R = Me), 11e
(R =1i-Pr), and 11f (R = t-Bu).
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The single crystal X-ray diffraction determined structures of 11a-11f are shown
below in Figure 16. Crystals of 11a were obtained by layering hexanes on top of a CH.Cl>
solution of 11a. Crystals of 11b were obtained via layering hexanes on top of a CH2Cl»
solution of 11b. Crystals of 11c were obtained via layering benzene on top of a N,N-
dimethylformamide solution of 11c. Crystals of 11d were obtained via the slow
evaporation of a CH2Cl2/ hexanes solution of 11d. Crystals of 11e were obtained via the
layering of pentane on top of a CH.Cl; solution of 11e. Crystals of 11f were obtained via
the layering of hexanes on top of a CH2Cl2 solution of 11f. The structure of each complex
show two square-planar platinum(ll) moieties bridged by the u-3,5-substituted pyrazolate
ligand. The structures of 11a, 11b, 11d, and 11f show very close Pt-Pt interactions with a
Pt-Pt distance ranging from 3.01 A in 11a to 3.08 A in 11d. These close interactions are

due to the steric bulk in the 3 and 5 positions of the bridging pyrazolate ligands.
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11d - Me, 3.08 A 11e-i-Pr,3.30 A 11f - t-Bu, 3.07 A

Figure 16. Single crystals structures and Pt-Pt distances for 11a-11f.

Interestingly, 11d has a closer Pt-Pt interaction than that of 11e, which has a Pt-Pt
distance of 3.30 A. The most likely cause is due to how each complex packs together in
their respective crystal structures. The packing of 11d, Figure 17, shows the platinum
complexes stacked together in columns due to n-n interactions ranging from 3.53 A to 3.48
A between the 1,3-di(2-pyridinal)benzene ligands of separate 11d molecules. There are
also close contacts between each column of molecules either in a “head-to-head” fashion
or a “tail-to-tail” fashion. In the “head-to-head” fashion, the carbon atoms farthest from the
platinum center on the 1,3-di(2-pyridinal)benzene ligands of one column interact with the
hydrogen atoms on the carbon atoms farthest from the platinum centers on the 1,3-di(2-

pyridinal)benzene ligands in the other column. These interactions range from 2.90 A to
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3.05 A. In the “tail-to-tail” fashion, the hydrogen atoms on the methyl groups interact with

the carbon atom at the 4 position on the pyrazolate ligand, ranging from 2.82 A to 3.00 A.

Head-to-head
interactions “gb,

Head-to-tail y s
interactions

Figure 17. Crystal packing of 11d, showing the contacts in both the “head-to-head”
fashion and the “tail-to-tail” fashion.

The packing of 11e, Figure 18, shows the platinum complexes packed together in
rows, where each complex is rotated by approximately 90 degrees relative to its neighbor.
There are close contacts between the hydrogen atoms of the iso-propyl moieties and the
carbon atoms of the 1,3-di(2-pyridinal)benzene ligands, ranging from 3.79 A to 3.88 A.
These interactions are likely the cause of a larger than expected Pt-Pt distance. Notably,
there is no Pt-Pt interaction between the platinum centers of 11c due to the lack of steric

bulk in the 3 and 5 positions of the bridging pyrazolate ligand.
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Figure 18. Crystal packing of 11e, showing the contacts between the hydrogen atoms
on the iso-propyl moieties and the carbon atoms of the 1,3-di(2-
pyridinal)benzene.

Electrochemistry of 11a-11f

Cyclic voltammetry was used to evaluate the redox potentials of 11a-11f, the values
of which are reported relative to a ferrocene/ferrocenium external reference. The cyclic
voltammograms for 11a-11f as shown below in Figures 19-24. Complex 11a shows an

irreversible oxidative event at Ep. = 0.61 V.
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Figure 19. Cyclic voltammogram of 11a in CH3:CN.

|—11b(cHCN)

Current (nA)
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Figure 20. Cyclic voltammogram of 11b in CH3CN.
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|—11¢ (DMF)

Current (uA)

Potential (V vs. Fc/Fc")

Figure 21. Cyclic voltammogram of 11c in N,N-dimethylformamide.

{—11d (CH,CN)

Current (uA)

Potential (V vs. Fc/Fc")

Figure 22. Cyclic voltammogram of 11d in CH3CN.
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Figure 23. Cyclic voltammogram of 11e in CH3CN.
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Figure 24. Cyclic voltammogram of 11f in CH3CN.

73



Complexes 11b-11f show an irreversible oxidative event ranging from Ep. = 0.48
V to Ep,a = 0.53 V which is coupled to a reductive event ranging from Epc = 0.16 V to Ep¢
=-0.19 V. It was determined that these events are coupled to each other by first scanning
toward negative potentials before scanning toward positive potentials. In each case, there
was no reductive event until the oxidative event occurred upon scanning toward positive
potentials, Figures 25-29. It is believed that the oxidation of each complex occurs at the
platinum center, while reduction occurs mainly on the 1,3-di(2-pyridinal)benzene ligand,
which is consistent with reports on related platinum(ll) complexes.!'? The large gap
between the coupled oxidative and reductive events is likely due to a structural

conformation change of each complex upon oxidation.
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Figure 25. Cyclic voltammogram of 11b in CHCl,.
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Figure 26. Cyclic voltammogram of 11c in N,N-dimethylformamide.
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Figure 27. Cyclic voltammogram of 11d in CHCl».
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Figure 28. Cyclic voltammogram of 11e in CH2Cl..
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Figure 29. Cyclic voltammogram of 11f in CH2Clo.
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The electrochemical HOMO/LUMO band gaps were determined for each complex
by measuring the difference between the onset of oxidation on the platinum center and the
onset of reduction on the 1,3-di(2-pyridinal)benzene ligand, the values of which are shown

in Table 2.

Table2.  Electrochemically determined HOMO/LUMO band gaps for 11a-11f.

Complex 1la 11b 11c 11d 1le 11f

Electrochemical
Band Gap (eV)

2.48 2.46 2.36 2.44 2.43 2.48

Photophysical Properties of 11a-11f

Absorption Spectroscopy

The photophysical properties of 11a-11f were studied under a variety of conditions.
The UV-Vis spectra of 11a-11f showed several transitions between 275 nm and 550 nm,
which are shown below in Figures 30-35. Each complex has a similar spectrum which
displays broad peaks between 235-535 nm, the molar absorptivity of which can be found
in Table 3. The bands below 300 nm are due to n-n" transitions located on the 1,3-di(2-
pyridinal)benzene ligands. The bands between 350 nm and 425 nm are attributed to
MMLCT transitions and the bands between 440 nm and 540 nm are due to the *MMLCT
transitions. This is due to the steric bulk from the substitution on the 3 and 5 positions of
the bridging pyrazolate ligand, which produces significant Pt-Pt ¢ interactions, except in
the case of 11c. These results are consistent with a similar systems reported by Che et al.,*

and Castellano et al.”°
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Figure 30. UV-Vis spectrum of 11a in CHxCl..
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Figure 31. UV-Vis spectrum of 11b in CH2Cl>.
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Figure 32. UV-Vis spectrum of 11c in N,N-dimethylformamide.
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Figure 33. UV-Vis spectrum of 11d in CH2Cl>.
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Figure 34. UV-Vis spectrum of 11e in CHCls.
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Figure 35. UV-Vis spectrum of 11f in CH.Cl..
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Figure 36. Zoom in of *MMLCT transition in UV-Vis spectra of 11a-11f.

Room Temperature Solution Fluorimetry

The excitation and emission spectra of 11a-11f at room temperature are shown in
Figures 37-42. When excited at 380 nm, each complex shows a transition at 490 nm which
has a luminescent lifetime (t) in the microsecond regime (Table 3). Due to the microsecond
7 and the clear vibronic progression of these peaks, this transition was assigned as the triplet
ligand-centered (3LC) transition from the 1,3-di(2-pyridinal)benzene ligands, which
matches previously reported data on the chloride containing precursor 16.1*? In the cases
of 11a, 11b, and 11d-11f, there is a second transition which is broad and structureless in
nature between 652 nm and 690 nm with a microsecond t (Table 3). These transitions have
been assigned as the *MMLCT transition, which is common in other reports of dinuclear
platinum(ll) complexes with close Pt-Pt interactions.?%°°t There is a noticeable
bathochromic shift in the SMMLCT of 11a, 11b, and 11d-11f (Figure 43). The shift is due

to the increasing electron donating ability of the bridging pyrazolate ligand, where 11a is
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the most blue-shifted (Amax = 652 nm) and 11f is the most red-shifted (Amax = 690). This
may suggest that the excited state photophysics is dominated more by electronics, rather
than sterics. The lack of a SMMLCT in the case of 11c is likely due to the lack of steric
bulk on the bridging pyrazolate ligand which forces the two platinum centers into close
contact with each other. Therefore, 11c behaves more like two independent mononuclear
complexes. This also suggests that, while electronics may dominate in the case of the
SMMLCT for complexes 11a, 11b, and 11d-11f, steric bulk still plays an important role in
the emission profile of these complexes. Each complex is highly luminescent in solution,
with the exception of 11c (®soin = 14.6%), with absolute quantum yields ranging from

51.3% in the case of 11f to 86.2% for 11b (Table 3).
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Figure 37. Room temperature excitation and emission profile of 11a in CH2Cl..
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Figure 38. Room temperature excitation and emission profile of 11b in CH2Clo.
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Figure 39. Room temperature excitation and emission profile of 11c in N,N-
dimethylformamide.
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Figure 40. Room temperature excitation and emission profile of 11d in CH2Clo.
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Figure 41. Room temperature excitation and emission profile of 11e in CHCl».
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Figure 42. Room temperature excitation and emission profile of 11f in CH.Cl>.
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Figure 43. Room temperature *"MMLCT emission in CH2Cl, of 11a, 11b, and 11d-11f.
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Table 3. Room temperature solution photophysical data for 11a-11f.

Tlc,

Complex Jabsinm (g, Mt cm™) Jem (NM) vt D (%)
(us)°
254 (46907), 277 (41978), 316 S g7
11a (15264), 366 (12017), 380 490, 652 beq 846
(12980), 462 (2567), 485 (1553) '
239 (79919), 277 (71722), 374 6.2
11b (13140), 395 (11567), 467 (3491), 490, 664 iei 862
487 (2568) '
280 (41490), 289 (41083), 329 733
11¢h (13202), 366 (13250), 380 490 N 146
(15522)
237 (71287), 280 (48322), 290 468
11d (43416), 370 (16086), 388 490, 674 coo 576
(14780), 466 (1622), 486 (1076) '
237 (71501), 281 (44638), 291 2 06
1le (40273), 373 (13701), 388 490, 681 Cer 592
(14169), 464 (2517), 489 (1642) '
238 (71708), 282 (41731), 376 6.13
11f (12591), 395 (1176), 469 (3774), 490, 690 >, 513
490 (2862) :

4Room-temperature measurements were performed in CH2Cl> unless otherwise noted.
bRoom-temperature measurements and absolute quantum yields determinations were
performed in N,N-dimethylformamide due to lack of solubility in most solvents.
‘Intensity decays, + 1.3 ps. “Absolute quantum yields, + 8%.

77 K 2-MeTHF Glass Fluorimetry

The excitation and emission profile of 11a, 11b, and 11d-11f in 2-MeTHF glass at
77 K is shown below in Figures 44-48. The emission profile of 11c in 2-MeTHF glass at

77 K was not obtained due to the complex’s lack of solubility in 2-MeTHF. The
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photophysical properties of 11a, 11b, and 11d-11f are presented in Table 4. Each complex
emits green in color when dissolved in 2-MeTHF at 77 K, but rapidly turns orange upon
warming. This observation is supported by the emission spectrum of 11a, 11b, and 11d-
11f in 2-MeTHF glass, where the 3MMLCT is either nonexistent or drastically less
dominant in intensity in comparison to the 3LC transition. Complexes 11b and 11f still
display a *®MMLCT, each of which is drastically decreased in intensity and blue shifted by
53 nm and 134 nm, respectively. Other reported dinuclear platinum(ll) complexes also
show a hypsochromic shift of the *MMLCT transition at 77 K.% As the solution begins to
warm to room temperature, the 3MMLCT transition begins to become more and more
dominant, causing the color shift of emission from green to red. The decrease in the
intensity of the SMMLCT is most likely due to each complex being “physically locked” in
the 2-MeTHF glass, where a photoinduced molecular structure change involving a
shortening of the Pt-Pt distance in the excited state is inhibited. Therefore, when comparing
relative intensities of the 3MMLCT at 77 k in 2-MeTHF glass, the steric bulk on the
bridging pyrazolate ligand seems to play a role. This characteristic has also been observed
in other pyrazolate bridged platinum(ll) binuclear complexes.®! This is further supported
when comparing the emission spectra of 11a, 11b, and 11d-11f in 2-MeTHF at 77 K. When
normalizing the intensity of emission to the dominating LC transition for each complex,
the relative intensity of the SMMLCT transition for each complex can be compared (Figure
49). Complex 11f has the most intense SMMLCT transition, followed by 11b. For
complexes 11a, 11d, and 11le, where the *MMLCT is very minimal in intensity, 11a
displays the most intense SMMLCT follows closely by 11e then 11d. This data suggests
that the steric bulk imparted by substitution on the 3 and 5 positions of the bridging
pyrazolate ligand is the dominating factor on the emission profile of these complexes when

frozen in the steady state at 77 K in 2-MeTHF, where the steric bulk of the t-Bu groups on
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11f and the phenyl groups on 11b still cause close Pt-Pt interactions and the appearance of

a*MMLCT.

Table 4. Solution 77 K photophysical data for 11a, 11b, and 11d-11f.

Complex Aexcitation (NM) Amax (NM) T+0.5 (us)
1la 379 480 N/A
11b 380 487 6.98
11d 385 484 8.54
1le 382 485 8.84
11f 384 485 6.82
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Figure 44. Excitation and emission (excitation at 379 nm) profile of 11a at 77 K in 2-
MeTHF glass.
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Figure 45. Excitation and emission (excitation at 380 nm) profile of 11b at 77 K in 2-
MeTHF glass.

1.04

Excitation
—— Emission

L

0.8 4

o

0.6 4

E

0.4

0.2+

0.0+ —J
i L) = L) L

300 400 500

Wavelength (nm)

Normalized Intensity (a.u.)

T v gz

L L]
600 700

Figure 46. Excitation and emission (excitation at 385 nm) profile of 11d at 77 K in 2-
MeTHF glass.
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Figure 47. Excitation and emission (excitation at 382 nm) profile of 11e at 77 K in 2-

MeTHF glass.
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Figure 48. Excitation and emission (excitation at 384 nm) profile of 11f at 77 K in 2-
MeTHF glass.
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Figure 49. Overlay of the emission profile of 11a, 11b, and 11d-11f at 77 K in 2-
MeTHF.

Room Temperature Solid-State Fluorimetry

The emission profile of 11a-11f was studied in the solid-state at room temperature;
the spectra of which can been seen in Figures 50-55 and the photophysical data for 11a-
11f is shown in Table 5. In all cases, the 3LC transition has been completely quenched,
showing only a broad *MMLCT transition. All complexes show a hypsochromic shift of
the SMMLCT transition from room temperature solution emission to room temperature
solid emission, except for 11a and 11c. The SMMLCT emission of 11a is essentially the
same, only showing a bathochomic shift of 1 nm. It is believed that the solid-state emission
of 11c is due to aggregation effects based on the broad, abnormal character of the emission
profile. This is further supported by an uncharacteristically long intensity decay of Tt =27.9
us, when compared to the intensity decays of the other complexes. Complexes 11b, and
11d-11f display a hypsochromic shift of the MMLCT by 29 nm, 19 nm, 13 nm, and 30

nm, respectively. Other related dinuclear platinum(ll) complexes also display a
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hypsochromic shift in the room temperature solid-state emission from the room
temperature solution emission.® The cause is likely due to the complexes being “physically
locked” in the solid-state, inhibiting a photoinduced molecular structure change involving

a shortening of the Pt-Pt distance, destabilizing the excited state.

Table 5. Solid-state photophysical data for 11a-11f.

CompleX Aexcitation (nm) Aemission (nm) T (MS)a () ((%))C
1lla 469 653 4.6 22.9
11b 469 635 3.3 38.6
11c 425 630 27.9° 6.4
11d 469 655 4.7 27.8
1lle 470 668 2.8 13.0
11f 474 660 3.3 13.3

%Intensity decays, + 1.6 ps. PIntensity decay, + 2.5 ps. ¢Absolute quantum yield, + 4.3 %.
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Figure 50. Solid-state excitation and emission profile of 11a at room temperature.
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Figure 51. Solid-state excitation and emission profile of 11b at room temperature.

Excitation
—— Emission
- 1.04
=
=
g
B 0.8 4
(=
(4]
-
£
- 0.64
[¢)]
N
g
= 0.44
o
Z
0.2 4
] v I L2 ] i ] v ]
400 500 600 700 800

Wavelength (nm)

Figure 52. Solid-state excitation and emission profile of 11c at room temperature.
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Figure 53. Solid-state excitation and emission profile of 11d at room temperature.
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Figure 54. Solid-state excitation and emission profile of 11e at room temperature.
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Figure 55. Solid-state excitation and emission profile of 11f at room temperature.
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Figure 56. Overlay of the solid-state emission profile for 11a, 11b, and 11d-11f.
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Electroluminescence and LEEC Data for 11b

Electroluminescence (EL) spectra were recorded for light emitting electrochemical
cell (LEEC) devices from pristine films and films augmented with 0.3%/wt LiPFe (Figure
57) by Slinker and co-workers at The University of Texas at Dallas. The LiPFs ionic
additive has been shown to improve device metrics through improved ion mobility and
enhancing double layer formation at the cathode.®>%9101 The pristine device shows a
broad peak consistent with a *MMLCT transition with a maximum at 695 nm. This is
redshifted by 50 nm with respect to the solid-state film. Alternatively, the ionic additive
device also exhibits a broad-spectrum indicative of a SMMLCT transition, but with a peak

at 665 nm, considerably closer to the PL max.
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Figure 57. Electroluminescence spectra of 11b LEEC devices with (lonic Additive) and
without (Pristine) 0.3% LiPFe.

Electroluminescence in LEECs occurs within a thin region of the film between the

electrodes as dictated by the relative injection efficiencies and mobilities of electrons and
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holes.9294104113 The Jarge spectral shift of the pristine device likely indicates that the EL
emission zone is offset from the center and occurring in regions of high ionic space charge
content where the electric field is high, such that the spectral shift is a Stark shift. Adding
the ionic additive likely moves the location of the emission zone closer to the center of the
device by balancing carrier injection to bring about emission more closely matching the
thin film photoluminescence. This postulate can be further explored through study of the
relative luminance and efficiency of the devices.

The luminance versus time graph of 11b LEECs running at constant current is
shown in Figure 58. The pristine device shows a slow onset of emission that maximizes
after ~2 hr near 10 cd/m?, then slowly decays with a half-life of approximately 13 hr. The
maximum external quantum efficiency is less than 0.05% photons/electron for this device,
a low value anticipated from the irreversibility of oxidation. Nonetheless, salt addition
improves the performance. The maximum luminescence of the ionic additive device is
enhanced twofold relative to the pristine device to 20 cd/m?. The LiPFs ionic additive raises
the maximum quantum efficiency to 0.22%. The onset of emission is seen almost
immediately, and the luminance maximum is achieved in 30 s. This suggests that the ionic
additive helps to balance carrier concentrations. This observation could also reconcile the
EL spectra of Figure 57, as postulated above. The higher maximum efficiency and
luminance of the ionic additive device is consistent with more balanced carrier injection.
This ionic additive device, in turn, is more likely to produce an emission zone in the bulk
and an emission spectrum more in line with that predicted from photoluminescence, as
observed in Figure 58. Overall, this demonstrates that Pt dimers such as 11b can produce

appreciable electroluminescence as LEEC devices.
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Figure 58. (Upper) Luminance (solid lines) and current density (dashed lines) vs. time
plot of 11b LEEC devices with (lonic Additive) and without (Pristine) 0.3%
LiPFs at 1.5 mA constant current (500 A/m? current density).

Interestingly, this ionic additive device exhibits a transient maximum that is

followed by a second, more gradual increase to a maximum of 5 cd/m?. The transient 20
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cd/m? maximum occurs precisely at the transition from bias-limited to current-limited
driving (Figure 58). That is, in the early stages of operation, the 10V bias compliance is
reached as the devices are highly resistive. As ionic redistribution occurs, the device
resistance is lowered as efficient charge injection is established. The rapid rise of the
luminance is aided by the high potential across the device. When the current limit is
reached, the bias must be lowered to maintain constant cur-rent. For an injection limited
contact, decreasing the bias can exponentially lower the injected current, and so this
lowered bias can decrease current balance, lowering luminance and efficiency until a new
steady state is established. Interestingly, a second luminance peak emerges and decays on
the same timescale of the pristine device, which likewise occurs under steady state
conditions. This effect is not unique to these materials, as we have observed similar
dynamics with some LEECs from mononuclear iridium complexes, particularly when large
voltages are invoked for extended times. Dynamics are also likely impacted by the
susceptibility of these materials to oxidative damage, as suggested by electrochemistry.
Nonetheless, electroluminescence emerges, suggesting further improvements in stability
could yield practical electro-luminescent materials.

Among small molecule LEECs,*0:97:102.105106 gther groups have followed the effects
of binuclear complexes in LEECs. Leprétre et al. investigated a binuclear ruthenium
complex with the addition of lithium salts and crown ether solid electrolytes.!® In this
system, no luminance was observed with the pristine device, nor with lower amounts of
the ether/salt mixture. Above a threshold of electrolyte/salt addition, the device operated at
0.02% external quantum efficiency. Wang et al. used a binuclear ruthenium complex to
achieve near IR emission at 790 nm, but with efficiency estimated at 0.0005%.% Likewise,
Wang et al. demonstrated bias-dependent emission from a copper complex, emitting 590

nm centered emission under forward bias and 618 nm emission under reverse bias.%
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Absolute luminance and efficiency values were not reported. Costa et al. reported LEEC
performance from a series of dumbbell-shaped dinuclear iridium complexes. Luminance
was low (<10 cd/m?), and a maximum quantum efficiency of 0.16% was observed from
the series.® Thus, the performance of this dinuclear LEEC based on 11b (maximum 20

cd/m?, 0.22% external quantum efficiency) is noteworthy among this series.

CONCLUSIONS

In summary, square-planar Pt(ll) complexes are very diverse in their applications
ranging from chemosensors to materials in optoelectronic devices, and the unsaturated dz?
orbital allows for the synthesis of red emitters via synthetically bringing two Pt(Il) centers
within close contact of each other. This synthetic modification allows for controlled access
of the SMMLCT transition of these materials. A series of targeted pyrazolate-bridged
dinuclear Pt(Il) complexes were successfully synthesized with varying degrees of steric
bulk imposed by the substitution of the 3- and 5-positions of the bridging pyrazolate
ligands. The complexes were fully characterized and the electrochemical and
photophysical properties were studied. There was a noticeable increase in the absorption
spectra of the SMMLCT with increasing steric bulk imposed by the bridging-pyrazolate
ligands. These complexes were highly luminescent in solution due to the synthetically
accessed SMMLCT, with 11b having the highest solution quantum yield of 86%. There
was a noticeable bathochromic shift of the SMMLCT in the solution emission spectra when
progressing from the most electron withdrawing bridging-pyrazolate ligand to the most
electron donating bridging-pyrazolate ligand. Furthermore, there was a noticeable increase
in the intensity of the SMMLCT in the steady-state frozen in 2-MeTHF glass at 77 K.
However, there were no noticeable trends in the solid-state photophysics. Finally, in

collaboration with Dr. Slinker at UT-Dallas, 11b was used as the emitter in a light-emitting
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electrochemical cell. The device made with 11b and used LiPFs as an ionic additive
exhibited a maximum luminescence of 20 cd/m? and an external quantum efficiency of
0.22%, making the performance of the device noteworthy among other dinuclear based

LEEC devices.
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Chapter 4: Crystallographic Study of Various Organic Molecules and
Transition Metal Complexes

INTRODUCTION

Single crystal x-ray crystallography is a technique which can provide valuable
chemical information on materials in the solid-state such as structure elucidation, bond
distances and angles, intermolecular interactions such as hydrogen bonding, pi-stacking,
and elemental identification. However, the sample must be crystalline where long-range,
three-dimensional internal order is present.

This long-range, three-dimensional order is related within crystals by symmetry,
which determines the space group of the crystals. Crystallographic symmetry consists of
point symmetry elements such as identity, mirror planes, proper and improper rotation
axes, and inversion centers. Allowed combinations of these symmetry elements are
considered point groups. In total, there are 32 possible crystallographic point groups that
can fill space. In addition to these point symmetry elements are translational symmetry.
Translational symmetry consists of unit cell translations, centering translations, screw axes,
and glide planes. When the 32 possible crystallographic point groups are combined with
unit cell and centering translations, 73 symmorphic space groups are derived. A
symmorphic space group is, apart from lattice translations, when all generating symmetry
operations leave one common point fixed.!"* An additional 157 space groups can be
derived by replacing rotation axes with screw axis and mirror planes with glide planes.
This, in total, allows for 230 possible space groups in which all crystal systems fit.!'>

The fundamental building block for a crystalline solid is the unit cell, which is
characterized by key dimensions (a, b, and ¢ cell axes as well as the a, B, and y angles
between the cell axes), the symmetry present within the unit cell, and the atoms/molecules

that are present. The unit cell is comprised of the asymmetric units of the crystal and is

102



related to all other unit cells within the crystal only through translation. The asymmetric
unit is the fundamental building block of the unit cell, and contains the formula unit which
is the component that is solved for and refined in the structural model generated to match
the experimentally determined diffraction data.''®

The symmetry within a crystal, as well as the location and atom identity of the
asymmetric unit can be determined via diffraction experiments. In the diffraction
experiment, an incident x-ray beam is directed at the crystalline solid, upon which electrons
within the atoms scatter the x-ray radiation. Present within crystals are Miller indices or
planes, and the vector normal to these planes generates points in reciprocal space, which
in turn comprises the reciprocal lattice. The reciprocal lattice determines the location of the
diffracted beams. Therefore, by investigation of the diffracted beams from the diffraction
experiment, information is provided about the unit cell of the crystal. Furthermore, the
diffracted beams also provide positional and intensity data that is used to develop the
crystallographic model used for structure determination. Using a suitable detector, the
location and intensities of the diffracted beams can be measured. The location of the beams
provides information about the symmetry present within the crystal while the intensity of
the beams provides information about the grouping of the atoms being repeated. By
changing the angle at which the incident x-ray beam interacts with the crystal (or more
accurately by rotating the crystal to achieve the same effect), a three-dimensional model of

the asymmetric unit of the sample can be determined.!'®
EXPERIMENTAL

Crystal Structure Determination

Crystallographic data for compounds 12-17 and complexes 18-38 are given in

Table S7-S34. Single crystals of 12 and 37 were grown via vapor diffusion of Et.O into
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separate solutions of 12 and 37 in MeCN. Single crystals of 14 were grown via slow
evaporation of a 30% CH2Cl2/70% hexane solution (v/v) of 14. Single crystals of 15 were
grown from slow layer diffusion of hexane into a solution of 15 in CH2Cl.. Single crystals
of 16 were grown via slow evaporation of an acetone solution of 16. Single crystals of 17
were grown via slow evaporation of a saturated solution of 17 in CH2Cl». Single crystals
of 18-27 and 37 were grown via slow vapor diffusion of Et>O into separate solutions of 18-
27 and 37 in CH2Cl,. Single crystals of 28 were grown via slow evaporation of a EtOH/H20
solution of 28. Single crystals of 29a and 29b were grown via slow evaporation of 29a and
29b in phenylimidizole. Single crystals of 30 were grown via slow diffusion of pentane
layered of a solution of 30 in CH2Cl,. Single crystals of 31 were grown via slow vapor
diffusion of cyclohexane into a solution of 31 in 1,2-dichloroethane. Single crystals of 32
were grown via slow evaporation of 32 dissolved in MeCN. Single crystals of 33-35 were
grown from slow vapor diffusion of pentane into separate solutions of 33-35 dissolved in
CH2Cl»/1,2-dichloroethane (1:1 v/v). Single crystals of 38 were grown via slow diffusion
of a solution of 38 dissolved in acetone layered with pentane. Crystals were covered in a
Paratone/chloroform mixture and mounted on a nylon thread loop for the diffraction
experiments.

Data were collected for 12, 16, 19, 20, 24-26, 28, 30, 31, 34, and 37 at 100 K on an
Agilent Technologies SuperNova Dual Source diffractometer equipped with an AtlasS2
CCD detector using a u-focus Cu Ka radiation source (A = 1.5418 A) and an Oxford 700
Cryostream system. Data collection, unit cell refinement, and data reduction of 12, 16, 19,
20, 24-26, 28, 30, 31, 34, and 37 were performed using Agilent Technologies CrysAlisPro
software. Data was collected for 13, 18, 21, 23, 27, and 32 at 120 K and 38 at 133 K on a
Bruker-Nonius Kappa diffractometer equipped with a Bruker Apex 11 CCD detector using

a u-focus Mo Ka radiation source (A = 0.7107 A) and an Oxford 600 series Cryostream
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system. Data collection, unit cell refinement, and data reduction of 13, 18, 21, 23, 27, 32
and 38 were performed using Bruker’s Apex II software. Data were collected for 14, 22,
33, and 36 at 100 K on a Rigaku AFC-12 diffractometer equipped with a Saturn 724+ CCD
detector using a u-focus Mo Ka radiation source (A = 0.7107 A) and a Rigaku XStream
low-temperature system. Data collection, unit cell refinement, and data reduction of 14, 22,
33, and 36 were performed using Rigaku’s CrystalClear software. Data was collected for
15 and 37 at 100 K on a Rigaku SCX-Mini diffractometer equipped with a Mercury 2+
CCD detector using a u-focus Mo Ka radiation source (A = 0.7107 A) and a Rigaku
XStream low-temperature system. Data collection, unit cell refinement, and data reduction
of 15 and 37 were performed using Rigaku’s CrystalClear software. Data was collected for
17, 29a and 29b at 120 K on a Kappa APEX duo equipped with a Bruker Apex Il CCD
detector using a u-focus Mo Ka radiation source (A = 0.7107 A). Data collection, unit cell
refinement, and data reduction of 17, 29a and 29b were performed using Bruker’s Apex
I11 software.

The structures of 12-38 were solved by direct methods using the SIR2014 program
and refined by full-matrix least-squares on F? with anisotropic displacement parameters
for all non-H atoms using SHELXL-2014. The structural analyses were performed using
the PLATON98 and WinGX programs. The hydrogen atoms were placed in fixed,
calculated positions with isotropic displacement parameters set to 1.2 x Ueq With respect to
the attached atom. Crystallographic images were created using the Cambridge
Crystallographic Data Centre’s Mercury software and rendered using POV-ray. All bond
angles, torsion angles, and intermolecular interactions were calculated using the
Cambridge Crystallographic Data Centre’s Mercury software. The intermolecular
interactions are calculated by the Mercury software by looking for atoms within close

contact of each other based on their Van der Waal’s radii plus 0.15 A.
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RESULTS AND DISCUSSION
Molecular and Single Crystal Structures of Organic Molecules 12-17

Crystallography of LEEC Ionic Additives

Table 6. Molecular formula and crystallographic importance of 12.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
F-H, F-N
12 [C2sH19N2][BF4] Matthew Moore ' ‘
Interactions

The molecular structure and crystal packing of 12 are shown below in Figure 59.
The molecular structure of 12 shows each phenyl group having an average torsion angle of
117.8 + 11.6 degrees away from the plane of the 1H-benzo[d]imidazole moiety. The crystal
structure of 12 is in the monoclinic space group P2/c with Z = 4. The packing of 12 shows
six BF4 counter anions, four of which are cut in half by the unit cell axis, making for a
total of four BF4 counter anions. There are short contacts between the fluorine atoms on
the BF4™ counter ions, and the hydrogen atoms on the phenyl rings and the nitrogen atoms
of 12. The crystal structure of 12 does not show any 7m-n interactions between any of the
aromatic moieties, presumably due to the BF4~ counter anions sitting in-between different

the molecules of 12.
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Figure 59. a) Molecular structure of 12 (50% thermal ellipsoid probability). BF4
counter ions removed for clarity. b) Crystal packing of 12 (50% thermal
ellipsoid probability) looking down the b-axis.

Table 7. Molecular formula and crystallographic importance of 13.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
F-H, F-N
13 [C2sHi9N2][BF4] Matthew Moore . _
Interactions

The molecular structure and single crystal packing of 13 are shown below in Figure
60. The molecular structure of 13 shows each phenyl group having an average torsion angle
of 121.1 + 14.9 degrees away from the plane of the 1H-benzo[d]imidazole moiety, which
is similar to the structure of 12. The crystal structure of 13 is in the monoclinic space group
P2:/c with Z = 4. Like the crystal structure of 12, there are short contacts between the
fluorine atoms on the BFs counter ions and the nitrogen atoms on the 1H-

benzo[d]imidazole moiety, which causes column type packing in the structure where each
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molecule of 13 is rotated by 180 degrees (Figure 60). The crystal structure of 13 does not
show any m-m interactions between any of the aromatic moieties, presumably due to the

BF4 counter anions sitting in-between different the molecules of 13.

(=

Figure 60. a) Molecular structure of 13 (50% thermal ellipsoid probability). BF4
counter ions removed for clarity. b) Crystal packing of 13 (50% thermal
ellipsoid probability) looking down the a-axis.
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Crystallography of Novel Bisphosphine Ligand

Table 8. Molecular formula and crystallographic importance of 14.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
14 C34H2sP2S2 Kory Mueller F-S interactions

The molecular structure and single crystal packing of 14 are shown below in Figure

61. The molecular structure of 14 shows a torsion angle of 132.1 degrees between the two

thiophene moieties. This is likely due to the steric bulk imposed by the diphenylphosphine

groups bound to the 4-position of each thiophene. The crystal structure of 14 is in the

triclinic space group P-1 with Z = 2. The crystal structure of 14 shows short contacts

between the hydrogens on the diphenylphosine moieties of one molecule of 14 and the

sulfur atoms on the bithiophene core of another molecule of 14. The crystal structure of 14

does not show any m-m interactions between any of the aromatic moieties, but there are

short contacts between the hydrogens on the diphenylphosphine groups of adjacent

molecules of 14.
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Figure 61. a) Molecular structure of 14 (50% thermal ellipsoid probability). b) Crystal
packing of 14 (50% thermal ellipsoid probability) looking down the a-axis.

Crystallography of Lanthanide Chelating Ligands

Table 9. Molecular formula and crystallographic importance of 15.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
Intermolecular
hydrogen bonding
15 C25H19N706S: Dan Strohecker
C-O, -t
interactions

The molecular structure and single crystal packing of 15 are shown below in Figure
62. The pyrazole moieties of the 2,6-bis(5-pyrazolyl)pyridine show an average torsion
angle of 6.2 + 2.0 degrees away from the pyridine moiety which is expected due to the

favorable conjugation between the three groups. The amide 3,4-ethylenedioxythiophene
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groups show an average torsion angle of 176.2 £ 1.5 degrees away from the 2,6-bis(5-
pyrazolyl)pyridine core of the molecule. There is intermolecular hydrogen bonding
between the oxygen atoms and the hydrogen atoms of the amide groups which keeps the
molecule essentially flat. The crystal structure of 15 is in the triclinic space group P-1 with
Z = 2. The solid-state packing of 15 is dominated by n-w interactions of 3.4 A between the
2,6-bis(5-pyrazolyl)pyridine core of adjacent molecules (Figure 63). The crystal structure
of 15 also shows short contacts between the carbon atoms of the ethyl moiety on the 3,4-
ethylenedioxythiophene groups and the oxygen atom of the amide moiety on adjacent

molecules of 15.

Figure 62. a) Molecular structure of 15 (50% thermal ellipsoid probability). b) Crystal
packing of 15 (50% thermal ellipsoid probability).
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Figure 63. Pi-stacking between two 2,6-bis(5-pyrazolyl)pyridine moieties of 15.

Table 10. Molecular formula and crystallographic importance of 16.
Molecular Crystallographic
Compound Synthesized By
Formula Importance
O-H, O-C
16 C27H23N706S2 Dan Strohecker . ‘
Interactions

The molecular structure and single crystal packing of 16 are shown below in Figure

64. The molecular structure of 16 shows one of the methylamide moieties twisted away

from the main plane of the 2,6-bis(5-pyrazolyl)pyridine moiety with a torsion angle of 58.0

degrees. The 3,4-ethylenedioxythiophene group bound to the twisted methylamide moiety

is twisted even further with a torsion angle of 49.3 degrees. The methylamide moiety on
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bound to the other side of the 2,6-bis(5-pyrazolyl)pyridine core shows only a slight torsion
angle of 2.9 degrees away from the 2,6-bis(5-pyrazolyl)pyridine core. The 3,4-
ethylenedioxythiophene group bound to this methylamide shows a torsion angle of 55.7
degrees. Overall, in comparison to the structure of 15, 16 is much more twisted. This is
likely due to the methyl group on the methylamide moieties breaking the favorable
hydrogen bonds between the oxygen atoms on the 3,4-ethylenedioxythiophene groups and
the amide moieties. The crystal structure of 16 is in the monoclinic space group P2:/n with
Z = 4. There are short contacts between the 3,4-ethylenedioxythiophene groups of adjacent
molecules of 16 as well as between the 3,4-ethylenedioxythiophene groups of one molecule

and the 2,6-bis(5-pyrazolyl)pyridine core of an adjacent molecule.

4.

Figure 64. a) Molecular structure of 16 (50% thermal ellipsoid probability). b) Crystal
packing of 16 (50% thermal ellipsoid probability) looking down the a-axis.
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Crystallography of 4,6-diiodoresorcinol

Table 11.  Molecular formula and crystallographic importance of 17.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
Hydrogen bonding
17 CesH4l202 Leander Cinninger n-w, I-1, I-mt, I-H
interactions

The molecular structure and single crystal packing of 17 are shown below in Figure
65. The crystal structure of 17 is in the monoclinic space group P2:/n with Z = 8. The unit
cell of 17 is essentially plate like in appearance, with unit cell lengths of a = 15.29 A, b =
4.56 A, and ¢ = 23.86 A. The crystal structure of 17 is dominated by hydrogen bonding, =-
7 interactions of 3.5 A, short iodine-iodine contacts of 3.9 A, iodine-r interaction of 3.9 A,

and iodine-hydrogen interactions of 3.1 A (Figure 66 and Figure 67).
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Figure 65.

Figure 66.

a) Molecular structure of 17 (50% thermal ellipsoid probability). b) Crystal
packing of 17 (50% thermal ellipsoid probability).

Iodine
interactions

TIodine-hydrogen *
interactions

Crystal packing of 17 showing iodine-iodine interactions and iodine-
hydrogen interactions.
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Hydrogen bonding

Iodine-m
interactions

Figure 67. Crystal packing of 17 showing hydrogen bonding, -7 interactions, and
lodine-m interactions.

Molecular and Single Crystal Structures of Transition Metal Complexes 18-38

Crystallography of Ag(l) Complex

Table 12. Molecular formula and crystallographic importance of 18.
Molecular Crystallographic
Compound Synthesized By
Formula Importance
F-H, n-n
18 CasHs4Ag0O4Ng Rob Fimognari ) )
interactions
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The molecular structure and single crystal packing of 18 are shown below in Figure
68 and Figure 69. The molecular structure of 18 shows the Ag(l) atom bound to two N-
heterocyclic carbenes in a linear fashion. The phenyl rings of the phenylimidizole core
display a torsion angle of 45.4 degrees away from the imidazole moiety. The norbornene
moieties are bent back toward the maleimide groups by 114.1 degrees. The crystal structure
of 18 is in the monoclinic space group C2/c with Z = 8. The crystal displays a base-centered
Bravais lattice with the Ag atoms sit at the lattice points. There is also an additional Ag
atom located at the center of the unit cell. There are fluorine-hydrogen interactions between
the fluorine atoms of the PF¢” counter anion and the hydrogens on the phenylimidizole core
as well as between the fluorine atoms on the PFs™ counter anion and the hydrogen atoms
on the norbornene moieties. The PFg™ counter anions sits in pockets between multiple
molecules of 18, where there are favorable fluorine-hydrogen interactions (Figure 69).
There are also - interactions of 3.3 A between the phenyl groups of the phenylimidizole

cores of adjacent molecules of 18.

Figure 68. Molecular structure of 18 (thermal ellipsoid probability 50 %).
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Figure 69. Crystal packing of 18 (thermal ellipsoid probability 50%) looking down the
c-axis.

Crystallography of Cu(l) and Cu(Il) Complexes

Table 13. Molecular formula and crystallographic importance of 19.

Crystallographic
Compound Molecular Formula | Synthesized By
Importance
19 [C39H34N3P2Cu][PF¢] Kory Mueller F-H interactions
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The molecular structure and single crystal packing of 19 are shown below in Figure
70. The molecular structure of 19 shows the Cu(l) atom bound in a tetrahedral geometry
with the 1,2-bis(diphenylphosphino)benzene ligand having a bite-angle of 91.7 degrees and
the 2-(3-methyl-1H-pyrazol-1-yl)pyridine ligand having a bite angle of 90.3 degrees. The
phenyl groups of the 1,2-bis(diphenylphosphino)benzene ligand show an average torsion
angle of 49.4 + 28.4 degrees away from the benzene backbone. The crystal structure of 19
IS in the monoclinic space group P21/c with Z = 4. The crystal structure of 19 is dominated
by fluorine-hydrogen interactions between the PFg™ counter anions and the hydrogen atoms
on the 1,2-bis(diphenylphosphino)benzene ligand and the methylpyrazolpyridine ligand
(Figure 71).

Figure 70. a) Molecular structure of 19 (50% thermal ellipsoid probability). PFe
counter anion removed for clarity. b) Crystal packing of 19 (50% thermal
ellipsoid probability) looking down the a-axis.
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Figure 71. Fluorine-hydrogen interactions in 19 between the PFs™ counter anions and
the bis(diphenylphosphino)benzene ligand and the methylpyrazolpyridine
ligand.

Table 14. Molecular formula and crystallographic importance of 20.

Crystallographic
Compound Molecular Formula | Synthesized By
Importance
n-t, F-H
20 [C38H31N3P2Cu][PFs] Kory Mueller ) ]
interactions

The molecular structure and single crystal packing of 20 are shown below in Figure

72. The molecular structure of 20 shows the Cu(l) atom bound in a tetrahedral geometry

with the 1,2-bis(diphenylphosphino)benzene ligand having a bite angle of 89.0 degrees and
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the 2-(1H-pyrazol-1-yl)pyridine ligand having a bite angle of 80.1 degrees. If considering
the binding of the 1,2-bis(diphenylphosphino)benzene ligand with the Cu(l) atom to form
a 5-membered ring consisting of Cu*P~AC"C/P, this ring shows a distorted binding
geometry with the Cu(l) center displaying a torsion angle of 24.8 degrees out of the plane
of the PACAC”P, which differs from the binding geometry of the CuP~AC~C”P ring in 19
which is essentially flat (Figure 73). The crystal structure of 20 is in the monoclinic space
group 12/a with Z = 8. The crystal structure is dominated by offset n-n interactions of ~3.5
A, t-shaped n-n interactions of ~3.7 A, and fluorine-hydrogen interactions of ~3.0 A. The
offset m-m interactions occur between phenyl rings on the 1,2-
bis(diphenylphosphino)benzene ligands of adjacent molecules of 20. The t-shaped n-n
interactions ~ occur  between  the  phenyl rings of two  different
bis(diphenylphosphino)benzene ligands, as well as between the
bis(diphenylphosphino)benzene ligand of one molecule of 20 and the phenylpyrazole of
another molecule of 20. The fluorine-hydrogen interactions occur between various

different hydrogens on the molecules of 20 that surround the PFe™ counter anions.
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Figure 72. a) Molecular structure of 20 (50% thermal ellipsoid probability). PFe
counter anion removed for clarity. b) Crystal packing of 20 (50% thermal
ellipsoid probability) looking down the a-axis.

Figure 73. Binding distortion of the 1,2-bis(diphenylphosphino)benzene ligand in a) 19
and b) 20. Phenyl rings on the 1,2-bis(diphenylphosphino)benzene ligands
were removed for clarity.
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Table 15. Molecular formula and crystallographic importance of 21.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-F, F-H, F-S, S-H
21 [Ca3H34F3N3P2S2][PFs] Kory Mueller ) '
Interactions

The molecular structure and single crystal packing of 21 are shown below in Figure
74. The molecular structure of 21 shows the Cu(l) center bound in a distorted tetrahedral
coordination geometry. The (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-
diylbis(diphenylphosphane) ligand shows a bite angle of 108.4 degrees and the 2-(3-
(trifluoromethyl)-1H-pyrazol-1-yl)pyridine ligand shows a bite angle of 78.1 degrees. The
larger bite angle of the (5,5-dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane)
ligand, when compared to the bite angle of the 1,2-bis(diphenylphosphino)benzene ligands
in 19 and 20 is not surprising due to the 2,2’-bithiophene moiety spacing the phosphines
farther apart. The added flexibility of the (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand also causes the 2,2’-bithiophene moiety to be bent
away from the Cu(l) center toward the trifluoromethyl group on the 2-(3-(trifluoromethyl)-
1H-pyrazol-1-yl)pyridine ligand. However, there is no intermolecular fluorine interactions
between the trifluoromethyl group and the (5,5-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand. The crystal structure of 21 is in the monoclinic space
group P21/c with Z = 4. The crystal structure also shows acetone solvent molecules within
the solid-state packing. The crystal structure of 21 shows fluorine-fluorine interactions of
~3.0 A, fluorine-hydrogen interactions of ~2.8 A, fluorine-sulfur interactions of 3.3 A, and

sulfur-hydrogen interactions of ~2.9 A. The fluorine-fluorine interactions are between the
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PFs~ counter anion and the trifluoromethyl groups on 21. The fluorine-hydrogen
interactions occur between the PFg™ counter anion and the hydrogens on adjacent molecules
of 21. The fluorine-sulfur interactions occur between the sulfur atoms on the 2,2’-
bithiophene moiety of 21 and the PFs™ counter anions. The sulfur-hydrogen interactions
occur between the sulfur atoms on the 2,2’-bithiophene moiety of 21 and the methyl group
of the 2-(3-(trifluoromethyl)-1H-pyrazol-1-yl)pyridine ligand of an adjacent molecule of
21 as well as with the hydrogen atoms of the phenyl groups on the (5,5'-dimethyl-[2,2'-
bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligands of adjacent molecules of 21. The
acetone solvent molecules sits stacked in the space between the 2-(3-(trifluoromethyl)-1H-
pyrazol-1-yl)pyridine ligand of two molecules of 21 which are turned back-to-back, if one
considers the 2-(3-(trifluoromethyl)-1H-pyrazol-1-yl)pyridine ligand to be the back of 21
(Figure 75).
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Figure 74.

a) Molecular structure of 21 (50% thermal ellipsoid probability). Phenyl
rings on the (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand were removed for clarity. b) Crystal
packing of 21 (50% thermal ellipsoid probability) looking down the a-axis.
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Figure 75. Picture showing the location of the acetone solvent molecule in the crystal
structure of 21.

Table 16. Molecular formula and crystallographic importance of 22.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-S, F-H, S-C, O-
22 [Cs2HegsCuaN2P4S4]2[PFe] Kory Mueller ) )
H, n-m interactions

The molecular structure and single crystal packing of 22 are shown below in Figure
76 and Figure 77. The molecular structure of 22 shows an asymmetric dinuclear Cu(l)
complex with one Cu(l) center bound to a (5,5-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand and the other Cu(l) center bound to a 2,9-dimethyl-
1,10-phenanthroline ligand. The Cu(l) centers are bridged by another (5,5'-dimethyl-[2,2'-
bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand. Each Cu(l) center is in a distorted

trigonal pyramidal coordination geometry. The coordination geometry of Cu 1 is likely due
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to the steric bulk imposed by three phenyl rings, two of which are on the bidentate (5,5'-
dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand and the other on the
bridging  (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane)  ligand
(Figure 78). The coordination geometry of Cu 2 is likely due to the location of the acetone
solvent molecule, which sits between the 2,9-dimethyl-1,10-phenanthroline ligand and the
diphenylphosphine moiety bound to Cu 2 (Figure 78). The bite angle of the bidentate (5,5'-
dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand is 105.0 degrees. The
bite angle of the bridging (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand on Cu 1 is 91.1 degrees and on Cu 2 is 99.6 degrees.
The bite angle of the 2,9-dimethyl-1,10-phenanthroline ligand is 91.6 degrees.

The crystal structure of 22 is in the monoclinic space group P2:/n with Z = 4 which
shows fluorine-sulfur interactions, fluorine-hydrogen interactions, sulfur-carbon
interactions, oxygen-hydrogen interactions, and t-shaped n-m interactions. The fluorine-
sulfur interactions occur between the free sulfur on the bridging (5,5'-dimethyl-[2,2'-
bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand but do not occur between the free
sulfurs on the (5,5-dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand
bound to Cu 1. The fluorine-hydrogen interactions occur between hydrogen atoms on the
molecules of 22 surrounding the PFes™ counter anions. The sulfur-carbon interactions occur
between one of the free sulfurs on the (5,5-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand bound to Cu 1 and a carbon atom on the 2,9-dimethyl-
1,10-phenanthroline ligand of an adjacent molecule of 22. The oxygen-hydrogen
interactions occur between the oxygen on the acetone solvent molecule and a hydrogen on
a phenyl ring of the of the bridging (5,5-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand of one molecule of 22 as well as a hydrogen atom on

the methyl group of the 2,9-dimethyl-1,10-phenanthroline ligand on another molecule of
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22. The t-shaped m-n interactions occur between a phenyl ring on the (5,5'-dimethyl-[2,2'-
bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand bound to Cu 1 and the phenyl ring
on the bridging (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand

of another atom.

Figure 76. Molecular structure of 22 (50% thermal ellipsoid probability). The phenyl
rings on the (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligands have been removed for clarity.
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Figure 77. Solid-state packing and unit cell of the crystal structure of 22.
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Figure 78. Coordination geometry of a) Cu 1 showing the steric bulk imposed by the
three phenyl rings and b) Cu 2 showing steric bulk imposed by the acetone
solvent molecule. Some atoms have been removed for clarity.

Table 17. Molecular formula and crystallographic importance of 23.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-S,F-H, S-H, n-n
23 [C42H35CuN3P2S,][PFs] Kory Mueller ) )
Interactions

The molecular structure and single crystal packing of 23 are shown below in Figure
79. The molecular structure of 23 shows the Cu(l) center bound in a distorted tetrahedral
coordination geometry. The (5,5-dimethyl-[2,2'-bithiophene]-3,3'-
diyl)bis(diphenylphosphane) ligand has a bite angle of 107.1 degrees and the 2-(1H-
pyrazol-1-yl)pyridine ligand shows a bite angle of 81.4 degrees. The 2,2’-bithiophene

moiety is bent away from the Cu(l) center, similar to the structure of 21. The crystal
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structure of 23 is in the triclinic space group P-1 with Z = 2 and shows fluorine-sulfur
interactions, fluorine-hydrogen interactions, sulfur-hydrogen interactions, and offset m-nt
interactions. The fluorine-sulfur interactions are between the PF¢™ counter anions and one
of the sulfur atoms on the 2,2’-bithiophene moiety on a nearby molecule of 23. Due to the
fluorine-sulfur interactions only occurring between one of the sulfur atoms on the (5,5'-
dimethyl-[2,2'-bithiophene]-3,3"-diyl)bis(diphenylphosphane) ligand and the PFs™ counter
anion, this is likely the cause of the 2,2’-bithiophene moiety being bent away from the
Cu(l) center. The fluorine-hydrogen interactions are between the hydrogen atoms on the
molecules of 23 that surround the PFe™ counter anions. The sulfur-hydrogen interactions
are between the sulfur atoms on the 2,2’-bithiophene moiety of one molecule of 23 and the
phenyl rings on the (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane)
ligand of another nearby molecule of 23 while the offset n-m interactions occur between
the phenyl rings on the (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane)

ligands of two different molecules of 23.
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Figure 79. a) Molecular structure of 23 (50% thermal ellipsoid probability). Phenyl
rings on the (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-
diylbis(diphenylphosphane) ligand were removed for clarity. b) Crystal
packing of 23 (50% thermal ellipsoid probability) looking down the a-axis.

Table 18. Molecular formula and crystallographic importance of 24.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-F, F-H, N-H, S-
24 [C37H28CuF3N3P2S][PF¢] Kory Mueller ) ]
C interactions

The molecular structure and single crystal packing of 24 are shown below in Figure
80. The molecular structure of 24 shows a Cu(l) center bound in a slightly distorted

tetrahedral coordination geometry. The 3,4-bis(diphenylphosphino)thiophene ligand of 24
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shows a bite angle of 93.8 degrees and the 2-(3-(trifluoromethyl)-1H-pyrazol-1-yl)pyridine
ligand shows a bite angle of 80.0 degrees. The crystal structure of 24 is in the monoclinic
space group C2/c with Z = 8 and shows fluorine-fluorine interactions, fluorine-hydrogen
interactions, nitrogen-hydrogen interactions and sulfur-carbon interactions. The fluorine-
fluorine interactions occur between two trifluoromethyl groups on adjacent molecules of
24. There are also fluorine-fluorine interactions between the trifluoromethyl groups of 24
and the PFs™ counter anion. The fluorine-hydrogen interactions occur between the fluorine
atoms on the PFs™ counter anions and the hydrogens on close-by molecules of 24. The
nitrogen-hydrogen interactions occur between pairs of 24, where the nitrogen atoms of the
pyrazole moiety on 24 interact with the hydrogen atoms on one of the phenyl rings on an
adjacent molecule of 24. This interaction occurs between both molecules, as shown in
Figure 81. The sulfur-carbon interactions occur between the sulfur atom of 24 and a carbon
on the 2-(3-(trifluoromethyl)-1H-pyrazol-1-yl)pyridine ligand of an adjacent molecule of
24,
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Figure 80.

a) Molecular structure of 24 (50% thermal ellipsoid probability) and b)
Crystal packing of 24 (50% thermal ellipsoid probability) looking down the
b-axis.
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N-H
Interactions _

Figure 81. Nitrogen-hydrogen interactions between two molecules of 24. Non-
participating phenyl rings on the 3,4-bis(diphenylphosphino)thiophene
ligands were removed for clarity.

Table 19. Molecular formula and crystallographic importance of 25.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-H, S-C, n-n
25 [C37H31CuN3P2S][PF¢] Kory Mueller ) )
interactions

The molecular and single crystal structure of 25 are shown below in Figure 82. The

molecular structure of 25 shows a Cu(l) center bound in a slightly distorted tetrahedral
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coordination geometry. The 3,4-bis(diphenylphosphino)thiophene ligand of 25 shows a
bite angle of 93.4 degrees while the 2-(3-methyl-1H-pyrazol-1-yl)pyridine ligand shows a
bite angle of 79.6 degrees. The crystal structure of 25 is in the monoclinic space group C2/c
with Z = 8 and has fluorine-hydrogen interactions, sulfur-carbon interactions, and t-shaped
n-m interactions. The fluorine-hydrogen interactions occur between the fluorine atoms on
the PFe™ counter anions and the hydrogen atoms of the surrounding molecules of 25. The
sulfur-carbon and sulfur-nitrogen interactions occur between the sulfur atom of the
thiophene moiety of one molecule of 25 and the carbon atoms and nitrogen atoms of the 2-
(3-methyl-1H-pyrazol-1-yl)pyridine ligand of another molecule of 25. The t-shaped n-n

interactions occur between the phenyl rings on two separate molecules of 25.

Figure 82. a) Molecular structure of 25 (50% thermal ellipsoid probability) and b)
Crystal packing of 25 (50% thermal ellipsoid probability) looking down the
b-axis.

136



Table 20. Molecular formula and crystallographic importance of 26.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-H, S-N, S-C, n-n
26 [C36H32CuN3P2S][PFs] Kory Mueller ) '
Interactions

The molecular structure and single crystal packing of 26 are shown below in Figure
83. The molecular structure of 26 shows the Cu(l) center bound in a tetrahedral
coordination geometry. The 3,4-bis(diphenylphosphino)thiophene ligand has a bite angle
of 93.6 degrees and the 2-(1H-pyrazol-1-yl)pyridine ligand has a bite angle of 85.9 degrees.
The crystal structure of 26 is in the monoclinic space group C2/c with Z = 8 and has
fluorine-hydrogen interactions, sulfur-nitrogen interactions, sulfur-carbon interactions and
n-1 interactions. The fluorine-hydrogen interactions occur between the fluorine atoms of
the PFe counter anions and the hydrogen atoms on adjacent molecules of 26. The sulfur-
nitrogen and sulfur-carbon interactions occur between the between the 2-(1H-pyrazol-1-
yl)pyridine ligand of one molecule of 26 and the 3,4-bis(diphenylphosphino)thiophene
ligand of another molecule of 26. There are also sulfur-carbon interactions between sulfur
atom on the 3,4-bis(diphenylphosphino)thiophene ligand of one molecule of 26 and the
phenyl rings on the 3,4-bis(diphenylphosphino)thiophene ligand of another molecule of
26. The m-m interactions occur between the phenyl rings on the 3,4-

bis(diphenylphosphino)thiophene ligands of two different molecules of 26.
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Figure 83. a) Molecular structure of 26 (50% thermal ellipsoid probability) and b)
Crystal packing of 26 (50% thermal ellipsoid probability) looking down the
b-axis.

Table 21.  Molecular formula and crystallographic importance of 27.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-H, N-H, n-n
27 [C43H37CuN3P2S][PF¢] Kory Mueller ) )
interactions

The molecular structure and single crystal packing of 27 are shown below in Figure
84. The molecular structure of 27 shows the Cu(l) center bound in a distorted tetrahedral
geometry with the (5,5-dimethyl-[2,2'-bithiophene]-3,3'-diyl)bis(diphenylphosphane)
ligand having a bite angle of 106.6 degrees and the 2-(3-methyl-1H-pyrazol-1-yl)pyridine
ligand having a bite angle of 80.0 degrees. The distorted tetrahedral coordination geometry
around the Cu(l) center is likely due to the large bite angle of the (5,5'-dimethyl-[2,2'-

bithiophene]-3,3'-diyl)bis(diphenylphosphane) ligand. The crystal structure of 27 is in the
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monoclinic space group P2i/c with Z = 4 and displays fluorine-hydrogen interactions,
nitrogen-hydrogen interactions, and offset n-m interactions. The fluorine-hydrogen
interactions occur between the PFs™ counter anions and the hydrogen atoms of molecules
of 27 that surround the PFs™ anion. The nitrogen-hydrogen interactions occur between the
2-(3-methyl-1H-pyrazol-1-yl)pyridine ligands and hydrogen atoms on the acetone solvent
molecules. The acetone molecules sit sandwiched between the 2-(3-methyl-1H-pyrazol-1-
yl)pyridine ligands of two separate molecules of 27 (Figure 85). The offset n-n interactions
occur between the phenyl rings of the (5,5-dimethyl-[2,2'-bithiophene]-3,3'-

diyl)bis(diphenylphosphane) ligands of two separate molecules of 27.
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Figure 84. a) Molecular structure of 27 (50% thermal ellipsoid probability). The phenyl
rings on the (5,5'-dimethyl-[2,2'-bithiophene]-3,3'-
diyDbis(diphenylphosphane) ligand have been removed for clarity. b)
Crystal packing of 27 (50% thermal ellipsoid probability) looking down the
a-axis.
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Figure 85. Acetone solvent molecule sandwiched between two different molecules of
27.

Table 22. Molecular formula and crystallographic importance of 28.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
) ] Hydrogen bonding
28 C44H43CuN6O10 Rob Fimognari ‘ ‘
O-H 1interactions

The molecular structure and single crystal packing of 28 are shown below in Figure

86. The molecular structure of 28 shows a Cu(ll) center bound in a distorted octahedral

coordination geometry. The distortion is due to the binding of the two 3-((5-(1,3-dioxo-

1,3,4,7-tetrahydro-2H-4,7-methanoisoindol-2-yl)pentyl)carbamoyl)benzoate pincer

ligands. The crystal structure of 28 is in the monoclinic space group P21/n with Z = 4 and

shows hydrogen bonding between the 3-((5-(1,3-dioxo-1,3,4,7-tetrahydro-2H-4,7-
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methanoisoindol-2-yl)pentyl)carbamoyl)benzoate ligands and the water solvent molecules.
The crystal structure of 28 also shows oxygen-hydrogen interactions between the 3-((5-
(1,3-dioxo-1,3,4,7-tetrahydro-2H-4,7-methanoisoindol-2-yl)pentyl)carbamoyl)benzoate

ligand one molecule of 28 and the hydrogen atoms bound to carbon atoms on the 3-((5-
(1,3-dioxo-1,3,4,7-tetrahydro-2H-4,7-methanoisoindol-2-yl)pentyl)carbamoyl)benzoate

ligand of another molecule of 28. There are also oxygen-hydrogen atoms that occur
between the water solvent molecules and the hydrogen atoms bound to carbon atoms on
the 3-((5-(1,3-dioxo-1,3,4,7-tetrahydro-2H-4,7-methanoisoindol-2-

yl)pentyl)carbamoyl)benzoate ligands on surrounding molecules of 28.
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Figure 86. a) Molecular structure of 28 (50% thermal ellipsoid probability) and b)
Crystal packing of 28 (50% thermal ellipsoid probability) looking down the
c-axis. The floating oxygen atoms are solvent water molecules.
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Polymorphism of Cu(Il) Phenylimidizole Complex

Table 23. Molecular formula and crystallographic importance of 29a and 29b.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
29a and 29b [C37H28CuF3N3P2S][PFs] | Rob Fimognari Polymorphs

The molecular structures of 29a and 29b are of the same tetraphenylimidizole

copper(Il) iodide complex (Figure 87). The Cu(ll) center is bound in a slightly distorted

trigonal pyramidal coordination geometry. The molecular structure shows an I"Cu”"N

average angle of 96.8 = 1.8 degrees. The slight distortion is likely due to the iodide counter

anion being located 3.6 A directly below the Cu(ll) center opposite of the bound iodide

ligand.
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Figure 87. Molecular structure of 29a and 29b (50% thermal ellipsoid probability).

The crystal structure of 29a is in the triclinic space group P-1 with Z = 1 and the
crystal structure of 29b is in the monoclinic space group P2:/c with Z = 4. The unit cell
dimensions for both crystals are given below in Table 24. The crystal structures of both
29a and 29b are co-crystalized with non-binding phenylimidizole molecules and both
crystal structure display iodide-hydrogen interactions, offset n-w interactions, and t-shaped
n- interactions. However, in the crystal structure of 29a, the unbound phenylimidizole is
badly disordered due to the middle of the phenylimidizole molecule sitting on a special
position in the crystal structure, as well as disorder due to a slight side to side rotation of
the phenylimidizole molecule. The iodide-hydrogen interactions occur between both the
bound and unbound iodide molecules and the hydrogens one the bound and unbound

phenylimidizole moieties. The offset m-m interactions occur between an unbound
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phenylimidizole molecule and a bound phenylimidizole. The t-shaped n-m interactions
occur between a phenylimidizole bound to the Cu(ll) center and an unbound
phenylimidizole as well as between two bound phenylimidizole ligands. The different
crystal structures occur due to how the - interactions occur repeatedly throughout the
crystal structure. In the crystal structure of 29a, there are continuous rows of offset m-n
interactions (Figure 88). In the crystal structure of 29b, there are pockets of offset n-n
interactions that consist of unbound phenylimidizole, bound phenylimidizole, bound
phenylimidizole, unbound phenylimidizole. These pockets are then “capped” by t-shaped

n- interactions with both bound and unbound phenylimidizole moieties (Figure 89).

Table 24. Unit cell dimensions of 29a and 29b.

Crystal  a(A) Db(A) c(A) «a(deg) P(deg) vy (deg) Volume (A
29a 8.69 971 1385 69.76  76.04  76.01 1048
29b 1158 1715 1263 90.00 9553  90.00 2498
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Figure 88. Crystal packing of 29a showing the continuous rows of offset n-nt
interactions.

Figure 89. Crystal packing of 29b showing the “capped” pockets of offset n-n
interactions.
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Crystallography of Ir(I1I) Complexes

Table 25. Molecular formula and crystallographic importance of 30.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
F-H, F-C, F-Cl, CI-
30 [CssHaslrNes][PFs] Matthew Moore H, CI-C, n-n
interactions

The molecular structure and single crystal packing of 30 are shown below in Figure
90. The molecular structure of 30 shows the Ir(l1l) center bound in a slightly distorted
octahedral coordination geometry by two 4-mesityl-2-phenylpyridine ligands and one
dipyridophenazine ligand. The bite angle of the 4-mesityl-2-phenylpyridine ligands is 91.0
+ 0.1 degrees and the bite angle of the dipyridophenazine ligand is 77.0 degrees. The
mesityl moieties on the 4-mesityl-2-phenylpyridine ligands show a torsion angle of 80.0 +
1.8 degrees away from the plane of the phenylpyridine core. The crystal structure of 30 is
in the triclinic space group P-1 with Z = 2. The crystal structure of 30 also has CH.Cl,
solvent molecules and PFs counter anions. There are fluorine-hydrogen interactions,
fluorine-carbon interactions,  fluorine-chlorine  interactions,  chlorine-hydrogen
interactions, chlorine-carbon interactions, and offset -7 interactions present. The fluorine-
hydrogen interactions occur between the PFes counter anions and hydrogens on the
surrounding molecules of 30 as well as with the hydrogens on the CH.Cl, solvent
molecules. The fluorine-carbon interactions occur between the PFg™ counter anions and
carbon atoms on the dipyridophenazine ligands. The fluorine-chlorine interactions occur

between the PFe” counter anions and the CH2Cl» solvent molecules. The chlorine-hydrogen
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interactions occur between the CH.Cl, molecules and the hydrogens on the surrounding
molecules of 30 as well as with the hydrogen atoms on other CH>Cl> molecules. The
chlorine-carbon interactions occur between the CH2Cl> molecules and some of the carbons
on the dipyridophenazine ligands. The offset m-m interactions occur between the

dipyridophenazine ligands of two adjacent molecules of 30.

Figure 90. a) Molecular structure of 30 (50% thermal ellipsoid probability) and b)
Crystal packing of 30 (50% thermal ellipsoid probability) looking down the
a-axis.
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Table 26. Molecular formula and crystallographic importance of 31.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
F-H, F-C, F-N. F-
31 [Cs0H26IrNs][PFs] Matthew Moore Cl, CI-H, t-n
interactions

The molecular structure and single crystal packing of 31 are shown below in
Figures 91. The molecular structure of 31 shows the Ir(111) metal center bound in a slightly
distorted octahedral geometry by two phenylpyridine ligands and one dipyridophenazine
ligand. The two phenylpyridine ligands show a bite angle of 81.0 + 0.5 degrees and the
dipyridophenazine ligand shows a bite angle of 77.5 degrees. The crystal structure of 31 is
in the triclinic space group P-1 with Z = 2 and also has PFe counter anions and
dichloroethane solvent molecules. The crystal structure of 31 shows fluorine-hydrogen
interactions, fluorine-carbon interactions, fluorine-nitrogen interactions, fluorine-chlorine
interactions, chlorine-hydrogen interactions, offset m-m interactions, and t-shaped n-m
interactions. The fluorine-hydrogen interactions occur between the PFg” counter anions and
the close by hydrogens on the molecules of 31 as well as with the hydrogens on surrounding
dichloroethane solvent molecules. The fluorine-carbon and fluorine-nitrogen interactions
occur between the PFs™ counter anions and the dipyridophenazine ligands of 31 (Figure
92). The fluorine-chlorine interactions occur between the PFes counter anions and the
surrounding dichloroethane molecules. The chlorine-hydrogen interactions occur between
the dichloroethane solvent molecules and the nearby hydrogen atoms on the surrounding
dipyridophenazine ligands of 31. The offset m-m interactions occur between the

dipyridophenazine ligands of two molecules of 31 (Figure 92). There are also offset n-n
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interactions between the phenylpyridine ligands of two molecules of 31. The t-shaped n-n
interactions occur between the phenylpyridine ligands of 31 and the dipyridophenazine of
another molecule of 31 as well as with the phenylpyridine ligands of an adjacent molecule

of 31.

Figure 91. a) Molecular structure of 31 (50% thermal ellipsoid probability) and b)
crystal packing of 31 (50% thermal ellipsoid probability).
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Figure 92. Interactions between the PFe¢ counter anion and the dipyridophenazine
ligands of 31 as well as n-7 interactions between the dipyridophenazine
ligands of 31.

Table 27. Molecular formula and crystallographic importance of 32.

Molecular Crystallographic
Compound Synthesized By
Formula Importance
F-C, F-H, N-H
32 [C38Ha2IrNs][PF¢] Matthew Moore . _
Interactions

The molecular structure and single crystal packing of 32 are shown below in Figure

93. The molecular structure of 32 shows the Ir(I111) metal center bound in a slightly distorted

octahedral coordination geometry by two 1-methyl-3-phenyl-2,3-dihydro-1H-imidazole

ligands and one 4,4'-di-tert-butyl-2,2'-bipyridine ligand. The 1-methyl-3-phenyl-2,3-

dihydro-1H-imidazole ligands shows a bite angle of 78.8 £ 0.1 degrees and the 4,4'-di-tert-
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butyl-2,2'-bipyridine ligand shows a bite angle of 76.8 degrees. The crystal structure of 32
IS in the monoclinic space group P2i1/c with Z = 4. There are also PFe counter anions and
CH3CN solvent molecules present in the crystal structure. Analysis of the crystal structure
of 32 shows fluorine-carbon interactions, fluorine-hydrogen interactions, and nitrogen-
hydrogen interactions. The fluorine-carbon interactions occur between the PFs™ counter
anions and the 4,4'-di-tert-butyl-2,2'-bipyridine ligands on nearby molecules of 32. The
fluorine-hydrogen interactions occur between the PFg¢ counter anions and the hydrogen
atoms on surrounding molecules of 32. The nitrogen-hydrogen interactions occur between

the CH3CN solvent molecules and the surrounding molecules of 32.

Figure 93. a) Molecular structure of 32 (50% thermal ellipsoid probability) and b)
crystal packing of 32 (50% thermal ellipsoid probability).
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Table 28. Molecular formula and crystallographic importance of 33.

Molecular Crystallographic
Compound Synthesized By
Formula Importance

F-H, CI-H, CI-C, n-

33 [CesHealrN4][PF¢] Matthew Moore

7 interactions

The molecular structure and single crystal packing of 33 are shown below in Figure
94. The molecular structure of 33 shows the Ir(I1l) metal center bound in a slightly
disordered octahedral coordination geometry by two 4-mesityl-2-phenylpyridine ligands
and one 4,4'-dimesityl-2,2"-bipyridine ligand. The 4-mesityl-2-phenylpyridine ligands
display a bite angle of 80.6 £ 0.4 degrees and the 4,4'-dimesityl-2,2'-bipyridine shows a
bite angle of 76.2 degrees. The mesityl groups on the 4-mesityl-2-phenylpyridine ligands
show a torsion angle of 64.9 + 2.6 degrees away from the phenylpyridine core while the
mesityl groups on the 4,4'-dimesityl-2,2"-bipyridine ligand shows a torsion angle of 88.5 +
0.1 degrees away from the bipyridine core. The crystal structure of 33 is in the monoclinic
space group P2i/c with Z = 5. There are also BF4 counter anions and CH.Cl, solvent
molecules present in the crystal structure which shows fluorine-hydrogen interactions,
chlorine-hydrogen interactions, chlorine-carbon interactions, and t-shaped n-w interactions.
The fluorine-hydrogen interactions occur between the BF4~ counter anions and hydrogen
atoms on the 4-mesityl-2-phenylpyridine ligands of surrounding molecules of 33 as well
as with the hydrogen atoms on the surrounding CH2Cl> solvent molecules. The chlorine-
hydrogen and chlorine-carbon interactions occur between the CH2Cl. solvent molecules
and nearby molecules of 33. The t-shaped m-m interactions occur between the mestityl
groups of the 4-mesityl-2-phenylpyridine ligands of one molecule of 33 and the pyridine

moieties of the 4,4'-dimesityl-2,2'-bipyridine ligands of another molecule of 33.
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Figure 94. a) Molecular structure of 33 (50% thermal ellipsoid probability) and b)
crystal packing of 33 (50% thermal ellipsoid probability).

Table 29. Molecular formula and crystallographic importance of 34.
Molecular Crystallographic
Compound Synthesized By
Formula Importance
Cl-H, n-n
34 CsoH72ClaIraNy Matthew Moore ) )
Interactions

The molecular structure and single crystal packing of 34 are shown below in Figure
95. The molecular structure of 34 is a dinuclear Ir(111) complex with each Ir(111) metal
center bound by two 4-mesityl-2-phenylpyridine ligands and the two Ir(111) centers bridged
by two chloride ligands. Each Ir(I1l) metal center is in a slightly distorted octahedral

coordination geometry with the 4-mesityl-2-phenylpyridine ligands showing a bite angle
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of 80.8 £ 0.1 degrees. The CIMIr*CI angle is 82.7 degrees. The mesityl groups on the 4-
mesityl-2-phenylpyridine ligands show a torsion angle of 75.1 + 10.1 degrees. The crystal
structure of 34 is in the triclinic space group P-1 with Z = 3. The crystal structure also has
residual CHCl. and 1,2-dichloroethane solvent molecules. There are chlorine-hydrogen
interactions and offset 7-w interactions. The chlorine-hydrogen interactions occur between
the residual CH2Cl and 1,2-dichloroethane solvent molecules and the hydrogen atoms on
surrounding molecules of 34 as well as with the hydrogen atoms of other nearby CH>Cl>
and 1,2-dichloroethane molecules. The offset n-m interactions occur between the mesityl
groups of the 4-mesityl-2-phenylpyridine ligands of one molecule of 34 and the phenyl

moieties of the 4-mesityl-2-phenylpyridine ligands of another molecule of 34.

Figure 95. a) Molecular structure of 34 (50% thermal ellipsoid probability) and b)
crystal packing of 34 (50% thermal ellipsoid probability).
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Table 30. Molecular formula and crystallographic importance of 35.

Molecular Crystallographic
Compound Synthesized By
Formula Importance

F-H, F-C, F-N, n-n

35 [CsoH44IrN4][PFs] Matthew Moore ) )
Interactions

The molecular structure and single crystal packing of 35 are shown below in Figure
96. The molecular structure of 35 shows the Ir(l11) metal center bound in a slightly distorted
octahedral coordination geometry by two 4-mesityl-2-phenylpyridine ligands and one 2,2'-
bipyridine ligand. The 4-mesityl-2-phenylpyridine ligands show a bite angle of 80.4
degrees and the 2,2'-bipyridine ligand shows a bite angle of 76.0 degrees. The mesityl
groups on the 4-mesityl-2-phenylpyridine ligands show a torsion angle of 63.8 + 0.7
degrees away from the plane of the phenylpyridine core. The crystal structure of 35 is in
the orthorhombic space group Pbca with Z = 8. The crystal structure also has PFs™ counter
anions present. The crystal structure of 35 displays fluorine-hydrogen interactions,
fluorine-carbon interactions, fluorine-nitrogen interactions, t-shaped n-w interactions, and
offset m-m interactions. The fluorine-hydrogen, fluorine-carbon, and fluorine-nitrogen
interactions occur between the PFg counter anions and the surrounding molecules of 35.
The t-shaped m-m interactions occur between the phenyl moieties of the 4-mesityl-2-
phenylpyridine ligands on two adjacent molecules of 35 and the offset n-n interactions

occur between the 2,2’-bipyridine ligands on two adjacent molecules of 35.
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Figure 96. a) Molecular structure of 35 (50% thermal ellipsoid probability) and b)
crystal packing of 35 (50% thermal ellipsoid probability) looking down the
a-axis.
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Crystallography of Pt(Il) Complex

Table 31. Molecular formula and crystallographic importance of 36.
Molecular Crystallographic
Compound Synthesized By
Formula Importance
F-H, F-C, F-S, S-C,
36 [C2sH24NsPtS>][PFs] |  Matthew Moore S-H, n-nt
interactions

The molecular structure and single crystal packing of 36 are shown below in Figure

97. The molecular structure of 36 shows a Pt(Il) metal center bound in a slightly distorted

square planar coordination geometry by a bidentate 2-phenylpyridine ligand and a

bidentate 1,3-bis(3-(thiophen-2-yl)-2,3-dihydro-1H-imidazol-1-yl)propane ligand as well

as a PFe counter anion. The 2-phenylpyridine ligand shows a bite angle of 80.2 degrees

and the 1,3-bis(3-(thiophen-2-yl)-2,3-dihydro-1H-imidazol-1-yl)propane ligand shows a

bite angle of 89.0 degrees. The carbene moieties of the 1,3-bis(3-(thiophen-2-yl)-2,3-

dihydro-1H-imidazol-1-yl)propane ligand show a torsion angle of 80.9 + 2.5 degree away

from the square planar plane formed by the 2-phenylpyridine ligand bound to the Pt(II)

center. This torsion is due to the ethyl linker between the two carbene moieties.
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Figure 97. a) Molecular structure of 36 (50% thermal ellipsoid probability) and b)
crystal packing of 36 (50% thermal ellipsoid probability).

The crystal structure of 36 is in the monoclinic space group P21/c with Z = 4. There
are fluorine-hydrogen interactions, fluorine-carbon interactions, fluorine-sulfur
interactions, sulfur-carbon interactions, sulfur-hydrogen interactions, and offset n-n
interactions present in the crystal structure of 36. The fluorine-hydrogen and fluorine-
carbon interactions occur between the PFg™ counter anions and the surrounding molecules
of 36. The fluorine-sulfur interactions occur between the PFs counter anions and the
thiophene moieties of the 1,3-bis(3-(thiophen-2-yl)-2,3-dihydro-1H-imidazol-1-
yl)propane ligand on 36. The sulfur-carbon and sulfur-hydrogen interactions occur
between the 1,3-bis(3-(thiophen-2-yl)-2,3-dihydro-1H-imidazol-1-yl)propane ligands of
two molecules of 36 (Figure 98). The offset n-m interactions occur between the 1-(thiophen-
2-yl)-2,3-dihydro-1H-imidazole moiety of one molecule of 36 and the 2-phenylpyridine

moiety of another molecule of 36 (Figure 99).
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~  Sulfur-hydrogen -
and sulfur-carbon
interactions

Figure 98. Sulfur-hydrogen and sulfur-carbon interactions between two molecules of
36.

Offset -7
interactions

Figure 99. Offset n-n interactions between two molecules of 36.
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Crystallography of Rh(I) Complexes

Table 32. Molecular formula and crystallographic importance of 37.

Crystallographic
Compound Molecular Formula Synthesized By
Importance
F-H, F-C, n-n
37 [Co2H74N4P4Rh2]2[BF4] Kory Mueller ) )
Interactions

The molecular structure and single crystal packing of 37 are shown below in Figure
100 and Figure 101. The molecular structure of 37 is a dinuclear Rh(l) complex with the
Rh(I) metal centers bridged by a 9,10-diisocyanoanthracene ligand. Each Rh(l) metal
center is bound in a square planar coordination geometry by the bridging 9,10-
diisocyanoanthracene ligand, two triphenylphosphine ligands which are trans to each other,

and a CH3CN ligand which is trans to the bridging 9,10-diisocyanoanthracene ligand.

/) 3 S
& ” (>
) %
& $5) G
q! S \/ 8 )’.«"
J G N X ) <
‘,g .8
< & XN
V4, ¢
[ - ﬁ.’P S »>
7 A
) X ),
G
A Y N “ 5.%
O 15 %4
@ O S W & o)
Q X
(S QLS
4
& 0
P > XY
7o

Figure 100. Molecular structure of 37 (50% thermal ellipsoid probability).
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The crystal structure of 37 is in the monoclinic space group P2:/c with Z = 4. The
crystal structure of 37 also has BF4 counter anions present. However, due to limitation in
the Mercury software used to generate the molecular and crystal structures images, only
one BF4 anion per molecule of 37 is shown. The crystal structure of 37 shows fluorine-
hydrogen interactions, fluorine-carbon interactions, and t-shaped n-m interactions. The
fluorine-hydrogen interactions occur between the BF4 counter anions and the hydrogen
atoms on the surrounding molecules of 37 while the fluorine-carbon interactions occur
specifically between the BF4 counter anions and the sp carbon on the CH3CN ligands. The
t-shaped n-w interactions occur between the phenyl rings of the triphenylphosphine ligands

on adjacent molecules of 37.

Figure 101. Crystal packing of 37 (50% thermal ellipsoid probability) looking down the
c-axis.
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Table 33. Molecular formula and crystallographic importance of 38.

Crystallographic
Compound Molecular Formula | Synthesized By
Importance
Agostic Rh-H bond
38 [C33Hs3NP2Rh][BF4] Kory Mueller F-H, n-n
interactions

The molecular structure and single crystal packing of 38 are shown below in Figure
102. The molecular structure of 38 shows the Rh(I) center bound in a square planar
coordination geometry by the pincer ligand, 1,3-bis((di-tert-
butylphosphino)methyl)benzene, and a 2-isocyano-1,3-dimethylbenzene ligand. The Rh(l)
center is bound to the 2-position of the 1,3-bis((di-tert-butylphosphino)methyl)benzene
ligand; the benzene core of this ligand shows a 137.8 degree bond angle which is due to
the agostic interaction with the hydrogen atom still bound to the benzene core at the two

position (Figure 103).

Figure 102. a) Molecular structure of 38 (50% thermal ellipsoid probability) and b)
crystal packing of 38 (50% thermal ellipsoid probability).
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Agostic
hydrogen
interaction

Figure 103. Molecular structure of 38 showing the agostic interaction with the hydrogen
atom on the benzene core of the 1,3-bis((di-tert-
butylphosphino)methyl)benzene ligand. The t-Bu groups on the phosphines
were removed for clarity.

The crystal structure of 38 is in the triclinic space group P-1 with Z = 2. The crystal
structure is also composed of BFs counter anions which contribute to the fluorine-
hydrogen interactions between fluorine atoms on the BF4™ anions and the hydrogen atoms
on the surrounding molecules of 38. There are also offset n-n interactions, which occur
between the 1,3-bis((di-tert-butylphosphino)methyl)benzene ligands of two adjacent
molecules of 38 (Figure 104). There are also offset m-m interactions between the 2-

isocyano-1,3-dimethylbenzene ligands of two adjacent molecules of 38 (Figure 104).
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Offset n-w interactions \/“\5

Figure 104. Offset n-w interactions between adjacent molecules of 38.

Conclusion

In summary, we report the crystallographic analysis of various organic molecules
and organometallic complexes. All crystal structures reported have R values less than 0.10
and wR> values less than 0.25. Each crystal structure shows different types of interactions,
ranging from intramolecular hydrogen bonding in the case of 15 to intermolecular halogen
interactions between the counter anions/ residual solvent molecules and the organometallic
complex in the case of 33. These interactions have been shown to be key parts of how these

molecules crystalize, especially in the case of the polymorphs 29a and 29b.
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Crystal Tables

Table S1. Crystal data and structure refinement for 8.

Identification code shelx

Empirical formula C84 H130 Cl2 Ir2 014 P4 S4

Formula weight 2071.29

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P 21/n

Unit cell dimensions a = 15.32950(10) A o =90°.
b =37.6632(4) A S =102.8940(10)°.
¢ =16.15180(10) A y = 90°.

Volume 9090.22(13) A3

Z 4

Density (calculated) 1.513 Mg/m3

Absorption coefficient 8.122 mm-1

F(000) 4232

Crystal size 0.2137 x 0.0615 x 0.0462 mm3

Theta range for data collection 3.042 to 66.597°.

Index ranges -18<=h<=18, -44<=k<=32, -19<=I<=19

Reflections collected 82319

Independent reflections 16070 [R(int) = 0.0351]

Completeness to theta = 66.597° 100.0 %

Absorption correction Gaussian

Max. and min. transmission 0.641 and 0.159

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 16070 /1253 /1301

Goodness-of-fit on F2 1.088

Final R indices [1>2sigma(l)] R1=0.0366, wR2 = 0.0840

R indices (all data) R1 =0.0466, wR2 = 0.0874

Extinction coefficient n/a

Largest diff. peak and hole  1.347 and -1.305 e.A-3
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Table S2. Crystal data and structure refinement for 11a.

Identification code shelx

Empirical formula C38 H25 CI2 F12 N6 P Pt2

Formula weight 1285.67

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P2l/c

Unit cell dimensions a=14.5924(2) A o = 90°.
b =20.5047(3) A S =93.6220(10)°.
c =26.1065(3) A y=90°.

Volume 7795.80(18) A3

z 8

Density (calculated) 2.191 Mg/m3

Absorption coefficient 15.763 mm-1

F(000) 4864

Crystal size 0.1361 x 0.0319 x 0.0266 mm3

Theta range for data collection 2.742 to 75.733°.

Index ranges -17<=h<=17, -25<=k<=23, -18<=I<=32

Reflections collected 31052

Independent reflections 15668 [R(int) = 0.0340]

Completeness to theta = 67.684° 99.5 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.75482

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15668 /498 / 1210

Goodness-of-fit on F2 1.025

Final R indices [1>2sigma(l)] R1=0.0376, wR2 = 0.0901

R indices (all data) R1=0.0468, wR2 = 0.0951

Extinction coefficient n/a

Largest diff. peak and hole 2.355 and -2.265 e.A-3
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Table S3. Crystal data and structure refinement for 11b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.601°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C47 H33 F6 N6 P Pt2
1216.94

100(2) K

1.54184 A

Triclinic

P-1

a=11.6122(3) A

b =12.8540(3) A

c =13.6623(4) A
1996.08(9) A3

2

2.025 Mg/m3

13.923 mm-1

1164

0.2277 x 0.2048 x 0.1294 mm3
3.300 to 66.601°.

-13<=h<=11, -15<=k<=14, -16<=I<=16

20885

7046 [R(int) = 0.0224]

100.0 %

Semi-empirical from equivalents
1.00000 and 0.63284
Full-matrix least-squares on F2
7046 / 429/ 615

1.220

R1 =0.0220, wR2 = 0.0552
R1 =0.0224, wR2 = 0.0554
0.000383(18)

0.857 and -1.400 e.A-3
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Table S4. Crystal data and structure refinement for 11c.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.028°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C35H25 F6 N6 P Pt2

1064.74

100(2) K
0.71075 A
Monoclinic
C2lc
a=15.315(5) A
b=13.743(4) A
c=15512(5) A
3176.3(17) A3
4

2.227 Mg/m3
8.923 mm-1
2008

o =90°.
S =103.365(5)°.
y=90°.

0.353 x 0.168 x 0.130 mm3

2.016 to 25.028°.

-18<=h<=18, -16<=k<=16, -16<=I<=18

14163

2749 [R(int) = 0.0694]

974 %

Full-matrix least-squares on F2

2749/01/229
1.122

R1=0.0379, wR2 = 0.1078
R1=0.0381, wR2 =0.1081

0.00024(7)

2.213 and -2.071 e.A-3
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Table S5. Crystal data and structure refinement for 11e.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.019°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C41 H37 F6 N6 P Pt2
1148.90

100(2) K

0.71075 A
Orthorhombic

Pccn

a=13.648(4) A a = 90°.
b=14.272(4) A B =90°.
c=20.120(6) A y = 90°.
3919(2) A3

4

1.947 Mg/m3

7.239 mm-1

2200

0.1600 x 0.1060 x 0.0920 mm3
2.300 to 25.019°.

-16<=h<=16, -16<=k<=12, -23<=1<=23

34621

3461 [R(int) = 0.0743]

99.9 %

Semi-empirical from equivalents
1.0000 and 0.8070

Full-matrix least-squares on F2
3461/0/255

1.220

R1=0.0343, wR2 =0.0734
R1 =0.0355, wR2 = 0.0740
n/a

1.352 and -0.687 e.A-3
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Table S6. Crystal data and structure refinement for 11f.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.027°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C43 H41 F6 N6 P Pt2
1176.97

100(2) K

0.71073 A
Monoclinic

P 21/n

a=9.2810(10) A o =90°.
b =24.008(4) A
c=17.949(3) A y = 90°.
3999.2(10) A3

4

1.955 Mg/m3

7.097 mm-1

2264

0.2960 x 0.0940 x 0.0640 mm3
1.417 to 25.027°.

-11<=h<=11, -28<=k<=28, -17<=I<=21

51772

7050 [R(int) = 0.0719]

99.9 %

Semi-empirical from equivalents
1.0000 and 0.5973

Full-matrix least-squares on F2
7050/0/530

1.141

R1 =0.0337, wR2 = 0.0646
R1=0.0352, wR2 = 0.0654
0.00007(2)

0.927 and -0.939 e. A-3
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Table S7. Crystal data and structure refinement for 12.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

shelx

C25H19 B F4 N2
434.23
100.01(10) K
1.54184 A
Monoclinic

P 2/c

a=13.6184(2) A
b =9.82670(10) A
¢ =16.3739(2) A

o =90°.
£ =100.6750(10)°.
y=90°.

2153.30(5) A3

4

1.339 Mg/m3

0.862 mm-1

896

0.2739 x 0.2265 x 0.1104 mm3
3.302 to 73.411°.

-16<=h<=16, -12<=k<=11, -20<=I<=20

21089

4287 [R(int) = 0.0295]

100.0 %

Semi-empirical from equivalents
1.00000 and 0.92132
Full-matrix least-squares on F2
4287 /0/290

1.038

R1 =0.0337, wR2 = 0.0803
R1 =0.0368, wR2 = 0.0827
n/a

Largest diff. peak and hole  0.198 and -0.245 e.A-3
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Table S8. Crystal data and structure refinement for 13.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

shelx

C37 H28 B F4 N3
601.43

100(2) K

0.71073 A
Monoclinic

P 21/c

a=10.8113(3) A a = 90°.
B =92.075(2)°.
c =16.8175(6) A y = 90°.

b =15.9249(4) A

2893.55(15) A3

4

1.381 Mg/m3

0.099 mm-1

1248

0.508 x 0.282 x 0.236 mm3
1.762 to 27.483°.

-13<=h<=14, -20<=k<=20, -19<=I<=21

17834

6562 [R(int) = 0.0458]

99.9 %

Numerical

Full-matrix least-squares on F2
6562 / 0/ 406

1.007

R1 =0.0464, wR2 = 0.1031
R1 =0.0935, wR2 = 0.1226
n/a

Largest diff. peak and hole  0.304 and -0.260 e.A-3

174



Table S9. Crystal data and structure refinement for 14.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C34 H28 P2 S2
562.62

100 K

0.71073 A
Triclinic

P-1
a=09.745(3) A
b=11.785(4) A
c=12.394(4) A

o = 93.048(8)°.
£ =92.530(8)°.
y = 90.761(9)°.

1419.8(8) A3

2

1.316 Mg/m3

0.323 mm-1

588

0.2000 x 0.1400 x 0.0500 mm3
3.096 to 27.483°.

-12<=h<=12, -15<=k<=15, -16<=I<=16

15105

6468 [R(int) = 0.0408]

99.8 %

Semi-empirical from equivalents
1.0000 and 0.8098

Full-matrix least-squares on F2
6468 / 180 / 352

1.029

R1 =0.0450, wR2 = 0.0947
R1=0.0609, wR2 = 0.1014
n/a

0.555 and -0.265 e.A-3
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Table S10. Crystal data and structure refinement for 15.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.022°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C25 H19 N7 06 S2
577.59

100(2) K

0.71075 A
Triclinic

P-1

a=28.799(4) A
b=11.773(4) A
c=12579(5) A
1238.1(9) A3

2

1.549 Mg/m3
0.274 mm-1

596

0.1560 x 0.0410 x 0.0350 mm3
1.699 to 25.022°.

-10<=h<=10, -14<=k<=13, -14<=I<=14

16517

4370 [R(int) = 0.0842]

100.0 %

Semi-empirical from equivalents
1.0000 and 0.7723

Full-matrix least-squares on F2
4370/0/ 369

1.225

R1 =0.0855, wR2 = 0.1456
R1=0.1050, wR2 = 0.1540
n/a

0.669 and -0.342 e. A3
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Table S11. Crystal data and structure refinement for 16.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C27 H23 N7 06 S2
605.64

100 K

1.54184 A
Monoclinic

P 21/n

a=7.0155(4) A a = 90°.
S =90.333(3)°.
c=20.4611(12) A y =90°.

b =18.3245(9) A

2630.3(3) A3

4

1.529 Mg/m3

2.345 mm-1

1256

0.220 x 0.106 x 0.027 mm3
3.238 to 75.932°.

-7<=h<=8, -21<=k<=22, -22<=I<=25

14439

5279 [R(int) = 0.0249]

99.1 %

Gaussian

0.940 and 0.755
Full-matrix least-squares on F2
5279/0/381

1.035

R1=0.0323, wR2 =0.0803
R1 =0.0366, wR2 =0.0830
n/a

0.359 and -0.329 e.A-3
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Table S12. Crystal data and structure refinement for 17.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C6H4 1202
361.89
120(2) K
0.71073 A
Monoclinic
P 21/n

a=15.290(3) A o =90°.
S = 99.099(3)°.
c=23.861(4) A y = 90°.

b = 4.5580(8) A

1642.0(5) A3

8

2.928 Mg/m3

7.599 mm-1

1296

0.176 x 0.145 x 0.075 mm3
1.482 to 28.281°.

-20<=h<=20, -6<=k<=6, -31<=I<=31

45297

4063 [R(int) = 0.0274]

100.0 %

Numerical Mu From Formula
1.000 and 0.492

Full-matrix least-squares on F2
4063/0/185

1.270

R1=0.0176, wR2 = 0.0366
R1=0.0186, wR2 = 0.0369
n/a

0.767 and -0.572 e.A-3
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Table S13. Crystal data and structure refinement for 18.

Identification code shelx

Empirical formula C48 H54 Ag F6 N6 O4 P

Formula weight 1031.81

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=18.6622(16) A a =90°.
b=11.3451(9) A S =91.035(6)°.
c=21.1959(14) A y =90°.

Volume 4487.0(6) A3

z 8

Density (calculated) 1.527 Mg/m3

Absorption coefficient 0.563 mm-1

F(000) 2128

Crystal size 0.486 x 0.385 x 0.282 mm3

Theta range for data collection 1.922 to 25.026°.

Index ranges -21<=h<=22, -13<=k<=13, -25<=I<=25

Reflections collected 18532

Independent reflections 3949 [R(int) = 0.0628]

Completeness to theta = 25.026° 99.9 %

Absorption correction Numerical

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3949 /18 /300

Goodness-of-fit on F2 1.041

Final R indices [1>2sigma(l)] R1=0.0552, wR2 = 0.1352

R indices (all data) R1=0.0777, wR2 = 0.1486

Extinction coefficient n/a

Largest diff. peak and hole 1.591 and -1.449 e.A-3
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Table S14. Crystal data and structure refinement for 109.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C39 H33 Cu F6 N3 P3
814.13

100 K

1.54184 A

Monoclinic

P 21/c

a=10.55110(10) A a = 90°.
S =103.8890(10)°.
c=11.72890(10) A y = 90°.

b =31.9752(2) A

3841.33(6) A3

4

1.408 Mg/m3

2.514 mm-1

1664

0.3878 x 0.2208 x 0.1515 mm3
2.764 to 76.160°.

-12<=h<=13, -24<=k<=40, -13<=I<=14

32059

7981 [R(int) = 0.0244]

100.0 %

Gaussian

0.892 and 0.779

Full-matrix least-squares on F2
7981/ 211 /566

0.976

R1 = 0.0594, wR2 = 0.1580
R1=0.0602, wR2 = 0.1585
n/a

0.732 and -0.787 e.A-3
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Table S15. Crystal data and structure refinement for 20.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C38 H31 Cu F6 N3 P3
800.11

100(2) K

1.54184 A

Monoclinic

I 2/a

a=17.2946(2) A a =90°.
B =92.9970(10)°.
¢ = 26.3595(3) A y=90°,

b=17.0163(2) A

7746.73(16) A3

8

1.372 Mg/m3

2.484 mm-1

3264

0.2420 x 0.0710 x 0.0585 mm3
3.092 to 76.083°.

-21<=h<=21, -21<=k<=21, -33<=I<=32

41242

8032 [R(int) = 0.0263]
100.0 %

Gaussian

0.899 and 0.687
Full-matrix least-squares on F2
8032 /844 /838

1.205

R1 =0.0536, wR2 =0.1148
R1 =0.0566, wR2 = 0.1163
n/a

0.460 and -0.428 e.A-3
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Table S16. Crystal data and structure refinement for 21.

Identification code shelx

Empirical formula C90 H78 Cu2 F18 N6 O P6 S4

Formula weight 2042.72

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2l/c

Unit cell dimensions a=14.7518(6) A o =90°.
b =16.6999(6) A B =94.492(2)°.
c =36.1854(14) A y =90°.

Volume 8887.0(6) A3

Z 4

Density (calculated) 1.527 Mg/m3

Absorption coefficient 0.770 mm-1

F(000) 4168

Crystal size 0.280 x 0.260 x 0.190 mm3

Theta range for data collection 1.129 to 27.764°.

Index ranges -18<=h<=18, -21<=k<=20, -42<=I<=45

Reflections collected 105009

Independent reflections 17874 [R(int) = 0.0517]

Completeness to theta = 25.242° 99.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.0000 and 0.8769

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1787412251/ 1270

Goodness-of-fit on F2 1.056

Final R indices [1>2sigma(l)] R1=0.0506, wR2 = 0.1078

R indices (all data) R1=0.0721, wR2 =0.1168

Extinction coefficient n/a

Largest diff. peak and hole 0.859 and -0.796 e.A-3
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Table S17. Crystal data and structure refinement for 22.

Identification code shelx

Empirical formula C90 H78 Cu2 F18 N6 O P6 S4

Formula weight 2042.72

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2l/c

Unit cell dimensions a=14.7518(6) A o =90°.
b =16.6999(6) A B =94.492(2)°.
c =36.1854(14) A y =90°.

Volume 8887.0(6) A3

Z 4

Density (calculated) 1.527 Mg/m3

Absorption coefficient 0.770 mm-1

F(000) 4168

Crystal size 0.280 x 0.260 x 0.190 mm3

Theta range for data collection 1.129 to 27.764°.

Index ranges -18<=h<=18, -21<=k<=20, -42<=I<=45

Reflections collected 105009

Independent reflections 17874 [R(int) = 0.0517]

Completeness to theta = 25.242° 99.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.0000 and 0.8769

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1787412251/ 1270

Goodness-of-fit on F2 1.056

Final R indices [1>2sigma(l)] R1=0.0506, wR2 = 0.1078

R indices (all data) R1=0.0721, wR2 =0.1168

Extinction coefficient n/a

Largest diff. peak and hole  0.859 and -0.796 e.A-3
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Table S18. Crystal data and structure refinement for 23.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C42 H35 Cu F6 N3 P3 S2
916.30

120 K

0.71073 A

Triclinic

P-1

a=11.2880(10) A

b =11.4770(10) A

¢ =17.2810(10) A
2066.6(3) A3

2

1.472 Mg/m3

0.808 mm-1

936

0.472 x 0.377 x 0.193 mm3
2.808 to 32.644°.

-15<=h<=16, -17<=k<=16, -24<=I<=24

74184

13248 [R(int) = 0.0441]

99.8 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
13248 /304 /610

1.051

R1=0.0382, wR2 = 0.0875
R1 =0.0549, wR2 = 0.0924
n/a

0.654 and -0.493 e. A-3
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Table S19. Crystal data and structure refinement for 24.

Identification code shelx

Empirical formula C37H28 CuF9 N3 P3S

Formula weight 874.13

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=23.9215(7) A o =90°.
b =14.5435(3) A p=116.307(3)°.
c =23.3587(6) A y =90°.

Volume 7284.9(4) A3

z 8

Density (calculated) 1.594 Mg/m3

Absorption coefficient 3.341 mm-1

F(000) 3536

Crystal size 0.3721 x 0.1418 x 0.0287 mm3

Theta range for data collection 3.672 to 75.569°.

Index ranges -29<=h<=29, -18<=k<=18, -29<=I<=29

Reflections collected 56482

Independent reflections 7388 [R(int) = 0.0488]

Completeness to theta = 67.684° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.54138

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7388 /265/611

Goodness-of-fit on F2 1.092

Final R indices [1>2sigma(l)] R1=0.0426, wR2 = 0.1049

R indices (all data) R1 =0.0440, wR2 = 0.1063

Extinction coefficient n/a

Largest diff. peak and hole 0.793 and -0.593 e.A-3
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Table S20. Crystal data and structure refinement for 25.

Identification code shelx

Empirical formula C37H31 CuF6N3P3S

Formula weight 820.16

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=23.6775(5) A o =90°.
b =14.5990(2) A S =116.184(3)°.
¢ =23.2669(5) A y=90°.

Volume 7217.3(3) A3

z 8

Density (calculated) 1.510 Mg/m3

Absorption coefficient 3.207 mm-1

F(000) 3344

Crystal size 0.3992 x 0.1699 x 0.1147 mm3

Theta range for data collection 3.673t0 71.511°.

Index ranges -29<=h<=28, -17<=k<=17, -28<=I<=20

Reflections collected 20159

Independent reflections 6928 [R(int) = 0.0199]

Completeness to theta = 67.684° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.60799

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6928 /121 /571

Goodness-of-fit on F2 1.005

Final R indices [1>2sigma(l)] R1=0.0308, wR2 = 0.0793

R indices (all data) R1=0.0323, wR2 = 0.0805

Extinction coefficient n/a

Largest diff. peak and hole 0.679 and -0.378 e.A-3
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Table S21. Crystal data and structure refinement for 26.

Identification code shelx

Empirical formula C36 H29 CuF6 N3 P3 S

Formula weight 806.13

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=23.8839(9) A o =90°.
b =14.4655(4) A S =116.445(5)°.
¢ =23.3730(9) A y=90°.

Volume 7230.2(5) A3

z 8

Density (calculated) 1.481 Mg/m3

Absorption coefficient 3.191 mm-1

F(000) 3280

Crystal size 0.3122 x 0.1784 x 0.1313 mm3

Theta range for data collection 3.689 to 72.395°.

Index ranges -29<=h<=29, -17<=k<=17, -28<=I<=28

Reflections collected 32399

Independent reflections 6995 [R(int) = 0.0327]

Completeness to theta = 67.684° 100.0 %

Absorption correction Gaussian

Max. and min. transmission 0.963 and 0.918

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6995 / 432 / 609

Goodness-of-fit on F2 1.060

Final R indices [1>2sigma(l)] R1=0.0358, wR2 = 0.0898

R indices (all data) R1=0.0367, wR2 = 0.0904

Extinction coefficient n/a

Largest diff. peak and hole 0.566 and -0.407 e.A-3
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Table S22. Crystal data and structure refinement for 27.

Identification code shelx

Empirical formula C90 H84 Cu2 F12 N6 O P6 S4

Formula weight 1934.77

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2l/c

Unit cell dimensions a=14.693(8) A o =90°.
b =16.896(9) A B =93.869(8)°.
c=35.21(2) A y =90°.

Volume 8720(8) A3

Z 4

Density (calculated) 1.474 Mg/m3

Absorption coefficient 0.771 mm-1

F(000) 3976

Crystal size 0.2000 x 0.2000 x 0.2000 mm3

Theta range for data collection 1.159 to 31.733°.

Index ranges -21<=h<=21, -24<=k<=24, -48<=|<=50

Reflections collected 155122

Independent reflections 26616 [R(int) = 0.0865]

Completeness to theta = 25.242° 99.5 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.0000 and 0.7648

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 26616 / 620/ 1226

Goodness-of-fit on F2 1.190

Final R indices [1>2sigma(l)] R1=0.0883, wR2 = 0.1948

R indices (all data) R1=0.1121, wR2 = 0.2102

Extinction coefficient n/a

Largest diff. peak and hole 1.294 and -1.049 e.A-3
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Table S23. Crystal data and structure refinement for 28.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.597°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C44 H52 Cu N6 012
920.45

100(2) K

1.54184 A
Monoclinic

P 21/n
a=11.3467(4) A a =90°.
b=32.3727(12) A
¢ =13.0107(4) A y =90°.
4536.9(3) A3

4

1.348 Mg/m3

1.247 mm-1

1932

0.4422 x 0.0824 x 0.0333 mm3
2.730 to 66.597°.

-13<=h<=13, -25<=k<=38, -15<=I<=14

16212

7966 [R(int) = 0.0538]

99.2 %

Semi-empirical from equivalents
1.00000 and 0.77692
Full-matrix least-squares on F2
7966 / 7 /587

1.010

R1 =0.0491, wR2 = 0.1025
R1=0.0792, wR2 =0.1165
n/a

0.314 and -0.571 e.A-3
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Table S24. Crystal data and structure refinement for 29a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C54 H48 Cu 12 N12
1182.39

120(2) K

0.71073 A

Triclinic

P-1

a=28.6919(2) A
b=19.7073(2) A

c =13.8462(3) A
1047.54(4) A3

1

1.644 Mg/m3

2.041 mm-1

514

0.319 x 0.176 x 0.078 mm3
1.592 to 36.349°.

-14<=h<=14, -16<=k<=16, -23<=I<=23

77622

10125 [R(int) = 0.0226]
100.0 %

Numerical Mu From Formula
1.0000 and 0.8459
Full-matrix least-squares on F2
10125/ 332/ 362

1.064

R1=0.0212, wR2 = 0.0572
R1 =0.0240, wR2 = 0.0589
n/a

1.199 and -0.749 e.A-3
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Table S25. Crystal data and structure refinement for 29b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C54 H48 Cu 12 N12
1182.39

120(2) K

0.71073 A
Monoclinic

P 21/c

a=11.5813(13) A a = 90°.
S = 95.533(2)°.
c=12.6335(14) A y=90°.

b=17.1507(19) A

2497.7(5) A3

4

1.572 Mg/m3

1.724 mm-1

1182

0.128 x 0.093 x 0.093 mm3
1.767 to 27.485°.

-15<=h<=15, -22<=k<=22, -16<=I<=16

70085

5737 [R(int) = 0.0403]

100.0 %

Numerical Mu From Formula
1.0000 and 0.8850
Full-matrix least-squares on F2
5737/01/316

1.279

R1=0.0431, wR2 =0.1000
R1=0.0479, wR2 =0.1018
n/a

0.676 and -1.153 e.A-3
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Table S26. Crystal data and structure refinement for 30.

Identification code shelx

Empirical formula C62 H54 CI8 F6 Ir N6 P

Formula weight 1503.88

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=10.0319(2) A o = 78.5440(10)°.
b =15.6278(2) A S = 84.8400(10)°.
c = 20.0644(3) A y = 89.0110(10)°.

Volume 3070.46(9) A3

z 2

Density (calculated) 1.627 Mg/m3

Absorption coefficient 8.196 mm-1

F(000) 1500

Crystal size 0.2418 x 0.1959 x 0.1587 mm3

Theta range for data collection 2.885 t0 66.600°.

Index ranges -11<=h<=11, -18<=k<=18, -23<=I<=23

Reflections collected 69002

Independent reflections 10811 [R(int) = 0.0406]

Completeness to theta = 66.601° 99.8 %

Absorption correction Gaussian

Max. and min. transmission 0.758 and 0.647

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10811/213/819

Goodness-of-fit on F2 1.195

Final R indices [1>2sigma(l)] R1=0.0497, wR2 = 0.1324

R indices (all data) R1=0.0508, wR2 = 0.1331

Extinction coefficient n/a

Largest diff. peak and hole 1.405 and -1.363 e.A-3
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Table S27. Crystal data and structure refinement for 31.

Identification code shelx

Empirical formula C168 H120 CI8 F18 Ir4 N24 P3

Formula weight 3962.27

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=13.1324(4) A o = 62.476(4)°.
b=19.1510(8) A B =T72.684(3)°.
¢ =19.6621(8) A y = 74.904(3)°.

Volume 4142.2(3) A3

z 2

Density (calculated) 1.588 Mg/m3

Absorption coefficient 8.195 mm-1

F(000) 1947

Crystal size 0.1700 x 0.1041 x 0.0474 mm3

Theta range for data collection 2.590 to 73.544°.

Index ranges -16<=h<=16, -23<=k<=22, -24<=|<=21

Reflections collected 47011

Independent reflections 16232 [R(int) = 0.0615]

Completeness to theta = 67.684° 99.8 %

Absorption correction Gaussian

Max. and min. transmission 0.929 and 0.813

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 16232 /241 /1015

Goodness-of-fit on F2 1.039

Final R indices [1>2sigma(l)] R1 =0.0580, wR2 = 0.1502

R indices (all data) R1=0.0822, wR2 = 0.1680

Extinction coefficient n/a

Largest diff. peak and hole 2.795 and -1.936 e.A-3
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Table S28. Crystal data and structure refinement for 32.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.027°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C42 H48 F6 Ir N8 P
1002.05

120 K

0.71073 A
Monoclinic

P 21/c
a=15.0310(10) A a = 90°.
b=22.847(2) A
¢ = 13.3080(10) A y = 90°.
4260.4(6) A3

4

1.562 Mg/m3

3.238 mm-1

2008

0.407 x 0.297 x 0.171 mm3
2.300 to 25.027°.

-17<=h<=17, -27<=k<=27, -15<=I<=15

122329

7497 [R(int) = 0.0611]

99.7 %

Semi-empirical from equivalents
1.000 and 0.693

Full-matrix least-squares on F2
7497 /396 / 677

1.041

R1=0.0212, wR2 = 0.0501
R1 =0.0268, wR2 = 0.0527
n/a

0.795 and -0.391 e.A-3
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Table S29. Crystal data and structure refinement for 33.

Identification code shelx

Empirical formula C71H70B CI6 F4 Ir N4

Formula weight 1471.04

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P2l/c

Unit cell dimensions a=18.4758(4) A o =90°.
b=13.2942(3) A B =91.276(2)°.
c = 27.1536(6) A y=90°.

Volume 6667.8(3) A3

z 5

Density (calculated) 1.465 Mg/m3

Absorption coefficient 6.539 mm-1

F(000) 2976

Crystal size 0.1213 x 0.0866 x 0.0701 mm3

Theta range for data collection 2.392 t0 66.601°.

Index ranges -21<=h<=19, -15<=k<=15, -26<=I<=32

Reflections collected 36710

Independent reflections 11778 [R(int) = 0.0564]

Completeness to theta = 66.601° 100.0 %

Absorption correction Gaussian

Max. and min. transmission 0.952 and 0.919

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 11778 /386 /917

Goodness-of-fit on F2 1.224

Final R indices [I>2sigma(l)] R1=0.0898, wR2 = 0.2117

R indices (all data) R1 =0.0965, wR2 = 0.2159

Extinction coefficient n/a

Largest diff. peak and hole 2.628 and -1.932 e.A-3
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Table S30. Crystal data and structure refinement for 34.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.600°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C85 H82 CI8 Ir2 N4
1827.59

100 K

1.54184 A

Triclinic

P-1

a = 15.06350(10) A
b=15.1212(2) A

c =18.5667(2) A
3992.16(8) A3

3

1.520 Mg/m3

9.173 mm-1

1820

0.2685 x 0.1859 x 0.1057 mm3
2.417 to 66.600°.

-17<=h<=17, -17<=k<=17, -22<=I<=22

118818

14106 [R(int) = 0.0373]
100.0 %

Gaussian

0.844 and 0.669
Full-matrix least-squares on F2
14106/ 240 / 960

1.030

R1 =0.0220, wR2 = 0.0545
R1 =0.0233, wR2 = 0.0556
n/a

0.959 and -0.868 e.A-3
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Table S31. Crystal data and structure refinement for 35.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.599°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C50H44 F6 Ir N4 P
1038.06

100 K

1.54184 A
Orthorhombic
Pbca

a=15.5085(2) A a = 90°.
b =15.0445(3) A B =90°.
c =36.8769(4) A y=90°,

8604.0(2) A3

8

1.603 Mg/m3

6.925 mm-1

4144

0.148 x 0.057 x 0.043 mm3
2.396 to 66.599°.

-18<=h<=18, -15<=k<=17, -43<=1<=43

47802

7573 [R(int) = 0.0310]

99.7 %

Gaussian

0.905 and 0.764
Full-matrix least-squares on F2
7573 /0/ 565

1.212

R1 =0.0310, wR2 = 0.0600
R1 =0.0360, wR2 = 0.0616
n/a

0.793 and -1.128 e.A-3
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Table S32. Crystal data and structure refinement for 36.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.027°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

shelx

C28 H24 F6 N5 P Pt S2

834.70

100(2) K
0.71073 A
Monoclinic

P 21/c
a=11.770(4) A
b =15.330(4) A
c=15.992(5) A

o =90°.
S =95.658(5)°.
y=90°.

2871.4(15) A3

4

1.931 Mg/m3

5.157 mm-1

1624

0.123 x 0.070 x 0.050 mm3
2.188 to 25.027°.

-14<=h<=14, -14<=k<=18, -18<=I<=19

18895

5057 [R(int) = 0.0580]

100.0 %

Semi-empirical from equivalents
1.0000 and 0.7862

Full-matrix least-squares on F2
5057 /126 / 452

1.154

R1=0.0447, wR2 = 0.0924
R1 =0.0481, wR2 = 0.0942
n/a

1.284 and -1.365 e.A-3
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Table S33. Crystal data and structure refinement for 37.

Identification code shelx

Empirical formula C92 H74 B2 F8 N4 P4 Rh2

Formula weight 1738.87

Temperature 100 K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2l/c

Unit cell dimensions a=23.497(13) A a =90°.
b =35.31(5) A B =90°.
c=10.557(9) A y = 90°.

Volume 8760(15) A3

Z 4

Density (calculated) 1.319 Mg/m3

Absorption coefficient 0.513 mm-1

F(000) 3544

Crystal size 0.3700 x 0.1190 x 0.0660 mm3

Theta range for data collection 1.443 to 25.025°.

Index ranges -27<=h<=27, -42<=k<=42, -12<=I<=12

Reflections collected 69099

Independent reflections 15413 [R(int) = 0.0628]

Completeness to theta = 25.025° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.0000 and 0.7528

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15413 /282 / 1067

Goodness-of-fit on F2 1.063

Final R indices [1>2sigma(l)] R1=0.0577, wR2 = 0.1312

R indices (all data) R1=0.0699, wR2 =0.1411

Extinction coefficient n/a

Largest diff. peak and hole 0.918 and -0.969 e.A-3
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Table S34. Crystal data and structure refinement for 38.

Identification code shelx

Empirical formula C33H53 B F4 NP2 Rh

Formula weight 715.42

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=28.7780(10) A o = 96.628(2)°.
b =11.3910(10) A B =94.877(2)°.
¢ =17.4560(10) A y = 98.610(2)°.

Volume 1704.9(3) A3

z 2

Density (calculated) 1.394 Mg/m3

Absorption coefficient 0.640 mm-1

F(000) 748

Crystal size 0.432 x 0.226 x 0.124 mm3

Theta range for data collection 2.359 to 25.000°.

Index ranges -9<=h<=10, -13<=k<=13, -20<=1<=20

Reflections collected 31074

Independent reflections 5991 [R(int) = 0.0307]

Completeness to theta = 25.242° 96.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.000 and 0.907

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5991/0/397

Goodness-of-fit on F2 1.048

Final R indices [1>2sigma(l)] R1=0.0204, wR2 = 0.0493

R indices (all data) R1=0.0235, wR2 = 0.0521

Extinction coefficient n/a

Largest diff. peak and hole 0.595 and -0.424 e.A-3
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