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Abstract

In an effort to make alternative energy competitive to fossil fuels, research in improving efficiencies
of solar cells and fuel cells have grown rapidly over the last few decades. One prominent strategy to
improving the efficiencies in these devices focuses on engineering materials with customized molecular
structure for enhancements in specific properties. Herein, new organic materials are designed and
synthesized to enhance selected properties for applications in fuel cells and solar cells.

In chapter 1, triptycene poly(aryl ethers) are synthesized and characterized for enhancing ion
conductivity of ion exchange membranes in fuel cells. Triptycene motif is incorporated to increase charge
density and fractional free volume in the membranes. In Chapter 1.2, sulfonated triptycene poly(ether ether
ketone) (S-tripPEEK) is synthesized and studied for proton exchange membranes (PEM). Increasing
fractional free volume in the membrane results in high water uptake at relative humidity (RH) from 10 %RH
to 90 %RH and higher proton mobility in the membranes. S-tripPEEK membranes show proton
conductivities of 334 mS/cm at 85 °C at 90 %RH and 0.37 mS/cm at 85 °C at 20 %RH as compared to 18.9
mS/cm and 0.0014 mS/cm observed in commercially available Nafion117™ membranes.

In Chapter 1.3, methylimidazolium triptycene poly(ether sulfone)s (Melm-tripPES) are made for
alkaline anion exchange membranes (AAEM) and are found to have ion conductivities of 104 mS/cm at
80 °C in water. Controlled nanophase separation with increased domain size contributed by the triptycene
moiety lead to the high observed conductivities. However, the methylimidazolium functional groups on the
membranes are not stable to alkaline conditions in the operation of a fuel cell.

In Chapter 2, dithiolodithiole (C4S4) heterocycle was synthesized and studied as a new building
block for organic photovoltaic materials. As an electron-rich fused-ring motif, C4S, is expected to be a more
effective electron donor. Comparison with analogous thiophene derivatives shows that C4S, moiety raises
the highest occupied molecular orbital (HOMO) by 0.7 — 1.0 eV, suggesting a stronger electron donating
character than thiophene. Furthermore, crystal structures of C4S4 molecules show planarity in the molecule
which further reduces the bandgap.
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Chapter 1. Functionalized Triptycene Poly(aryl ether)s for lon Exchange

Membranes in Fuel Cells

1.1.  Introduction

Sir William Grove discovered the first fuel cell in 1839* and demonstrated the expansion into a fuel
cell stack for more power in 1842.? Since the discovery, many different types of fuel cells were developed
and can be generally group into the following types based on the material used as the separator: solid-oxide
fuel cells (SOFCs) and molten-carbonate fuel cells (MCFCs) that operate above 500 °C, and proton
exchange membrane fuel cells (PEMFCs) and anion exchange membrane fuel cells (AEMFCs) that operate
below 200 °C.>* Each of these fuel cells has its pros and cons mainly due to the operating temperatures.
Compared to SOFCs and MCFCs, which operate at high temperatures, low temperature fuel cells like
PEMFCs and AEMFCs are less efficient and less tolerant to impurities in the fuel but their low operating
temperature allows for a faster start-up and better dimension stability which are crucial for portable fuel
cells that are used for electric vehicles that starts and stops frequently.*® Thus, in order to utilize fuel cells
as a clean source of energy in transportation, efforts in improving the efficiencies of low temperature fuel

cells such as PEMFCs and AEMFCs are crucial.

In the process of improving efficiencies of low temperature fuel cells, it is important to first
understand the operation of fuel cells and the associated technological challenges. In PEMFCs, at the heart
of a typical fuel cell is the membrane electrode assembly (MEA) comprising a proton exchange membrane
(PEM) sandwiched between the anode and the cathode (Figure 1.1-1). During operation, fuel, such as
hydrogen or alcohols, is supplied to the anode where the fuel is oxidized by an active catalyst to generate
(i) electrons that go through the external circuit and into the cathode, and (ii) protons that goes through the
proton exchange membrane to the cathode. At the cathode where air is supplied, oxygen in the air is reduced

to form water and heat to complete the cycle.
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Fuel + H,0 — « 0, (or air)
Hydrogen Fuel: 1
H, 502+2H+ +2e”
N _ u
2H™ + 2e 2H,0

Methanol Fuel: 3
CH;OH + H,0 0z +6H" +6e”
| }

6H++ C02+ 6e” SHZO

— H,0 + 0, (or air)

Unused fuel + H,0 «

Figure 1.1-1. Schematic of a membrane electrode assembly in a PEMFC with the relevant half equations of all electrochemical
reaction at the anode and the cathode

Similarly, in an AEMFC (Figure 1.1-2), the fuel is oxidized at the anode to produce electrons that
go around the external circuit to the cathode to reduce oxygen in air. However, unlike PEMFCs where
protons are generated at the anode, hydroxide ions are generated from the reduction of oxygen and
transported to the anode in an AEMFC to complete the electrochemical cycle. The electrochemical reactions
in AEMFCs are typically more efficient and can be catalyzed by inexpensive earth abundant metal

catalysts.>*"® These two benefits give AEMFCs an advantage over PEMFCs in terms of cost and efficiency.
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Fuel — « H,0 + 0, (or air)

Hydrogen Fuel: 1
H, + 20H™ 502+H20+2e’
4 }
H,0 + 2Ze” 20H"

Methanol Fuel:

CH30H + 60H™
|

CO, + 5H,0 + 6e~

3

502 + 3H20 + 687
|

60H™

Unused fuel + H,0 « — H,0 + 0, (or air)

Figure 1.1-2. Schematic of a membrane electrode assembly in an AEMFC with the relevant half equations of all electrochemical
reaction at the anode and the cathode.

The reactions shown by the electrochemical half equations at the anode in the AEMFC and the
cathode at the PEMFC only occur at the interface where the reactant and ions from the membrane, meets
the active catalyst in the electrode. Since the reactant and the catalyst can be loaded in excess, the limiting
reagent in the fuel cell is ions that are transported through the membrane. Thus, in order to significantly
improve the efficiency of the fuel cell, developing ion exchange membranes that has high ion conductivity

of above 0.1 S/cm throughout the operation of the fuel cell will be crucial.”®

In this project, the focus is on designing new ion exchange membranes for PEMFCs and AEMFCs.
There are many approaches that have been reported in literature and they can generally be grouped into the
following approaches: (i) new polymer designs, (ii) polymer composites with inorganic materials, and (iii)
polymer membranes doped with small molecule carriers.®"#1%1® While mixing in inorganic materials or
small molecule carriers can improve the conductivity of the membrane, further enhancements may be
possible if they are applied to new base polymer designs that have intrinsic advantages. To advance fuel

cell membranes, this thesis focuses on new polymer designs for ion exchange membranes for PEMFCs and
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AEMFCs that are not composites with inorganic materials or doped with any other small molecule ion

carriers, such as phosphoric acid*"*® or ionic liquids.*

1.1.1. Factors Affecting lon Conductivity

In order to improve the ion conductivity of membranes, it is important to understand the transport
mechanisms for protons and hydroxide ions in the membranes. lon exchange membranes are made up of
ionic polymers that have charged functional groups, such as sulfonic acid in PEMs and quaternary
ammonium in AEMs. Mobile ions dissociate from these functional groups and are transported within the
membrane. The total charge that mobile ions carry through a given volume of the membrane per unit time
is defined as the ion conductivity of the membrane.?® Thus, conductivity can be improved in two ways: (i)
increasing the number of ions within the membrane that can move and/or (ii) increasing the speed in which

the ions can move.

The number of dissociated ions that move within the membrane is defined as the ion exchange
capacity (IEC) of the membrane. IEC is the number of dissociated ions that is typically normalized to the
mass of the membrane. This property can be directly controlled by designing the chemical structure to
increase the number of charged functional groups per unit mass within the polymer. However, increasing
the number of ionic groups also increases the hydrophilicity of the polymer and the solubility in methanol
and water. This effect can lead to a loss in mechanical stability of the membrane which is detrimental for
both PEMFCs and AEMFCs. Thus, balancing the increased IEC with structural integrity of the membrane

remains a necessary challenge.

Improving the mobility of ions through the membrane requires an understanding of the transport
mechanism. After dissociating from the stationary charge on the polymer, protons and hydroxide ions have
profound interaction with water molecules around them due to the strong hydrogen bonds. At the rest state
in water, protons exist as hydronium ions (HzO") with their closest hydration shells containing three water
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molecules through hydrogen bonding, forming the complex of H30* (H20)3.* On the other hand, hydroxide
ions (OH") exist in the rest state with four water molecules, forming a complex of OH™ (H20)4.% This hyper-
coordination complex was found to be stable as a result of the delocalization of the three lone pairs in the
oxygen atom.? Nonetheless, compared to other ions in water, both protons and hydroxide ions are known
to have much faster ion conductivities”? as the formation of these complexes creates an alternative path

for ion transport through mass transfer between the ions and its first solvation shell.

For both protons and hydroxide ions, the higher conductivity is the result of the involvement of
water as a medium of transport. It is generally accepted that the transport of protons and hydroxide ions in
membranes are achieve through two different mechanisms, translational diffusion of the ions in a vehicular
mechanism?* and hopping between different host molecule through structural diffusion®22%2¢ (also known
as the Grotthuss mechanism in proton conduction® which Grotthuss proposed in 1806 and his paper was
translated into English in 2006%"). The prevalence of one or the other depends on the water content in the

membrane and the amount of free space within the membrane.*®?

In vehicular transport mechanism, the transport of ionic groups is based on a translational
movement of the ions driven by the concentration and the electrostatic gradients in the membrane.?° For
example, in a PEMFC, the hydronium ions are generated at the anodic interfaces and consumed at the
cathodic interfaces. This effect gives rise to the concentration and the electrostatic gradients within the
membrane. In this mechanism, increasing free volume for diffusion of the whole vehicle will enhance ion

transports.

In a structural diffusion mechanism, protons hop from one water molecule to another, resulting in
the movement of ions to the water molecule in its first solvation shell. This process is different for protons
as opposed to alkaline ions. For protons, the process is initiated by thermal fluctuations that break a
hydrogen bond between water molecules in the first solvent shell (H.O? in Figure 1.1-3) and second
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solvation shell (H,O) of the hydronium ion.?* With one less hydrogen bond, the water molecule in the first
solvation shell pulls the proton from H3zO" closer, forming a H.Os" intermediate. The original H3O" ion
forms a new hydrogen bond with the initial water molecule (H.OP) that was disrupted, releasing the proton

to the new water molecule.

e L& xx /, ___________ } { |
(’ &Hjoh (’ \go: ‘:/J (? \’ \ ‘V_,

Hzob v

(a) (b) ()

Figure 1.1-3. Schematic of the movement of a H3O" ion through structural diffusion. Hydrogen is transferred from HzO* to
another water molecule after thermal fluctuations break a hydrogen bond in the second solvation shell. Blue area denotes the
location of the first solvation shell of the proton.

For alkaline ions, the process is initiated by thermal fluctuations that break a hydrogen bond within
the first solvation shell (Figure 1.1-4).%% This main difference results in a stronger pull from the OH" ion
on another water molecule in the first solvation shell and another unbounded water molecule. A hydrogen
is then transferred from the water molecule in the first solvation shell, resulting in the migration of the OH"

ion. In summary, for fast structural diffusion of protons and hydroxide ions, the membrane requires a

continuous network of water molecules.
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(a) (b) (c)

Figure 1.1-4. Schematic of the movement of a hydroxide ion through structural diffusion. Hydrogen is transferred from one water
molecule to the hydroxide ion after thermal fluctuations break a hydrogen bond within the first solvation shell. Blue area denotes
the location of the first solvation shell of the proton.

In summary, to facilitate transport of protons and hydroxides in both vehicular and structural
diffusion mechanisms, it is important to retain water as a continuous network in the polymer membranes.
Nafion™, the most widely used proton exchange membrane in industry, creates such network when swollen
through controlled phase separation between the hydrophobic fluorous polymer structure and the
hydroscopic sulfonic acid side group. However, due to the performance limitations in Nafion™ (chapter
1.2.1) and the lack of a similar analogue in anion exchange membranes, alternative polymer systems such

as poly(aryl ether)s have been developed.

1.1.2. Poly(aryl ethers) as Base Polymers for lon Exchange Membrane

The polymer designs in this thesis are based on improving the current functionalized poly(aryl
ether)s (PAEs). PAEs are known to be a great substitute for the current membranes because of their
synthetic simplicity, processability, and thermal and chemical stability under oxidative and reductive
conditions within the operating temperatures (up to 200 °C) required for fuel cells.”"***%32 PAEs are
aromatic polymers with monomers that are linked with an ether group (Figure 1.1-5). They are generally
synthesized through step growth polymerizations with nucleophilic aromatic substitution reactions, first

used in polymerization in 1967.% In order for the polymerization to work well, one of the monomers needs
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to have aromatic halides that are ‘activated’ by an electron withdrawing constituent, such as sulfone or

ketone.
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Aromatic Ring

X =FCI

Aromatic Nucleophillic
Substitution

Y Electron Poor
0] A ticR 0]
+ ‘{ romatic =ing " ‘{ Aromatic Ring n

Examples of Monomers used in lon Exchange Membranes

This Work
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Figure 1.1-5. General chemical structures of poly(aryl ether)s with some examples of possible monomers that are used for ion
exchange membranes

Many different variants and polymers of different compositions can be made by changing the
composition of the monomers, allowing the possibility of fine-tuning the physical properties of the
polymers. For example, the isopropyl group in bisphenol A (Figure 1.1-5b) imparts flexibility in the
polymer backbone, which lowers the glass transition temperature and makes the resultant polymer more
pliable. On the other hand, the sulfone group in bis(4-fluorophenyl)sulfone (Figure 1.1-5g) imparts rigidity

in the polymer backbone, leading to the opposite effect and can make the resultant polymer more brittle.
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Among the PAEs, poly(ether ether ketone) (PEEK) and poly(ether sulfone) (PES) are widely used
as base polymers for ion exchange membranes as a result of synthetic simplicity possible for post
polymerization functionalization and the ease of forming free standing membranes.***3% PEEK is made
from hydroquinone (Figure 1.1-5a) and 4-4’-bifluorobenzophenone (Figure 1.1-5f), while PES is made
from bisphenol A (Figure 1.1-5b) and bis(4-fluorophenyl)sulfone (Figure 1.1-5g). The electron rich
aromatic rings with ether linkages one or both ends can be functionalized through electrophilic substitution
reactions such as sulfonation and chloromethylation. To make proton exchange membranes, PEEK and
PES can be treated with sulfonating agents, such as concentrated sulfuric acid. In this process, sulfur
trioxide is the activated group that attacks the electron rich aromatic ring to produce a sulfonic acid
functionalized polymer. On the other hand, anion exchange membranes require the synthesis of polycations
which can be easily accessed through quaternization of chloromethyl functionalized PEEK or PES with
amines or phosphines. Chloromethyl PES are typically synthesized with chloromethyl ethers in the presence

of zinc (1) chloride.

Many strategies used to modify the base polymers to improve ion conductivities have been pursued
and reviewed extensively over the years.'® 2% These strategies can be generally classified into two
categories: improving mobile ion concentration or improving ion mobility. For example, adding fluorous
groups in the monomers such as 4,4’-(Hexafluoroisopropylidene)diphenol (Figure 1.1-5¢) or
decafluorobiphenyl (Figure 1.1-5h) increases the hydrophobicity in the base polymer and improves the
phase separation away from hydroscopic ionic groups in the membrane. This addition results in more
defined water domains which improves the ion mobility. Another example is to introduce bulky groups
with more sites for functionalization such as fluorene (Figure 1.1-5¢) or hexaphenyl benzene (Figure 1.1-5i)
into the polymer structure. More ionic groups can be introduced to the polymer to increase the ion
concentration in the membrane while adding intrinsic free volume to improve water adsorption in the

membrane.®>%
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In this project, triptycene-based poly (ether ether ketone) and poly (ether sulfone) were developed
to improve ion conductivities in PEMFCs and AEMFCs. The three dimensional non-compliant triptycene

%840 increases the intrinsic free volume in the membranes and the phenyl rings associated with the

group,
triptycene structure provide multiple sites for post polymerization functionalization to yield ionic polymers
for PEMFCs and AEMFCs. Studies of sulfonated triptycene PEEK for PEMFC and functionalized

triptycene PES for AEMFCs will be covered in Chapter 1.2 and 1.3 respectively.

1.1.3. Methods to Probe and Understand lon Conductivity in Membranes

To quantify the improvement of our synthetic designs, there is a need to probe the ion conductivity
of the membrane and the associated properties such as the ion concentration and water content that affects
ion conductivity in these membranes. In this section, we discussed the general methods that are used to

probe the ion concentration, water content, and ion conductivity.

1.1.3.1. lon Exchange Capacity through Titrations

lon exchange capacity (IEC) of the membrane is defined to be the number of mobile ions per unit
mass of the membrane which contributes to ion conductivity in the membrane as discussed in section 1.1.1.
The method used to quantify IEC is the titration of the protons or hydroxide ions within the membrane. In
proton exchange membranes, the membranes are soaked in a neutral salt solution such as sodium chloride
solution, to exchange the protons with the sodium ions. The solution is then titrated with a dilute base of a
known concentration. The amount of protons in the membrane can then be calculated and normalized by

the mass of the membrane to obtain the IEC.

However, in anion exchange membranes, hydroxide ions can react with carbon dioxide in air to
form carbonates. The release of the hydroxide ions in neutral solutions under normal atmosphere would
result in the loss of hydroxide, leading to inaccuracy of the titration. Instead, these membranes are soaked
in a known volume of a dilute acidic solution such as dilute hydrochloric acid with a known concentration,
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releasing hydroxide ions from the membrane to neutralize the acid in the soaking solution. The resultant
soaking solution was then back titrated with a dilute base of a known concentration to figure out the amount
of protons that were neutralize, which is also the amount of hydroxide ions in the membrane. The value

obtained was then normalized by the mass of the membrane to obtain the IEC.

1.1.3.2. Water Content in Membranes through Thermal Analysis

As the key medium of ion transport in membranes, the water content of the membrane needs to be
characterized accurately. The membrane property that quantifies this water content is the hydration number
(), which is defined as the number of water molecules per mabile ion in the membrane. To obtain A, the
amount of water in the membranes is first calculated by measuring the gain in mass of the membrane after
equilibrating in the conditions at which ion conductivity is measured. The gain in mass would be the mass
of water in the membrane, which can be used to determine the number of water molecules in the membrane

which can then be normalized by the number of mobile ions in the membrane derived from the IEC.

1.1.3.3. Measuring lon Conductivity with Electrochemical Impedance Spectroscopy

In order to experimentally determine the conductivity of ions in membranes, the method of choice
is known as Electrochemical Impedance Spectroscopy (EIS).*** Impedance is the effective resistance of
the sample to an alternating current and it can be composed of resistive, capacitive, and inductive effects.
Alternating voltages or currents at various frequencies are applied to the sample and the corresponding
changes in amplitude and frequency of the recorded signal are used to determine the impedance in the
sample. The data obtained are typically plotted as Nyquist plots, wherein the real (in phase) and imaginary
(out of phase) components of the impedance are plotted against each other. The amplitude of the impedance
is the distance between the data point and the origin and the change in frequency is described by the angle
from the x axis (Figure 1.1-6a). By fitting the data obtained with the calculated equivalent circuit models
(example in Figure 1.1-6b) of resistors, capacitors and inductors, the components and their values would
provide insights into the sample.
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Figure 1.1-6. (a) Schematic of a single data point on a Nyquist plot. (b) Nyquist plot of a resistor and capacitor in parallel

When applied to an electrochemical interface at frequencies relevant to ion movements, EIS
provides great insights into interfacial processes. For example, when used on an electrochemical interface
between an electrode and electrolyte, kinetics of electrochemical reactions at the electrode can be
determined through modeling the impedance spectrum obtained with an equivalent circuit (Figure 1.1-7).
The components of the equivalent circuit are attributed to internal resistance of the electrode (Rei),
capacitance of an electrical double layer at the electrode (Cq), and resistance of charge transfer from
electrode to electrolyte (Rc). However, it is important to note that EIS is a modelling technique and known
physical phenomena need to be used to justify the circuit elements that are employed. In this example, the
physical phenomenon can be captured through visualization of the path of the mobile charge. The charge
first passes through the electrode wherein it encounters the internal resistance of the electrode. At the
interface, the charge can either be part of the electrode that induces an electrical double layer or be
transferred to an electrochemically active species in the electrolyte which is analogous to the part of the

model where Cq is parallel to Rg:.
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Figure 1.1-7. () Equivalent circuit model fitting in a Nyquist plot for an ideal electrode/electrolyte interface. (b) Physical
interpretation of the equivalent circuit model

In actual experiments, most systems are non-ideal systems and thus cannot be accurately described
by simple circuits. On this front, researchers have used composite components such as a Constant Phase
Element (CPE) in order to describe the non-ideality before identifying the circuit elements and the physical
phenomena described. To describe this consider the previous example, wherein in the ideal case scenario
charge transfer will always occur at the interface and hence a resistor is used as the equivalent element.
However, when the diffusion of the electroactive group is limiting the charge transfer at the interface, a
Warburg impedance element is needed to be used to describe the interface. A Warburg impedance element
is a CPE that is derived by Warburg in 1899 by using the diffusion equation of the mobile ions as a
contribution to the current when solving for the double layer capacitance of the electrode.* The resultant
Warburg element has a constant phase angle of 45 °, suggesting that this element consistently slows the
applied voltage by a quarter of the period of the frequency. Once added to the circuit in Figure 1.1-7 as an
extra resistor in series to charge transfer, the new model describes electrochemical reactions occurring at

the electrode that can be limited by mass diffusion and not reaction kinetics. Thus, in this example, by

27



looking at the shape of the Nyquist plot, one can determine whether the electrochemistry at the interface is
reaction rate limited or diffusion limited (Figure 1.1-8). Many more insights can be obtained based through
EIS that can help diagnose many problems in fuel cells which are made up of many electrochemical

interfaces.
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Figure 1.1-8. Simulated data with increasing Warburg impedance that reflects Nyquist plots on electrochemical reactions that are
diffusion limited.

EIS can also be employed to characterize individual components of a fuel cell. In this project, EIS
is used to evaluate ion conductivity in ion exchange membranes. lon exchange membranes are placed across
electrodes in a two or four probe configuration (Figure 1.1-9). In the two-probe mode, there are three
components, the contact impedance of the platinum wires with the membrane and the impedance of
membrane itself. By using a four-probe setup we can remove the contact impedance as the two voltage

probes in the middle does not allow any current flow between them. Nonetheless, it has been found that as
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long as the impedance of the membrane is much larger than the contact impedance, both measurements
converge to the same result.*** By increasing the electrode distance to beyond 3 cm, which ensures that

the membrane impedance is higher, both methods would result in the same values.
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Figure 1.1-9. (a) Measurement setup in a four-probe configuration and the equivalent circuit. (b) Measurement setup in a four-
probe configuration and the equivalent circuit. In both figures, WE, RE1, RE2 and CE are the electrode configuration for
electrochemical interface (Solartron 1287) with an impedance analyzer (Solartron 1260).

With the four-probe setup, the impedance of the membrane can be independently modeled. The
simplest ideal equivalent circuit of a resistor (Rmem) and capacitor (Cmem) in parallel is used to describe the
ion exchange membrane (Figure 1.1-10). Once again, following the path of a mobile charge, the mobile
charge in the membrane can either move through the membrane between the electrode or accumulate near
the electrode to create capacitance (not to be confused with the double layer capacitance that would be
accounted for in Zg) and thus the parallel arrangement of Ryem and Crem. The resultant Nyquist plot is a

semicircle that is described by the equations in Figure 1.1-10.
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Figure 1.1-10. Simulated Nyquist plot of an equivalent circuit model that is analogous to ion movement in an ion exchange
membrane.

When measuring with a two-electrode setup, the impedance at the electrode/membrane interface
contributes to the Nyquist plots. At low frequencies, charges accumulate at the electrodes because of
increased capacitance from ion migration, resulting in a barrier for ion movement. Thus a diffusion limited
response to the applied voltage which manifests in a 45 ° line on the Nyquist plot would be observed.
However, the angle of the response at low frequency is found to increase with the size of the electrode*

and may thus result in poor fit and error in the recorded bulk resistance of the membrane. (Figure 1.1-11)

30



45000 ——
40000 Nafion 117 at 70 %RH 85 °C
35000 i
30000 i
25000 | ]
20000 ]
15000 ]
10000 |

5000 |

-mZ) ()

0 " i " ' §
0 10000 20000 30000 40000
Re(Z) (Q)

Figure 1.1-11. Nyquist plot of Nafion 117 taken at 70 %RH 85 °C. This plot represents a typical plot obtained throughout this
project. Semicircle and 45° line is drawn in to show the high angle at low frequencies due to the usage of wide platinum strips to
reduce contact resistance.

Other non-idealities such as inconsistent thicknesses or sample porosity can result in a tilt in the
semicircle on the Nyquist plot.® In this case (Figure 1.1-12), the inconsistent thickness resulted in an
inhomogeneous charge build up at the electrode/membrane interface. This behavior needs to be treated by

replacing the capacitor with a constant phase element in order to correct the tilt.

S-tripPEEK(1,3) at 30 %RH 85 °C

- RI'I'I em

Am(Z) ()

Re(Z) (Q)

Figure 1.1-12. Experimental Nyquist plot of sample with uneven thickness. W in the equivalent circuit is the Warburg impedance
expected at low frequency in a two electrode measurement. Tilted semicircle is specifically as a visual guide on how the CPE
would cause a depression in the Nyquist plot.
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In summary, when employed with care, EIS is a great technique that can be used to probe the
individual components of a fuel cell and can be further employed to understand fuel cell performances. In
the next two chapters, we will describe the approach in designing new polymers for ion exchange
membranes in PEMFCs and AEMFCs and the evaluation of these new designs on improving ionic
conductivity in these membranes using EIS. Chapter 1.2 will describe the work on using the triptycene
functional group to enhance free volume in proton exchange membranes for higher conductivities at low

relative humidity. Chapter 1.3 will describe the work on designing triptycene poly aryl ethers for AEMFCs.
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1.2.  Sulfonated Triptycene Poly Ether Ether Ketone as Free Volume Enhanced Proton

Exchange Membranes in Fuel Cells

1.2.1. Introduction

Currently in PEMFCs, the most widely used PEMs are composed of perfluorinated poly(sulfonic
acids), such as Nafion™. In these membranes, protons transported via proton transfer between sulfonic acid
groups and water molecules in channels are generated by the directed assembly of the hydrophabic fluorous
polymer structure. Nafion’s chemical stability and excellent ionic transport properties are well known, but
there are several important limitations to this material: (i) high cost of production; (ii) toxic intermediates
from its synthesis; (iii) decomposition products release fluorocarbons into the environment; (iv) high
permeability to gases and (v) limited chemical stability; and (vi) low proton conductivities above 90 °C

which limits its commercially useful operational temperature window, *1:1216:30.3237.46.47

Nafion’s proton conductivity drops drastically at temperatures above 100 °C, wherein most of water
in the membrane is lost to evaporation. Mechanistic and empirical studies on proton conductivity in Nafion
suggest that proton conductivity is correlated to the degree of hydration within the material.*>282%47-53 |
sulfonic acid based membranes, it is the hydration of sulfonate groups which determine the amount of water
in the membrane, and therefore the proton conductivity of the material. Hydrophilic sulfonate groups in the
polymer coalesce, creating nanopores with high affinity for hydration, which form a percolated water

network for proton conduction. At high temperatures and low relative humidity, water is lost to the

environment and the nanopores collapse, resulting in a drastic decrease in proton conductivity.

One way to address the loss of water at low humidity and high temperature is to increase intrinsic
free volume (defined at a molecular level) within the membrane. Intrinsic free volume can be introduced

by adding bulky groups to sulfonic acid based membranes through rigid side chains,*"* chain branching,>®
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or by introducing bulky groups into the polymer backbone.**“¢*®>" When the polymer membrane is
completely dried, these rigid bulky groups prevent packing and produce nanovoids. However, this design
is accompanied by the increased stress to the material that results in distorted bond angles and an increase
in internal energy.®” This internal energy is relieved when the membrane is exposed to small molecule
solvents that can fill the voids and plasticize the polymer. Since water molecules are plasticizers for
sulfonate polymers that are hydrophilic, it is energetically favorable for polymers with bulky groups to
retain more water molecules at low humidity to prevent the energetic penalty from drying the membrane

and thus retain a higher proton conductivity.

Although proton conductivity enhancements have been seen in the aforementioned earlier work,
studies are lacking to best understand the factors that affect proton conductivity, including the ion exchange
capacity (IEC), with a systematic control of free volume in the membranes. In this chapter, we report the
use of the triptycene moiety to systematically control the intrinsic free volume in a PEEK-based PEM. The
triptycene group increases the free volume in the polymer as a result of the three dimensional non-compliant

triptycene group®®*°

and the phenyl rings associated with this structure allow for simple post polymerization
sulfonation wherein the degree of sulfonation can be easily controlled. By synthesizing random copolymers
with different numbers of triptycene groups and controlling the degree of sulfonation, membranes with
similar IEC but different amounts of free volume were directly compared to elucidate the effect of free

volume on proton conductivity. These results serve as a guide to new designs for PEMs that can be used at

low humidity and high temperature.

1.2.2. Synthesis of Sulfonated Triptycene Poly(Ether Ether Ketone) Membranes
1.2.2.1. Synthesis of triptycene hydroquinone:

Triptycene hydroquinone was synthesized according to literature (Scheme 1.2-1)."°® Anthracene
(35.65g, 200 mmol) and 1,4-benzoquinone (21.62g, 200 mmol) in 200 ml of toluene were heated under
reflux for 6 h and cooled to room temperature. The precipitated triptycene benzoquinone was filtered and
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washed with toluene and dried in a vacuum oven at 75 °C overnight. Triptycene benzoquinone was then
added to 300 ml of glacial acetic acid and was heated under reflux. 1 ml of 40% hydrobromic acid was
slowly added to the reaction and the reaction was left to stir under reflux condition for 3 h and left to cool
to room temperature, precipitating triptycene hydroguinone that is filtered and dried in the vacuum oven at
75 °C overnight. Triptycene hydroquinone was obtained in 65% yield over two steps. *H NMR (400MHz,
DMF-d7, 293K): 9.02 (2H, s), 7.44 (4H, m), 7.00 (4H, m), 6.42 (2H, s), 5.96 (2H, s); *C NMR (100MHz,

DMF-d7, 293K): 147.38, 146.52, 133.48, 125.82, 124.64, 114.08, 48.43.

Scheme 1.2-1. Synthesis of triptycene hydroquinone

@ . H 0 cat. HBr ‘. OH
toluene, reflux, 6 h O Q acetic acid, reflux, 3h O O
° " o HO

1.2.2.2. Synthesis of Triptycene Poly(Ether Ether Ketone) (tripPEEK(X,y)):

TripPEEK and its copolymers, designated tripPEEK(X,y) (Table 1.2-1), were synthesized through
aromatic nucleophilic substitution (SnAr) reaction between x equivalents of triptycene hydroquinone, y
equivalents of hydroquinone and (x+y) equivalents of 4,4’-difluorobenzophenone (Scheme 1.2-2). The
general procedure of polymerization, illustrated using tripPEEK(1,3), is as follows: in a flamed dried two-
necked round bottom flask under nitrogen atmosphere with a Dean-Stark apparatus, triptycene
hydroquinone (2.863 g, 10.0 mmol), hydroquinone (3.303 g, 30.0 mmol) and 4,4’-difluorobenzophenone
(8.728 g, 40.0 mmol) was dissolved in anhydrous DMACc (80 ml) and anhydrous toluene (10 ml). Potassium
carbonate (12.715 g, 92.0 mmol) was added and the reaction was heated to 140 °C for azeotropic distillation
to remove water that was generated in the reaction. Once all the toluene was collected the reaction was
heated under reflux conditions (165 °C) for 18 hours. The reaction was then precipitated in boiling water
and filtered. The resulting polymer was purified by dispersing in boiling DMAc and precipitating twice in

boiling water and twice in methanol. The resultant polymer was further purified with a Soxhlet extraction
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with acetone for two days, yielding an off-white polymer powder that was dried in the vacuum oven for

two days at 75 °C.

Scheme 1.2-2. Polymerization of TripPEEK(X,y) through SNAr reaction
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Table 1.2-1. Mole ratio of monomers of polymers. Average molecular weight per repeat unit is calculated in equation below

Mole ratio

triptycene hydroquinone | 4,4°- Average molecular

hydroquinone | (y) difluorobenzophenone weight per repeat unit
Designation x) (x+y) (9/mol)
tripPEEK(1,0) | 1 0 1 464.5
tripPEEK(1,1) | 1 1 2 376.4
tripPEEK(1,3) | 1 3 4 332.4
PEEK 0 1 1 288.3

x(464.5) + y(288.3)

Ave. Molecular Weight per repeat unit =
X+y

1.2.2.3. Synthesis of sulfonated tripPEEKS (S-tripPEEK) and sulfonated PEEK (S-PEEK):
TripPEEK and PEEK were sulfonated with concentrated sulfuric acid. 0.5g of polymer was stirred
in 10 ml of concentrated sulfuric acid for 4 hours to dissolve the polymer before the solution was heated to
65 °C and left to stir for 1 hour. The degree of sulfonation can be increased with a longer reaction time at
65 °C. Sulfonated polymers were precipitated in ice water, filtered and rinsed with deionized water and
transferred into dialysis tubing (Molecular weight cut off of 10000 Da) for extraction with deionized water

until pH neutral.

1.2.2.4. Formation of proton exchange membranes:
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S-trpPEEKS were dissolved to form 10 wt% solutions in dimethylformamide. 2.0 ml of the polymer
solution was dispensed on a 75 mm x 25 mm glass slide and heated to 75 °C for 2 hours before drying
overnight under vacuum at 75 °C. Free standing membranes with thicknesses between 100-150 um were
peeled off the glass slides and cut to sizes needed for further experiments. Prior to any characterization, the
membranes were soaked in 2.0 M sulfuric acid for 24 hours to protonate the membranes. Thereafter, the
membranes were transferred into deionized water and soaked for 24 hours, replacing the deionized water

every 8 hours to remove residual acid.

1.2.2.5. Pretreatment of Nafion117

Nafion 117 membranes were pretreated as reported in literature to remove organic impurities and
reprotonate all sulfonic acid groups before all measurements.> Nafion 117 membranes were boiled in a 3%
H»O; aqueous solution for 1 hour, rinsed with deionized water and boiled in a 0.5 M sulfuric acid solution
for 1 hour. The protonated membranes were then soaked in deionized water for 24 hours, switching the
deionized water every 8 hours, to remove residual sulfuric acid. The pretreated membrane were then kept

in deionized water before testing.

1.2.3. Characterization of Membranes
1.2.3.1. lon exchange capacity:

lon exchange capacity (IEC) is the measure of the number of acid groups that contributes to the
dissociation of protons in the membrane which has been found to directly affect proton conductivity. IEC
was determined by titration with 0.01 M sodium hydroxide solution. Membranes were soaked in 2.0 M HCI
overnight to protonate all sulfonate groups. Protonated membranes were rinsed with deionized water 3
times and soaked in 2.0 M NaCl solution overnight for ion exchange. The solution was then titrated with
0.01 M (Mnaon) sodium hydroxide solution (standardized with 0.010 M potassium hydrogen phthalate)
until pH 7.0 using a pH meter and the volume of base (Vnaon) Was used to calculate IEC with equation
below, where mqry is the mass of dried membrane.
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1.2.3.2. Water uptake and hydration number:
Water uptake (WU) and hydration number (1) at 20 %RH were obtained through thermogravimetric

analysis (TA instruments TGA Q5000). All measurements were done in triplicate and averaged.

Small pieces of S-tripPEEK membranes were first dried in a vacuum oven at 100 °C for 18 hours
and removed to equilibrate at 20 %RH at room temperature over 48 hours. The equilibrated film was heated
in the TGA from 25 °C to 150 °C at a heating rate of 10 °C/min and held at 150 °C for 2 hours. The mass
loss below 150 °C was attributed to the loss of water and was used to calculate water uptake (WU) using

equation below where mys -c is the mass at 25 °C, miso -c is the mass after holding at 150 °C for 2 hours.

m 0 - m o
Water uptake (WU) (%) = 25 ¢ 1507 < 100%
My50°c

Hydration number, A, which is defined as the number of water molecules for every sulfonate group
can be calculated using the equation below, where MWh2o is the molecular weight of water and WU is

water uptake as reported in percent.*

- ber () <WU/100>( 1 )
ration numbper =\ ——
y MWy, o ) \IEC

1.2.3.3. Fractional free volume of PEMs:
Fractional free volume (FFV) is defined as the fraction of volume in PEMs that is not occupied by
the polymer and is determined using the equation below where V is specific apparent volume of the PEM

and V is specific skeletal volume of the polymer.

\Y

v
FFV = 0
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To obtain the specific volumes needed, before any measurements, all PEMs were dried in a vacuum
oven at 85 °C for over 20 hours and quickly placed into a dessicator after drying to cool to room temperature
to prevent adsorption of atmospheric water. Polymers were then weighed quickly with a microbalance

(Mettler Toledo) to obtain the dry mass (Mary).

Specific apparent volume (V) per mass of the PEMs were calculated based on mass and dimensions
of the dry PEM using the equation below. Thicknesses (t) were measured using a Mitutoyo micrometer and
averaged over 9 locations on the membrane. Lengths (I) and widths (w) were measured using a Mitutoyo
digital calipers and averaged over 3 locations on the membrane. Both the micrometer and digital calipers
have been calibrated by the manufacturer and comes with a NIST traceability certificate.

_®O0OwW)

Mgry

\'

Specific skeletal volume (Vo) of polymers were obtained via helium pycnometry (Micromeritics
AccuPyc 1l 1340). The dried membranes were quickly loaded into the pycnometer to obtain the
corresponding skeletal volume (Vary). Helium pycnometry was done at 19.5 psi helium with 4 purge cycles
and averaged over 5 measurements. Vo was then calculated using the equation below.

V
Vo _ dry

Mgry

1.2.3.4. Proton conductivity measurements:
Proton conductivity (o) at various humidity and temperature was obtained through electrochemical
impedance spectroscopy (EIS) using a Biologic SP 200. Films were placed across 2 platinum electrodes

spaced 1 cm apart. The spacing of 3cm was chosen as proton conductivity measured from two-probe
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measurements at electrode distances above 2.7cm are similar to four-probe measurements, minimizing the
variance between the two configurations.*®

For proton conductivity in water, the setup is placed in a water bath at 20 °C. For proton
conductivity at different relative humidities, the setup is placed in a humidity chamber (Espec BTL433).
All membranes were tested with the same heating and cooling profile where membranes were measured at
the highest relative humidity (90 %RH) first, starting from 85 °C and cooling down to 25 °C in 10 °C step
and equilibrating for 1 hour before each measurement. For relative humidity below 30 %RH, the
membranes were tested from 85 °C to 60 °C in 5 °C steps due to limitations in the dehumidifier of the
humidity chamber.

Measurements were done in Potentio Electochemical Impedance Spectroscopy (PEIS) mode with
a mean AC voltage 0 V and an amplitude of 0.1 V over a frequency range of 1MHz to 0.1 MHz. The high
frequency intersect between the curve and the real axis of the Nyquist plot was recorded as bulk resistance
of the membrane (R). Proton conductivity (¢) was then calculated using equation below where | is the length
between the electrodes, w is the width of the membrane and t is the thickness of the membrane. All

dimensions were measured at 20% RH. Activation energy was calculated based on an Arrhenius relation.
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1.2.4. Results and Discussion
1.2.4.1. Physical properties of tripPEEKS

Comparing tripPEEKSs with PEEK showed that the inclusion of the triptycene moiety added steric
bulk which prevented n-stacking and inhibited crystallization, as observed in PEEK (Figure 1.2-1. DSC
thermograms of (a) tripPEEK(1,0), (b) tripPEEK(1,1), (c) tripPEEK(1,3) and (d) PEEK. Heat flows are
measured from 25 °C to 350 °C at a heating and cooling rate of 10 °C/min.). DSC thermograms of all

tripPEEKS showed only a single glass transition and no melting transition, suggesting that (i) tripPEEK(1,1)
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and tripPEEK(1,3) are random copolymers and (ii) tripPEEKs do not crystallize. The absence of a
crystalline phase makes tripPEEKs more soluble than PEEK and allows for solubility in common organic
solvents, such as chloroform, dichloromethane and boiling polar solvents, such as dimethylacetamide and
dimethylformamide. A benefit of the relative solubility of tripPEEKSs is that *H NMR spectra can be
obtained. With enhanced solubility, tripPEEKs polymerization also proceeds to higher degrees of
completion to provide a high molecular weight with soluble fractions have a number average molecular
weight of more than 100 kDa with respect to polystyrene standards. High molecular weights in tripPEEKS
allow for the formation of smooth and homogenous free-standing membranes.
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Figure 1.2-1. DSC thermograms of (a) tripPEEK(1,0), (b) tripPEEK(1,1), (c) tripPEEK(1,3) and (d) PEEK. Heat flows are
measured from 25 °C to 350 °C at a heating and cooling rate of 10 °C/min.

In addition to enhanced solubility, triptycene moieties also affect the density of the tripPEEK

polymers. (Table 1.2-2) Since the triptycenes increase the free volume in the material, it was expected that
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with more of the triptycene moiety present, the density will be lower. However, since adding triptycene
moieties also increases the mass of repeating unit, the net effect resulted in the density of tripPEEK(1,0)
being higher than tripPEEK(1,1). By normalizing the densities with the average molecular weight of a
repeating unit, the volume per mole of repeating unit shows that with more triptycene in the polymer the
higher the volume per repeat unit is obtained, suggesting that triptycene can contribute to additional volume

in each repeat unit.

Table 1.2-2. Densities and volume per repeat unit of tripPEEKS.

Average MW | Skeletal Volume/repeat

per repeat unit | density unit

(g/mol) (g/cm®) (cm*/mol)
TripPEEK(1,0) | 464.5 1.299 357.6
TripPEEK(1,1) | 376.4 1.276 295.0
TripPEEK(1,3) | 332.4 1.327 250.5
PEEK 288.3 1.321 218.2

1.2.4.2. Properties of sulfonated tripPEEKS (S-tripPEEK):
The sulfonation of tripPEEKSs using concentrated sulfuric acid was successful as indicated by the
new peaks in the IR spectra (Figure 1.2-2). The peaks at 1180 cm™ are assigned to the S=O stretch and 1050

cm from symmetric sulfonate group stretch.
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Figure 1.2-2. FTIR spectra for tripPEEKs and S-tripPEEKSs. Peaks at 1180 cm™ and 1050 cm are vibrational peaks from the
sulfonate group.

'H NMR analysis of tripPEEK(1,0) and S-tripPEEK(1,0) (Figure 1.2-3) suggests that some of the
sulfonate groups were added to the extended ‘wings’ of the triptycene group. Addition restricted to the
phenyl ring with the ether linkage would result in a lone H on this ring that is assigned an integration of 1H.
The total aromatic triptycene peaks integrates to 16 relative to the distinctive bridgehead protons, indicating
that sulfonate groups are also added to the extended rings of the triptycene group. Sulfonation should

preferentially occur on the more electron rich ring with 1,4-diether linkages. However, since concentrated
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sulfuric acid is both a sulfonating reagent and solvent, this provides for aggressive sulfonation conditions
that can add SOsH groups to the other two phenyl rings of the triptycene. The ketone bearing phenyl rings
are deactivated and the integration relative to the bridgehead protons indicates that under the conditions
used no sulfonation occurs on these rings. It is known that electrophilic substitution of triptycene occurs in
a sequential fashion when adding electrophilic groups,® and hence, should follow the same trend with
sulfonation. The reduction in rate of addition with each sequential addition resulting in a slower rate is a
result of homo-conjugation. As a result, the signal at approximately 7.05 ppm suggests that on average we

have selectively sulfonated the electron rich ring and one additional ring of the triptycene.
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Figure 1.2-3. 'H NMR of tripPEEK(1,0) and S-tripPEEK(1,0). S-tripPEEK was sulfonated with concentrated sulfuric acid at 65 °C
for 1 hour, resulting in successful sulfonation of 2 out of the 3 phenyl rings on the triptycene group.

Thermogravimetric analyses of S-tripPEEKSs and S-PEEK (Figure 1.2-4) showed an initial mass
loss that is associated with the loss of water that is attached to the hygroscopic sulfonate groups. The mass
loss at 350 °C was attributed to the decomposition of sulfonate groups. Hence, S-tripPEEKS are stable to

350 °C, which is well above the operating temperature of up to 200 °C in PEMFCs*"*,
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Figure 1.2-4. TGA of S-tripPEEKSs and S-PEEK from 50 °C to 900 °C at a heating rate of 20 °C/min. TGAs are normalized such
that 100% is weight percent after the mass loss associated to water.

As there are more sites available for functionalization with sulfonate groups in tripPEEKS
compared to PEEK, S-tripPEEKS with a larger range of degrees of functionalization and thus different IECs
were prepared for evaluation (Table 1.2-3). The table shows the corresponding molecular weights of the
membranes with different IEC are listed. Aggressive sulfonation results in some degradation of the polymer,
as for each of S-tripPEEK(1,0), S-tripPEEK(1,1) and S-tripPEEK(1,3), higher degree of sulfonation
resulted in a molecular weight reduction. Nonetheless, S-tripPEEKs maintain absolute molecular weight of
the polymers in the range of 33-100 kDa and still produced robust free standing membrane for further
testing.

Table 1.2-3. Range of molecular weight, IEC and degree of sulfonation of all S-tripPEEKs and SPEEKs made. Limits of IECs are
listed with respect to the molecular weight of the corresponding polymer. High IEC, with high degree of sulfonation results in
lower molecular weight of the polymer. Degree of sulfonation is defined as ratio of sulfonate groups to reactive phenyl ring.

(kgl\//lrrr:ol) (kglq\//ln\gvol) IEC (Med/9) | goromation
StripPEEK(L,0) | 605-852 | 103-146 | 3.35-2.67 | 0.67—053
StripPEEK(L1) | 355-77.0 | 50.3-136 | 2.79-2.64 | 0.66—0.63
StripPEEK(L,3) | 33.9-618 | 64.8-915 | 267-189 | 0.75-052
SPEEK 405 62.3 1.87 0.63

45




1.2.4.3. Free volume enhanced proton conductivity:

In an effort to deconvolute the effect of free volume and IEC on proton conductivity at various
levels of relative humidity, S-tripPEEK(1,0), (1,1) and (1,3) membranes of similar IEC were chosen for a
comparative study (Table 1.2-4). Similar to the corresponding tripPEEKS, the skeletal densities of S-
tripPEEKS also do not necessarily decrease with increasing number of triptycene groups. Calculations for
the volume per repeat unit again show increases with increasing ratios of triptycene moiety in the polymer,
suggesting that the fluctuations in skeletal density are the result of the increase in mass contributed from
the bulky triptycene groups. More importantly, the fractional free volume (FFV) was observed to increase
with the number of triptycene moiety in the polymer. Since the dimensions used to calculate FFV are the
same ones used for the calculation in proton conductivity, FFV is directly related to the amount of space
water molecules can occupy within the membrane, which in turn affects the proton conductivity of the

membrane.

Table 1.2-4. Properties of chosen S-tripPEEK membranes

Vol per
MW / Skeletal
IEC | repeat unit|  Density repeat Vo v v
(meqg/g) (g/mol) (glem?) unit (cm®/g) (cm/g) (cm’/cm®)
(cm*/mol)
(Sltg')pzp poa 267 | 590.7 1.405 420 | 0712 | 0874 0.19
(Slt£;p§ %EK 264 | 4772 1.380 346 | 0.724 | 0.855 0.15
(Sltg')pg %EK 267 | 4226 1.422 203 | 0703 | 0.793 0.11

Proton conductivities of these membranes, as compared to SPEEK at 85 °C over the full range of
relative humidity (Figure 1.2-5), show the enhancement in proton conductivity in S-tripPEEKSs. At 20 %RH,
S-tripPEEKS have proton conductivities of 0.02 — 0.4 mS/cm compared to Nafion 117 at 0.0014 mS/cm
and SPEEK at 0.0015 mS/cm. Similarly at 90 %RH, S-tripPEEK membranes exhibit proton conductivities

of 0.11 — 0.33 S/cm, as compared to Nafion 117 at 0.02 S/cm and SPEEK at 0.075 S/cm. Conductivities of
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Nafion 117 observed were lower than expected due to the heating profile of the measurement. By measuring
the membranes at 85 °C, Nafion 117 membranes were ‘heat-treated’, resulting in a decline in conductivity
similar to Nafion 117 membranes that were heat treated at temperatures above 80 °C as reported.* This
further suggests that S-tripPEEK membranes are more suitable than Nafion 117 for fuel cell operations

above 80 °C.
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Figure 1.2-5. Proton conductivity of membranes 85 °C over different levels of relative humidity.

More importantly, comparing within the S-tripPEEKSs membranes clearly reveals that increases in
FFV enhances proton conductivities, especially at low relative humidity. Across the full range of relative
humidity, S-tripPEEK(1,0) exhibited the highest proton conductivities followed by S-tripPEEK(1,1) and S-
tripPEEK(1,3). The enhancement that correlates with FFV varies at different levels of humidity; S-
tripPEEK(1,0) has a conductivity 20 times higher than S-tripPEEK(1,3) at 20 %RH but is only 3 times
higher at 90 %RH. At low humidity, when the water within the membrane is reduced, the increased free
volume in the membrane allowed around 50% more water uptake within the S-tripPEEK(1,0) membrane
as compared to S-tripPEEK(1,3) (Table 1.2-5) which helps to maintain the hydration number at lower

humidity, and hence the enhancement.
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Table 1.2-5. Water uptake of S-tripPEEK membranes at 20 %RH

IEC FFV Water Uptake | Hydration number, A
(mea/g) | (cm*cm?) (%)
S-tripPEEK (1,0)-2.67 2.67 0.19 9.7 2.02
S-tripPEEK (1,1)-2.64 2.64 0.15 6.6 1.41
S-tripPEEK (1,3)-2.67 2.67 0.11 6.4 1.33

However, at higher humidity the FFV enhanced water uptake can lead to polymer swelling, which
can isolate sulfonates and the conductivity enhancement from FFV is reduced. This effect has amplified
consequences when the membranes were measured in water at 20 °C. Here S-tripPEEK(1,0) membranes
adsorbed water and swelled to such an extent that the sulfonate groups were diluted to the point that the
proton conductivity is reduced (Figure 1.2-6). Proton conductivities of S-tripPEEK(1,1) were higher than
both S-tripPEEK(1,3) and S-tripPEEK(1,0) and is attributed to the larger hydration number observed in S-
tripPEEK(1,0). As a side note, S-tripPEEK(1,0) membranes swell by more than 200% in water and are

soluble in water at temperatures above 50 °C.
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Figure 1.2-6. (a) Proton conductivity in water and (b) hydration number of membranes in water. Hydration number is defined as
the number of water molecules for every sulfonate group in the membrane.

The dilution of the sulfonates in hydrated S-tripPEEK(1,0) is also consistent with the measured
water melting point depressions (Figure 1.2-7). Within the membrane, water aggregates around the
hydrophilic sulfonate groups, solvating them to release protons. Thus, we can consider the sulfonate groups
in the membrane as impurity in the water phase. At a smaller hydration number, there are more sulfonate
groups with respect to water molecules in the membrane, resulting in a larger melting point depression of
water in the membrane. Hence, with lower hydration numbers, S-tripPEEK(1,3) and (1,1) shows melting
point depressions of -25 to -30 °C while no melting point depression was observed in hydrated S-

tripPEEK(1,0) membranes.
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Figure 1.2-7. DSC thermograms of hydrated S-tripPEEK films from -70 C to 25 C at a heating and cooling rate of 10 C/min. The
loop observed in the cooling cycle of S-tripPEEK(1,0) is due to the supercooling of the water phase that resulted in rapid
crystallization of ice that raised the temperature of the sample.

To further illustrate the dependence on hydration number and improvements resulting from
increasing intrinsic free volume in the membrane, activation energies at different levels of humidity were
compared (Figure 1.2-8). Activation energies are a measure of the ease of proton transport in the membrane
and are highly dependent on water uptake in the membrane. Proton exchange membranes loses water as the
relative humidity decreases, resulting in reduced proton conductivity and increased activation
energy.*’*+%%61 Figure 1.2-8 reveals that S-tripPEEKS has a much wider window of relative humidity
wherein the activation energies for proton transport were low. More importantly, as the intrinsic free volume
increases from S-tripPEEK(1,3) to (1,1) to (1,0), the activation energies decreased across the whole range

of humidity. This result suggests that intrinsic free volume enhances the ease of proton transport.
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Figure 1.2-8. Plot of activation energy observed in each membrane from 20 %RH to 90 %RH.

1.2.5. Conclusion

In summary, a series of proton exchange membranes based on S-tripPEEK with high IEC values
and varying levels of intrinsic free volume were synthesized. The membranes exhibit high proton
conductivity of 334 mS/cm at 90 %RH and 0.37 mS/cm at 20 %RH at 85 °C. Studies of membranes with
similar IECs, but increasing intrinsic free volume, at low humidity allowed for successful deconvolution of
the effect of free volume from IEC. With increased free volume, water uptake at low humidity increased,
resulting in higher conductivities and a reduction in activation energies for proton conductivity. Considering
that PEMFCs should ideally operate at temperatures above the boiling point of water, wherein the humidity

is low, intrinsic free volume of PEMFCs should be a major design element.
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1.3.  Anion Exchange Membrane using Triptycene Poly Aryl Ethers

1.3.1. Introduction

Anion Exchange Membrane Fuel Cells (AEMFCs) are highly sought after in the field as a result of
several advantages over PEMFCs.>!283 First, they have more efficient catalytic reactions at the electrode
that requires less expensive metal systems such as copper. Second, the catalyst systems used are less prone
to poisoning and are more tolerant to fuel impurities. However, current anion exchange membranes are less
ion conductive than their proton exchange counterparts. Among the AEMFCs, alkaline anion exchange
membrane fuel cells (AAEMFCs) have the greatest potential to improve ion conductivity, given that
hydroxide ions are the fastest conducting anion.% However, AAEMFCs are currently limited by the scarcity
of alkaline anion exchange membranes that have a high hydroxide ion conductivity and high stability at

operating conditions of AEMFCs.

The main reason of the instability is due to the reactivity of hydroxide ion that is transported in the
membrane at operating temperatures ranging from 20 °C to 200 °C. In this temperature range, hydroxide
ions can degrade cationic groups in the polymer structures. In quaternary ammonium ion based AEMs,
degradation of the ammonium group can occur through (i) through the B-hydrogen by Hofmann elimination,
(ii) nucleophilic substitution, and (iii) ylide formation (Figure 1.3-1a).*'%%? Furthermore, Hickner et al. have
also shown that electron withdrawing heteroatoms on the polymer backbone can also affect the stability of

the quaternary ammonium group through inductive effects (Figure 1.3-1b).%
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(a) Degradation Mechanisms of Quaternary Ammonium Groups (b) Stability of Quaternary Ammonium in Common
Polymers used in AAEMs
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Figure 1.3-1. (a) Degradation mechanisms of quaternary ammonium salts in AAEMs. (b) Stability of quaternary ammonium
functional groups with respect to the base polymer structure.5

New cationic side groups that are stable under alkaline conditions were developed and extensively
reviewed over the years.”®%% For example, tertiary amine groups that are stabilized as a result of (i)
sterically  hindering groups such as 1,4-diazabicyclo[2.2.2]octane  (Figure 1.3-2a) and
hexamethylenetetramine (Figure 1.3-2b) and (ii) resonance stabilized groups such as substituted guanidines
(Figure 1.3-2c), imidazoles (Figure 1.3-2d) and pyridines (Figure 1.3-2e and f). In the case of imidazolium
AAEM, further functionalization with a bulky group on the R position can further improve the stability of

imidazolium groups. %%
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Figure 1.3-2. Functional groups that are found to be stable under alkaline conditions.

Other than nitrogen based cationic groups, sterically bulky phosphoniums®®®” (Figure 1.3-2g and
h) and sulfoniums®® (Figure 1.3-2i) have also been found to be stable in bases at relevant operating
temperatures as a result of steric hinderance around the charged centers. Finally, metallic cations
cobaltocenium (Figure 1.3-2j) was reported to be stable for hydroxide exchange membranes after complete
methylation of the cyclopentadiene rings as the cobalt center was stabilized by the electron donating methyl

groups.®

Thus, increasing the stability of these membranes through introduction of stable cationic groups is
as crucial as improving the conductivity by increasing the concentration of ions and the mobility of the ions
as discussed in 1.1.1. In this project, triptycene is introduced into the poly(ether ether ketone) and poly(ether
sulfone) and further functionalized into anion exchange membrane. Although poly(aryl ether)s contain
electron withdrawing groups that would affect the stability of the cationic group as found by Hickner et
al.*, poly(aryl ether)s have the thermal stability and mechanical strength that are crucial to the operation of

fuel cells. Thus, triptycene moiety is introduced into poly(ether ether ketone) (Section 1.3.2) and poly(ether
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sulfone) (Section 1.3.3) for two purpose: (i) adding free volume into the membrane to allow higher mobility
of the larger hydroxide ions and (ii) stabilizing the cations by attaching them to the extended wings of the
triptycene which would be less affected by the inductive effects from the electron withdrawing sulfone or

ketone groups.

1.3.2. Functionalization of Triptycene Poly(Ether Ether Ketone) (tripPEEK) for AEMs

From the success with enhancing conductivity in proton exchange membranes due to the
enhancements in free volume, the same strategy may benefit the mobility of the larger hydroxide ion. In
order to test this hypothesis, functionalization of tripPEEK for AEMs were pursued. The enhanced
dispersibility of tripPEEK in organic chlorinated solvents and high boiling polar solvents allow for more
applicable chemistries on tripPEEK than its PEEK counterpart. Thus, two synthetic approaches were taken

in the attempt to obtain alkaline anion exchange membrane as discussed in the next two sections.

1.3.2.1. Method 1: Through chloromethylation of tripPEEK

Chloromethylation is the most widely used method to functionalize poly aryl ethers for cationic
polymers. This method allows for easy control of the degree of functionalization, and cationic polymers
can be easily obtained through quaternization amines and phosphines with quantitative yields. Even though
this method did not work for tripPEEK as a result of its limited solubility in the reaction conditions, it is

mentioned in this thesis for completeness.

Chloromethylation was attempted via two different routes that were used in other poly(aryl ether)
polymers (Scheme 1.3-1) in which chloromethyl methyl ether was used as the source of chloromethyl
groups in a chloroalkane solvent with tin (IV) chloride or in methanesulfonic acid as the solvent with
sulfuric acid as the catalyst.”” However, in both reactions, tripPEEK precipitates from the reaction within
the first 30 mins even at concentrations less than 2 w/v% of tripPEEK. The resultant product was not soluble
in any solvents and it was concluded that although tripPEEK could be dispersed well in the reaction solvents,
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its solubility is not high enough. Once aggregates in these reactions conditions the chloromethyl group
undergoes an electrophilic addition onto another reactive aromatic ring, leading to heavy crosslinking of

the polymer.

Scheme 1.3-1. Chloromethylation attempts on tripPEEK. DCM is dichloromethane which was used as the solvent.
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1.3.2.2. Method 2: Through Amine Functionalized tripPEEK

Since guanidinium based AEMs had been found to be stable,’®®? guanidinium functionalized
tripPEEK was targeted via amine functionalized tripPEEK (Scheme 1.3-2). In this scheme, tripPEEK is
first nitrated and reduced to form amine functionalized tripPEEK before being converted into guanidinium

tripPEEKS.
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Scheme 1.3-2. Attempted synthesis of guanidinium tripPEEK AEMs.

n O2N n
O Tetrabutylammonium nitrate Q
Triflic anhydride
‘ ° dichloromethane, -78 °C to 20 °C ‘ P
o ! O2N @QQ ©
+0

0"@ 18h

NO,

SnCly, AcOH
DMF, 75 °C, 16 h

n
Q N,N'-diisopropylcarbodiimide

1 mol% [(TMS),]NsYb
0 O SR e Rt coie
NSy @’ >_o THF, RT, 18h @’Q
N
+d S—NH

>*NH ,
A AN A
O

o 5
Cl)l\r(g POCI,

o

¥
LA
7 T ~N
n
R W2y -
N 7 O
eSS
' +d N
\N\ \

1.3.2.2.1. Nitration reaction

Nitration of PEEK had been achieved using a mixture of concentrated nitric acid and concentrated
sulfuric acid as the solvent and reactant.” However, it resulted in degradation of the polymer and the final
nitrated tripPEEK was only 10 kDa in molecular weight and no longer forms a free standing membrane. As
tripPEEK is dispersible in chlorinated solvents, nitration was eventually achieved with an anhydrous
condition using triflic anhydride and tetramethylammonium nitrate.”” The degree of nitration could be easily

achieved through controlling the stoichiometry of the reactants.
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The addition of nitro-groups to the triptycene moiety is studied using *H NMR with model

compounds (Figure 1.3-3). Since nitration occurs through an electrophilic nitronium cation, the first

addition of the nitro group would be on the electron-rich triptycene ring with the ether linkage. Strong

electron withdrawing property of the nitro group causes the peak at 5.85 ppm associated to the bridgehead

proton to split and shift downfield to 5.89 ppm and 6.06ppm. The bridgehead proton closer to the nitro

group would be more deshielded, it is shifted further downfield, causing the split.
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Figure 1.3-3. 'H NMR model compound and model compound with one nitro group (400MHz, DMF-d7, RT). z* is the proton on

the carbon beside nitro group.

When the second nitro group was added, the bridgehead proton is now split into four peaks as there

are two different resulting configurations (Figure 1.3-4). The nitro groups can be on the same side (Figure

1.3-4(2)) and the collective electron withdrawing effect on one side will result in the larger split of the
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bridgehead proton as shown by w, and w>’ at 6.39 ppm and 6.17 ppm. On the other hand, when the nitro
groups are added on opposite sides (Figure 1.3-4 (1)), the deshielding on the each of the bridgehead proton
is less prominent and thus a smaller split as depicted with wi and w1’ at 6.34 ppm and 6.23 ppm. The peaks
integrate to a total of 2 protons with respect to 24 in the whole molecule. Based on the integration of the
peaks, the second addition of the nitro group is slightly favored to be on the opposite side which is a little
more electron rich. Thus, the electron withdrawing effect from the first nitro group is directing the second

addition which was also observed in other reported nitration of triptycene. 373
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Figure 1.3-4. 'H NMR of the model compound with two nitro groups. Insert within the figure is the zoomed in of the peaks
associated to the bridgehead protons.

For the third addition, the total number of resultant configurations would be 8 (3 diastereoisomers,
two of which are chiral and racemic). After considering the symmetry of the molecule, the configurations

can be grouped into three different groups: (i) opposite sides on the wings and either side on the main chain

59



(Figure 1.3-5 (1)), (ii) same side on the extended wings and opposite side of the ring on the main chain
(Figure 1.3-5 (2)), and (iii) all on the same side on all three wings (Figure 1.3-5 (3)). Thus the bridgehead
proton is now split into three sets of two peaks (Figure 1.3-5 insert). Integration of the peaks again shows
the directing effect from the electron withdrawing nitro groups. If all additions are equally likely, the split
configuration (1), (2) and (3) would be 25%, 50% and 25% respectively. However, the integration of peaks
shows that only 20% of the resultant mixture has all three nitro groups on the same side, suggesting once

again that the nitro groups are directing the nitration.
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Figure 1.3-5. Proton NMR of the model compound with 3 nitro groups. Insert within the figure is the zoomed in of the peaks
associated to the bridgehead protons.

When the nitration conditions were applied to tripPEEK, the NMR can now be compared to

estimate the number of nitro groups added to the polymer. (Figure 1.3-6) Even though the polymerization
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broadened the NMR peaks, the number of nitro groups added to the polymer can still be estimated from the
pattern and position of the bridgehead protons. In this case (Figure 1.3-6), between two and three nitro

groups were added to the triptycene moiety in the polymer.
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Figure 1.3-6. Overlay of NMR of nitrated tripPEEK and the NMR of the model compounds.

In the attempt to reduce the nitro groups into amines, the polymer was then subjected to reduction
conditions such as palladium on carbon with hydrogen or hydrazine, tin (II) chloride with acetic acid or
hydrochloric acid. From the IR spectra of the product, (Figure 1.3-7) the nitro groups were successfully
reduced as seen in the loss of the 1530 cm™ and 1344 cm™ peaks that are associated to the NO stretch.
However, the resultant amine tripPEEK and the model compound are not stable even as the chloride salts;
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the compounds and turn black and becomes insoluble after exposure to air for less than 20 mins. The
instability of this material is not clear. The amine on the ring containing ether bonds is expected to be most

susceptible to oxidation and likely initiates a decomposition sequence.
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Figure 1.3-7. ATR-FTIR spectra of tripPEEK, NO2-tripPEEK and product after reduction.

1.3.2.3. Conclusion

In the attempts to obtain an alkaline anion exchange membrane with tripPEEK, has been thwarted
by a combination of solubility and reactivity issues. Although tripPEEK has been shown to be well
dispersed in chlorinated solvents, it appeared insufficient to avoid crosslinking under the chloromethylation
reaction conditions. We conducted successful nitration and reduction reactions to produce what is presumed

to be a tripPEEK-Polyamine, however the produce proved to be unstable in ambient conditions.
1.3.3. Functionalized Triptycene Poly(Ether Sulfone) as Alkaline Anion Exchange Membrane

In order to get a working alkaline anion exchange membrane (AAEM), functionalized triptycene

poly(ether sulfone) was chosen for its good solubility in chlorinated solvents and high boiling polar solvents.
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TripPES were functionalized for AAEMs through quaternization of chloromethylated tripPES. (Scheme

1.3-3)

Aromatic Nucleophillic
Substitution OOﬁ\b
Q\/p K2COs Q
OH + S
7 O O /©/ \©\ DMAG, 140 - 165 °C, 96h o O
O HO OH F F

HO

Mole Ratio x y xty

OCl zncy,

Chloromethylation tetrachloroethane

65°C,2-18 h 34
v

Quaternization

Q" = Quaternary ammonium / phosphonium ion

Scheme 1.3-3. Synthesis of quaternary tripPES for anion exchange membrane.

1.3.3.1. Synthesis of Anion Exchange Membranes
1.3.3.1.1. Synthesis of Triptycene Poly(Ether Sulfone) (tripPES(X,y)):

TripPES and its copolymers, designated tripPES(x,y) (Table 1.3-1), were synthesized through
aromatic nucleophilic substitution (SnAr) reaction between x equivalents of triptycene hydroquinone, y
equivalents of bisphenol A, and (x+y) equivalents of bis (4-fluorophenyl) sulfone (Scheme 1.3-4). The
general procedure of polymerization, illustrated using tripPES(1,1), is as follows: In a flamed dried two-
necked round bottom flask under nitrogen atmosphere with a Dean-Stark apparatus, triptycene
hydroquinone (2.863 g, 10.0 mmol), bisphenol A (2.283 g, 10.0 mmol) and bis (4-fluorophenyl) sulfone
(5.085 g, 20.0 mmol) was dissolved in anhydrous DMACc (60 ml) and anhydrous toluene (10 ml). Potassium
carbonate (12.715 g, 23.0 mmol) was added and the reaction was heated to 140 °C for azeotropic distillation
to remove water that was generated in the reaction. Once all the toluene was collected the reaction stirred

at 140 °C for 48 hours before heated to 165 °C (reflux) for another 18 hours. The reaction was then
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precipitated in boiling water and filtered. The resulting polymer was purified by dissolving in DMAc and
precipitating twice in boiling water and twice in methanol, yielding an off-white polymer powder that was

dried in the vacuum oven for two days at 75 °C.

Scheme 1.3-4. Polymerization of TripPES(x,y) through SNAr reaction

Aromatic Nucleophillic
O Substitution OOﬁ\\O

QP K2C0s )
OH 4 + ¥
7 O O /©/ \©\ DMAc, 140 - 165 °C, 96h o O
I HO OH F -

HO

Mole Ratio x y xty

Table 1.3-1. Mole ratio of monomers of polymers. Average molecular weight per repeat unit is calculated in equation below.
Sulfone deactivation prevents reaction at the attached rings.

Mole ratio No. of active
. . triptycene . bis (4- Ave_rat?e molecular phenyl rings for
Designation hydroquinone b|i|c\>henol fluoraphenyl) wellj?1 i';[ E)e/rrgggeat functionalization
) O) | sulfone (x+y) g per repeat unit
tripPES(1,0) 1 0 1 500.57 3.0
tripPES(1,1) 1 1 2 471.55 2.5
tripPES(1,9) 1 9 10 448.33 2.1
PES 0 1 1 442.53 2.0
, ~ x(500.57) +y(442.53)
Ave. Molecular Weight per repeat unit = Xty

1.3.3.1.2. Synthesis of chloromethylated tripPES (Cl-tripPES) and chloromethylated PES (CI-PES):

TripPES and PES were chloromethylated using chloromethyl methyl ether with zinc (1) chloride
as reported.” (Scheme 1.3-5) The equivalence of reactants were with respect to every active phenyl rings
per repeat unit in the polymer (Table 1.3-1). Ina flamed dried flask under nitrogen, polymers were dissolved
in 1,1,2,2-tetrachloroethane at a concentration of 3 w/v%. Concentration of the polymer needs to be kept
low to prevent crosslinking of the polymer. Chloromethyl methyl ether was added to the reaction and mixed
homogenously before zinc (11) chloride was added. The reaction was then heated to 60 °C for stirred for 1

hour. The product was precipitated in methanol and filtered, yielding a white polymer that had 95 % of the
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active aromatic rings in the polymer functionalized. The degree of chloromethylation can be reduced by

reducing the reaction time or temperature.

Scheme 1.3-5. Chloromethylation of tripPES. Equivalence of the reactants are with respect to the each reactive phenyl group in

the polymer.
v v
@C o@i

N %\\0
Chloromethylation fo)
Q O Cl ZnCly Q cl
o O 20-60eq 1.0eq o o Q
X tetrachloroethane X
65°C, 2-18 h cl
IV A o<

1.3.3.1.3.  Synthesis of 1-methylimidazolium tripPES with chloride anion (CI-Melm-TripPES)
1-methylimidazolium tripPES with chloride anions (CI-Melm-tripPES) was made via
quaternization of CI-tripPES with 1-methylimidazole (Scheme 1.3-6). Cl-tripPES or CI-PES were dissolved
in a 1-methyl-3-pyrrolidinone 10 w/v % solution and 1-methylimidazole was added in excess and left to
stir at room temperature for 18 hours. The reaction was then precipitated in acetone, filtered and wash with
acetone. The filtrate was dried in a vacuum oven overnight at 70 °C to yield an off white polymer of CI-

Melm-tripPES.

Scheme 1.3-6. Synthesis of ClI-Melm-tripPES.

of

(“)O

Quaternization
NN

NMP
20°C,18h

1.3.3.1.4. Formation of Alkaline Anion Exchange Membrane (AAEM)
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Cl-Melm-trpPESs with 10 wt% BPA-PES as binder were dissolved to form 10 wt% solutions in
N-methyl-2-pyrrolidone (NMP). 2.0 ml of the polymer solution was dispensed on a 75 mm x 25 mm glass
slide in a vacuum oven and placed under vacuum at room temperature for 6 hours to degas the solutions.
The vacuum oven was then heated to 70 °C under vacuum for 4 hours to remove the solvent by slow
evaporation before heating to 150 °C for 8 hours to completely dry out the membranes. Membranes were
soaked in 2.0 M NaOH, changing the soaking solution at least 3 times. This exchanges the chloride ions
with hydroxide ions, forming the AAEM with hydroxide loaded Melm-trpPES (OH-Melm-trpPES). Free

standing membranes with thicknesses between 100-150 um then cut to sizes needed for further experiments.

1.3.3.2. Characterization of Membranes
1.3.3.2.1. lon exchange capacity:

IEC was determined by a back titration method with 0.01 M sodium hydroxide solution to prevent
errors that can occur from the reaction of free hydroxide ions with carbon dioxide in the air. The membranes
were first soaked in 2.0 M sodium hydroxide solution for 24 hours, rinsed with deionized water and soak
in deionized water for another 24 hours to ensure that all the mobile ions in the membrane are hydroxide
ions. The membranes were then transfer into 20 ml (Vuei) of 0.10 M hydrochloric acid (Muc) for exchange
the hydroxide ions with chloride ions. The acid was then titrated with 0.01 M (Mnaon) sodium hydroxide
solution (standardized with 0.010 M potassium hydrogen phthalate) until pH 7.0 using a pH meter and the
volume of base (Vnaon) Was used to calculate amount of acid that was neutralized by the hydroxide ions
(now-) in the membrane which was then used to determine IEC with equation below, where mqyy is the mass

of dried membrane.

_Don- _ (Viic) Mucn) — (Vnaon) Mnaon)
Mgry Mgry

1.3.3.2.2. Water Uptake (WU)
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Water uptake is the measure of the amount of water in the membranes when swollen in water.
Membranes with hydroxide counter ions were soaked in water for at least 24 hours to equilibrate. They
were then taken out of water and quickly dabbed with Kimwipes to remove surface excess water and
weighed. The mass of the hydrated membrane (mwe:) was then used to calculate water uptake using the

equation below.

m —m
WU =2 Y 100%
rndry

1.3.3.2.3.  Anion conductivity measurements:

Anion conductivity (o) at various humidity and temperature was obtained through electrochemical
impedance spectroscopy (EIS) using electrochemical interface (Solartron 1287) with an impedance
analyzer (Solartron 1260). Films were placed across 2 platinum electrodes spaced 3 cm apart and the setup
is placed in a water bath placed in an oven. Measurements were taken over the temperature range of 20 —
90 °C with a mean AC voltage 0 V and an amplitude of 0.1 V over a frequency range of 1IMHz to 0.1 MHz.
The resultant Nyquist plot was modeled with equivalent circuit model (Figure 1.3-8) where Reontact iS the
contact resistance, Rmem is the bulk resistance of the membrane, Cren is the capacitance in the membrane
and W is a Warburg element that is attributed to the diffusion limited charge accumulation at the electrode.
Anion conductivity (o) was then calculated using equation below where | is the length between the
electrodes, w is the width of the membrane and t is the thickness of the membrane. All dimensions were
measured at 20 °C after soaking the membranes in water for 24 hours. Activation energy was calculated

based on an Arrhenius relation.

l
(Rmem) (®) (W)

o=

o= Ae_(%)
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Figure 1.3-8. Equivalent circuit model used to fit the Nyquist plots

1.3.3.3. Results and Discussion
1.3.3.3.1. Brittleness of Functionalized tripPES

Mechanical properties of the functionalized membranes are important as they are the structural part
of the membrane electrode assembly in the fuel cell. One of the properties that can be used to determine the
mechanical stability of the membrane is its glass transition temperature. Comparing the DSC thermograms
of all tripPES (Figure 1.3-9), copolymers of tripPES exhibits a single glass transition temperature
suggesting that the copolymers are random copolymers. Glass transition temperatures of tripPES increase
from 200 °C to 280 °C with increasing number of triptycene group, as a bulky triptycene unit hinders chain
rotation in the polymer. As the glass transition temperatures are high, these polymers are glassy and brittle
at room temperature. TripPES(1,0) would crack when dried from solution. Since further functionalization
would only increase the steric bulk on the triptycene wings, functionalized membranes all cracked when
cast from solution. To circumvent that, unfunctionalized PES was added to functionalized tripPES

membranes as a binder at different ratios to form stable membranes for testing.
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Figure 1.3-9. DSC thermograms of (a) tripPES(1,0), (b) tripPES(1,1) and (c) tripPES(1,9). Heat flows are measured from 25 °C
to 350 °C at a heating and cooling rate of 10 °C/min.

1.3.3.3.2.  Structure characterization of CI-Melm-tripPES

Chloromethylation and quaternization of tripPES was successful as confirmed by that analysis of
the 'H NMR data (Figure 1.3-10). Chloromethylation produced new peaks at 4.54 ppm and at 4.40 ppm
which correspond to the methylene bridge between the chlorine and the phenyl rings. The peak from the
chloromethyl group that is attached on phenyl ring with the ether linkages is shifted upfield to 4.40 ppm as

a result of the electron donating ether linkages.
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Figure 1.3-10. *H NMR of Cl-tripPES(1,0). Spectrum is taken at 400 MHz with CDCls as solvent. TCE is tetrachloroethane that
was used as the solvent in the chloromethylation step.

Upon guaternization with 1-methyl imidazole, the methylene bridge is shifted to 5.39 ppm due to
the deshielding from the positively charged imidazolium group. (Figure 1.3-11) A new peak at 9.49 ppm
from the proton on C2 position in the imidazolium functional group (g in Figure 1.3-11) is diagnostic of
the formation of the quaternized methyl imidazolium ion. The residual peak at 4.63 ppm suggest that there

might have been some crosslinking that occurred in the chloromethyl step.
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Figure 1.3-11. *H NMR of CI-Melm-trpPES(1,0) and Cl-tripPES(1,0). Spectrum is taken at 400 MHz with DMSO-d6 as solvent.

1.3.3.3.3. Physical Properties of CI-Melm-TripPES membranes

Thermogravimetric analysis shows that the decomposition of the polymers at various stage of
functionalization (Figure 1.3-12). Initial mass loss observed at 150 °C for Cl-tripPES is due to residual
tetrachloroethane from the reaction and initial mass loss observed between 50 and 100 °C with CI-Melm-
tripPES is the result of water that is adsorbed on the ionic polymer. The unfunctionalized tripPES
decomposes at 500 °C, while the chloromethyl and imidazolium functional groups decomposes at 400 °C

and 200 °C respectively. These temperatures are within the operating range of AAEMFC of up to 200 °C.
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Figure 1.3-12. Thermogravimetric analysis of tripPES and functionalized tripPES. Samples were heated from 50 °C to 900 °C at
a heating rate of 10 °C/min.

Membranes with different amount of binders were made to find the optimal binder concentration
to form free standing membranes. Unfortunately, membranes of CI-Melm-trpPES(1,0) that are more than
50% functionalized, cracked upon drying even with 50 wt% binder concentration. Thus the final
membranes used for the rest of this Chapter were made with Melm-trpPES(1,1) with 10 wt% of trip-

PES(1,9) as binder.

1.3.3.3.4. Alkaline Anion Conductivity of OH-Melm-tripPES(1,1) Membranes

Membranes of OH-Melm-tripPES(1,1) at various degree of functionalization with 10 wt% binder
were made and tested for alkaline anion conductivity in deionized water (Figure 1.3-13). First and foremost,
high alkaline conductivity of 108 mS/cm at 80 °C in water was achieved with membrane with 72% degree
of functionalization. Since alkaline conductivities above 100 mS/cm are required for more efficient fuel

cells,®’ tripPES is a great candidate for further improvements and optimization for AAEMFCs.
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Figure 1.3-13. Alkaline anion conductivity of OH-Melm-tripPES(1,1) membranes with 10 wt% binder. Degree of
functionalization is defined as the percentage of the active phenyl rings on in the polymer that were functionalized. (Table 6)
Straight line in this plots represents an Arrhenius behavior in conductivity and serve as a guide to show deviation caused due to
swelling.

Secondly, anion conductivity increases with degree of functionalization up to 72% and decreased
at 77%. (Figure 1.3-13) This is likely the result of swelling of the membranes at high degree of
functionalization, resulting in dilution of methylimidazolium groups in the membrane. With a higher degree
of functionalization, the membranes become increasingly more hydrophilic and thus swell more in water.
This effect is further aggravated at higher temperatures as a result of increasing solubility of the membranes
in water. Closer inspection on the conductivity plots shows that membranes with above 48%
functionalization show a deviation of the conductivity from an Arrhenius relation with temperature,
suggesting that the conductivity above 60 °C are lower than expected because of membrane swelling. Thus,

swelling of the membrane needs to be controlled in order to achieve better conductivity.

Small angle x-ray scattering (SAXS) on the hydrated samples was done in order to identify the
reason for the high ion conductivity. (Figure 1.3-14) Nanophase separation with a d-spacing of around 5

nm were observed within the membranes. The nanophase separation is likely caused by phase separation
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between the hydrophilic imidazolium group and the hydrophobic polyaryl ether backbone. Increased phase
separation has been reportedly in many other polyether and block copolymer systems as a design parameter
to improve ion conductivity.®*¢"%"" In the case of 67% and 77% functionalized tripPES(1,1) membranes,
the lack of phase separation even though they have high degrees of functionalization is a concern. One
possible reason is that during chloromethylation, there is an uncontrolled amount of crosslinking that
occured in the membrane and varies in each experiment. A small amount of crosslinking would hinder
aggregation of hydrophilic groups within the membrane and could be the reason for the lack of phase

separation observed.
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Figure 1.3-14. SAXS data for OH-Melm-trpPES membranes.

The nanophase separation observed in OH-Melm-tripPES is possibly related to the triptycene
moiety. SAXS data of OH-Melm-BPA-PES was compared with OH-Melm-tripPES(1,1) with both
membranes having around 70% functionalization (Figure 1.3-15). Triptycene groups in the base polymer
allow for nanophase separated domains to become larger and contain more water for ion conduction.
However, the membranes do have different composition as the OH-Melm-tripPES(1,1) contains a binder.

More control study needs to be done to confirm this finding.
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Figure 1.3-15. SAXS data of OH-Melm-TripPES(1,1) and OH-Melm-BPAPES with similar degree of functionalization.

The stability of the membranes were then tested by soaking the membranes in 2.0 M sodium
hydroxide solutions at an elevated temperature of 80 °C for two weeks. Membranes above 80%
functionalization dissolved and dissociated after two weeks. Membranes that were presented in the previous
section lost imidazolium groups. This is possibly due to degradation of the imidazolium rings by hydroxide
reaction on the CH group between the nitrogens. Substitution on this position is known to increase
stability.”®>"® Thus, OH-Melm-tripPES membranes are only stable at low degree of functionalization. The
only membrane that retained hydroxide conductivity after the stability test was a 26% functionalized OH-
Melm-tripPES(1,0) membrane (Figure 1.3-16). It is likely that at such low degree of functionalization, the
membrane is extremely hydrophobic and thus reduces the access of hydroxide ions to the imidazolium
cation and hence prevented the degradation.%® However, it is not certain why it shows a better conductivity

after the test.
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Figure 1.3-16. lon conductivity of OH-Melm-tripPES membrane of low degree of functionalization.

1.3.4. Conclusion and Future Direction

Triptycene based poly(aryl ether)s have been shown to produce alkaline anion membranes with ion
conductivities of 104 mS/cm at 80 °C in water. High conductivities are possibly due to the nanophase
separation observed in the membranes and the triptycene moiety can contribute to the increase in domain
sizes. However, the membranes are not stable to basic conditions in the operation of a fuel cell. Furthermore,
tripPES membranes studied in this work were made with a binder which might also have contributed to the
nanophase separation observed. To further evaluate the improvements that can be attributed to the
triptycene moiety, single component membranes need to be made. A strong candidate would be a
fluorinated polyarylether with the triptycene moiety. (Figure 1.3-17) The removal of the sulfone linkage
reduces the stiffness in the polymer and would probably result in polymers that are less brittle. Furthermore,
fluorine groups increases the hydrophobicity of the polymer backbone and would thus encourage nanophase

separation which would possibly improve the ion conductivity of the membrane.
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Figure 1.3-17. Possible triptycene polyaryl ether for alkaline anion exchange membrane.
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Chapter 2. Dithiolodithiole as a Building Block for Conjugated Materials in

Photovoltaic Devices

This chapter is adapted from the paper by Schipper et al and the contribution was evenly distributed
between Dr. Derek Schipper and myself.” All starting dialkynes were synthesized by Dr. Derek Schipper
and were subsequently converted to dithiolodithiole derivatives by Dr. Derek Schipper and myself. My
main contribution was in the characterization of the photophysical and electrochemical properties of the

compounds. Dr. Peter Miiller obtained all the crystal structures that were discussed in this project.

2.1.Introduction

Since the discovery of organic semiconductors in 1862 and the development of synthetic methods
and control over their conductivity in 1977 that led to the Nobel Prize in Chemistry in 2000,% chemists
have been exploring new functional groups to create new materials for specific applications in organic
electronics such as field effect transistors, light emitting diodes, photo detectors, and solar cells.®:*° Organic
semiconductors have many advantages over inorganic materials such as low temperature fabrication,
compatibility with flexible substrates, versatile chemistries, and customizable chemical structures.
However, they are currently still lacking in performance and in some cases stability. In the field of
photovoltaics, organic solar cells, at best, have an efficiency of around 12% as compared to silicon solar

cells at 27%.% Thus, there is a need to create new materials for organic solar cells.

An organic solar cell is typically made up of a light absorbing layer sandwiched between a
transparent electrode and a metal electrode.®® (Figure 2.1-1) The light absorbing layer is made up of a
mixture of an electron donor and an electron acceptor. When light is absorbed by the electron donating
material, electrons in the highest occupied molecular orbital (HOMO) are excited beyond the lowest
unoccupied molecular orbital (LUMO) to form excitons or electron-hole pairs. (Figure 2.1-1(1)) The

electron and hole in each exciton are associated to each other through a weak electrostatic interaction. These
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excitons would diffuse to the interface between the donor and acceptor material (Figure 2.1-1(2)) where it
becomes dissociated into holes and electrons. (Figure 2.1-1(3)) These mobile charges would then diffuse
to the respective electrodes and into the external circuit to create current that can drive a load. (Figure

2.1-1(4))

‘,__..Iran's";"'arent__‘,-v'-"""""/ﬂ Active Layer \\\“‘.:_ Metal
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Figure 2.1-1. Schematic of an organic solar cell. Numbers correspond to the events within a solar cell that converts light to
electricity. (1) Light is absorbed in the electron donor and excites an electron to form an exciton. (2) Exciton diffuses to the
interface between electron donor and acceptor. (3) At the interface, the exciton splits into unbound electron and hole. (4)
Electrons and holes then diffuse to the electrodes through the electron acceptor and donor phases respectively.

The ongoing challenge is to develop new improved materials to (i) absorb more light in the solar

spectrum, (ii) efficiently split and transport the charge carriers to the electrodes and (iii) be chemically

87



stable during operation.®® These requirements translate into material properties such as a relatively low
optical band gap, high charge mobility, and chemical stability respectively. Many functional groups have
been developed in this field to customize new materials for these specific properties and have been
extensively reviewed over the years.?* % These functional groups can be divided into two groups, electron
donors and electron acceptors. Many different combinations of these functional groups have resulted in a
variety of strategies in optimizing the properties for photovoltaics. One particular strategy that has been

employed repeatedly is to use donor-acceptor interactions in narrowing the bandgap.®-##

The optical bandgap is related the difference in energy level between the HOMO and LUMO states.
Only photons with higher energy than the bandgap is absorbed by the material. Thus in order to increase
the absorption of visible light within the solar spectrum, a narrow bandgap of less 1.5 eV is preferred.®® The
bandgap of an organic semiconductor is closely related to the delocalization of its extended n-electron
system and the heteroatoms, which is affected by average bond length alternation between conjugated

nearest carbon atoms and planarity of the molecule.®®

Organic semiconductors are conjugated molecules with linked carbon-carbon double bonds in
which their n-electrons are delocalized due to the existence of nondegenerate resonance structures at the
ground state. In polyaromatic conjugated systems, the two resonance structures are the energetically more
stable aromatic structure and the quinoidal structure. (Figure 2.1-2) Although the quinoidal structure is less
stable as compared to the aromatic structure, more uniformity in carbon-carbon bond lengths indicate a
closer energy between the aromatic and quinoidal structures and gives rise to a lower bandgap. Thus, one
key strategy to reduce band gap is to improve the stability of the quinoidal structure or destabilize the

aromatic structure.
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Figure 2.1-2. Examples of aromatic and quinoidal forms of common polyaromatic conjugated polymers, poly(phenylene) and
poly(thiophene).

The second factor affecting the delocalization of the n-electron system in organic semiconductors
is the planarity of the molecule. In polyaromatic conjugated polymers, n-bonds are parallel to the plane of
aromatic groups. If neighboring aromatic rings are at an angle, overlap of the n-electron cloud is reduced
and an increase in bandgap is observed. Hence, to narrow a bandgap and promote electronic delocalization,
the dihedral angle between consecutive rings needs generally needs to be close to 0. One structural design

to ensure a low dihedral angle is to introduce fused ring structures.

Organic semiconductors based on donor-acceptor interactions were found to stabilize the quinoidal
structure and improve the planarity of the molecule which results in narrow bandgap semiconductors, 8838
Currently, many donor units are based on the thiophene functional group due to the unique electronic and
physical properties that the sulfur atom impart. The high polarizability of the sulfur atom stabilizes the
conjugation in the thiophene unit. Furthermore, strong binding between sulfur and an array of other atoms
such as gold and sulfur itself aids the self-assembly of thiophene based semiconductors for better charge
transport properties.®® Herein, | would describe our design for a new functional group, dithiolodithiole (C4Sa4)

(Figure 2.1-3), a sulfur-rich, fused ring donor unit, in an effort to further expand the scope of available

building blocks for organic semiconductors.
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Figure 2.1-3. Structure of the dithiolodithiol (C4S4) functional group.

A rudimentary analysis to compare some commonly employed electron donors was done to identify
the potential of the C4S4 unit (Figure 2.1-4). Thiophenes have a lower aromatic stabilization energy which
contributes to lower HOMO-LUMO gaps in the resulting analogous materials. This effect is demonstrated
by the difference in wavelength of maximum absorption (Amax) between p-terphenyl (274 nm) (Figure 2.1-4a)
and 2,5-diphenylthiophene (326 nm) (Figure 2.1-4b). Substitution with 2-benzothiophene leads to a further
reduction in HOMO-LUMO gap (369 nm) (Figure 2.1-4c) due to a partial retention of aromatic character
in the excited state. Additionally, (benzo)thiophenes can exhibit S-S contacts in the solid state which can

lead to favorable change transport characteristics. %%
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Figure 2.1-4. Comparison of various conjugated building blocks. Wavelength of maximum absorption (Amax) for (a) p-terphenyl,
(b) 2,5-diphenylthiophene and (c) 2,5-diphenyl benzothiophene are listed.

Successful implementation (benzo)thiophene-based materials for a variety of applications are

ascribable to the range of desirable properties they exhibit.*> Given that these properties can be attributed
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to the presence of a sulfur atom and/or fused ring system, we hypothesized that a heterocycle that contains
multiple sulfur atoms in a fused ring system may lead to a material with enhanced properties. A survey of
possible atomic arrangements revealed that the dithiolodithiole (C4Sa) heterocycle could be a viable
candidate. Examination of the C4S4 unit reveals a 12e (formally anti-aromatic by Hiickel's rule) & system in
the ground state that is not aromatically stabilized and a non-aromatic n system in the quinoidal excited
state. This behavior could potentially lead to a donor unit that can have a low bandgap. Illustratively, the
absorption maximum of 3,6-diphenyldithiolodithiole (458 nm) is at significantly longer wavelength than

the analogous (benzo)thiophene materials.

Despite the potential advantages of the C4S, system, literature examples are scant.® In order to
study CaS. derivatives in more detail, synthetic accessibility is required. A suitable approach was
demonstrated by Blum and co-workers who reported the synthesis of a single example of a C4S, derivative
in 26% vyield from 1,4-diphenylbutadiyne and elemental sulfur at 150 °C for 52 hours.*® Although
butadiynes and elemental sulfur are convenient starting materials, a reduction of reaction times and increase
in yields would be beneficial. Thus in this project, the synthesis conditions for synthesizing the C4S4 unit
were first optimized, before a library of C.S, derivatives were made and characterized for their

photophysical and electrochemical properties.

2.2.  Results and Discussion

Starting from the conditions reported by Blum et al.,* various reaction conditions were screened.
Two sets of conditions were identified, using either thermal (conditions A) or microwave heating
(conditions B), which improved both the reaction time and product yield (Scheme 2.2-1). In most cases,
addition of a disulfide catalyst proved beneficial for achieving shorter reaction times and/or lower reaction
temperatures. The reaction likely proceeds through sulfur-centered radicals with the disulfide catalyst acting

as a radical mediator.
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Scheme 2.2-1. Reaction conditions for synthesizing ditholodithole functional group.
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The synthesis of a variety of different C4S4 derivatives was carried out using the newly developed
conditions. (Table 2.2-1) (See Appendix A for synthesis of all materials and raw CV and UV/Vis data) The
reaction is tolerant of a variety of functional groups including halogens, alkyl, ester, cyano and boronic
esters. The reaction yields are adequate (11-66%) to obtain material to study the photophysical and
electrochemical properties. Substrates containing only strong electron-donating group led to a complex

mixture of products (Figure 2.2-1) of which some have been completely characterized. (Appendix A)

Figure 2.2-1. One of the side products found in the mixture for derivatives with only strong electron donating groups

From the absorption spectra, the C4S4 derivatives generally display a relatively broad absorption
band with absorption maxima (Amax) ranging from 449 nm to 649 nm with molar extinction coefficients (g)
ranging from 5700-26300 M™cm™. Compounds with electron withdrawing groups generally exhibit a
bathochromic shift as well as an increase in € values likely due to the increased donor-n-acceptor nature of
the chromophore.® The ability of the C4S, to act as a strong electron-donating group was also confirmed
by the relatively low oxidation potential. Cyclic voltammetry of this series of compounds reveals two

reversible oxidations with Ei;, values ranging from 0.01 V to 0.21 V for the first oxidation and 0.62 V to



0.78 V for the second oxidation relative to a Fc/Fc* reference. The UV/Vis and CV data were used to

estimate bandgap Eq and HOMO/LUMO values, summarized in Table 2.2-1.

Table 2.2-1. Dithiolodithiole scope and photo/electrochemical properties. (a) Isolated yield. (b) Measured in CH2Cl2. (c) CV
measured in CH2Cl2 with 0.1 M nBusNPFs as supporting electrolyte using a Pt button working electrode, Pt counter electrode
with Fc/Fc* reference. (d) Estimated from the absorption onset: Eq = 1240/A. (e) Calculated from the first oxidation E12: HOMO
= —(Ew20x + 4.80); LUMO = HOMO - Eg4. EH = 2-ethylhexyl, Pin = Pinacolato.

Anad? gl E,; vs F/Fct@  Bandgap'® HOMO/LUMO e
. (a) max 1/2
Product Yield (hm) (M em-Y) V) (eV) (eV)
G
Cr AN 9
8 66% 458 8580 0.06, 0.67 238 -4.86/-2.48
1
S-5
FF 54% 449 5750 0.09, 0.68 2.41 -4.88/-2.48
=
B, o 17% 463 5810 0.13,0.71 2.32 -4.95/-2.63
3
5-5 CH
ww o 58% 455 6920 0.01, 0.62 2.40 -4.80/-2.40
73
' s
LS 21% 370 12600 0.75 2.88 -5.59/-2.71
58
[
CB““’X}%HW 16% 238 11100 - 3.40 -
6
S
C5H|. on 24% 517 26300 0.13,0.71 2.14 -4.93/-2.79
-5
T
S
GO SA on 23% 516 18000 0.10, 0.65 2.15 -4.90/-2.75
&
5-5 o]
C5H”0Me 31% 507 13300 0.06, 0.63 2.19 -4.88/-2.69
s-g OCaHy,
) ° 21% 520 21000 0.16, 0.74 2.13 -4.96/-2.83
5H1,0 1‘n
S-s '
pmaf.’*\@«.’ B 11% 503 9870 0.09, 0.69 2.24 -4.89/-2.55
1
o N, OEH
O 21% 630 14800 0.21,0.76 173 -5.01/-3.28
eug oM S—l: ND" -
canol NN 27% 649 14000 0.10, 0.63 165 -4.90/-3.25

Materials that undergo significant redox induced changes in their absorption properties have

100-103 and electrochemical oxidation of C.S. derivatives were

demonstrated utility in electrochromic devices
studied using spectroelectrochemistry. An illustrative example using 7 is depicted in Figure 2.2-2. As shown,
the radical cation produces the longest wavelength absorptions whereas further oxidation to the closed shell

dication produces a shift to a larger bandgap. Apart from the drastic change in UV/Vis absorption upon
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oxidation, further evidence for oxidation of the n-system as opposed to oxidation of sulfur atoms is provided
by the fact that 6 does not undergo oxidation within the solvent window. Compound 6 would be expected
to have similar Eq, values as compared to other C4S4 compounds if oxidation occurred at the sulfur atom,
but very different E1;, values if oxidation occurs at the n-System given the disparate nature of the conjugated
systems.

C) N b)

T ¥ T T T T T T T

Neutral

Radical

T Radical

Cation

Nomalized Absorbance (au)
Nomalized Absorbance (au)

. 1 . 1 1 . 1 . 1 . 1 . I 1 1 .
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

7 &

Radical

Neutral Cation CsHy1

Dication

CsH1i CsH 1

Figure 2.2-2. Spectroelectrochemistry of Compound 7. Absorption spectra taken in situ with sample in a quartz electrochemical
cell ina 0.1 M nBusNPFs in CHzCl2 solution with a gold working electrode, gold counter electrode and a gold reference electrode
that is externally referenced with Fc/Fc*. Sample was held at a fix potential beyond (a) the first and (b) second oxidation peaks
and the absorption spectra was taken every 30 seconds.

The x-ray crystal structures of Compounds 1 and 12 are shown in Figure 2.2-3 along with some
elements of their packing characteristics. The morphology of organic materials in the solid state is an
important parameter that strongly affects performance in a variety of potential applications.*®**%

Thiophenes have been shown to exhibit favourable charge transport properties due, in part, to their ability
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of form S-S contacts. %1% The presence of multiple sulfur atoms in the C,S4 heterocycle will likely lead
to a higher degree of S-S contacts in the solid state and perhaps to favourable charge transport properties.
Indeed, x-ray crystallography of 1 reveals multiple possible S-S contacts for the sulfurs of the C4S.
heterocycle. “Internal” sulfurs exhibit two S—S contacts whereas the “external” sulfurs exhibit one S-S
contact. Overall, this leads to six S-S contacts for a single molecule which compares favourably to
analogous thiophene compounds. Additionally, the presence of a large number of S-S contacts imparts
highly crystalline characteristics, which could lead to favourable charge transport properties. Moreover, the
crystal structure of 1 reveals that there is a significant dihedral angle of 24.54(4)° between the planes defined
by the central C4S4 heterocycle and the pendant phenyl rings. This high value of dihedral angle may limit
the effective conjugation length of the molecule. However, other C4S4 derivatives can exhibit very different
molecular packing depending on the nature of the substituents employed. For example, the molecular
packing of 12, which contains strong electron withdrawing groups (2-cyanoacrylate), is dominated by
intermolecular charge transfer interactions between electron rich C.Ss heterocycle and electron poor 2-
cyanoacrylate groups while not exhibiting any close S-S contacts. The intermolecular distance for 12 of
3.312 A indicates the close proximity of the conjugated systems within the crystal packing which should
be favourable for charge transport properties. In addition, the dihedral angle between the C4S4 heterocycle
and the phenyl rings of 12 is 0.49(8)°, which indicates a higher degree of m-orbital overlap and increased
effective conjugation length than that of 1, as a result of enhanced electronic communication between the
electron rich C4Ss heterocycle and electron poor 2-cyanoacrylate group. These altering characteristics

demonstrate the tunability of properties for this series of compounds by varying substituents.
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Figure 2.2-3. Crystal structure of compound 1 and 12.

thiophene being a four carbon m-conjugated unit. However, the disparity of
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Given that many high performance organic electronic materials include thiophene moieties, a direct
comparison of a thiophene- with C4Ss-based material would be germane. (Figure 2.2-4) Thiophene based
analogues, 14, 15, and 16 of C4Ss-based 7, 9 and 10 respectively were synthesized and characterized. These
compounds have the same substitution pattern and functional groups, with the only difference being the
central heterocycle. Additionally, both chromophores have equal n-conjugation lengths with both C4S4 and
the resulting properties is
striking. UV/Vis spectroscopy reveals that compounds 7, 9 and 10 exhibit much broader absorption than

14, 15 and 16. Moreover, the absorption maximum and onset of absorption is, on average, redshifted by



160 nm and 175 nm respectively when moving from thiophene to analogous C.Ss.based materials. Cyclic
voltammetry (CV) demonstrates that C4S4 donates electrons much more readily than thiophene since 14,
15 and 16 have an average 0.84 V higher Ey,, value for the first oxidation event. Moreover, C4S, derivatives
will lose a second electron to form a dication at a lower oxidation potential than it takes analogous thiophene
derivatives to lose the first electron. UV/Vis and CV data were also used to estimate the energy level
diagram for comparison between CsS. and thiophene compounds. CsSs derivatives have significantly
smaller HOMO-LUMO gaps, ranging from than 0.85 eV difference between 9 and 15 to 1.00 eV difference
between 10 and 16. This difference is due mainly to a much higher lying HOMO level but also, in part, a

slightly lower lying LUMO level.
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Figure 2.2-4. Direct comparison of photo/electro properties of dithiolodithiole and its thiophene counterpart.

2.3.  Conclusion

In conclusion, we have demonstrated the use of the dithiolodithiole heterocycle as a new building
block for organic electronic materials. The dithiolodithiole motif is readily synthetically accessible using
catalytic processes. Materials containing dithiolodithioles tend to be highly crystalline due to multiple close
S-S contacts or charge transfer interactions in the solid state and exhibit complimentary optical and
electronic properties compared to analogous, widely used thiophene derivatives. The varying properties of

C4S4 derivatives should lead to ability to fine tune both the molecular and bulk properties of materials based
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on this building block by judicious choice of substituents. This work should contribute meaningfully to the
repertoire of available building blocks for conjugated organic materials and lead to the discovery of new

materials with exciting properties.
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2.5.  Appendix A
2.5.1. General Methods

Unless otherwise specified all reactions were run without regard to exclusion of ambient air or
moisture. Microwave heating was performed using a CEM Discover Microwave at 200W unless otherwise
stated. 4-n-Pentyloxyphenylacetylene and 4-n-Pentylphenylacetylene were purchased from Alfa Aesar. 4-
Ethynylbenzonitrile was purchased from Aldrich. 2-Ethylhexyl cyanoacetate and bis(3,5-dichlorophenyl)
disulfide were purchased from TCI. All other reagents and solvents were used as received from commercial
sources. '"H NMR spectra were recorded in CDCI3 solutions on a Bruker AVANCE 400 or 600 MHz
spectrometer. The chemical shift data are reported in units of & (ppm) relative to residual solvent. All
electrochemical measurements were carried out with Autolab PGSTAT30 potentiostat (Eco Chemie B.V.)
in a conventional three-electrode configuration system: a platinum working electrode (1.6 mm diameter), a
platinum wire counter electrode and a silver wire in 0.01mM silver nitrate in acetonitrile with 0.1mM
nBusPFg as electrolyte in a porous vycor fritted electrode as pseudo-reference electrode with ferrocene
added after every run as the internal standard. Dichloromethane was employed as the solvent with 0.1mM
nBusNPFg as electrolyte and the experiments were performed under ambient condition with scan rate of 0.1
VIs. Ultraviolet-visible absorption spectra were measured with an Agilent 8453 diode array

spectrophotometer and corrected for background signal with a solvent filled cuvette.
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2.5.2. Preparation of Starting Materials

2.5.2.1. Pentyl 4-ethynylbenzoate

o :

4/_/70 E

To a solution of methyl 4-ethynylbenzoate (370 mg, 2.31 mmol) in 1-pentanol (40 mL), methyl 4-
ethynylbenzoate (370 mg, 2.31 mmol) was added. The reaction mixture was allowed to stir in an open
vessel under nitrogen at 80 °C for 48 hours. The resulting mixture was diluted with hexanes (60 mL),
washed with saturated aqueous sodium bicarbonate, deionized water, brine and dried with magnesium
sulfate. Volatiles were then removed in vacuo and the residue purified by chromatography on silica gel (0-
60% CH.Cl,/Hexanes) to give the product (yellow oil) in 82% yield. *H NMR (400MHz, CDCls, 293K,
CHCl): 7.98 (2H, d, J=8.2Hz), 7.53 (2H, d, J=8.2Hz), 4.30 (2H, t, J=6.7Hz), 3.22 (1H, s), 1.75 (2H, p,
J=7.0Hz), 1.45-1.31 (4H, m), 0.91 (3H, t, J=7.0Hz2);

3C NMR (100MHz, CDCl3, 293K, CHCls): 165.9, 132.0, 130.4, 129.3, 126.5, 82.8, 79.9, 65.3, 28.3, 28.1,

22.3, 13.9; HRMS calculated for C14H1s0, (M+H) 217.1229; Found: 217.1226;

2.5.2.2. Dipentyl 4,4'-(buta-1,3-diyne-1,4-diyl)dibenzoate

To a solution of pentyl 4-ethynylbenzoate (411 mg, 1.90 mmol), tetramethylethylenediamine (270 pL, 1.90
mmol) and triethylamine (0.82 mL, 5.7 mmol) in acetone (20 mL) was added copper(l) iodide (181 mg,
0.95 mmol). The reaction mixture was allowed to stir at room temperature for 16 hours. Volatiles were then

removed in vacuo and the residue purified by chromatography on silica gel (30-60% CH.Cl,/Hexanes) to
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give the product in 82% yield. '"H NMR (400MHz, CDCls, 293K, CHCl3): 8.01 (4H, d, J=8.6Hz), 7.59
(4H, d, J=8.6Hz), 4.32 (4H, t, J=6.7Hz), 1.77 (4H, p, 7.0 Hz), 1.47-1.33 (8H, m), 0.93 (6H, t, J=7.0Hz);
3C NMR (100MHz, CDCls, 293K, CHCI3): 165.8, 132.4, 130.9, 129.5, 125.9, 81.9, 76.2, 65.5, 28.4, 28.1,

22.3, 14.0; HRMS calculated for C2sH3004 (M+H) 431.2222; Found: 431.2201;

2.5.2.3. Methyl 4-((4-(pentyloxy)phenyl)buta-1,3-diyn-1-yl)

Prepared by a modified previously described procedure.™™ To a solution of 4-n-Pentyloxyphenylacetylene
(2.26 g, 12 mmol) in acetone (80 mL) was added N-bromosuccinimide (2.49 g, 14 mmol) and silver nitrate
(204 mg, 1.2 mmol) in order. The mixture was stirred at room temperature until the reaction was judged
complete by TLC (~2 hours) then poured into ice-water and extracted with hexanes (3x). The extract was
washed with water and brine, dried over MgSQO4 Upon removal of solvent in vacuo crude 1-(bromoethynyl)-
4-(pentyloxy)benzene was pure enough for use without further purification. Copper(l) chloride (10 mg, 0.1
mmol) was added to a 30% n-BuNH- aqueous solution (8 mL) at room temperature, which resulted in the
formation of a blue solution. A few crystals of hydroxylamine hydrochloride were added to discharge the
blue color. Methyl 4-ethynylbenzoate (320 mg, 2 mmol) was then added to the solution and the reaction
mixture was cooled with an ice-water bath. 1-(Bromoethynyl)-4-(pentyloxy)benzene (2.4 mmol) in diethyl
ether (4 mL) was added dropwise to the cooled reaction mixture. Occasionally adding a small amount of
hydroxylamine hydrochloride was necessary to keep the color of the reaction light yellow. After the
addition of bromoalkyne, the cooling bath was removed. The reaction mixture was stirred at room
temperature for 3 hours during which more crystals of hydroxylamine hydrochloride were added whenever
the reaction mixture started to turn blue or green. The reaction mixture was diluted with EtOAc then washed
with 1 M HCI, water and brine. The combined organic layer was dried over MgSO4 and concentrated under

reduced pressure. The residue was purified by chromatography on silica gel (50% CH.Cl./Hexanes) to give
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the product in 81% yield. It should be noted the product co-spots with methyl 4-ethynylbenzoate using this
eluent but they can be differentiated because the product stains significantly faster with CAM (ceric
ammonium molybdate) stain than does methyl 4-ethynylbenzoate. ‘H NMR (400MHz, CDCls, 293K,
CHCls): 8.00 (2H, d, J=8.6Hz), 7.56 (2H, d, J=8.6Hz), 7.46 (2H, d, J=8.9Hz), 6.85 (2H, d, J=8.9Hz), 3.97
(2H, t, J=6.6Hz), 3.92 (3H, s), 1.79 (2H, p, 6.6 Hz), 1.33-1.49 (4H, m), 0.93 (3H, t, J=7.1Hz); **C NMR
(100MHz, CDCls, 293K, CHCIs): 166.3, 160.2, 134.2, 132.3, 130.0, 129.5, 126.8, 114.7, 113.0, 83.6, 80.0,
77.1,72.4,68.1, 52.275, 28.8, 28.1, 22.4, 14.0; HRMS calculated for CzH203; (M+H) 347.1642; Found:

347.1649;

2.5.2.4. 4-((4-Pentylphenyl)buta-1,3-diyn-1-yl)benzonitrile

O

To a solution of 4-n-Pentylphenylacetylene (3.89 mL, 20 mmol), 4-ethynylbenzonitrile (254 mg, 2 mmol),

tetramethylethylenediamine (60 pL, 0.4 mmol) and triethylamine (838 uL, 6 mmol) in acetone (10 mL)
was added copper(l) iodide (38 mg, 0.2mmol). The reaction mixture was allowed to stir at room temperature
for 16 hours. Volatiles were then removed in vacuo and the residue purified by chromatography on silica
gel (0-60% CHCl./Hexanes) to give the product in 70% yield. Spectral data corresponds to that previously

described in the literature.'*

2.5.2.5. 4-((4-(pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzonitrile

o~ V== )-on
7

Prepared by a modified previously described procedure.™ To a solution of 4-n-Pentyloxyphenylacetylene

(2.26 g, 12 mmol) in acetone (80 mL) was added N-bromosuccinimide (2.49 g, 14 mmol) and silver nitrate

(204 mg, 1.2 mmol) in order. The mixture was stirred at room temperature until the reaction was judged
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complete by TLC (~2 hours) then poured into ice-water and extracted with hexanes (3x). The extract was
washed with water and brine, dried over MgSO4 Upon removal of solvent in vacuo crude 1-(bromoethynyl)-
4-(pentyloxy)benzene was pure enough for use without further purification. Copper(l) chloride (10 mg, 0.1
mmol) was added to a 30% n-BuNH. aqueous solution (8 mL) at room temperature, which resulted in the
formation of a blue solution. A few crystals of hydroxylamine hydrochloride were added to discharge the
blue color. 4-Ethynylbenzonitrile (254 mg, 2 mmol) was then added to the solution and the reaction mixture
was cooled with an ice-water bath. 1-(Bromoethynyl)-4-(pentyloxy)benzene (2.4 mmol) in diethyl ether (4
mL) was added dropwise to the cooled reaction mixture. Occasionally adding a small amount of
hydroxylamine hydrochloride was necessary to keep the color of the reaction light yellow. After the
addition of bromoalkyne, the cooling bath was removed. The reaction mixture was stirred at room
temperature for 3 hours during which more crystals of hydroxylamine hydrochloride were added whenever
the reaction mixture started to turn blue or green. The reaction mixture was diluted with EtOAc then washed
with 1 M HCI, water and brine. The combined organic layer was dried over MgSQO4 and concentrated under
reduced pressure. The residue was purified by chromatography on silica gel (30-50% CH-Cl,/Hexanes) to
give the product in 76% yield. '"H NMR (400MHz, CDCls, 293K, CHCl): 7.62 (2H, d, J=8.6Hz), 7.58
(2H, d, J=8.6Hz), 7.47 (2H, d, J=8.9Hz), 6.90 (2H, d, J=8.9Hz), 3.97 (2H, t, J=6.6Hz), 1.79 (2H, p, J=6.6Hz),
1.49-1.33 (4H, m), 0.93 (3H, t, J=7.1Hz); *C NMR (100MHz, CDCls, 293K, CHCls): 160.4, 134.3, 132.8,
132.0, 127.1, 118.3, 114.7, 112.7, 112.1, 84.5, 78.9, 78.6, 72.1, 68.2, 28.8, 28.1, 22.4, 14.0; HRMS

calculated for CHi1sNO (M+H) 314.1545; Found: 314.1552;

2.5.2.6. (2E,2'E)-Bis(2-ethylhexyl)3,3'-(buta-1,3-diyne-1,4-diylbis(4,1-phenylene))bis(2-

cyanoacrylate)

N N
S W N o W/
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To a solution of 4,4'-(buta-1,3-diyne-1,4-diyl)dibenzaldehyde (430 mg, 1.67 mmol, prepared as previously
described'*?) and 2-ethylhexyl cyanoacetate (728 ul, 3.5 mmol) in CH,Cl, was added piperidine (33 pl,
0.33 mmol). The resulting solution was stirred at room temperature for 5 hours then concentrated under
reduced pressure. The resulting residue was purified by chromatography on silica gel (50-70%
CH.Cly/Hexanes) to give the product in 69% yield.

'H NMR (400MHz, CDCls, 293K, CHCIs): 8.20 (2H, s), 7.98 (4H, d, J=8.3Hz), 7.64 (4H, d, J=8.4Hz),
4.29-4.20 (4H, m), 1.72 (2H, sept, J=6.1Hz), 1.45 (4H, p, J=7.4Hz), 1.40-1.26 (12H, m), 0.94 (6H, t,
J=7.4Hz), 0.91 (6H, t, J=6.8H2);

3C NMR (100MHz, CDCl3, 293K, CHCl3): 162.3, 153.1, 133.2, 132.1, 130.9, 126.2, 115.1, 104.2, 82.5,
77.4,69.2,38.7, 30.3, 28.9, 23.7, 22.9, 14.0, 11.0;

HRMS calculated for CaH44N204 ([M+Na]+) 639.3199; Found: 639.3177;

2.5.2.7. 4-((4-(Pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzaldehyde

To a solution of 1-ethynyl-4-(pentyloxy)benzene (6.2 mL, 31.5 mmol), 4-ethynylbenzaldehyde (410 mg,
3.15 mmol), tetramethylethylenediamine (94.5 L, 0.63 mmol) and triethylamine (1.3 mL, 9.45 mmol) in
acetone (16 mL) was added copper(l) iodide (60 mg, 0.315 mmol). The reaction mixture was allowed to
stir at room temperature for 16 hours. Volatiles were then removed in vacuo and the residue purified by
chromatography on silica gel (50% CH.Cl./Hexanes) to give the product in 37% yield.

'H NMR (400MHz, CDCls, 293K, CHCls): 10.02 (1H, s), 7.84 (2H, d, J=8.4Hz), 7.65 (2H, d, J=8.2Hz),
7.47 (2H, d, J=8.9Hz), 6.86 (2H, d, J=8.9Hz), 3.97 (2H, t, J=6.6Hz), 1.80 (2H, p, 7.0Hz), 1.49-1.33 (4H,
m), 0.94 (3H, t, J=7.1Hz);

C NMR (100MHz, CDCls, 293K, CHCls): 191.1, 160.3, 135.8, 134.3, 132.9, 129.5, 128.4, 114.8, 112.9,

84.3,79.8,78.2,72.3,68.2, 28.8, 28.1, 22.4, 14.0;
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HRMS calculated for CoHz00, ([M+H]+) 317.1542; Found: 317.1555;

2.5.2.8. 2-(4-((4-(Pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzylidene) malononitrile

N
\_\_\ N
7 = /"

To a solution of 4-((4-(pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzaldehyde (323 mg, 1.02 mmol) and
malononitrile (74.2 mg, 1.12 mmol) in dichloromethane (5 mL), piperidine (20.2 uL, 0.204 mmol) was
added. The reaction mixture was allowed to stir at room temperature for 1 hour. Volatiles were then
removed in vacuo and the residue purified by chromatography on silica gel (50-100% CH.Cl,/Hexanes) to
give the product in 97% vyield.

'H NMR (400MHz, CDCls, 293K, CHCls): 7.87 (2H, d, J=8.5Hz), 7.72 (1H, s), 7.63 (2H, d, J=8.4Hz),
7.47 (2H, d, J=8.7Hz), 6.86 (2H, d, J=8.7Hz), 3.98 (2H, t, J=6.6Hz), 1.80 (2H, p, J=6.9Hz), 1.49-1.33 (4H,
m), 0.94 (3H, t, J=7.0Hz);

3C NMR (100MHz, CDCls, 293K, CHCl5): 160.5, 158.2, 134.3, 133.2, 130.7, 130.6, 128.8, 114.8, 113.6,
112.7,112.4, 85.4, 83.3,79.9, 79.5, 72.3, 68.2, 28.8, 28.1, 22.4, 14.0;

HRMS calculated for CzsHzoN20 ([M+H]+) 365.1654; Found: 365.1655;

Addition of sulfur to diphenyldiacetylenes and the other derivatives yields corresponding dithiolodithiole
(C4S4) compounds which are generally highly colored and have Ry values that are slightly smaller than those
of the parent diacetylenes. While most CS4 derivatives are easily purified by flash chromatography there
are examples of the crude reaction mixture containing small amounts of co-eluting and electrochemically
active impurities which are most likely polysulfide heterocycles (vide infra). Analytically pure samples
can be obtained by with the aid triphenylphosphine which reacts with the impurities to form
triphenylphosphine sulfide as follows: The product mixture is dissolved in dichloromethane (0.25 M). To

the resulting solution, 3 equivalents of triphenylphosphine are added. The reaction is then stirred at room
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temperature for 2 hours. The reaction is then concentrated under reduced pressure and the resulting residue

purified by chromatography on silica gel.

2.5.3. Preparation and Characterization of Dithiolodithiole Derivatives

2.5.3.1. 3,6-Diphenyl-[1,2]dithiolo[4,3-c][1,2]dithiole (L)

1,4-Diphenylbutadiyne (202 mg, 1 mmol) and elemental sulfur (641 mg, 20 mmol) were charged into a
pressure vessel which was heated at 140 °C for 16 hours. The reaction was cooled and the resulting residue
was purified by chromatography on silica gel (0-30% CH.Cl./hexanes) to give the product in 66% yield.
A large scale procedure was also performed: 1,4-diphenylbutadiyne (1.414 g, 17 mmol), elemental sulfur
(2.24 g, 70 mmol) and TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy, 218 mg, 1.4 mmol) were charged
into a pressure vessel which was heated at 130 °C for 16 hours. The reaction was cooled and the resulting
residue was purified by chromatography on silica gel (0-30% CH:Cl./hexanes) to give the product in 50%
yield. An analytically pure sample was obtained via purification by reaction with triphenylphosphine (vide
supra). Suitable crystals for single crystal x-ray crystallography were grown by slow evaporation of a
CH.Cl, solution in a non-stick coated vial.**®

'H NMR (400MHz, CDCls, 293K, CHCl): 7.50-7.45 (4H, m), 7.44-7.39 (4H, m), 7.34-7.29 (2H, m);
3C NMR (100MHz, CDCls, 293K, CHCls): 138.6, 132.6, 129.0, 128.4, 125.9, 123.0;

HRMS calculated for C1H10Ss (M+) 329.9665; Found: 329.9667;
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2.5.3.2. 3,6-Bis(4-fluorophenyl)-[1,2]dithiolo[4,3-c][1,2]dithiole (2)

1,4-Bis(4-fluorophenyl)buta-1,3-diyne (238 mg, 1.0 mmol, prepared as previously described™'*), elemental

sulfur (321 mg, 10 mmol) and bis(3,5-dichlorophenyl) disulfide (71 mg, 0.4 mmol) were charged into a

pressure vessel which was heated at 140 °C for 16 hours. The reaction was cooled and the resulting residue

was purified by chromatography on silica gel (0-20% CH,Cl./hexanes) to give the product in 64% yield.

An analytically pure sample was obtained via purification by reaction with triphenylphosphine (vide supra).

Suitable crystals for single crystal x-ray crystallography were grown by slow evaporation of a CH,Cl,

solution in a non-stick coated vial.**®

'H NMR (400MHz, CDCls, 293K, CHCl): 7.49-7.43 (4H, m), 7.14-7.07 (4H, m);

13C NMR (100MHz, CDCls, 293K, CHCl3): 162.1 (d, J=250.7Hz), 138.3, 128.6 (d, J=3.5Hz), 128.0 (d,

J=8.2Hz), 122.0, 116.2 (d, J=22.0Hz);

HRMS calculated for C1HsF2S4 (M+) 365.9477; Found: 365.9468;
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2.5.3.3. 3,6-Bis(4-bromophenyl)-[1,2]dithiolo[4,3-c][1,2]dithiole (3)

1,4-Bis(4-bromophenyl)buta-1,3-diyne (612 mg, 1.7 mmol, prepared as previously described'*®) and
elemental sulfur (1.09 g, 34 mmol) were charged into a pressure vessel which was heated at 145 °C for 16
hours. The reaction was cooled and the resulting residue was purified by chromatography on silica gel (0-

20% CHCly/Hexanes) to give the product in 17% yield. An analytically pure sample was obtained via

purification by reaction with triphenylphosphine (vide supra).

'H NMR (400MHz, CDCls, 293K, CHCIs): 7.54 (4H, d, J=8.6Hz), 7.33 (4H, d, J=8.6Hz);

C NMR (150MHz, CDCls, 293K, CHCls): 147.1, 138.4, 131.9, 131.5, 131.2, 123.9;

HRMS calculated for C16HsBr,S4 (M+) 485.7876; Found: 485.7888;
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2.5.3.4. 3,6-Bis(4-pentylphenyl)-[1,2]dithiolo[4,3-c][1,2]dithiole (4)

1,4-Bis(4-pentylphenyl)buta-1,3-diyne (171 mg, 0.5 mmol, prepared as previously described™'®) and
elemental sulfur (321 mg, 10 mmol) were charged into a pressure vessel which was heated at 145 °C for 16
hours. The reaction was cooled and the resulting residue was purified by chromatography on silica gel (100%
hexanes) to give the product in 51% vyield.

'H NMR (400MHz, CDCls, 293K, CHCls): 7.44 (4H, d, J=8.2Hz), 7.26 (4H, d, J=8.2Hz), 2.65 (4H, t,
J=7.8Hz), 1.71-1.61 (4H, m), 1.4-1.32 (8H, m), 0.91 (6H, t, J=6.9Hz)

3C NMR (100MHz, CDCls, 293K, CHCls): 148.4, 144.3, 137.3, 129.9, 129.9, 128.6, 35.7, 31.6, 31.0,
22.5, 14.0;

HRMS calculated for CxH30Ss (M+H) 471.1309; Found: 471.1316;
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2.5.3.5. 3,6-Di(thiophen-2-yl)-[1,2]dithiolo[4,3-c][1,2]dithiole (5)

S-
S
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S N\ \|
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1,4-Di(thiophen-2-yl)buta-1,3-diyne (214 mg, 1.0 mmol, prepared as previously described*'*) and

elemental sulfur (641 mg, 20 mmol) were weighed in air and placed in a microwave tube with a magnetic

stir bar and capped with a microwave tube cap. The mixture is then placed in a CEM Discover microwave

reactor at 170 °C for 7 hours. The reaction is then concentrated under reduced pressure and the resulting

residue purified by chromatography on silica gel (0-10% CH,Cl,/Hexanes) to give the product in 21% vyield.

'H NMR (400MHz, CDCls, 293K, CHCIs): 7.42 (2H, dd, J=5.1, 1.2Hz), 7.36 (2H, dd, J=3.7, 1.2Hz), 7.06

(2H, dd, J=5.1, 3.7H2);

C NMR (150MHz, CDCls, 293K, CHCls): 140.6, 136.7, 133.8, 128.6, 128.4, 127.3;

HRMS calculated for C12HsSe (M+) 341.8794; Found: 341.8787;
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2.5.3.6. 3,6-Dioctyl-[1,2]dithiolo[4,3-c][1,2]dithiole (6)

Icosa-9,11-diyne (274 mg, 1.0 mmol, prepared as previously described™*) and elemental sulfur (641 mg,
20 mmol) were charged into a pressure vessel which was heated at 145 °C for 16 hours. The reaction was
cooled and the resulting residue was purified by chromatography on silica gel (100% hexanes) to give the
product in 16% yield. No redox events where observed within the solvent window -1.23V to 1.27V with
respect to Fc/Fc+ (define solvent window).

'H NMR (400MHz, CDCls, 293K, CHCls): 3.02-2.82 (4H, m), 1.66-1.56 (4H, m), 1.40-1.21 (20H, m),
0.88 (6H, t, J=7.0H2);

C NMR (100MHz, CDCls, 293K, CHCIs): 149.4, 136.8, 31.9, 31.8, 29.9, 29.2, 29.1, 29.0, 22.7, 14.1;

HRMS calculated for CxH34Ss (M+) 402.1543; Found: 402.1553;
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2.5.3.7. 4-(6-(4-Pentylphenyl)-[1,2]dithiolo[4,3-c][1,2]dithiol-3-yl)benzonitrile (7)

4-((4-Pentylphenyl)buta-1,3-diyn-1-yl)benzonitrile (157 mg, 0.53 mmol), elemental sulfur (160 mg, 5
mmol), bis(3,5-dichlorophenyl) disulfide (53 mg, 0.15 mmol) and 1,2-dichloroethane (2 mL) were placed
in a microwave tube with a magnetic stir bar and capped with a microwave tube cap. The mixture is then
placed in a CEM Discover microwave reactor at 160 °C for 1.5 hours. The reaction is then concentrated
under reduced pressure and the resulting residue purified by chromatography on silica gel (10-50%
CH.Cly/Hexanes) to give the product in 24% yield.

'H NMR (400MHz, CDCls, 293K, CHCls): 7.68 (2H, d, J=8.7Hz), 7.53 (2H, d, J=8.7Hz), 7.39 (2H, d,
J=8.3Hz), 7.24 (2H, d, J=8.3Hz), 2.62 (2H, t, J=7.7Hz), 1.62 (2H, p, J=7.5Hz), 1.38-1.28 (4H, m), 0.90 (3H,
t, J=6.9Hz);

C NMR (150MHz, CDCls, 293K, CHCls): 144.3, 142.7, 137.7, 137.1, 132.6, 129.3, 129.2, 126.0, 125.9,
120.0, 118.5, 110.4, 35.8, 31.4, 30.9, 22.5, 14.0, 1 overlapping signal as one peak is missing even with
prolonged scans;

HRMS calculated for C2H1oNSs (M+H) 426.0479; Found: 426.0488;
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2.5.3.8. 4-(6-(4-(Pentyloxy)phenyl)-[1,2]dithiolo[4,3-c][1,2]dithiol-3-yl)benzonitrile (8)

4-((4-(Pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzonitrile (157 mg, 0.5 mmol), elemental sulfur (160 mg, 5
mmol), bis(3,5-dichlorophenyl) disulfide (36 mg, 0.1 mmol) and 1,2-dichloroethane (1 mL) were placed in
a microwave tube with a magnetic stir bar and capped with a microwave tube cap. The mixture is then
placed in a CEM Discover microwave reactor at 160 °C for 1.5 hours. The reaction is then concentrated
under reduced pressure and the resulting residue purified by chromatography on silica gel (30-50%
CH.Cly/Hexanes) to give the product in 23% yield.

'H NMR (400MHz, CDCls, 293K, CHCls): 7.67 (2H, d, J=8.4Hz), 7.52 (2H, d, J=8.5Hz), 7.41 (2H, d,
J=8.7Hz), 6.93 (2H, d, J=8.7Hz), 3.98 (2H, t, J=6.4Hz), 1.80 (2H, p, J=6.5Hz), 1.33-1.50 (4H, m), 0.94 (3H,
t, J=6.6Hz);

C NMR (100MHz, CDCls, 293K, CHCIs): 159.6, 137.2, 136.7, 132.56, 127.7, 125.99, 125.96, 125.91,
124.1,119.6, 118.5, 115.0, 110.4, 68.2, 28.8, 28.1, 22.4, 14.0;

HRMS calculated for C22H1sNOS4 (M+H) 442.0422; Found: 442.0426;
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2.5.3.9. Methyl-4-(6-(4-(pentyloxy)phenyl)-[1,2]dithiolo[4,3-c][1,2]dithiol-3-yl)benzoate (9)

Methyl 4-((4-(pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzoate (173 mg, 0.5 mmol), elemental sulfur (160
mg, 5 mmol), bis(3,5-dichlorophenyl) disulfide (36 mg, 0.1 mmol) and 1,2-dichloroethane (1.5 mL) were
placed in a microwave tube with a magnetic stir bar and capped with a microwave tube cap. The mixture is
then placed in a CEM Discover microwave reactor at 160 °C for 1 hour. The reaction is then concentrated
under reduced pressure and the resulting residue purified by chromatography on silica gel (10-50%
CH.Cly/Hexanes) to give the product in 23% yield.

'H NMR (400MHz, CDCls, 293K, CHCls): 8.05 (2H, d, J=8.6Hz), 7.50 (2H, d, J=8.6Hz), 7.41 (2H, d,
J=8.8Hz), 6.92 (2H, d, J=8.8Hz), 3.98 (2H, t, J=6.5Hz), 3.92 (3H, s), 1.80 (2H, p, J=6.9Hz), 1.34-1.49 (4H,
m), 0.94 (3H, t, J=7.1Hz);

C NMR (100MHz, CDCls, 293K, CHCls): 166.2, 159.4, 141.3, 137.1, 136.9, 130.2, 128.8, 127.6, 125.4,
124.9,124.4,120.7, 115.0, 68.2, 52.2, 28.8, 28.1, 22.4, 14.0;

HRMS calculated for C23H2,03S4 (M+H) 475.0525; Found: 475.0525;
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2.5.3.10. Dipentyl 4,4'-([1,2]dithiolo[4,3-c][1,2]dithiole-3,6-diyl)dibenzoate (10)

Dipentyl 4,4'-(buta-1,3-diyne-1,4-diyl)dibenzoate (43 mg, 0.1 mmol), elemental sulfur (32 mg, 1 mmol)
and bis(3,5-dichlorophenyl) disulfide (11 mg, 0.03 mmol) were charged into a pressure vessel which was
heated at 140 °C for 16 hour. The reaction was cooled and the resulting residue was purified by
chromatography on silica gel (0-70% CH,Clx/hexanes) to give the product in 21% yield.

'H NMR (400MHz, CDCls, 293K, CHCls): 8.08 (4H, d, J=8.7Hz), 7.52 (4H, d, J=8.7Hz), 4.32 (4H, t,
J=6.7Hz), 1.78 (4H, p, J=6.8Hz), 1.34-1.48 (8H, m), 0.94 (6H, t, J=7.1Hz);

3C NMR (100MHz, CDCls, 293K, CHCIs): 165.7, 141.0, 136.6, 130.2, 129.9, 125.7, 123.2, 65.4, 28.4,
28.2,22.4,14.0,

HRMS calculated for CsH3004S4 (M+H) 558.1027; Found: 558.1039;
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2.5.3.11. 3,6-Bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-[1,2]dithiolo[4,3-

c][1,2]dithiole (11)
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1,4-Bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)buta-1,3-diyne (200 mg, 0.44 mmol,
prepared as previously described™’), elemental sulfur (141 mg, 4.4 mmol), bis(3,5-dichlorophenyl)
disulfide (32 mg, 0.09 mmol) and 1,2-dichloroethane (1 mL) were placed in a microwave tube with a
magnetic stir bar and capped with a microwave tube cap. The mixture is then placed in a CEM Discover
microwave reactor at 160 °C for 1 hour. The reaction is then concentrated under reduced pressure and the
resulting residue purified by chromatography on silica gel (0-80% CH.Cl./Hexanes) to give the product in
11% vyield.

'H NMR (400MHz, CDCls, 293K, CHCls): 7.90 (4H, d, J=8.2Hz), 7.54 (4H, d, J=8.2Hz), 1.35 (24H, s);
3C NMR (100MHz, CDCls, 293K, CHCIs): 148.5, 138.2, 135.1, 134.9, 129.3, 128.8, 84.0, 24.9;

HRMS calculated for C2sH32B204S4 (M+H) 583.1448; Found: 583.1453,;
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2.5.3.12. (2E,2'E)-Bis(2-ethylhexy!) 3,3'-([1,2]dithiolo[4,3-c][1,2]dithiole-3,6-diylbis(4,1-

phenylene))bis(2-cyanoacrylate) (12)

(2E,2'E)-Bis(2-ethylhexyl)3,3'-(buta-1,3-diyne-1,4-diylbis(4,1-phenylene))bis(2-cyanoacrylate) (308 mg,
0.5 mmol), elemental sulfur (160 mg, 5 mmol), bis(3,5-dichlorophenyl) disulfide (36 mg, 0.1 mmol) and
1,2-dichloroethane (2 mL) were placed in a microwave tube with a magnetic stir bar and capped with a
microwave tube cap. The mixture is then placed in a CEM Discover microwave reactor at 160 °C for 1 hour.
The reaction is then concentrated under reduced pressure and the resulting residue purified by
chromatography on silica gel (60-80% CHCl./Hexanes) to give the product in 21% yield. Caution should
be taken to neutralize CDClI; or use alternative solvents as the presence of acid can cause the formation of
radical cations (confirmed by EPR and UV experiments with acid titration and spectroelectrochemical
measurements) and cause the disappearance of NMR signals. Suitable crystals (needles) for single crystal

x-ray crystallography were grown by slow evaporation of a CH,Cl, solution in a non-stick coated vial.*
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'"H NMR (400MHz, CD,Cl,, 293K, CHDCl,): 8.19 (2H, s), 8.07 (4H, d, J=8.5Hz), 7.61 (4H, d, J=8.4Hz),
4.28-4.19 (4H, m), 1.72 (2H, sept, J=6.1Hz) 1.50-1.30 (16H, m), 0.95 (6H, t, J=7.5Hz), 0.92 (6H, t,
J=7.1Hz);

3C NMR (100MHz, CD.Cl,, 293K, CHDCIl,): 163.0, 153.2, 143.0, 137.2, 132.2, 131.5, 126.9, 124.3,
116.0, 103.9, 69.6, 39.4, 30.9, 29.5, 24.3, 23.5, 14.4, 11.4;

HRMS calculated for C4H44N204S4 (M+) 744.2178; Found: 744.2173;

Normalized Absorbance (au)
"Current (au) .

" 1 L 1 L 1 L
700 -1.0 -05 0.0 05 1.0

300 I 400 500 600 .
Wavelength (nm) Potential (V vs Fc/Fc')
2.5.3.13. 2-(4-(6-(4-(Pentyloxy)phenyl)-[1,2]dithiolo[4,3-c][1,2]dithiol-3-

yl)benzylidene)malononitrile (13)

2-(4-((4-(Pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzylidene)malononitrile (182 mg, 0.5 mmol), elemental
sulfur (160 mg, 5 mmol), bis(3,5-dichlorophenyl) disulfide (36 mg, 0.1 mmol) and 1,2-dichloroethane (1.5

mL) were placed in a microwave tube with a magnetic stir bar and capped with a microwave tube cap. The
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mixture is then placed in a CEM Discover microwave reactor at 160 °C for 1 hour. The reaction is then
concentrated under reduced pressure and the resulting residue purified by chromatography on silica gel (50-
80% CH.Cly/Hexanes) to give the product in 27% yield. An EPR experiment (vide infra) revealed the
presence of some radical character in the ground state or low lying excited sate of the title compound. The
radical causes broadening of *H and disappearance of **C NMR signals.

'H NMR (400MHz, CD,Cl,, 293K, CHDCIl,): 7.96 (2H, d, J=9.3Hz), 7.73 (1H, s), 7.56 (2H, d, J=9.0Hz),
7.48-7.40 (2H, m), 6.95(2H, d, J=9.3Hz), 4.00 (2H, m), 1.85-1.73 (2H, m), 1.48-1.35 (4H, m), 0.98-0.90
(3H, m);

HRMS calculated for CzsHz0N20S4 (M+) 492.0458; Found: 492.0477;

Current (au)

Normalized Absorbance (au)

1 r 1 e 1 ry 1 r 1 e 1 'l i 1 A 1 A 1 1 i
300 400 500 600 700 800 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Wavelength (nm) Potential (V vs Fc/Fc+)
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2.5.4. Preparation and Characterization of Thiophene Derivatives

2.5.4.1. 4-(5-(4-Pentylphenyl)thiophen-2-yl)benzonitrile (14)

CN

To a solution of 4-((4-pentylphenyl)buta-1,3-diyn-1-yl)benzonitrile (69 mg, 0.22 mmol) in ethanol was
added sodium sulfide nonahydrate (58 mg, 0.24 mmol). The reaction was stirred at 50 °C for 16 hours.
Volatiles were then removed in vacuo and the residue purified by chromatography on silica gel (30-45%
CH.Cly/Hexanes) to give the product in 17% yield.

'H NMR (400MHz, CDCls, 293K, CHCls): 7.70 (2H, d, J=8.4Hz), 7.65(2H, d, J=8.2Hz), 7.55 (2H, d,
J=7.9Hz), 7.39 (1H, d, J=3.8Hz), 7.29 (1H, d, J=3.8Hz), 7.22 (2H, d, J=7.9Hz), 2.63 (2H, t, J=7.7Hz), 1.64
(2H, p, J=7.3Hz), 1.29-1.41 (4H, m), 0.91 (3H, t, J=6.6Hz);

C NMR (100MHz, CDCls, 293K, CHCls): 146.4, 143.3, 140.4, 138.6, 132.7, 131.1, 129.1, 126.0, 125.7,
125.6, 123.9, 118.9, 110.3, 35.6, 31.5, 31.0, 22.5, 14.0;

HRMS calculated for C»H21NS (M+H) 332.1467; Found: 332.1477,
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2.5.4.2. Methyl 4-(5-(4-(pentyloxy)phenyl)thiophen-2-yl)benzoate (15)

/\
\/\/\ O S O OMe
O
o

To a solution of methyl 4-((4-(pentyloxy)phenyl)buta-1,3-diyn-1-yl)benzoate (69.3 mg, 0.2 mmol) in a
mixture of dichloromethane (1 ml) and methanol (1 ml) was added sodium sulfide nonahydrate (72 mg, 0.3
mmol) and crushed activated 3 A molecular sieves. The reaction was stirred at 60 °C for 48 hours. Volatiles
were then removed in vacuo and the residue purified by chromatography on silica gel (50%
CH.Cly/Hexanes) to give the product in 10% yield.

'H NMR (600MHz, CDCls, 293K, CHCls): 8.04 (2H, d, J=8.1Hz), 7.67 (2H, d, J=8.1 Hz), 7.55 (2H, d,
J=8.4Hz), 7.38 (1H, d, J=3.5Hz), 7.20 (1H, d, J=3.5Hz), 6.92 (2H, d, J=8.4Hz), 3.99 (2H, t, J=6.5Hz), 3.93
(3H, s), 1.81 (2H, p, J=6.8Hz), 1.49-1.36 (4H, m), 0.94 (3H, t, J=7.0Hz);

C NMR (150MHz, CDCls, 293K, CHCls): 167.0, 159.3, 145.6, 141.1, 138.9, 130.5, 128.6, 127.2, 126.8,

125.7,125.2,123.3, 115.1, 68.3, 52.4, 29.2, 28.4, 22.7, 14.3;

HRMS calculated for C23H2403S (M+H) 381.1524; Found: 381.1534;
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2.5.4.3. Dipentyl 4,4'-(thiophene-2,5-diyl)dibenzoate (16)

/\/\/oo O . O Ooy\ﬂ

To a solution of dipentyl 4,4'-(buta-1,3-diyne-1,4-diyl)dibenzoate (129 mg, 0.3 mmol) in pentanol was

added sodium sulfide nonahydrate (82.4 mg, 0.34 mmol) and crushed activated 3 A molecular sieves (500

mg). The reaction was stirred at 60 °C for 16 hours. Volatiles were then removed in vacuo and the residue

purified by chromatography on silica gel (30-45% CH.Cl,/Hexanes) to give the product in 23% yield.

'H NMR (400MHz, CDCls, 293K, CHCl5): 8.06 (4H, d, J=8.6Hz), 7.69 (4H, d, J=8.6Hz), 7.42 (2H, s),

4.33 (4H, t, 1=6.7Hz), 1.79 (4H, p, J=7.0Hz), 1.49-1.35 (8H, m), 0.94 (6H, t, I=7.1Hz);

3C NMR (100MHz, CDCls, 293K, CHCly): 166.2, 143.7, 138.1, 130.3, 129.5, 125.6, 125.3, 65.2, 28.4,

28.2,22.4,14.0;

HRMS calculated for CsH3204S (M+H) 465.2100; Found: 465.2073;

127



L] b L) L] T v L} L] L] L] L] L}
L 4 3 _
&
oL
Q
- s
3 2
=} ot
< o
gL 4 < 4
T
3| 8
g
(=]
St
" Il i L 1 i L " 1 " 1 1 Y 1 i 1 i L
1.5 -1.0 0.5 0.0 0.5 1.0 1.5 300 400 500 600 700

Potential (V vs Fc/Fc+)

2.5.5. Preparation

and Characterization of

f][1,2,3,4,5]pentathiepine

S S
/\
ey
MeO OMe

1,4-Bis(4-methoxyphenyl)buta-1,3-diyne (393 mg, 1.5 mmol), prepared as previously described**),

Wavelength (nm)

6,8-Bis(4-methoxyphenyl)thieno[3,4-

elemental sulfur (962 mg, 30 mmol), bis(3,5-dichlorophenyl) disulfide (197 mg, 0.9 mmol) and 1,2-

dichloroethane (3 mL) were placed in a microwave tube with a magnetic stir bar and capped with a

microwave tube cap. The mixture is then placed in a CEM Discover microwave reactor at 160 °C for 1 hour.

The reaction is then filtered through a celite pad (washing with CH.Cl,) and the filtrate concentrated under

reduced pressure. The resulting residue is then purified by chromatography on silica gel (0-60%

CH.Cly/Hexanes) to give a complex mixture of co-eluting products (310 mg) as demonstrated by NMR,

TLC (visualizing with various techniques, vide infra) and differential pulse voltammetry. The differential

pulse voltammogram is shown below along with hypothesized structures of the corresponding peaks.
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The first and third peaks in the voltammogram are likely to correspond to the C.S, derivative because the
redox potentials would be consistent with the the rest of the C4S4 compounds that have been synthesized.
Since the title compound has been isolated and characterized the fifth and six peaks of the voltammogram
can be assigned to the title compound. The second and fourth peaks are assigned to a structure that is
hypothesized to possibly resemble a C.S, derivative with extra sulfurs on one or both sides of the central,
fused, sulfur-containing heterocycle. This hypothesis is based on the title compound containing many sulfur
atoms in one cycle and the fact that this impurity can react with triphenylphosphine to give
triphenylphosphine sulfide (vide supra). The complex mixture (39 mg) was dissolved in CH2Cl, (3 mL).
Upon addition silver hexafluorophosphate (34 mg, 0.13 mmol) the solution immediately turned green and
metallic silver plated out. The reaction was allowed to stir at room temperature for 10 minutes. TLC analysis
revealed that two of the three components of the mixture had been oxidized leaving the component with

the highest oxidation potential unreacted.
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The reaction is then concentrated under reduced pressure and the resulting residue purified by
chromatography on silica gel (40-50% CH.Cl,/Hexanes) to give the title compound (23 mg). Suitable
crystals for single crystal x-ray crystallography were grown by slow evaporation of a CH2ClI solution in a
non-stick coated vial.'*3

'H NMR (400MHz, CDCls, 293K, CHCl): 7.47 (4H, d, J=8.7Hz), 6.98 (4H, d, J=8.7Hz), 3.87 (6H, 3);
3C NMR (100MHz, CDCls, 293K, CHCl3): 160.3, 147.9, 137.0, 131.3, 125.0, 114.0, 55.4,;

HRMS calculated for C1sH1402.S¢ (M+H) 454.9396; Found: 454.9394;

2.5.6. X-Ray Crystallography Data

Low-temperature diffraction data (p-and w-scans) were collected on a Siemens Platform three-circle
diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo K,
radiation (A = 0.71073 A) for the structure of compound 1 and on a Bruker-AXS X8 Kappa Duo
diffractometer coupled to a Smart Apex2 CCD detector with Mo K, radiation (A = 0.71073 A), from an IuS
micro-source. The structures were solved by direct methods using SHELXS™® and refined against F? on
all data by full-matrix least squares with SHELXL" following established refinement strategies'®. All

non-hydrogen atoms were refined anisotropically. All hydrogen atoms bound to carbon were included into
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the model at geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the Ueq value of the atoms they are
linked to (1.5 times for methyl groups). Details of the data quality and a summary of the residual values of

the refinements are listed in tables S1 to S20.

Compounds 1 and 2 both crystallize in the monoclinic space group P2:/c with half a molecule of 1 or 2,
respectively, per asymmetric unit. The molecules are completed by one of the space group’s

crystallographic inversion centers.

Compound 12 crystallizes in the triclinic space group P-2 with half a molecule of 12 per asymmetric unit.
The molecule is completed by one of the space group’s crystallographic inversion centers. The 2-ethylhexyl
group in 12 was modeled as disordered over two positions. This disorder was refined with the help of
similarity restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond restraints

for anisotropic displacement parameters. The disorder ratio was refined freely and converged at 0.576(5).

Compound 17 crystallizes in the orthorhombic space group Pnma with half a molecule of 17 per asymmetric

unit. The molecule is completed by the space group’s crystallographic mirror plane, which extends through

atoms S1 and S4.

\ ., -—-—“\ \ .,
(S~
/\/ /

\

\

_
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Thermal ellipsoid representation for the crystal structure of compound 1 with atomic labeling scheme.
Ellipsoids are drawn at the 50% probability level. The structure contains only half a molecule in the
asymmetric unit, the second half of the molecule is generated by a crystallographic inversion center. The
figure shows the full molecule; symmetry related atoms are labeled with the letter A in the atom name and
are generated by the symmetry operator 1-x, 1-y, 1-z.

Table 1. Crystal data and structure refinement for compound 1.

Identification code 13018
Empirical formula Ci6 Hio S4
Formula weight 330.48
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2./c
Unit cell dimensions a = 13.7506(18) A
b =7.1690(9) A
¢ =7.0998(9) A
Volume 697.39(15) A3
z 2
Density (calculated) 1.574 Mg/m?
Absorption coefficient 0.665 mm-!
F(000) 340
Crystal size 0.55 x0.30 x 0.25 mm3
Theta range for data collection 2.97 t0 30.98°.
Index ranges -19<=h<=19, -10<=k<=10, -10<=1<=10
Reflections collected 19293
Independent reflections 2225 [Rint = 0.0349]
Completeness to theta = 30.98° 99.8 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8514 and 0.7112
Refinement method Full-matrix least-squares on F?2
Data / restraints / parameters 2225/0/91
Goodness-of-fit on F? 1.063
Final R indices [I>24(1)] R1=0.0281, wR2 = 0.0797
R indices (all data) R1 =0.0295, wR2 = 0.0807
Largest diff. peak and hole 0.498 and -0.446 e.A-3

Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters (A2x 103) for

compound 1. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
(1) 5276(1) 4306(1) 7940(1) 1101)
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52) 3757(1) 4327(1) 7593(1) 12(1)
C(1) 5450(1) 4909(1) 5593(1) 9(1)
C(2) 6324(1) 5190(1) 4856(1) 10(1)
C(3) 7312(1) 5112(1) 5801(1) 10(1)
C(4) 8070(1) 6131(2) 5059(2) 13(1)
C(5) 9015(1) 6068(2) 5928(2) 14(1)
C(6) 9232(1) 4986(2) 7543(2) 15(1)
c(?) 8490(1) 3970(2) 8291(2) 16(1)
C(8) 7539(1) 4029(2) 7428(2) 13(1)

Table 3. Bond lengths [A] and angles [°] for compound 1.

Bond lengths [A]
S(1)-C(1) 1.7572(10)
S(1)-S(2) 2.0836(4)
S(2)-C(2)#1 1.7668(10)
C(1)-C(2) 1.3646(13)
C(1)-C(1)#1 1.4436(18)
C(2)-C(3) 1.4660(13)
C(2)-S(2)#1 1.7668(10)
C(3)-C(8) 1.4050(14)
C(3)-C(4) 1.4100(13)
C(4)-C(5) 1.3912(13)
C(4)-H(4) 0.9500
C(5)-C(6) 1.3955(15)
C(5)-H(5) 0.9500
C(6)-C(7) 1.3948(15)
C(6)-H(6) 0.9500
C(7)-C(8) 1.3963(14)
C(7)-H(7) 0.9500
C(8)-H(8) 0.9500

Bond angles [°]
C(1)-S(1)-S(2) 95.81(3)
C(2)#1-S(2)-S(1) 95.55(3)
C(2)-C(1)-C(1)#1 120.13(11)
C(2)-C(1)-S(1) 126.48(7)
C()#1-C(1)-S(1) 113.39(9)
C(1)-C(2)-C(3) 129.12(9)
C(1)-C(2)-S(2)#1 114.99(7)
C(3)-C(2)-S(2)#1 115.88(7)
C(8)-C(3)-C(4) 118.26(9)
C(8)-C(3)-C(2) 122.06(9)
C(4)-C(3)-C(2) 119.68(9)
C(5)-C(4)-C(3) 120.63(10)
C(5)-C(4)-H(4) 119.7
C(3)-C(4)-H(4) 119.7
C(4)-C(5)-C(6) 120.59(10)
C(4)-C(5)-H(5) 119.7
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C(6)-C(5)-H(5) 119.7
C(7)-C(6)-C(5) 119.41(9)
C(7)-C(6)-H(6) 120.3
C(5)-C(6)-H(6) 120.3
C(6)-C(7)-C(8) 120.29(10)
C(6)-C(7)-H(7) 119.9
C(8)-C(7)-H(7) 119.9
C(7)-C(8)-C(3) 120.82(10)
C(7)-C(8)-H(8) 119.6
C(3)-C(8)-H(8) 119.6

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1
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Table 4. Anisotropic displacement parameters (A2x 10°) for compound 1. The anisotropic displacement

factor exponent takes the form: -202[ h2a*2Ut + ... +2hka*b* U%?]

Ui Uz uU3s Uz uBs U2
S(1) 7(1) 16(1) 9(1) 2(1) 1(1) 0(1)
S(2) 7(1) 19(1) 10(1) 3(1) 2(1) 0(1)
C(1) 8(1) 10(1) 8(1) 0(1) 0(1) 0(1)
C(2) 7(1) 12(1) 9(1) 0(1) 0(1) 0(1)
C(3) 7(1) 12(1) 12(1) -1(1) 0(1) 0(1)
C4) 8(1) 16(1) 14(1) 1(1) 1(1) -1(1)
C(5) 7(1) 19(1) 18(1) 0(1) 2(1) -1(1)
C(6) 8(1) 20(1) 17(1) -1(1) -2(1) 1(1)
C(7) 10(1) 21(1) 17(1) 4(1) -2(1) 2(1)
C(8) 8(1) 16(1) 14(1) 3(1) 0(1) 0(1)

Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3) for compound

1.
X y z U(eq)
H(4) 7934 6867 3956 15
H(5) 9517 6768 5417 17
H(6) 9879 4943 8128 18
H(7) 8632 3234 9393 19
H(8) 7040 3328 7948 16
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Thermal ellipsoid representation for the crystal structure of compound 2 with atomic labeling scheme.
Ellipsoids are drawn at the 50% probability level. The structure contains only half a molecule in the
asymmetric unit, the second half of the molecule is generated by a crystallographic inversion center. The
figure shows the full molecule; symmetry related atoms are labeled with the letter A in the atom name and

are generated by the symmetry operator 2-x, 2-y, 2-z.

Table 6. Crystal data and structure refinement for compound 2.

Identification code X8 12058
Empirical formula CisHsF2 S4
Formula weight 366.46
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2i/c

Unit cell dimensions

a=13.987(4) A

b=7.1212(19) A

c = 7.1668(19) A

Volume 713.1(3) A3

z 2

Density (calculated) 1.707 Mg/m?
Absorption coefficient 0.679 mm!

F(000) 372

Crystal size 0.35x0.25 x 0.20 mm3
Theta range for data collection 1.46 to 30.85°.

Index ranges

-19<=h<=20, -10<=k<=10, -9<=I<=10

Reflections collected 14051

Independent reflections 2243 [Rint = 0.0292]
Completeness to theta = 30.85° 99.9 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8762 and 0.7971

137




Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [1>24(1)]

R indices (all data)

Largest diff. peak and hole

Full-matrix least-squares on F?
2243/0/100

1.043

R1 =0.0242, wR2 = 0.0661
R1 = 0.0256, wR2 = 0.0670

0.601 and -0.249 e.A-3

Table 7. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%) for

compound 2. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
S(1) 8789(1) 10638(1) 12680(1) 12(1)
S(2) 10278(1) 10658(1) 12905(1) 11(1)
F(1) 4991(1) 10132(1) 6996(1) 20(1)
C@) 9557(1) 9916(1) 9446(1) 9(1)
C(2) 8706(1) 10183(1) 10251(1) 10(2)
C(3) 7735(1) 10127(1) 9387(1) 10(1)
C(4) 7504(1) 9038(2) 7794(2) 14(1)
C(5) 6581(1) 9024(2) 6981(2) 16(1)
C(6) 5892(1) 10111(2) 7785(1) 14(1)
C(7) 6082(1) 11193(2) 9358(2) 15(1)
C(8) 7005(1) 11188(2) 10160(1) 13(1)

Table 8. Bond lengths [A] and angles [°] for compound 2.

S(1)-C(2) 1.7693(11)
S(1)-S(2) 2.0817(6)
S(2)-C(L)#1 1.7594(10)
F(1)-C(6) 1.3575(12)
C(1)-C(2) 1.3600(13)
C(1)-C(L)#1 1.4451(18)
C(1)-S(2)#1 1.7594(10)
C(2)-C(3) 1.4664(13)
C(3)-C(8) 1.4046(14)
C(3)-C(4) 1.4046(14)
C(#)-C(5) 1.3912(14)
C(4)-H(4) 0.9500
C(5)-C(6) 1.3827(15)
C(5)-H(5) 0.9500
C(6)-C(7) 1.3814(15)
C(7)-C(8) 1.3889(14)
C(7)-H() 0.9500
C(8)-H(8) 0.9500
C(2)-S(1)-S(2) 95.53(3)
C(L)#1-S(2)-S(1) 95.75(3)
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Symmetry transformations used to generate equivalent atoms:

#1 -X+2,-y+2,-z+2

C(2)-C(1)-C(L#1 120.06(11)
C(2)-C(1)-S(2)#1 126.53(7)
C(L#1-C(1)-S(2)#1 113.41(9)
C(1)-C(2)-C(3) 128.97(9)
C(1)-C(2)-S(1) 115.12(7)
C(3)-C(2)-S(1) 115.91(7)
C(8)-C(3)-C(4) 118.27(9)
C(8)-C(3)-C(2) 119.65(9)
C(4)-C(3)-C(2) 122.07(9)
C(5)-C(4)-C(3) 121.19(10)
C(5)-C(4)-H(4) 119.4
C(3)-C(4)-H(4) 119.4
C(6)-C(5)-C(4) 118.20(10)
C(6)-C(5)-H(5) 120.9
C(4)-C(5)-H(5) 120.9
F(1)-C(6)-C(7) 118.21(9)
F(1)-C(6)-C(5) 118.98(9)
C(7)-C(6)-C(5) 122.81(9)
C(6)-C(7)-C(8) 118.35(10)
C(6)-C(7)-H(7) 120.8
C(8)-C(7)-H(7) 120.8
C(7)-C(8)-C(3) 121.17(9)
C(7)-C(8)-H(8) 119.4
C(3)-C(8)-H(8) 119.4
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Table 9. Anisotropic displacement parameters (A2x 10°) for compound 2. The anisotropic displacement

factor exponent takes the form: -202[ h2a*2Ut + ... +2hka*b* U%?]

Ull U22 U33 U23 U13 U12
(1) 10(1) 16(1) 9(1) 2(1) 1(1) 0(L)
5(2) 10(1) 14(1) 8(1) -2(1) 0(1) 0(1)
F(1) 9(1) 32(1) 18(1) -1(1) -4(1) “1(1)
C(1) 11(1) 8(1) 7(1) 0(1) “1(1) (1)
C(2) 11(1) 9(1) 9(1) 0(1) “1(1) 0(1)
c@) 10(1) 10(1) 10(1) 1(1) (1) 0(1)
C(4) 13(1) 15(1) 14(1) -4(1) 0(1) 0(1)
C(5) 13(1) 19(1) 15(1) -4(1) “1(1) -2(1)
C(6) 9(1) 19(1) 14(1) 2(1) -2(1) -2(1)
c(?) 11(1) 18(1) 14(1) 0(1) 1(1) 1(1)
C(8) 12(1) 16(1) 12(1) 2(1) 0(1) 1(1)

Table 10. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3) for compound

2.
X y z U(eq)

H(4) 7987 8299 7263 17

H(5) 6428 8287 5903 19

H(7) 5592 11924 9880 18

H(8) 7146 11914 11250 16
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Thermal ellipsoid representation for the crystal structure of compound 12 with atomic labeling scheme.
Ellipsoids are drawn at the 50% probability level. The structure contains only half a molecule in the
asymmetric unit, the second half of the molecule is generated by a crystallographic inversion center. The
figure shows the full molecule; symmetry related atoms are labeled with the letter A in the atom name and
are generated by the symmetry operator -X, 2-y, 1-z. Atoms of the minor disorder component are omitted

for clarity.

Table 11. Crystal data and structure refinement for compound 12.

Identification code X8 13119
Empirical formula Cao Haa N2 O4 S4
Formula weight 745.01
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic

Space group P-1

Unit cell dimensions

a = 8.0881(6) A

b = 8.2695(6) A

c=15.6391(12) A

Volume 915.19(12) A3

Z 1

Density (calculated) 1.352 Mg/m?

Absorption coefficient 0.304 mm'!

F(000) 394

Crystal size 0.600 x 0.140 x 0.050 mm3
Theta range for data collection 1.328 to 30.508°.

Index ranges

-11<=h<=11, -11<=k<=11, -22<=|<=22

Reflections collected

54347

Independent reflections

5549 [Rin: = 0.0336]

Completeness to theta = 25.242°

99.6 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.7462 and 0.6890

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

5549 /276299
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Goodness-of-fit on F? 1.055

Final R indices [I1>24(1)] R1=0.0451, wR2 = 0.1201
R indices (all data) R1 = 0.0545, wR2 = 0.1270
Largest diff. peak and hole 1.056 and -0.361 e. A3

Table 12. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103) for

compound 12. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)

S(2) 329(1) 12192(1) 3758(1) 29(1)
S(1) 2464(1) 10147(1) 4284(1) 26(1)
0(2) 12741(2) 1615(2) 6420(1) 32(1)
N(1) 7351(2) 1400(3) 8094(1) 44(1)
C(1) 981(2) 9508(2) 5033(1) 21(1)
C(2) 1523(2) 8196(2) 5630(1) 22(1)
C(3) 3391(2) 7044(2) 5813(1) 22(1)
C(4) 3607(2) 5751(2) 6455(1) 31(1)
C(5) 5342(2) 4593(2) 6647(1) 30(1)
C(6) 6985(2) 4660(2) 6196(1) 23(1)
C(7) 6774(2) 5951(2) 5553(1) 24(1)
C(8) 5033(2) 7122(2) 5367(1) 24(1)
C(©9) 8885(2) 3507(2) 6334(1) 24(1)
C(12) 8333(2) 1754(2) 7574(1) 30(1)
C(10) 9526(2) 2231(2) 6922(1) 24(1)
C(11) 11598(2) 1327(2) 6928(1) 26(1)
0(1) 11965(2) 208(2) 7583(1) 32(1)
C(13) 13885(12) -590(14) 7748(6) 41(2)
C(14) 13741(6) -1131(6) 8709(3) 32(1)
C(15) 15702(11) -1717(13) 8974(6) 40(1)
C(16) 17349(11) -3464(12) 8531(7) 34(1)
C(17) 19177(10) -3762(14) 8798(6) 36(1)
C(18) 20891(9) -5539(8) 8470(5) 32(1)
C(19) 13073(5) -2559(5) 8840(2) 36(1)
C(20) 12718(8) -3036(8) 9793(3) 50(1)
C(13A) 13841(15) -525(16) 7789(7) 30(2)
C(14A) 13914(11) -1793(13) 8544(6) 63(2)
C(15A) 15591(17) -1890(20) 8988(11) 62(3)
C(16A) 17411(19) -3340(20) 8529(13) 58(3)
C(17A) 19090(20) -3720(30) 8940(11) 61(3)
C(18A) 20720(20) -5380(20) 8506(12) 82(4)
C(19A) 12254(8) -782(10) 9290(3) 56(2)
C(20A) 11992(12) -2041(15) 9996(5) 70(2)

Table 13. Bond lengths [A] and angles [°] for compound 12.

| S(2)-C(2)#1 | 1.7659(15) |
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S(2)-S(1) 2.0738(5)
S(1)-C(1) 1.7499(15)
0(2)-C(11) 1.200(2)
N(1)-C(12) 1.148(2)
C(1)-C(2) 1.368(2)
C(1)-C(1)#1 1.443(3)
C(2)-C(3) 1.454(2)
C(2)-S(2)#1 1.7659(15)
C(3)-C(8) 1.404(2)
C(3)-C(4) 1.408(2)
C(4)-C(5) 1.378(2)
C(4)-H(@) 0.9500
C(5)-C(6) 1.403(2)
C(5)-H(5) 0.9500
C(6)-C(7) 1.407(2)
C(6)-C(9) 1.450(2)
C(7)-C(8) 1.381(2)
C(7)-H®) 0.9500
C(8)-H(8) 0.9500
C(9)-C(10) 1.352(2)
C(9)-H(9) 0.9500
C(12)-C(10) 1.433(2)
C(10)-C(11) 1.498(2)
C(11)-O(1) 1.3309(19)
O(1)-C(13A) 1.455(9)
0(1)-C(13) 1.459(7)
C(13)-C(14) 1.546(7)
C(13)-H(13A) 0.9900
C(13)-H(13B) 0.9900
C(14)-C(19) 1.496(5)
C(14)-C(15) 1.570(6)
C(14)-H(14) 1.0000
C(15)-C(16) 1.531(8)
C(15)-H(15A) 0.9900
C(15)-H(15B) 0.9900
C(16)-C(17) 1.523(7)
C(16)-H(16A) 0.9900
C(16)-H(16B) 0.9900
C(17)-C(18) 1.518(7)
C(17)-H(17A) 0.9900
C(17)-H(17B) 0.9900
C(18)-H(18A) 0.9800
C(18)-H(18B) 0.9800
C(18)-H(18C) 0.9800
C(19)-C(20) 1.530(5)
C(19)-H(19A) 0.9900
C(19)-H(19B) 0.9900
C(20)-H(20A) 0.9800
C(20)-H(20B) 0.9800
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C(20)-H(20C) 0.9800
C(13A)-C(14A) 1.533(10)
C(13A)-H(13C) 0.9900
C(13A)-H(13D) 0.9900
C(14A)-C(19A) 1.530(10)
C(14A)-C(15A) 1.609(11)
C(14A)-H(14A) 1.0000
C(15A)-C(16A) 1.482(12)
C(15A)-H(15C) 0.9900
C(15A)-H(15D) 0.9900
C(16A)-C(17A) 1.514(12)
C(16A)-H(16C) 0.9900
C(16A)-H(16D) 0.9900
C(17A)-C(18A) 1.479(13)
C(17A)-H(17C) 0.9900
C(17A)-H(17D) 0.9900
C(18A)-H(18D) 0.9800
C(18A)-H(18E) 0.9800
C(18A)-H(18F) 0.9800
C(19A)-C(20A) 1.533(8)
C(19A)-H(19C) 0.9900
C(19A)-H(19D) 0.9900
C(20A)-H(20D) 0.9800
C(20A)-H(20E) 0.9800
C(20A)-H(20F) 0.9800
C(2Q#1-S(2)-S(1) | 95.81(5)
C(1)-S(1)-S(2) 95.93(5)
C(2)-C(1)-C(L)#1 | 120.11(16)
C(2)-C(1)-S(1) 126.44(11)
C(L#1-C(1)-S(1) | 113.43(14)
C(1)-C(2)-C(3) 129.85(14)
C(1)-C(2)-S(2#1 | 114.53(11)
C(3)-C(2)-S(2)#1 | 115.59(11)
C(8)-C(3)-C(4) 117.15(13)
C(8)-C(3)-C(2) 123.30(13)
C(4)-C(3)-C(2) 119.54(14)
C(5)-C(4)-C(3) 122.35(15)
C(5)-C(4)-H(4) 118.8
C(3)-C(4)-H(4) 118.8
C(4)-C(5)-C(6) 120.50(15)
C(4)-C(5)-H(5) 119.7
C(6)-C(5)-H(5) 119.7
C(5)-C(6)-C(7) 117.28(14)
C(5)-C(6)-C(9) 125.56(14)
C(7)-C(6)-C(9) 117.16(14)
C(8)-C(7)-C(6) 122.20(14)
C(8)-C(7)-H(?) 118.9
C(6)-C(7)-H(7) 118.9
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C(7)-C(8)-C(3) 120.51(14)
C(7)-C(8)-H(8) 119.7
C(3)-C(8)-H(8) 119.7
C(10)-C(9)-C(6) 131.07(15)
C(10)-C(9)-H(9) 1145
C(6)-C(9)-H(9) 1145
N(1)-C(12)-C(10) | 178.80(19)
C(9)-C(10)-C(12) | 124.04(14)
C(9)-C(10)-C(11) | 118.26(14)
C(12)-C(10)-C(11) | 117.61(14)
0(2)-C(11)-O(1) 125.64(15)
0(2)-C(11)-C(10) | 123.99(14)
O(1)-C(11)-C(10) | 110.35(13)
C(11)-0(1)-C(13A) | 117.8(4)
C(11)-O(1)-C(13) | 116.8(3)
O(1)-C(13)-C(14) | 105.8(6)
O(1)-C(13)-H(13A) | 110.6
C(14)-C(13)-

H3A) 110.6
O(1)-C(13)-H(13B) | 110.6
C(14)-C(13)-H(13B) | 110.6
H(13A)-C(13)-

H(L3B) 108.7
C(19)-C(14)-C(13) | 110.8(5)
C(19)-C(14)-C(15) | 113.4(5)
C(13)-C(14)-C(15) | 108.5(5)
C(19)-C(14)-H(14) | 108.0
C(13)-C(14)-H(14) | 108.0
C(15)-C(14)-H(14) | 108.0
C(16)-C(15)-C(14) | 116.8(6)
C(16)-C(15)-

HUSA) 108.1
C(14)-C(15)-

H5A) 108.1
C(16)-C(15)-H(15B) | 108.1
C(14)-C(15)-H(15B) | 108.1
H(15A)-C(15)-

H(L5B) 107.3
C(17)-C(16)-C(15) | 110.4(6)
C(17)-C(16)-

HUL6A) 109.6
C(15)-C(16)-

HUL6A) 109.6
C(17)-C(16)-H(16B) | 109.6
C(15)-C(16)-H(16B) | 109.6
H(16A)-C(16)-

H(L6B) 108.1
C(18)-C(17)-C(16) | 115.8(7)
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C(18)-C(17)-

HL7A) 108.3
C(16)-C(17)-

HLTA) 108.3
C(18)-C(17)-H(17B) | 108.3
C(16)-C(17)-H(17B) | 108.3
H(17A)-C(17)-

HL7B) 107.4
C(17)-C(18)-

HBA) 109.5
C(17)-C(18)-H(18B) | 109.5
H(18A)-C(18)-

H(EB) 109.5
C(17)-C(18)-H(18C) | 109.5
H(18A)-C(18)-

H(180) 109.5
H(18B)-C(18)-

H(180) 109.5
C(14)-C(19)-C(20) | 113.8(3)
C(14)-C(19)-

HUL9A) 108.8
C(20)-C(19)-

H(L9A) 108.8
C(14)-C(19)-H(19B) | 108.8
C(20)-C(19)-H(19B) | 108.8
H(19A)-C(19)-

H(L9B) 107.7
C(19)-C(20)-

H(Z20A) 109.5
C(19)-C(20)-H(20B) | 109.5
H(20A)-C(20)-

H(20B) 109.5
C(19)-C(20)-H(20C) | 109.5
H(20A)-C(20)-

H(200) 109.5
H(20B)-C(20)-

H(200) 109.5
O(1)-C(13A)-

CAn 107.5(7)
O(1)-C(13A)-

H(L30) 110.2
C(14A)-C(13A)-

HU30) 110.2
O(1)-C(13A)-

H(L3D) 110.2
C(14A)-C(13A)-

H(13D) 110.2
H(13C)-C(13A)- 1085

H(13D)
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C(19A)-C(14A)-

109.3(8)
C(13A)
C(19A)-C(14A)- 98.6(8)
C(15A)
C(13A)-C(14A)- 1045(9)
C(15A)
C(19A)-C(14A)- 1143
H(14A)
C(13A)-C(14A)- 1143
H(14A)
C(15A)-C(14A)- 1143
H(14A)
C(16A)-C(15A)- 100.1(11)
C(14A)
C(16A)-C(15A)- 109.9
H(15C)
C(14A)-C(15A)- 109.9
H(15C)
C(16A)-C(15A)- 109.9
H(15D)
C(14A)-C(15A)- 109.9
H(15D)
H(15C)-C(15A)- 108.3
H(15D)
C(15A)-C(16A)- 114.9(12)
C(17A)
C(15A)-C(16A)- 1085
H(16C)
C(17A)-C(16A)- 1085
H(16C)
C(15A)-C(16A)- 1085
H(16D)
C(17A)-C(16A)- 1085
H(16D)
H(16C)-C(16A)- 1075
H(16D)
C(18A)-C(17A)- 108.7(13)
C(16A)
C(18A)-C(17A)- 109.9
H(17C)
C(16A)-C(17A)- 109.9
H(17C)
C(18A)-C(17A)- 109.9
H(17D)
C(16A)-C(17A)- 109.9
H(17D)
H(17C)-C(17A)- 1083
H(17D)
C(17A)-C(18A)- 1005

H(18D)
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C(17A)-C(18A)-

H(20F)

e 109.5
:823))'(3(1%)' 109.5
ﬁ%ﬁ))'c(wA)' 109.5
:822))'(:(1%)' 109.5
:ggg-casm- 109.5
gggﬁg-C(lgA)- 112.7(6)
ﬁggég'c(l%)' 109.0
ﬁgg@g-cagm- 109.0
E'ggg))-c:(lgA)- 109.0
ﬁggg))-c:(lgA)- 109.0
:gggg-c:(lgA)- 107.8
E'ggg))‘C(ZOA)' 109.5
ﬁgg@;‘C(ZOA)' 109.5
:ggg))-C(zoA)- 109.5
ﬁggﬁ))'c(ZOA)' 109.5
:gg%)—C(ZOA)— 109.5
H20E)-C@OA) | 100z

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y+2,-z+1
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Table 14.  Anisotropic displacement parameters (A2x 10%) for compound 12. The anisotropic

displacement factor exponent takes the form: -22[ h2 a*?U + ... +2 hka*b* U'?]

Ull U22 U33 U23 U13 U12
5(2) 20(1) 28(1) 38(1) 18(1) -10(1) -11(1)
S(1) 18(1) 25(1) 35(1) 14(1) -9(1) -10(1)
0(2) 22(1) 36(1) 34(1) 13(1) -8(1) -10(1)
N(1) 34(1) 55(1) 49(1) 28(1) -17(1) -22(1)
C(1) 19(1) 17(1) 27(1) 6(1) -8(1) -9(1)
C(2) 19(1) 19(1) 28(1) 7(1) 7(1) -9(1)
C(3) 20(1) 18(1) 29(1) 6(1) -9(1) -8(1)
C(4) 21(1) 32(1) 38(1) 17(1) -9(1) “11(1)
C(5) 24(1) 29(1) 36(1) 17(1) “11(1) “11(1)
C(6) 21(1) 20(1) 27(1) 5(1) -9(1) 7(1)
c(?) 20(1) 23(1) 31(1) 8(1) -8(1) -10(1)
C(8) 22(1) 20(1) 31(1) 10(1) -10(1) -9(1)
C(9) 22(1) 22(1) 27(1) 5(1) -8(1) -8(1)
C(12) 25(1) 32(1) 35(1) 14(1) -15(1) -12(1)
C(10) 21(1) 23(1) 28(1) 6(1) -10(1) -8(1)
C(11) 24(1) 25(1) 29(1) 7(1) -10(1) -9(1)
0(1) 23(1) 37(1) 37(1) 18(1) -15(1) “12(1)
C(13) 23(3) 52(4) 43(3) 33(3) -18(3) “12(3)
C(14) 27(2) 41(2) 32(2) 13(1) “17(1) -16(2)
C(15) 34(2) 53(3) 42(3) 16(2) -23(2) -22(2)
C(16) 35(2) 38(2) 39(3) 19(2) -24(2) -22(2)
C(17) 30(2) 42(3) 37(2) 13(2) 17(2) 17(2)
C(18) 34(2) 32(2) 33(3) 702) -9(2) 17(2)
C(19) 40(2) 45(2) 37(2) 17(1) -21(1) -28(2)
C(20) 56(3) 66(3) 38(2) 19(2) -14(2) -35(2)
C(13A) 22(4) 31(4) 39(3) 5(3) “11(3) -13(3)
C(14A) 34(3) 79(5) 65(4) 46(3) -19(2) -15(3)
C(15A) 47(3) 92(6) 48(5) 35(4) “11(3) -34(4)
C(16A) 48(3) 82(6) 55(6) 31(5) -21(4) -37(4)
C(17A) 64(4) 57(5) 77(7) 9(5) -46(4) -27(4)
C(18A) 71(6) 100(8) 71(8) 7(6) -26(6) -30(5)
C(19A) 53(3) 89(4) 38(2) 23(2) -22(2) -39(3)
C(20A) 64(5) 120(7) 40(3) 35(4) -20(3) -54(5)

Table 15. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 108) for compound

12.
X y z U(eq)
H(4) 2517 5673 6768 37
H(5) 5427 3743 7087 36
H(7) 7866 6021 5238 29
H(8) 4946 7985 4933 29
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H(9) 9844 3679 5944 28
H(13A) 14401 300 7656 49
H(13B) 14718 -1668 7353 49

H(14) 12788 -33 9079 38
H(15A) 16055 716 8849 48
H(15B) 15545 -1858 9613 48
H(16A) 17086 -4507 8699 40
H(16B) 17484 -3384 7890 40
H(17A) 19465 -2754 8585 43
H(17B) 18966 -3607 9443 43
H(18A) 21998 -5578 8655 48
H(18B) 21114 -5632 7831 48
H(18C) 20666 -6554 8711 48
H(19A) 14028 -3670 8494 43
H(19B) 11889 -2135 8614 43
H(20A) 12271 -3964 9832 75
H(20B) 11760 -1948 10141 75
H(20C) 13894 -3501 10017 75
H(13C) 14090 469 7962 36
H(13D) 14809 -1203 7274 36
H(14A) 14052 -3002 8368 76
H(15C) 15629 710 8951 75
H(15D) 15366 -2158 9612 75
H(16C) 17664 -2987 7922 70
H(16D) 17285 -4468 8505 70
H(17C) 19397 -2682 8870 73
H(17D) 18801 -3898 9571 73
H(18D) 21808 -5670 8783 123
H(18E) 21046 -5169 7888 123
H(18F) 20397 -6388 8559 123
H(19C) 11083 -158 9051 67
H(19D) 12462 155 9558 67
H(20D) 10944 -1323 10467 104
H(20E) 13152 2677 10230 104
H(20F) 11711 -2929 9742 104
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Thermal ellipsoid representation for the crystal structure of compound 17 with atomic labeling scheme.
Ellipsoids are drawn at the 50% probability level. The structure contains only half a molecule in the
asymmetric unit, the second half of the molecule is generated by a crystallographic mirror plane. The figure

shows the full molecule; symmetry related atoms are labeled with the letter A in the atom name and are
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generated by the symmetry operator X, 1.5-y, z.

Table 16. Crystal data and structure refinement for compound 17.

Identification code X8 13046
Empirical formula Cis H14 O2 S¢
Formula weight 454.65
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pnma

Unit cell dimensions

a = 7.6474(10) A

b = 25.491(4) A

¢ =9.7609(13) A

Volume 1902.8(4) A3

Z 4

Density (calculated) 1.587 Mg/m?
Absorption coefficient 0.730 mm!

F(000) 936

Crystal size 0.27 x 0.17 x 0.14 mm3

Theta range for data collection

1.60 to 31.40°.

Index ranges

Reflections collected

83028

Independent reflections

3200 [Rin = 0.0278]

151

-11<=h<=11, -37<=k<=37, -14<=1<=13




Completeness to theta = 31.40° 99.9 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9047 and 0.8273

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 3200/0/122

Goodness-of-fit on F? 1.274

Final R indices [I>24(1)] R1 = 0.0344, wR2 = 0.0899

R indices (all data) R1 = 0.0355, wR2 = 0.0905
Largest diff. peak and hole 0.518 and -0.403 e.A3

Table 17. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters (A2x 10%) for

compound 17. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
S(1) 6804(1) 7500 6008(1) 16(1)
S(2) 1742(1) 6833(1) 5390(1) 17(1)
S(3) 1472(1) 6855(1) 3285(1) 17(1)
S4) -80(1) 7500 2881(1) 18(1)
C(1) 3633(2) 7216(1) 5646(2) 15(1)
C(2) 5280(2) 7007(1) 5819(2) 15(1)
C(3) 5870(2) 6457(1) 5848(2) 16(1)
C(4) 7420(2) 6315(1) 5167(2) 17(1)
C(5) 8032(2) 5804(1) 5211(2) 19(1)
C(6) 7100(2) 5421(1) 5925(2) 19(1)
C(7) 5570(2) 5555(1) 6617(2) 21(1)
C(8) 4973(2) 6072(1) 6577(2) 20(1)
0(1) 7797(2) 4928(1) 5898(2) 26(1)
C(9) 6884(3) 4528(1) 6626(2) 33(1)

Table 18. Bond lengths [A] and angles [°] for compound 17.

S(1)-C(2)#1 1.7239(16)
S(1)-C(2) 1.7240(16)
S(2)-C(1) 1.7631(16)
5(2)-S(3) 2.0660(6)
S(3)-S(4) 2.0648(6)
S(4)-S(3)#1 2.0647(6)
C(1)-C(2) 1.378(2)
C(1)-C(L)#1 1.447(3)
C(2)-C(3) 1.472(2)
C(3)-C(8) 1.394(2)
C(3)-C(4) 1.406(2)
C(4)-C(5) 1.386(2)
C(4)-H(4) 0.9500
C(5)-C(6) 1.395(2)
C(5)-H(5) 0.9500
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C(6)-0(1) 1.366(2)
C(6)-C(7) 1.394(2)
C(7)-C(8) 1.396(2)
C(7)-H(7) 0.9500
C(8)-H(8) 0.9500
0(1)-C(9) 1.425(3)
C(9)-H(9A) 0.9800
C(9)-H(9B) 0.9800
C(9)-H(9C) 0.9800
C(2#1-S(1)-C(2) 93.59(11)
C(1)-S(2)-5(3) 101.97(5)
S(4)-S(3)-5(2) 105.63(3)
S(3)#1-S(4)-S(3) 105.45(3)
C(2)-C(1)-C(1)#1 112.77(9)
C(2)-C(1)-S(2) 123.56(12)
C(L#1-C(1)-S(2) 123.64(5)
C(1)-C(2)-C(3) 130.61(14)
C(1)-C(2)-S(1) 110.43(12)
C(3)-C(2)-S(1) 118.96(12)
C(8)-C(3)-C(4) 118.35(15)
C(8)-C(3)-C(2) 121.93(14)
C(4)-C(3)-C(2) 119.68(14)
C(5)-C(4)-C(3) 120.86(15)
C(5)-C(4)-H(4) 119.6
C(3)-C(4)-H(4) 119.6
C(4)-C(5)-C(6) 120.06(15)
C(4)-C(5)-H(5) 120.0
C(6)-C(5)-H(5) 120.0
0(1)-C(6)-C(7) 124.25(16)
0(1)-C(6)-C(5) 115.78(16)
C(7)-C(6)-C(5) 119.97(15)
C(6)-C(7)-C(8) 119.53(16)
C(6)-C(7)-H(7) 120.2
C(8)-C(7)-H(7) 120.2
C(3)-C(8)-C(7) 121.23(16)
C(3)-C(8)-H(8) 119.4
C(7)-C(8)-H(8) 119.4
C(6)-0(1)-C(9) 117.23(15)
0(1)-C(9)-H(9A) 109.5
0(1)-C(9)-H(9B) 109.5
H(9A)-C(9)-H(9B) 109.5
0(1)-C(9)-H(9C) 109.5
H(9A)-C(9)-H(9C) 109.5
H(9B)-C(9)-H(9C) 109.5
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Symmetry transformations used to generate equivalent atoms:

#1 x,-y+3/2,z

Table 19. Anisotropic displacement parameters (A2x 103) for compound 17. The anisotropic displacement

factor exponent takes the form: -272[ h2 a*2Ut + ... + 2 hka* b* U?]

Ull U22 U33 U23 U13 U12

S(1) 14(1) 17(1) 18(1) 0 -2(1) 0

5(2) 15(1) 18(1) 18(1) 3(1) (1) -3(1)
5(3) 17(1) 16(1) 18(1) -1(1) 0(1) -1(1)
S(4) 15(1) 19(1) 18(1) 0 2(1) 0

C(1) 13(1) 17(1) 15(1) 1(1) (1) (1)
C(2) 16(1) 17(1) 14(1) 0(1) 0(1) 0(1)
C(3) 16(1) 18(1) 13(1) 1(1) 1(1) 1(1)
C(4) 15(1) 22(1) 15(1) 2(1) 1(1) “1(1)
C(5) 16(1) 24(1) 17(1) 2(1) 1(1) 3(1)
C(6) 21(1) 18(1) 18(1) 1(1) (1) 4(1)
c(?) 24(1) 19(1) 19(1) 4(1) 3(1) 1(1)
C(8) 21(1) 20(1) 18(1) 3(1) 5(1) 3(1)
0(1) 28(1) 18(1) 31(1) -1(1) -1(1) 6(1)
C(9) 42(1) 18(1) 37(1) 5(1) (1) 6(1)

Table 20. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10°) for compound

17.
X y z U(eq)
H(4) 8055 6573 4670 21
H(5) 9088 5714 4755 23
H(7) 4937 5296 7112 25
H(8) 3936 6164 7057 24
H(9A) 6833 4619 7600 49
H(9B) 7497 4193 6515 49
H(9C) 5694 4496 6263 49
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