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ABSTRACT

SYNTHESIS OF FLUOROMODIFIED CARBON-RICH ELECTRON ACCEPTORS AND
EXPLORATION OF THEIR STRUCTURAL, ELECTRONIC, AND DEVICE PROPERTIES

The electronic and structural characterization of fluoro-modified carbon-rich compounds is
critical to the successful implementation of these materials by physicists, biochemists, materials
scientists, medicinal chemists, and most significantly for this work, organic electronics chemists.
By adding powerful electron-withdrawing groups, the electron acceptor and solid-state structural
properties of carbon rich substrates such as polyaromatic hydrocarbons (PAHs) and fullerenes can
be improved, making these derivatives attractive semiconductor materials for organic electronics
applications. This work will discuss research which has focused on expanding the library of
electron acceptor compounds, elucidating the electronic and structural properties of those
compounds, and exploring their physicochemical properties, focusing on properties that are
important for the performance of organic electronic devices. This was accomplished by exploring
reaction conditions which had not been previously reported at pressures and temperatures
exceeding the operational limits of conventional reactors, developing purification methods that
allow for chromatographic separation of constitutional isomers, and structural characterization of
those purified materials by mass spectrometry, NMR, and most importantly X-ray crystallography.

As a complement to this research, the stability of organic electronic active layers was studied
to better understand how organic semiconductor active layer’s degradation affects device
performance over time and to better inform which active layer material properties should be
pursued. Based on those findings and literature precedent, one family of compounds, Ceo and Cro
fauxhawk fullerenes, found to have favorable characteristics were then utilized in OFET devices

as n-type semiconductors resulting in record-setting charge carrier mobilities.
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INTRODUCTION: AUTHOR'S CONTRIBUTIONS AND MOTIVATION

The overall focus of the author's dissertation research was a class of organic molecules with
electron-withdrawing CF3z, CF,SFs, CF2CF2SFs, cyclo-CH2(2-CeFs), cyclo-CF2(2-CeF4), or cyclo-
CoF4 groups or F atoms. The research described in this dissertation includes the synthesis and/or
purification and/or physicochemical characterization of polycyclic aromatic hydrocarbons
(PAHs), hetero-PAHs, and fullerenes with one or more of these substituents. Drawings of the
PAHs, hetero-PAHs, and fullerene substrates that were studied are shown in the figure on page 5.

The abbreviations and acronyms used throughout this dissertation are listed on pages 6 and 7.

Chapter 1 describes the design, construction, and use of a high-pressure/high-temperature
metal reactor to add CF3 groups to, and/or substitute H atoms with CF3 groups on, PAHs, hetero-
PAHSs, and fullerenes. The substrates studied were anthracene (ANTH), coronene (CORO),
perylenetetracarboxylic dianhydride (PTCDA), Ceo, and Cro. The reactions produced mixtures of
compounds that were identified spectroscopically. Some of the products had been previously
prepared using glass reactors and were previously reported. Some of the products are new
compounds that had not been previously reported. This work has been published in a paper with

the author of this dissertation as the second of two graduate student co-authors.!

Chapter 2 describes a comparison of three different reactors used to prepare CORO(CF3), and
H>CORO(CF3)78 derivatives, all of which are new compounds. In addition to CORO(CF3),
compounds, four dihydrocoronene derivatives (H-CORO(CF3)78) were prepared, purified by high-
pressure liquid chromatography (HPLC), and characterized by cyclic voltammetry (CV), low-
temperature gas-phase photoelectron spectroscopy (PES) to determine their electron affinities
(EAs; these measurements were made by collaborator Dr. Xue-Bin Wang and graduate student
Kerry C. Rippy, but were interpreted by the author by comparison with the published EAs of

perylene (PERY) derivatives with 4—7 CF3 groups, and by single-crystal X-ray diffraction (SC-



XRD). This chapter also includes DFT calculations performed by collaborator Dr. Alexey A.
Popov, and interpreted by the author, to determine the most stable isomers of CORO(CF3),
derivatives. A manuscript describing the research in Chapter 2, with the author of this dissertation

as first author, is in preparation.

Chapter 3 describes syntheses of new Ceo derivatives with CF2SFs and CF2CF>SFs substituents.
The syntheses were performed at Clemson University in consultation with the author, and the
reaction mixtures were characterized by the author using HPLC, negative-ion electrospray
ionization mass spectrometry (NI-ESI-MS) and '"°F NMR spectroscopy. One new compound in
particular, 1,7-Ceo(CF2CF2SFs )2, was purified and characterized by NI-ESI-MS and '°F NMR and
ultraviolet-visible (UV-vis) spectroscopy. These are the first fullerene derivatives with CF2SFs or
CF,CF.SFs substituents. This work has been published in a paper with the author of this
dissertation as the second of two graduate student co-authors.? Chapter 3 also includes a study to
improve the yield of the previously prepared® 1,9-Ceo(cyclo-CFa(2-C6F4)), known as the faux-hawk
fullerene (FHF), and to prepare and characterize three isomers of Cro(cyclo-CF2(2-CgF4))
(C70FHF). One isomer was characterized by CV, and one by SC-XRD. Part of this work, the
improved synthesis of FHF, has been published in a paper with the author of this dissertation as
the second of two graduate student co-authors.* Finally, Chapter 3 also includes the synthesis and
characterization of a partially-fluorinated FHF, 1,9-Ceo(cyclo-CH2(2-C¢F4)), and a manuscript

describing this part of the work is in preparation.

Chapter 4 describes several studies to test the stability of organic photovoltaic (OPV) and
organic field-effect transistor (OFET) thin films containing various fullerenes, including FHF and
70-FHF. The author worked in collaboration with scientists at Kent State University and Pacific
Northwest National Laboratory for some of the experiments. The author performed other
experiments himself when he visited NEXT Energy Technologies during the summer of 2017. Part
of this work has been published in a paper with the author of this dissertation as the second of two

graduate student co-authors.* Other manuscripts are in preparation.



Chapter 5 describes the author's SC-XRD study of charge-transfer (CT) co-crystals. The
structure of a 1/2 donor/acceptor CT complex consisting of pyrene (PYRN) as the donor and
2,3,6,7,9,10-ANTH(CF3)s (ANTH-6-1) as the acceptor revealed a previously unappreciated and
unpublished feature of ANTH and pentacene (PENT) structures with perfluoroalkyl (Rr) groups
on the central C(sp?) atoms (positions 9 and 10 in ANTH and positions 6 and 13 in PENT): bending
of the aromatic core away from planarity is correlated with the conformations of the central CF3
or Rr groups. This led to a DFT study by collaborator Popov, which when interpreted by the author
revealed the counterintuitive predictions that bending of the aromatic core of 9,10-ANTH(CF3)2
actually lowers its energy relative to the planar molecule and increases its EA. This work has been
published in a paper with the author of this dissertation as first author.’ Additional
PAH/PAH(CF3), CT co-crystal structures were refined by the author and published in a paper with
the author as the fourth of four graduate student co-authors, and two new PYRN/PAH(CF3), CT
co-crystal structures determined entirely by the author, and not yet been published, are included in
this dissertation (PAH = PYRN and phenanthrene (PHEN)). Chapter 5 also includes the first CT
co-crystal structures with the strong electron acceptor CeoFis, viz. CORO/(CeoF18)2, PERY/CeoF s,
and (PYRN)2/CeoF18. A manuscript describing this work with the author of this dissertation as first

author is in preparation.

Chapter 6 describes new phenothiazine (PNTZ) compounds with multiple CF3 substituents.
Using product mixtures from high-temperature reactions of PNTZ and CFsl carried out by former
graduate student Igor V. Kuvychko, the author isolated and characterized eleven new PNTZ(CF3),
compounds with n = 3, 4, and 5 by HPLC, 'H and 'F NMR spectroscopy, EA measurements (by
collaborator Dr. Xue-Bin Wang), and SC-XRD structures of two PNTZ(CF3)s isomers. A

manuscript describing this work with the author of this dissertation as first author is in preparation.

Throughout this dissertation, single-crystal X-ray diffraction is arguably the most important
experimental technique used by the author. Chapters 2, 3, and 5 include many new SC-XRD

structures, and the results of SC-XRD structure determinations are discussed in Chapter 4. The



motivation for the author to use X-ray diffraction so extensively was that it has been an invaluable
tool, if not the most valuable tool, for studying solid-state phenomena since the first X-ray
structures were reported in 1913, more than 100 years ago.®’ Research involving X-ray diffraction
led to 24 Nobel prizes in the first 100 years.®? The first X-ray structures of an organic molecule
was a PAH, anthracene.'®!! The many structures of organic compounds that followed led to
unambiguous evidence for some of the most important concepts in chemistry, including the
covalent bond, hydrogen bonding, and resonance.'? It has been said that Linus Pauling's influential
book The Nature of the Chemical Bond, published in 1939,'? "introduced chemists to... X-ray
crystallography as an important tool for determining structure. Before the book's publication, few
chemists had taken notice of the arcane art of crystallography; after its publication no chemist
could ignore its value."!® It has led to innumerable discoveries not only in chemistry but in the

1516 and biology.!”'®* However, it must be said that not

fields of geoscience,'* pharmaceuticals,
every compound the author wished to study could be studied by crystallography: growing
diffraction quality single crystals is never a certainty.!2° That is why the author also relied on the

second most important tool for studying chemical compounds, NMR spectroscopy.?!
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Figure I-1. The PAHs, hetero-PAHs, and fullerenes used in the research reported in this
dissertation (PAH = polycyclic aromatic hydrocarbon)
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CHAPTER 1
DEVELOPMENT OF A NEW METAL TUBE REACTOR FOR RADICAL
TRIFLUOROMETHYLATION REACTIONS AND THE SURPRISING REACTIVITY
OF CARBON-RICH SUBSTRATES AT HIGH PRESSURES

1.1. INTRODUCTION AND JUSTIFICATION

Gas-solid reactions are an important part of industrial processes with hundreds of examples.!
Many of these reactions are classified as high temperature and/or high pressure and accordingly
specialized reactors are required to deal with these extreme conditions. However, the definition of
what is considered a “high” temperature and/or pressure is dependent on the field. For example, in
polymer chemistry the polymerization of propylene at 150 °C is described as high temperature
while the synthesis of ceramics is often performed at temperatures over 2000 °C. Similarly,
pressure ranges can vary from 7000 Torr for the refining of petroleum products, to values greater
than 1 x 10° Torr for the Haber-Bosch process.l Throughout this dissertation, which is dedicated
to the trifluoromethylation of different organic substrates, “high” temperatures and pressures will
be considered temperatures exceeding 300 °C and pressures exceeding 2000 Torr. The lower
temperature limit is based on the average minimum temperature which is required for the
trifluoromethylation of most polycyclic aromatic hydrocarbons, PAHs, and the pressure was

determined based on the upper safe operating pressure for glass ampules.

Sealed glass ampule syntheses are the most common method for generating highly substituted,
trifluoromethylated carbon-rich substrates, and reactions using these reactors have been reported
many times previously by the Strauss-Boltalina research group and others.>!'! These reactions
require skilled glass blowers to perform them safely. Additionally, the highest temperature that
can be used for these reactions is approximately 460 °C'?, due to the increase in malleability of
glass at higher temperatures, and the highest pressure that can be used is dependent on the diameter

of the ampule and the tensile strength of glass. The tensile strength of glass is approximately 22—



32 MPa though it is typically lower due to defects in the glass from handling during
manufacture.'>!® To determine the diameter of the ampule that can be used with a specific pressure,
the Barlow equation, shown below, is used. The relationship shows that as the diameter increases

the burst pressure decreases.'*

2S Xt
p_ (25x0)
do

P represents the burst pressure, S represents the tensile strength of the material, 7 is the wall
thickness, and d, is the outside diameter. Using this relationship, the maximum pressure that can
be used in a glass ampule is only a few thousand Torr. Thicker walled glass can be used as well as
narrower internal diameter ampules to obtain higher pressures like in the case of the ampule
synthesis for dodecatrifluoromethyl[60]fullerene!! but these reactions are dangerous and even the
authors caution readers in the application of high-pressure glass ampule reactions. A further
consideration, the Barlow relationship shows the virtual impossibility of successfully scaling up
these ampule syntheses. If a desireable material was produced and warranted further testing in

devices, using glass ampules is not practical.

Electron acceptors with high electron affinity values via the addition of perfluorinated groups
are desired by the organic electronics industry because of their improved oxidative stability,"
hydrophobicity, and their tendency to organize in the solid-state in overlapping n—x stacks.!%-16:17
A possible route to achieve such highly functionalized carbon-rich materials would be to use a
large number of equivalents of the trifluoromethylating agent. The reactive gas, CFzl, has already
been shown to be effective in glass ampule reactions but in order to target higher degrees of
substitution it is reasonable to assume larger equivalents or in other words, higher pressures, will

be needed. Additionally, higher temperature regimes may lead to new reactivity for certain carbon-

rich substrates such as fullerenes and larger mass PAHs.

To obtain higher pressures and temperatures specialized reactors are needed. Unfortunately,

commercially available reactors capable of withstanding these extreme conditions are very



expensive. This is due to the structural and material constraints required. For example, in order to
use reactive gasses like chlorine or fluorine, exotic materials need to be used like Monel or
Hasteloy to prevent corrosion of the wetted parts. These materials are expensive to produce and
dramatically increase the cost for the product. For a research scale effort these kinds of costs can
be prohibitive. A recent quote from Buchiglasuster, a leading manufacturer in pilot plant scale
reactors, for two different high pressure and temperature reactors, one made of stainless steel and
the other Hastelloy, capable of 5.8 x 10° psi (3.0 x 10° Torr) and 500 or 400 °C cost 30,000 and
60,000 dollars respectively. This quote was for one of their smallest scale reactors with a reaction
volume of 100 mL. It is therefore desirable and necessary if one wants to perform reactions that
exceed the operational temperatures of sealed glass ampules to design and develop a new low-cost

reactor.

It is at this point the high-pressure/high-temperautre reaction industry and the organic
electronic field share a common need. In this work, the author reports the design and operation of
a new metal tube reactor, MTR, for high-temperature, high-pressure trifluoromethylation of
thermally stable carbon-rich substrates, such as PAHs and fullerenes, and present several proof-

of-concept experimental results obtained with the new reactor.

The experiments that were performed use a set of substrates chosen for a variety of factors
making them optimal test materials for the MTR. The chosen substrates were subjected to elevated
temperatures and pressures accessible by the MTR. It should be noted that lower temperatures and
pressures can also be used in the MTR, but for the purposes of evaluating reactivity under these
extreme conditions, this section will only discuss the high-pressure and high-temperature

reactions.

Fullerenes are an ideal class of substrates for exploring these new conditions. Generally,
fullerenes have higher sublimation temperatures than most common carbon-rich substrates,
furthermore, the reactivity of fullerenes with CFsl has been well reported by the Strauss-Boltalina

lab and others, so the results of these reactions can be compared to previous literature results.? This
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made evaluating the results of these reactions and the effectiveness of the MTR more
straightforward. It was hoped that by using high temperatures and pressures the most
thermodynamically stable products would be targeted. Most radical fullerene reactions result in a
large distribution of products? and so any experimental tool that helps to limit the number of
products is an important step towards more selective syntheses, which may ultimately open the
doors to applications of trifluoromethylated fullerenes, TMF. Only a few examples of selective
trifluoromethylation reactions of fullerenes have been reported:
decakis(trifluoromethyl)[70]fullerene, C70(CF3)10, which was made with high selectivity in a flow

18,19

tube reactor, selective synthesis of bis(trifluoromethyl)[60]fullerene, Cso(CF3)2, was developed

using a gradient-temperature gas-solid reactor,?

solution-based reactions to produce various
Coo(Rp)2 (other than CF3);?! and dodeca-trifluoromethyl[60]fullerene, Ceo(CF3)12 was produced in
a sealed ampule reaction as a predominant product.’>* Any discoveries leading to increased

degrees of control over isomer composition will be an important development since it should be

possible to scale these reactions easily.

While the trifluoromethylation of fullerenes was a useful system to test the new reactor due to
the wealth of data on TMFs obtained previously, the main goal of the MTR was to explore new
reactivity of new substrates and make compounds which were not previously synthesized. To that
end, a series of high-pressure and temperature trifluoromethylation reactions of select PAH
compounds were performed. In particular, anthracene (ANTH), 3.,4,9,10-perylenetetracarboxylic

dianhydride (PTCDA), and coronene (CORO) were reacted in the MTR with CFsl.

The trifluoromethylation of ANTH, like C¢o and C70, has been thoroughly studied by the
Strauss-Boltalina lab so it was a logical choice for a test system to study the effect of higher
pressures of CF3I on PAH functionalization.® The main products from the ampule reactions done
with ANTH were ANTH(CF3), where n = 6. This compound was very useful in making charge
transfer complexes with select PAH donors and elucidating the effect CF3 conformation has on the

bend angle of select acenes which will be discussed in more detail in Chapter 5 of this work.’
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The second PAH substrate chosen for testing in the MTR was PTCDA. It is a widely used
organic semiconductor material, making it an attractive organic substrate for further
functionalization.?* Substitution of the PAH with electron withdrawing groups on the perylene
core has already been performed and showed an increase in the electron affinity for the
functionalized PAH.? PTCDA is also known as a thermally robust organic compound, melting
point 350 °C with no reported decomposition, and is insoluble in most organic solvents making
solution phase chemistry challenging.?® These characteristics make it an ideal candidate for testing
in the MTR. Additionally, the Strauss-Boltalina lab has already reported that using a gradient-
temperature-gas-solid (GTGS) reactor,? for the reaction between PTCDA and CFslI gas at 400 °C,

effectively produced (poly)trifluoromethyl derivatives of PTCDA.?’

The last PAH substrate tested in the MTR was CORO. CORO is commonly referred to as
superbenzene for its high degree of stability and chemical resilience to all but the most powerful
reagents and consequently most synthetic attempts to derivatize the substrate involve utilizing
multi-step bottom up approaches.?®3? Attempts by the Strauss-Boltalina lab to trifluoromethylate
this compound in glass ampules were largely unsuccessful resulting in very low conversion of the
starting material and will be discussed here in contrast to the MTR reactions. These factors made

coronene an interesting and challenging system to target with the MTR.

In total, five carbon-rich substrates were reacted in the MTR. These reactions resulted in three
selective syntheses for trifluoromethylated fullerenes. In the case of 70-8-1, there was not
previously a facile synthetic route. Two of the three PAH substrates tested, ANTH and CORO,
were converted into previously uncharacterized H,ANTH(CF3), and H2CORO(CF3),, species with
n values greater than six suggesting the EA for these compounds will be high. Measurements of
the HoCORO(CF3), EA are discussed in Chapter 2. Lastly, a new synthetic route to
PERY (CF3).>6 species was discovered through the conversion of PTCDA. These PERY(CF3),

species have n values between six and eight which have not been reported previously.
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1.2. RESULTS AND DISCUSSION
1.2.1 Design of the reactor

When considering the design of the reactor, it is helpful to identify a set of experimental criteria
that are critical to the reactor’s performance. The reactor should possess the following
characteristics: (i) low cost, (ii) ease of assembling and disassembling with minimal or no further
machining required, (iii) ability to withstand temperatures exceeding 300 °C, (iv) ability to
withstand pressures exceeding 2000 Torr, (v) resistance to most reactive gasses, and (Vi)

replaceable wetted components.

Initial investigation into materials which are capable of (ii1) and (iv) quickly leads one to the
necessity of a metal reactor thereby narrowing the possible materials that can be used. Beyond the
considerably higher tensile strength of steel versus glass, at least 295 vs 7 MPa,** the softening
temperature of most metals is higher than glass as well.** To choose what metal composite is best,
a comparison of the heat resistant metal’s tensile strength and corrosion resistance was required as
a means of satisfying condition (v). The standard in the metallurgical industry is the higher the
chromium content of the steel the more resistant it is to corrosion. This is due to an oxide
passivation layer formed on the outside of the steel during tempering, which limits the possibility
of further reaction of the metal underneath. This anti-corrosive quality is extremely important to
this work since while in operation, in addition to the air-free internal conditions, the outside of the
reactor will be heated to the reaction temperature, >300 °C, in the presence of air. This will lead
to corrosion and eventual degradation of the structural integrity of the steel.® Further, the CFsl
reagent dissociates into CF3¢ and I+, of which the latter can annihilate into I, which is corrosive to
metal.*® Utilizing the expertise of HiP Inc., high-pressure equipment supplier, 316L stainless steel
was chosen, not just for its higher chromium content, 16—-18 weight%, but also its higher tensile

1.37 From their catalog of “off-the-shelf” components a

strength at elevated temperatures as wel
316L stainless steel metal reactor capable of sustained operating temperatures of 520 °C at 20,000

psi was constructed.
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The resulting reactor’s capacity can range from a few mg to 1000 mg of substrate. The reactor
is comprised of a gas tight two-way valve, p.n. 20-12LF9, metal tube, p.n. 20-LM9-12, end cap,
p-n. 20-21LF9-C, and two NPT threaded glands and collars to hold the components together, p.n.
20-2LLM9 and 20-2L1.9. The valve is certified to temperatures above the established 300 °C idealized
lower limit for the trifluoromethylation of carbon-rich substrates. The reactor tube and cap, the
wetted parts, are inexpensive and replaceable, so that as the reactor is used and worn due to slow
reaction with I>(g) and other compounds in the reactor, these parts can be easily replaced. The
reactor tube and valve are commercial, off-the-shelf products and are relatively inexpensive. These
factors result in a reactor which meets all of the six conditions discussed above. A photograph and
schematic of the reactor are shown in Figure 1-1. Total cost of the reactor is approx. 600 dollars
and total cost of wet components aka tube, end cap, and replaceable valve stem is approximately

110 dollars.

1.2.2 Operation and parameters of the reactor

The established limitations of the assembled reactor with respect to temperature and pressure
are 520 °C and 20,000 psi or 1 x 10° Torr. These limits were established by HiP and should not be
exceeded, however, at significantly lower pressures than the 20,000 psi value slightly higher
temperatures are possible but the supplier, HiP Inc., should be consulted before any experiments
are performed. The packing in the valve stem is made of a flexible graphite-metal composite called
Grafoil®, and has been rated to withstand 520 °C, hence the limitation. However, this material is
still superior to most valve packing materials, which are generally polymer-based for their ability
to deform repeatedly and make a seal, but consequently they have upper operating temperature
limits between 200 and 300 °C. The exterior of the valve stem incorporates heat dissipating fins

to ensure the valve packing does not get too hot and prematurely degrades causing a leak.

The reactor should be leak-tested before each use to ensure, prior to gas loading, that the valve
is seated correctly. In the case of our test experiments, this was done using an electronic barometer,

Baratron, and nitrogen gas. The reactor was loaded with a pressure of nitrogen gas and then sealed.
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The tubing attaching the Baratron to the reactor was evacuated and then left at static vacuum to
observe a pressure increase, and if observed at what rate. The entire reactor as well as the side arm
was then evacuated, and the same static measurement was performed. In this way the two leak
rates could be compared to discern if there was in fact a real leak. An example of a leak test is

shown in Figure 1-2.

An additional variable in the experimental set up was the rate of heating associated with the
reactor heating to the reaction temperature. A slow temperature increase could have a significant
effect on the reaction time. For simplicity, the reactions which are discussed in Section 1.2.3. of
this work are reported without accounting for this variable. The rate of heat transfer is going to be
different for each temperature used but an example of the heating rate to the temperature of
425 °C is shown in Figure 1-2. The time required is roughly 40 minutes for the 425 °C temperature
to be reached. This measurement was performed by heating a tube furnace to 450 °C and placing
the MTR inside the reactor with a K type thermocouple inside the reactor. Because the MTR could
not be sealed with the thermocouple inside, hot air is able to escape the reactor and/or mix with
the room temperature atmosphere during the measurement which should slow the rate of
temperature increase but this experiment should reveal an approximation of the true rate of heat
transfer since the temperature exchange between the hot-zone and the outside air should be
minimal. It did, however, lower the final equilibrium temperature that can be achieved in this case

by 15 °C though the final equilibrium temperature was not reached for 2.5 h.

Even using the more corrosion resistant metal, 316L, I>(g) can still cause corrosion.**> To
mitigate this, copper powder was employed to ensure I> was sequestered as Cul(s). The uptake rate
of iodine by copper powder, while not directly measured, was observed using a glass ampule
charged with CFsl(g) and Cu(s) powder. The resulting ampule is shown in Figure 1-3 alongside
an image of an analogous ampule where copper powder was not used. At no point during the
experiment was purple gas observed in the ampule with Cu powder, suggesting the rate of uptake

exceeded the rate of visible I>(g) formation.
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A final concern was the effect high-pressure water can have on steel. After using the MTR
valve approximately 400 times (the number of times it was sealed and then reopened) a consistent
leak was detected, 0.1 Torr min~'. Multiple experiments were performed to confirm the presence
of the leak. Mr. Jimmy Shorkey with the CSU machine shop suggested based on his experience
that high-pressure water had eroded the valve stem. The source of the water was unclear as the
reactor was evacuated to the zero-point pressure before each reaction, however, careful
examination of the IR spectra of the off-gasses from trifluoromethylation reactions suggested the
presence of water in the off-gas mixture. Small vibration bands were consistently recorded in the
water “grass” region of the spectrum, 3000-3500 wavenumbers, see Figure 1-4. Finally, it was
determined that the copper powder, which had been so instrumental in preventing I>(g) based
corrosion, contained a small amount of water on the surface of the particles. Since the amount of
water was very small, between 10 and 30 Torr, and would start condensing as the reactor cooled,
detection of the water was difficult, however, a consistent IR signal was recorded. The gas IR cell
and the reactor were also evacuated exhaustively over multiple days to 107 Torr to exclude them
as the source of the water. Further experiments in the MTR were performed with “dry” copper
which was produced by passing reductive Ha(g) over the surface at elevated temperatures using a
heat gun. Drying the copper resulted in an observable change in the color of the copper powder

from dark orange to light pink.

The activated copper and off-the-shelf copper were used in side-by-side reactions to
trifluoromethylate C7o. This experiment resulted in a 7% increase in the conversion of C7o to TMFs
based on the HPLC peak area. More significantly, there was a dramatic change in the IR spectra
between the two reactions showing the presence of C2Fs(g) in the off-gasses from the activated
copper reaction. Perfluoroethane was not detected in reactions using off-the-shelf copper, which
suggests CF3 radicals were consumed by the unproductive reaction with water to make CFsH,
detected by IR, and obviously CF;OH, which was not detected by IR because it is unstable at room

temperature.*®3° Even when “dried” copper was used there was a small signal in the water vapor
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region. A direct approximation of the amount of residual water is not possible using these data
since the condensation of the water onto the dried IR cell is unavoidable, however, the change in

off-gas mixture shows the importance of using anhydrous copper powder.

1.2.3. Trifluoromethylation reactions of fullerenes in the MTR

The first reactions discussed below were performed on the most abundant fullerene, Cso. Due
to its higher relative abundance in fullerene soot, it is by far the most studied fullerene and so it
was the logical first choice for testing the new reactor. Ceo was reacted with 40.4 equiv of CFsl or
8.5 x10° Torr, more than four times the safe operating pressure in glass, at 450 °C, the softening
temperature of glass, and yielded a mixture of TMFs and unreacted Ceo. The product was found to
be a mixture of highly soluble TMFs, unreacted Ceo, and the dominant product dodeca-
trifluoromethyl[60]fullerene, Cso(CF3)12 with S¢ symmetry, 60-12-1. The most soluble material,
which represented the minority of the material, was analyzed by mass spectrometry revealing the
presence of TMFs with n(CF3) = 12-18, in accordance with earlier observations.?>?* To better
understand the product composition, a representative fraction was dissolved in C¢Dg and examined
by 'F NMR revealing that only signals attributable to 60-12-1 were detected. The 'F NMR
spectrum is shown in Figure 1-5. The signal to noise ratio for the NMR spectrum is poor. It is
likely that due to the 60-12-1’s low solubility in virtually all solvents except refluxing o-DCB that
during the course of the NMR experiment, it was precipitating out of the saturated solution.'! The
F NMR showed two distinctive multiplets in the F(CF3) region of the spectrum, which matches
well with the previously reported spectrum for 60-12-1.2>% The Schlegel diagram showing the
addition patterns of the 12 CF3 groups on the Cgo cage is also depicted in Figure 1-5. This Se-
Ce0(CF3)12 isomer has been calculated to have the lowest relative energy of the Ceo(CF3)12 isomers
by DFT making it the most thermodynamically stable compared to other structures ' Thus its
prevalence among the high-temperature products of the reaction that was carried out in the MTR
matches with the proposed hypothesis that preferential formation of thermodynamically stable

products occurs.
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Cro, the second most abundant fullerene, has Dsh symmetry and this lower symmetry results
in even larger numbers of possible isomers from functionalization. This makes it arguably a more
challenging substrate to work with. Since raising the temperature and pressure of the reaction to
favor the thermodynamic products worked so well with Cep it was also attempted with C7o. Several
reactions were performed to explore the reactivity of C7o under these conditions and two
noteworthy results were obtained. The HPLC chromatograms and the '°’F NMR spectra of those
crude product mixtures are shown in Figure 1-6. C79 was reacted with 20 equiv of CFsI or 3.5 x10°
Torr and 3.8 x10° Torr, at 450 °C and 500 °C respectively. For these reactions, higher conversion
was achieved by adding fresh CFsI(g) (a total of three times) and evacuating the off-gasses after
each reaction period. Analysis of the off-gasses by IR spectroscopy confirmed that all of the

CFsl(g) was consumed after only one hour and so the dwell time in each case was only one hour.

After each introduction of additional CF3I(g) conversion of C79 occurred with minimal charring
of the crude material. More importantly, only one major product was formed in each reaction,
deca-trifluoromethyl[70]fullerene, Ci-C70(CF3)10 at 450 °C and octa-trifluoromethyl[70]fullerene,
Cs-C70(CF3)s at 500 °C. The HPLC and NMR data associated with these reactions are shown in
Figure 1-6. Both of these compounds are the lowest relative energy isomers by DFT calculation.
Previous work by the Strauss-Boltalina group showed a highly selective synthesis using a flow
tube reactor for 70-10-1,"® however, for 70-8-1 there is not an efficient single-step synthesis.* This
result shows the possibility of targeted syntheses for the most thermodynamically stable TMF

compounds using the MTR and applying different temperatures as a means of synthetic control.

1.2.4. Trifluoromethylation reactions of PAHs in the MTR

For the trifluoromethylation reaction that was performed with ANTH in the MTR, the
temperature and number of equivalents of CFzl(g) were chosen to be similar to the previously
performed ampule reactions while the volume of the reactor and scale of the reaction were altered
resulting in a pressure at the reaction temperature that was an order of magnitude greater than the

ampule reactions, as seen in Table 1-1. More specifically, in the case of the reaction between
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ANTH and 13.4 equiv of CFzl(g), the pressure in the reactor reached 11,000 Torr. In comparison,
the glass-ampule synthesis of trifluoromethylated ANTH only reached approximately 1000 Torr.
It should be noted that the use of Cu powder is a necessity and limitation of the MTR, see Section

1.2.2., but was not used in the ampule reaction.

Figure 1-7 shows the negative-ion electrospray mass spectra (NI-ESI MS) of the crude
products from the trifluoromethylation of ANTH in the MTR (bottom panel) and glass ampule
(top panel). In the ampule product, the most abundant anion is due to a hexa-substituted derivative,
ANTH(CF3)6, characterized by the Strauss-Boltalina lab previously as the main product of the
sealed-ampule reaction.® Other minor peaks in the mass spectrum are due to ANTH(CF3)s and
dihydro-ANTH species, H2ANTH(CF3)7, at m/z 655. In the bulk product, the latter comprise only
small amounts (<1%, based on the exhaustive product separation in the earlier study®). In the MTR
crude product mixture, three types of species are observed by mass spectrometry: ANTH(CF3),
where n =4 and 5, HHANTH(CF3), where x = 6 and 7, and dimeric species H2ANTH2(CF3), where

y =10 and 11, the latter with significantly lower intensities.

It must be stated that the high abundance of the HhANTH(CF3)x species in the mass spectrum
of the MTR product mixture could be explained by the analyte suppression effect.*! All of the
H>ANTH(CF3)x compounds have an x value > 6 and there is no evidence that the n value for
ANTH(CF3), exceeds 7; the addition of a single CF3 group results in an increase to the electron
affinity, EA, of the parent PAH by approx. 150-200 meV.® This should result in all of the
H>ANTH(CF3). species having a higher EA than the ANTH(CF3), species. However, due to the
number of variables that can affect ionization it is not possible to quantify or even approximate the
amount of suppression that may be occurring in this case. Additionally, the possibility that the
H>ANTH(CF3), ions formed due to chemical reactions in the ion source of the mass spectrometer
can be ruled out as such adduct formation was not observed during the mass spectrometry analysis
of pure ANTH(CF3)s samples,® when using the same conditions as applied for the MTR product

analysis.
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Alternatively, the relative product distribution of the ANTH(CF3), and the HANTH(CF3)x
species can be determined by examining the '°’F NMR spectra, shown in Figure 1-8. The chemical
shifts <—65 ppm must belong to unique CF; environments since they do not appear in any
previously reported spectra for trifluoromethylated PAHs, and by process of elimination must be
related to the C(sp®) atoms formed from the addition of CF3 groups rather than substitution.®
Further analysis of similar reactions performed on CORO show this assumption to be the most
likely assignment of the signals with chemical shifts of =70 ppm. Those reactions will be discussed
in more detail in the next section and in Chapter 2. Based on the relative integration of the two
different ppm regions, we see the MTR crude product mixture has approximately six times the
amount of HhANTH(CF3), species compared to ANTH(CF3),. This is significantly different than
what was observed in the ampule reactions. The ampule reactions by contrast have far fewer unique
chemical shifts and therefor a smaller number of unique products making the MTR reaction less
selective however, the MTR is a viable route to achieve new HoANTH(CFE3), species which have
not been studied previously. The ”F NMR of these two crude product mixtures as well as the pure

ANTH-6-1 isomer are shown in Figure 1-8.

The second PAH reacted in the MTR, PTCDA, was reacted with CFzI in the MTR at 450 °C
and a pressure of 1.2 x 10* Torr, see Table 1-1. Figure 1-9 shows the NI-ESI mass spectra of the
crude soluble products of the MTR reaction and, for comparison, two products from sealed ampule
reactions carried out at two different temperatures and pressures, one at the same temperature as
in the MTR reaction with 600 Torr, and the other at a lower temperature of 390 °C with 400 Torr.
The first, and unexpected, observation is that the most intense anions in the mass spectrum of the
MTR product could only be assigned to PERY(CFs), derivatives and not to PTCDA(CF3),
compounds, implying that PTCDA itself is not stable under the applied reaction conditions. The
anhydride groups on the PTCDA molecule are apparently substituted by CFs groups yielding
PERY(CF3),, where n = 6, 7, and 8. The second observation was that the degree of

trifluoromethylation in the MTR was higher than observed in the glass ampule for the direct high-
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temperature trifluoromethylation of the underivatized perylene substrate.® The product distribution
in the sample from the 450 °C sealed ampule reaction is very similar to that of the MTR crude
product spectrum, and the most abundant peak matches the mass to charge ratio for PERY (CF3)s.
By comparing the spectra from both the 390 °C sealed ampule reaction and the 450 °C MTR
reaction reveals that a lower reaction temperature increases PTCDA(CF3), production, while
suppressing degradation of PTCDA into PERY. Currently, the use of the GTGS reactor, which
runs at atmospheric pressure or lower, for trifluoromethylation of PTCDA (or perylene diimide
PDIs) appears to be the most efficient approach to the synthesis of PTCDA(CF3),. Alternatively,
a new synthetic route to new PERY(CF3)s738 species was discovered by the high pressure and

temperature degradation of PTCDA in the presence of a large excess of CFs1(g) utilizing the MTR.

As was previously stated, the last PAH to be tested in the MTR was CORO. The first reaction
was performed on 50 mg of CORO at 450 °C and with 1.7 x 10* Torr of CFsl(g). For comparison,
the ampule reactions were performed by Dr. Igor Kuvychko on a smaller amount of material, 16
mg, at lower temperatures, 275 and 360 °C, and with significantly lower pressures of CFsl, 600
and 1000 Torr. The MTR reaction yielded a sufficient amount of soluble product for a detailed
analysis by NI-ESI MS, NMR spectroscopy, and HPLC. While the NMR spectrum of the crude
product mixture showed a multitude of chemical shifts the HPLC chromatogram shows only six
major fractions. The chromatogram is shown in Figure 1-10. The labeled fractions were isolated
and characterized and will be discussed later in Chapter 2 of this work. The NI-ESI mass spectrum
showed a set of m/z signals separated by 68 Da, in accordance with the introduction of CF3 groups
in place of hydrogens. Assignment of the molecular compositions of the most abundant peaks
resulted in the following general formula for this series: C24H12-m)+:(CF3)m, where m = 7-10, and
x=1, 2, or 4, see Table S2-3 for m/z values. It was concluded that, similar to the ANTH MTR
reactions, the CORO MTR reaction proceeds via both substitution and addition of CF; radicals
resulting in protons bonded to C(sp’) atoms. These C(sp’) atom containing species,

trifluoromethylated dihydrocoronene compounds, were observed in mass spectra from the ampule
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reactions as well despite the lower pressures of CFzl and the low conversion of the CORO
substrate. This result seems to suggest the functionalized CORO derivative, trifluoromethylated
coronene, is far more productive to further substitution and subsequent addition than the
underivatized CORO substrate. This means that high pressure reaction conditions will kinetically
always favor trifluoromethylated dihydrocoronene compounds. Additionally, no species with
C(sp®) atoms aka “extra protons” has fewer than seven CF3 groups supporting the hypothesis that
radical addition is occurring after a specific degree of substitution. This was also observed in the

ANTH case.

To test if these dihydrocoronene compounds were a product of the higher pressures of CF3I(g),
another reaction was performed in the MTR using a lower pressure of CF3l, 7400 Torr, and a larger
mass of CORO, 100 mg, overall lowering the amount of CFsI to 3.4 equiv. This reaction resulted
in a distribution of CORO(CF3), derivatives where n = 1-5. The resulting HPLC chromatogram
for this reaction is shown in Figure 1-11. This reaction led to a number of isolable compounds,
which were characterized and will be discussed in greater detail in Chapter 2 of this work. Notably,
no species corresponding to dihydrocoronene derivatives were found, as confirmed by NMR

spectroscopy.

It is apparent from these PAH reactions that a unique class of trifluoromethylated compounds
are now accessible via the MTR. In glass ampule reactions, a large number of substrates have been
trifluoromethylated successfully, but these reactions require expert glass blowers and have a
limited range of temperatures and pressures. Now, with access to higher pressures, C(sp’)
containing trifluoromethylated PAHs can be synthesized in high yield and with surprising
selectivity, at least in the cases of the CORO substrate. The ANTH substrate at high pressures was
also converted into a dihydro, C(sp*) containing PAH, based on mass spectrometry and '’F NMR.
In the case of PTCDA, the high pressure trifluoromethylation resulted in a loss of the carbonyl
functional groups and a new trifluoromethylated PERY derivative being produced. These newly

formed PERY (CF3), compounds have a higher degree of substitution than has been observed for
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PERY using glass ampules resulting in the formation of new compounds which are predicted to
have higher electron affinities than previously reported. Additionally, by using lower pressures or
the same conditions used in glass ampules, trifluoromethylated PAHs without C(sp®) atoms can be

synthesized showing the MTR as a viable alternative reactor to the standard glass ampules.

1.3. CONCLUSION AND FUTURE WORK

The MTR has proven to be an effective high-pressure/high-temperature reactor with an overall
lower cost than competing reactors made of more exotic alloys. It has been used to synthesize a
variety of compounds including those that had been accessible previously via other published
routes and those which have previously not been reported. By combining the improved safety
factors and tensile strength of 316L steel, pressures up to a million Torr or 20,000 psi and
temperatures as high as 520 °C can be achieved. The MTR is easy to assemble and to use, though
care must be taken with respect to residual water and reactive gasses that could shorten the lifetime
of the MTR. It is recommended that a leak test be performed before each reaction as well as a

calibration of the rate of heat transfer for the target temperatures.

The chemistry, which is now accessible through the MTR, has already been shown to hold
exciting possibilities. A targeted and safe synthesis, which is readily accessible via the MTR, has
been developed for the S¢ symmetry dodeca-trifluoromethyl[60]fullerene otherwise referred to as
60-12-1 which previously required glass ampules under high enough pressures to condense CF3I.!!
This synthesis could only be performed with the assistance of an expert glassblower and were even
then acknowledged as dangerous reactions. Two C70(CF3), derivatives were synthesized in
relatively high yield, deca-trifluoromethyl[70]fullerene 70-10-1 and octa-
trifluoromethyl[60]fullerene 70-8-1. This was done by varying the temperature of the reaction
from 450 °C to 500 °C and keeping the large excess of equivalents aka a large pressure of CF3I(g)
constant. In the case of 70-8-1 the previous highest yield method required multiple sublimation
steps and had a fairly low yield.** The results of the high pressure trifluoromethylation of ANTH,

PTCDA, and CORO and the implications those results have on the understanding of the unique
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reactivity of those substrates will be discussed in detail in Chapter 2 but in short, using high
pressures of CFzI(g) has afforded access to a new class of compounds which previously have not
been reported. It was also shown that using lower pressures in the MTR results in less dearomatized
products and therefore the MTR appears to be a low-cost reusable replacement for glass ampules.
Further there are, through HiP, larger diameter reactors that can be purchased though they do come
with a necessary decrease in the overall pressure rating due to the Barlow relationship. Large
excesses of CF3l(g) were used with equivalents over 40 times excess and the largest pressure that
was reached was in the tens of thousands of Torr which is far below the 500,000 Torr pressure

limit on the largest diameter commercial reactor HiP has available.

Future reactions in the MTR would explore the range of PAHs that undergo addition reactions
after a number of substitution reactions. The point at which this occurs for each PAH appears to
be different based on the compounds tested in this work, ANTH and CORO. PTCDA converted to
PERY as a byproduct of the elimination of the carbonyl group but it is logical to assume there is a
point where PERY itself would also undergo radical addition and form C(sp®) atoms. Further
studies would explore where these C(sp?) atoms are produced and if there are any trends dictating
their location on the PAH core. Additionally, exploration of other reactive gas reagents would be
useful to show the versatility of the MTR. Another variable that could also be explored would be
possible changes in product composition as a function of Cu particle size and/or form of Cu that
is used. Work reported by Dr. Rippy et. al. showed that the presence of Cu allowed for the
formation of regioselective products.*? It is reasonable to hypothesize that Cu or even the metal
composition of the wetted parts of the reactor could have a similar role in MTR reactions for certain
substrates. Lastly, a variable beyond the scope of these studies, the slow oxidation of the reactor
material could affect the product distribution. Further studies could compare product distribution

from identical reactions in both a new and old reactor tube.
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1.4. ADDITIONAL RECOGNITION

This work could not have been done without the intellectual input and leadership of Dr. Eric
V. Bukovsky who was instrumental in the design, construction, and initial testing of the new MTR.
His advice on experimental design and implementation was also critical to this work. Glass ampule
reactions discussed in this work were performed by Dr. Igor V. Kuvychko. Dr. Kerry Rippy

provided the photos for Figure 1-3.
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Table 1-1. Table of high-temperature trifluoromethylation reactions using the metal tube reactor
(MTR) or sealed glass ampules

amount of

substrate substrate, equiv amount rxn. te'mp., pressure, percel.lt
mg (mmol) CFsl of Cu, g rxn time Torr conversion®
ANTH 55(0.31) 13.4 24 360°C,3h 11300 > 81
ANTH 96 (0.54) 12 —be 350°C,7h  760-1000 <20
PTCDA 50 (0.13) 12 0.65 450 °C,3 h 12000 <20
PTCDA 18 (0.05) 12 —bf 450 °C, 6 h 600 —
PTCDA 30 (0.08) 12 —be 390°C,2h 400 —
CORO 50 (0.17) 34 4.2 450 °C,4 h 17000 > 98
CORO 100 (0.33) 34 1.9 450 °C,4 h 3400 80
Ceo 50 (0.069)  40/48/24¢ 1.8 450 °C,9h 8500 67
Cro 50 (0.060)  20/20/20°¢ 23 450 °C,3 h 3500 44
Cro 50 (0.060) 20 2.1 500°C,1h 3800 12
Cro 50 (0.060)  20/20/20°¢ 2 500°C,3h 3800 48
Co 50 (0.060)  20/20/20°¢ 2.2 500°C,3h 3800 66

4 Percent conversion is defined as the amount of derivatized material relative to the residual starting
material. ® These reactions were carried out using sealed glass ampules (ca. 160¢, 20, and 402 mL
interior volume) without added Cu powder. ¢ The product gas was evacuated and a new pressure
of CFsl(g) was added.
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Figure 1-1. (Top) Metal tube reactor (MTR) schematic, (Bottom Left) Image of the assembled
MTR, (Bottom Right) MTR set up inside the tube furnace. Firebricks were sculpted and cut to
size to stabilize the MTR in the furnace ensuring even heating. A quartz tube was used to hold the
firebricks and MTR in position inside the tube furnace.
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Figure 1-2. (Top) A plot of the increase in temperature inside the MTR. For an internal
temperature of 425 °C approximately 40 minutes of heating at 450 °C was required. (Bottom) Plot

of a leak test on the MTR. The control is the leak rate for the manifold and MTR connection, 0.01

Torr min~', and the leak test is for the sealed MTR into the evacuated manifold, 0.05 Torr min'.

The resulting leak rate of the MTR for this experiment was 0.04 Torr min .
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Figure 1-3. Side-by-side ampules charged with CF;l. (Left) No Cu) was added. (Right) Cug) was
added. The two ampules were heated to allow CFsI bond dissociation to occur and the resulting

images show the effect Cu(s) powder has on I>(g) formation. At no point during the test was visible
I>(g) formed in the Cug) containing ampule.
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Figure 1-4. (Top Left) IR spectrum of the off-gasses from the trifluoromethylation of Cro.
Stretches characteristic for CFzH and CO; are detected. A small residual signal for water vapor is
also detected and shown as an inset. (Top Right) IR spectrum of the off-gasses produced by the
heating of copper powder. A small signal for water vapor was detected. The gas cell and MTR
were rigorously evacuated to exclude them as the source of the water. (Bottom Left) IR spectrum
of the off-gasses from the trifluoromethylation of C7 using the “dried” copper. The increase in
C,F¢ concentration suggests fewer CF3 radicals are consumed unproductively with water allowing
for a more productive trifluoromethylation reaction. (Bottom Right Top) Images of the valve stem
from the MTR. The erosion of the valve contact point as well as the pitting of the valve stem is
indicative of high-pressure water corrosion. (Bottom Right Bottom) Copper powder before and
after “drying” using elevated temperatures and H2(g) mediated reduction.
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Figure 1-5. (Left) The HPLC chromatogram of the crude product mixture from the MTR
trifluoromethylation of Ceo. The earliest eluting fraction contains the soluble TMFs and the later
eluting fraction is unreacted Ceo. The trace was collected for over 30 min but no further signals
were detected. 100% toluene, Cosmosil Bucky-M semi-preparative column, 300 nm. (Right) The
F NMR spectrum of the crude product mixture from the MTR trifluoromethylation of Cgo. The
only signal other than the reference (CsDs, CsFs 6 —164.9) is the distinctive apparent pentets for
60-12-1. The Schlegel diagram of the S¢ point group fullerene is shown as well. The black dots are
the locations of the trifluoromethyl groups. The low solubility of 60-12-1 is likely the cause of the
poor baseline resolution which is obscuring the other TMF fluorine signals.
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Figure 1-6. (Left) The HPLC chromatograms of the crude product mixture from the MTR
trifluoromethylation of C7o performed at 450 and 500 °C. The two HPLC chromatograms show the
remarkable selectivity that can be achieved by only varying the temperature of the reaction. The
dominant compounds, Ci-C70(CF3)10 and Cs-C70(CF3)s aka 70-10-1 and 70-8-1, are shown in the
chromatogram. The Schlegel diagram for each fullerene is shown next to its HPLC peak. (Right)
The '°F NMR spectra of the crude product mixture from both reactions. The strongest signals are
associated with the two main compounds in each reaction.> (CDCl3, CsFs & —164.9)
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Figure 1-7. (Top) NI-ESI MS spectrum of the crude product mixture from the glass ampule
trifluoromethylation of ANTH at 350 °C. The dominant isomer is ANTH(CF3)e. (Bottom) NI-ESI
MS spectrum of the crude product mixture from the MTR trifluoromethylation of ANTH at 360
°C. The largest signal is from H,ANTH(CF3); and H ANTH(CF3)s where one proton has been lost
to gain the negatively charged ion. At significantly lower intensity are the ANTH2(CF3)10 and
ANTH2(CF3)1; signals.
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Figure 1-8. "F NMR spectra of the crude product material from the glass ampule and MTR
trifluoromethylation reactions with ANTH, as well as, the spectrum of the pure ANTH(CF3)s
isomer ANTH-6-1. The chemical shifts from —65 to —75 ppm are likely caused by the F(CF3)
groups adjacent or attached to C(sp®) atoms. (CDCls, CeFs & —164.9)
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Figure 1-9. Mass spectra of the trifluormethylation of PTCDA in the MTR and in glass ampules.
(Top) MTR trifluoromethylation of PTCDA at 450 °C resulting in PERY(CF3), ions. (Middle)
Glass ampule trifluoromethylation of PTCDA at 450 °C resulting in PERY(CF3), ions. (Bottom)
Glass ampule trifluoromethylation of PTCDA at 390 °C resulting in PTCDA(CF3), ions.
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Figure 1-10. (Left) °F NMR spectrum of the crude CORO product mixture from the high-pressure
trifluoromethylation in the MTR. (CDCls, C¢Fs 6 —164.9) (Right) HPLC chromatogram of the
crude product from the MTR reaction of CORO (5 mL min! flow rate, 100% heptane eluent,
Cosmosil Buckyprep column (10 x 250 mm)). Numbers designate fractions separated.
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Figure 1-11. (Left) The '°F NMR spectrum of the crude product mixture from the low pressure
trifluoromethylation of CORO in the MTR. The chemical shift labeled with an asterisk is for the
reference. (CDCl3, para-trifluoromethylbenzene 6 —67.9) (Right) HPLC chromatogram of the
crude product from the low-pressure MTR reaction of CORO (Cosmosil Buckyprep column (10 x
250 mm), 100% toluene eluent, S mL min~' flow rate). Numbers designate the fractions separated.
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CHAPTER 2
TRIFLUOROMETHYLATION OF CORONENE AND THE NATURE OF RIM BONDS

2.1 INTRODUCTION AND JUSTIFICATION

Coronene, C24H12, (CORO), is a De, polycyclic aromatic hydrocarbon (PAH). As shown in
Figure 2-1, it is also referred to as [6]circulene as it is composed of six fused 6-membered aromatic
rings surrounding a central hexagon and is considered a useful model for graphene.!? It is a
component of the mineral karpatite, and as such, is notable as the only large PAH which occurs
naturally in large, pure deposits.® It has a large, planar molecular structure and intriguing physical

properties, which remain a subject of active debate despite having been studied by astronomers,*

3,89 10,11

7 geologists,>? theorists,'®!! environmentalists,'? physicists,'® material scientists,'* and chemists
for many decades. In particular, the nature of the rim bonds of coronene (i.e., the six bonds forming
the outer periphery of the molecule) remains an active area of interest.!! These bonds are classically
considered to be aromatic, despite CORO not following Huckel’s 4n+2 rule. An alternative
hypothesis is that the rim bonds have more isolated double bond character, a possibility suggested
by the fact that the six rim bonds are shorter than the core bonds, 1.36 A compared to the accepted
1.4 A bond distance for idealized C—C aromatic bonds making them more similar in length to
idealized C—C double bonds, 1.34 A.'"'>16 Calculations based on experimental data by Boldyrev
and Fedik support this claim suggesting a bonding model where the outer six rim bonds have more
double bond character than the inner core bonds which retain aromatic behavior.!! This model
would support coronene as a molecule with the ability to undergo both electrophilic substitution
and addition but after extensive searching there are no examples of CORO undergoing an addition
reaction.!”!® Resolving this question, as well as gaining understanding of CORO’s reactivity, has
become increasingly important as graphene’s potential to revolutionize modern electronics has
become clear.'” Researchers have therefore intensified studies of CORO, both as a model

20,21

compound, aka a small fragment of graphene, and as a precursor for multifunctional electronic

materials.?>?3
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In these studies, chemical derivatives of CORO are prepared by either direct functionalization
of the CORO substrate or a “bottom-up” approach involving the use of small aromatic building
blocks for assembling the desired CORO derivative. The latter approach is generally favored by
synthetic chemists, as it allows a rational design of the molecular structures with functional groups
in specific locations. In fact, CORO itself was first synthesized in 1932 from a complex anthracene
derivative by Scholl, Meyer et al.** but the synthesis was laborious and did not result in a
measurable yield. The first synthesis of CORO with a reported yield was via a bottom-up approach
by Newman et. al. from 7-methyl-1-tetralone in 1940 resulting in a < 1% yield from a six-step
method.?® Since then improvements have been made to the bottom-up synthetic approach largely
aided by the ready availability of larger PAH starting materials such as perylene and triphenylene.
Numerous CORO derivatives and larger CORO containing PAHs have been prepared using this
“bottom-up” approach.?¥? Such syntheses often involve metal-catalyzed (benzo)annulation of
smaller PAHs and results in products including hexabenzocoronene and related compounds,®*-*
CORO imides,* methoxylated derivatives and others.?® The efficiency of these syntheses depends,
among other factors, on the availability of the organic precursors. For example, even for the
synthesis of the simple monochlorocoronene, three reaction steps were required to prepare a
dialkyne functionalized monochlorodihydroanthracene from commercially available

anthraquinone, followed by a [Ru]-catalyzed benzocyclization.>®’

In contrast, chemical reactions that produce functionalized CORO via direct hydrogen
substitution on the coronene core are relatively scarce. Due to its large size and flat shape, CORO
has relatively low solubility in organic solvents (e.g., 2.5 mg mL™" in hot toluene) which makes
solution-based reactions more difficult with CORO as a substrate than analogous reactions with
smaller aromatic molecules.*® Unless fully substituted products are targeted, the possibility of the
formation of partially substituted products (and hence, multiple isomers and compositions)
complicates the problem further as it necessitates the development of efficient separation

procedures.*
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Among the few examples of such direct substitutions of CORO, facile nucleophilic
substitutions of C24Cli2 have been shown to afford fully substituted CORO derivatives.*’ This

approach has been used to make several CORO derivatives,?’

including an intriguing sulfur-
containing CORO derivative, sulflower.*! Additionally, the monochloro- substituted coronene
mentioned previously was reported as the product of the reaction of CORO and Cly) in a carbon
tetrachloride solution in the presence of AlCI3.*? A thorough literature search has indicated that no

fluoro- or perfluoroalkyl substituted CORO derivatives have been made using a direct substitution

route prior to this work.

In this work, trifluoromethylation of CORO has been studied for the first time using CF3I(g)
as the trifluoromethylating reagent. While selectivity is difficult to achieve in these reactions (a
few exceptions notwithstanding*®) the typical distribution of the products is partially controlled
thermodynamically, i.e., the most abundant products observed experimentally were shown to be
of the lowest relative energy according to DFT calculations. Here, we analyze the results of the
gas-phase trifluoromethylation of CORO to determine which CORO(CFs), molecules are
predicted as the most thermodynamically stable, according to the DFT calculations, and what the
maximum degree of CF3 substitution can be expected considering the bulkiness of the CF3 groups.
We report spectroscopic evidence for the synthesis and characterization of five new
trifluoromethylated COROs and in the case of a symmetric CORO(CF3)4 derivative, a crystal

structure showing a high degree of n—m overlap.

Furthermore, we report the alteration to the CORO aromatic core resulting from addition,
rather than substitution of CF3 groups which results in C(sp®) atoms. In these cases, the aromatic
core shrinks. The resulting fragment can be described as a substituted derivative of a smaller PAH,
such as benzo[ghi]perylene in the case of dihydrocoronene derivatives. This unique reactivity,
which has been theoretically considered but not previously been observed, yields insight into the
fundamental nature of the rim bonds of CORO. In total five unique H2CORO(CF3), derivatives

were characterized spectroscopically and four by X-ray crystallography.
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2.2. RESULTS AND DISCUSSION
2.2.1. CORO trifluoromethylation reactions

Multiple trifluoromethylation reactions were performed using CF3I and CORO. In total, three
different reactors were used for these reactions: sealed glass ampules, (AMP), the metal tube
reactor, (MTR), and the gradient temperature gas-solid reactor, (GTGS) resulting in different

products and product distributions.

CORO trifluoromethylation in glass ampules. Three reactions in glass ampules were
performed, AMP-1, AMP-2, and AMP-3, the details of which are given in Table 2-1. These
reactions were performed by Dr. Igor V. Kuvychko. They utilized an excess of CF3I(g) to facilitate
exhaustive substitution of hydrogens for CF; groups to target the highest possible degree of
substitution. These reactions resulted in low conversion of the CORO substrate, and only trace
amounts of soluble products were recovered. The mass spectrum for the soluble crude material
from AMP-1 is shown in Figure 2-2. Interestingly, the trifluoromethylated products that were
produced appeared to have extra protons aka m/z values two, three, or five mass units higher than
expected. While protonation is a viable route for generation of positive ions in the positive mode,
it 1s uncommon when negatively charged species of PAH(RE), compounds are studied. Thus,
ruling out that the addition of hydrogens occurred in the ion source of the mass spectrometer, one
may tentatively suggest that addition of CF3 groups requires the formation of C(sp®) atoms. This
results in a modification of the aromatic core of CORO, leaving a smaller core which can be

described as a smaller PAH.

Reaction AMP-1 was carried out at 360 °C for 24 h and resulted in the recovery of a very small
amount of soluble product and insoluble black char, attributed to degradation. This material was
analyzed spectroscopically. The 'H and 'F NMR spectra were complex with a large number of
overlapping signals, indicating low selectivity. However, three distinct regions in the ’F NMR
spectrum were noted: 6 —55, —60, and —62, indicating three distinct chemical environments of CF3

groups. Negative-ion electrospray (NI-ESI) mass spectrometry showed several intense peaks in
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the mass region of 500—-800 Da. These peaks are attributed to anionic species described by the
general formula Co4Hu1x(CF3)12-n, (n = 04; x = 2, 3, 5) i.e., some of the CORO rim bonds

underwent radical addition.

Reaction AMP-2 was carried out at 275 °C, a lower temperature than AMP-1, to avoid
degradation. However, no soluble product was recovered, and little char was observed, indicating

that the reaction did not take place at this temperature.

Reaction AMP-3 was carried out at 300 °C, a slightly higher temperature than AMP-2. The
reaction time was 10 minutes, to avoid degradation. A small amount of the soluble material
collected after the reaction was analyzed by NMR spectroscopy and mass spectrometry. The low
conversion of CORO was evidenced by the dominant singlet in the 'H NMR spectrum (5 8.85). A
low intensity '°F NMR spectrum showed weak broad bands with chemical shifts around § —55 and

—60.

The NI-ESI mass spectrometry analysis of the crude product from reaction AMP-3 showed
several intense signals with mass separations of 68 Da, consistent with substitution of CF3 radicals.
However, the absolute m/z values do not correspond to the C24Hi2.,(CF3), formula as expected
from the substitution products. Not only do they have 2—5 Da higher mass than expected, but also
the mass range extends much further than the m/z of 708 for C24Hs(CF3)¢ species, the largest
predicted molecule by DFT calculations which are discussed in Section 2.2.3. Analysis of the
isotope distributions allowed for the assignment of the anionic species in the mass spectrum as
shown in Figure 2-2. Unexpectedly, the heaviest abundant peak at m/z 1121 corresponds to the
species with the formula Co4Hs(CF3)12~ , which is most likely formed by a proton detachment from
the neutral molecule C24Hg(CF3)12. Under the assumption that the CORO core does not fragment
during the reaction, the author proposes a likely explanation for the presence of such Co4Hs(CF3)12
species among the products: concurrent with the expected substitution process (one hydrogen
exchanged for one CF; group), the addition of CF3 groups has also taken place, producing C(sp?)

atoms. The proposed elementary steps of such a process are shown in Figure 2-3. First, a reaction
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between CORO (1) and a CFs radical leads to a radical adduct (2). Then, another CFs radical
attacks the reactive CORO-CF; radical (2), with two possible ways for the radicals to annihilate:
(i) by removing the hydrogen from the C(sp?) atom to form a closed-shell CORO(CF3) species (3)
by eliminating a CF3H molecule, and (ii) to attach to the adjacent carbon on the rim and hence
make the second C(sp°) atom resulting in the addition product H-CORO(CF5), (4) with the reduced
n system of benzo[ghi]perylene. Apparently, both these processes take place in reaction AMP-3,
to generate partially substituted and partially dearomatized species such as the discussed
C24He(CF3)12. Other high-intensity anions in the mass spectrum were assigned to the species with
n(CF3) =8, 9, 10, and 11. The molecular precursors for these species were determined as follows:
C24Hs(CF3)s, C24H7(CF3)9 Co4Hg(CF3)10 and C24H7(CF3)11. This suggests that in all these species
the CORO aromatic core shrinks possibly to analogs of benzo[ghi]perylene, benzopyrene or

triphenylene, respectively.

The transformation of a C(spz)—C(spz) bond into a C(sp3)—C(sp3) bond had not been observed
in any of the other non-linear PAH systems studied by the Strauss-Boltalina Lab previously.
Noteworthy, characterization of the more common de-aromatization of a central ring on linear
PAHs, such as acridine and tetracene had been reported by the author’s lab-mates in their Ph.D.

theses.**®

CORO trifluoromethylation in the metal tube reactor. In order to explore the reactivity of
these H2CORO compounds further reactions were performed using the previously discussed metal
tube reactor, MTR, which was described in detail in Chapter 1 Sections 1.2.1. and 1.2.2.%6 This
reactor has several advantages over the glass ampule system. A 20-fold higher pressure can be
employed without compromising safety, and scaleup is simple and straightforward, in contrast to
sealed glass ampoules. Additionally, temperatures above the glass softening temperature can be
utilized in the MTR. These factors allow for a targeted synthesis of these H2CORO derivatives and
if many isomers were produced it was hoped sufficient material could be produced to properly

analyze and characterize the products.
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Reaction MTR-HP was performed on a larger scale than the glass ampule reactions, AMP-1
through 3, (50 mg vs 5-15.8 mg CORO starting material), at a higher temperature (450 °C vs 275—
360 °C) and with a larger excess of CFzI(g) (17200 Torr vs 600—1000 Torr) than the glass ampule
reactions. MTR-HP also utilized Cu metal as a promoter. It yielded a sufficient amount of soluble
product that was subjected to a detailed analysis by NI-ESI MS and NMR spectroscopy. The
product mixture was separated by HPLC (High Performance Liquid Chromatography) using a
Cosmosil Buckyprep semipreparative column with 100% heptane as the eluent. While the NMR
analysis indicated the presence of many compounds, the HPLC chromatogram revealed only six
major fractions with excellent baseline resolution of a minute or more, as shown in Figure 2-4.
The NI-ESI mass spectrum showed a set of peaks separated by 68 Da, in accordance with the
introduction of CF3 groups in place of hydrogens. Assignment of the molecular compositions of
the most abundant peaks resulted in the following general formula for this series:
C24H12-m+x(CF3)m, where m = 710, and x = 1 and 2. Apparently, similar to reactions AMP-1 and
AMP-3, reaction MTR-HP proceeds via both the substitution and addition of CF; radicals (see

Figure 2-3 for the proposed reaction pathway).

The MTR-HP reaction has higher efficiency than the reactions in glass ampules: (i)
significantly higher product yield; (i1) quantitative conversion; (iii) fewer products; and (iv) less
degradation. The crude product was separated by HPLC, which resulted in isolation and
identification of the major reaction products (designated as fractions FO-F5 in Figure 2-4). Except
for fraction FO, five fractions were found to be composed of mostly one compound each (full
characterization is given in the supplemental section for this chapter, Appendix A), and fractions
F2, F4, and F5 did not require re-purification after one stage of HPLC processing as they contained
95%+ pure single compounds. The NI-ESI MS analysis showed that fractions F2 and F3 contain
compounds with formula C24Hs(CF3)s, whereas fractions F1, F4, and F5 contain compounds with
formula C24H7(CF3)7, fraction FO had a range of products C24H7 8(CF3)9-10, in agreement with the

interpretation of the mass spectra.
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For the four new compounds isolated from fractions F2—F5, single crystals suitable for X-ray
crystallography were grown from organic solutions, and crystallographic data (discussed in

Section 2.2.2.) corroborated the proposed molecular compositions based on the MS data.

As expected for PAHs with different n structures, H-CORO(CF3), derivatives possess a
different UV-vis band structure from CORO(CF;), compounds, see Figure S2-32. The most
characteristic differences are the new absorption bands in the H-CORO(CF3), spectra between
325-425 nm. These bands are in good agreement with the UV-vis spectrum of benzo[ghi]perylene

and arise from the change of the CORO core to the perylene core.*’

In addition to the change in electronic band structure, the solubility of the H-CORO derivatives
also increased. It was found that the H2CORO derivatives were readily soluble in nonpolar alkane
solvents. In fact, weak (ie. relatively non-polar and non-aromatic) eluent conditions were required
to separate the HCORO(CF3), isomers. The H2CORO(CF3), derivatives were readily soluble in
heptane and no issues related to insolubility were observed. This is in stark contrast to CORO,
which has virtually no solubility in alkane solvents. For comparison unfunctionalized
benzo[ghi]perylene is 2.5 times more soluble in heptane than CORO.* The difference in solubility
of the HCORO(CF3), derivatives is believed to be due to the significantly weaker interactions
between PAH cores, when compared to CORO. By adding a large number of CF3 groups (=7), the
H>CORO derivatives n—r interactions are weakened as evidenced by the minimum n—r overlap
distances, >4 A recorded from X-ray structures of the four isolated isomers. These long n—
distances appear to be due to steric effects associated with the trifluoromethyl groups on both the

C(spz) and C(sp3) atoms.

A final piece of evidence to confirm the presence of the C(sp®) bonded protons was to identify
the associated chemical shifts in the "TH NMR spectra. The NMR spectra for all of the H,CORO
derivatives are shown in Appendix A, figures S2-8 through S2-14. In most cases, low baseline

resolution is observed, attributed to the small quantity, (<3 mg) of pure compound isolated.
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Using the X-ray structures collected and comparing the NMR spectra of all the isolated isomers
several unique chemical shift regions can be identified and reliably assigned in both the 'H and '°F
NMR spectra. To show a typical example, the 'H and '°F NMR spectra of H-CORO-8-1, are shown
in Figure 2-5 and the chemical shifts which can be assigned will be discussed. These assignments

are consistent with the other HH-CORO(CF3), compounds.

The '"H NMR spectrum in Figure 2-5 can be divided into two regions, the aromatic region, with
0 values between 9—10, and the relevant aliphatic region, ¢ values between 5—6. The more shielded
range shows the resonances for the allylic C(sp*) bonded protons which in the case of H;CORO-
8-1 appear at 5.3 and 5.1 ppm. These resonances are significantly deshielded compared to typical
allylic protons, 1.5-3.0 ppm,*® due to the strong electron withdrawing effect of the trifluoromethyl
group. In this case, any Jun through bond coupling to the adjacent C(sp*) bonded proton is not
observable, however due to the small amount of isolated material, it may simply be unresolved. In
all cases, there is observable Jur spin-spin coupling between the C(sp’) bonded protons and
fluorines on the C(sp®) bonded trifluoromethyl group with an average coupling constant of 8 Hz
(1 Hz). This spin-spin coupling constant is also observed in the corresponding '°F resonances in
the "°F NMR spectrum. This 'H'F coupling is supported by simulation experiments shown in
Figure 2-6. All of the coupling constants recorded for both the 'H and '°F resonances for both
H>CORO-8-1 and the other three isolated H2CORO derivatives are shown in tables S2-4 and S2-
5. The second region of chemical shifts have been assigned to the C(sp?) protons. Excluding the
proton bonded to C7, labeled He in Figure 2-5, none of the chemical shifts could be definitively
assigned to specific protons, however the remaining singlets were still identified ambiguously as
belonging to one of the three remaining C(sp®) bonded protons. The C7 proton was assigned by
comparing the structures of all the other H-CORO(CF3), compounds and recognizing the C7 or
C8 proton was common to all isomers and of all the '"H NMR spectra only the chemical shift at 9.3
ppm was common to every spectrum. The C(sp?) bonded proton resonances are deshielded

compared to the typical range and in fact are more similar to carboxylic acid protons.*® However,
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the monosubsituted 1-chlorocoronene compound’s 'H NMR spectrum shows similar deshielded

chemical shifts and therefor supports the assignment of this region to the C(sp?) bonded protons.*¢

The F NMR chemical shifts were also assigned for H;CORO-8-1, shown in Figure 2-5.
Generally, there are four unique chemical shift regions in the fluorine spectra of the
H>CORO(CF3), compounds. The region between 6 values —60 and —65 contains resonances from
CF; groups that are not adjacent to the C(sp?) region of the molecule and not ortho- to any other
CF; groups. This chemical shift region is the one most commonly observed for the CF; groups

attached to PAHs and contains all of the singlet resonances.*’

The region between 6 values —70 and —72 has been assigned to resonances arising from the
CF; groups bonded to a C(sp®) atom. The CF3 groups bonded to C(sp®) atoms exhibit complex Jer
coupling and Jru coupling to their neighbors resulting in apparent pentets or multiplets. The
complex coupling interactions were deconvoluted by measuring the shortest F---F distances in the
H>CORO-8-1 X-ray structure. That analysis is shown in Figure 2-6. Additionally, the coupling
constants were estimated using the Mnova NMR suite. The coupling constants found that most
closely match the experimental data are shown in Figure 2-6. The Jrr spin-spin coupling is between
C(sp*) bonded CF3 groups and C(sp?) bonded CF3 groups. The simulations as well as the F---F
distance analysis show that there is no coupling to the adjacent C(sp*) bonded CF; fluorines.
Lastly, in the case of H;CORO-8-1, the assignment of the C(sp*) bonded CFj3 fluorine resonances
could be made unambiguously due to the additional interaction between the C1 and C3 bonded
CF; groups. The solid-state structure shows that the C3 and C4 bonded CF3 groups are twisted out
of the plane of the molecule sufficiently to result in an F---F interaction, distance 2.879 A. This
results in the C1 bonded CF;3 group coupling to two different CF3 groups whereas the C2 bonded
CF; group only interacts with one other CFs. This interaction must also occur in solution giving

rise to the more complex multiplet for the resonance labeled a in Figure 2-5 and Figure 2-6.

The 6 values between —52 and —54 correspond to ortho- CF3 groups. The ortho- spin-spin

coupled CF; groups have Jrr values of 16 Hz and appear as either pairs of quartets or in the case
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of HCORO-8-1 as a quartet, labeled g, and an unresolved broad envelope multiplet, labeled h,
due to the added through space coupling to the CF3 group labeled a. These chemical shifts are the
most deshielded of the various chemical shift regions associated with the H>CORO(CF3),
molecules due to the directing effects of the two strongly electron withdrawing groups being
adjacent to each other. The simulation experiments most closely resembled the h multiplet when

the Jrr coupling between h and g was 19 Hz and is listed as such in Figure 2-6.

The region with a & value between —60 and —61 has been assigned to CF; groups adjacent to
the C(sp?) portion of the H-CORO molecule. In Figure 2-5, the resonance related to the CF3 group
in this chemical environment is labeled c. The CF3 group labeled h would also be included in this
category for HCORO-8-1 however it is an exception to this assignment because the directing
effects from the ortho- CF3 group g result in h being more deshielded than the typical region, &

—53.

Lastly, as was shown for the C7 and C8 positions in 'H NMR, the C7 and C8 positions are
significant in °’F NMR as well. This position opposite the C(sp*) region of the molecule is
substituted by a CF3 group in all four of the isolated H-CORO(CF3),, molecules and is consistently
observed at —61 ppm as a singlet resulting in a more deshielded chemical shift than any of the

other CF3 groups which are not spin-spin coupled.

This high-pressure reaction in the MTR yielded interesting products which underwent both
radical addition and substitution. The reaction yielded significant quantities of new
trifluoromethylated dihydrocoronene derivatives which allowed for their structural and
electrochemical properties to be characterized. The MTR-HP reaction only produced H2CORO
derivatives. The CORO(CF3), compounds were the original intent of this study and are an
important reference point for explaining the formation of the H2CORO products. A new synthetic

method was developed in order to target these products.
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CORO trifluoromethylation in the gradient temperature of the gas-solid reactor. With
the goal of optimizing CORO trifluoromethylation reactions towards substitution and not addition,
a different reactor was used, the Gradient-Temperature Gas-Solid (GTGS) reactor, which had been
developed by previous members of the Stauss-Boltalina Lab.® It was hypothesized that by
allowing the CORO(CF3), compounds to sublime away from the hot-zone, minimal C(sp®)
formation would occur leaving the desired compounds intact. There are multiple advantages to
using the GTGS reactor for these reactions. The size of the hot-zone can be varied if needed, to
control the residence time of reacting species. The reaction vessel, a transparent quartz thimble,
allows visual observation of the changes occurring during the synthesis (e.g., condensation of the

volatile products, formation of 1).

A series of reactions, GTGS-1 through GTGS-6 were carried out under varying experimental
conditions as listed in Table 2-1. The CFzl(g) pressure was varied from 200—700 Torr, reaction
time from 1.5-6 hours, varying amounts of starting material, CORO, and amounts of Cu powder
were also used. It was found that sublimation of the solid from the reaction zone began almost
immediately after the quartz reactor, charged with the reagents, was brought into contact with the
hotplate which was preheated. The product was collected by washing the reactor with
dichloromethane, dried and then re-dissolved and analyzed by NMR spectroscopy, NI-ESI MS,
and separated by HPLC. It was found that a lower CFsl(g) pressure (reaction GTGS-1) was
detrimental to the conversion of CORO, and even at higher pressures of 700 Torr, the conversion
into CORO(CF3),, was low, most likely due to the escape of CORO to the cold-zone of the reactor
by sublimation, prior to CORO’s interaction with the CF; radicals. By repeating the reaction (one
and two times, reactions GTGS-2 and GTGS-3, respectively) with the product collected after the
first step of the reaction, the conversion of CORO and the average number of CF3 substitutions
was increased, as evidenced by spectroscopic analyses and HPLC, see Figure S2-23. Addition of

Cu powder in these reactions was beneficial, as can be evidenced by comparison of reaction
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GTGS-5 (without Cu) with GTGS-2 through GTGS-4, where excess Cu powder was used (see

Table 2-1). To determine the molecular compositions of the products, NI-ESI MS was used.

The anionic signals were much weaker than in the mass spectra of AMP-3 or MTR-HP
products, and to improve signal intensity the reducing agent TDAE (tetrakis (dimethylamino)
ethylene) was added to the solution to ionize neutral species. This revealed m/z values that
correspond to the masses of CORO(CF3)4s. The 'H and '°F NMR spectra showed a multitude of
fluorine and proton resonances where no adjacent CF3; groups were detected meaning that all of
the fluorine signals are singlets. This result suggested that adjacent CF3 groups were not favored.
This conclusion is also in agreement with the DFT calculations which were performed and are
discussed in Section 2.2.3. These reactions resulted in six isolable CORO(CF3), compounds, but
the isolated yield of these compounds was low, see Table S2-8 for yields. To target higher
substitution products selectively glass ampule reactions were preformed using the isolated

fractions of CORO(CF3), products.

CORO(CF3), trifluoromethylation in glass ampules. Ampule reactions using underivatized
CORO were largely unsuccesstul, see Table 2-1, AMP-1 through AMP-3. However, it is possible
that a more activated CORO 1i.e. a previously trifluoromethylated CORO molecule may be a better
candidate for further trifluoromethylation in AMP reactions. The results from AMP-1 seemed to
suggest this. The crude material from GTGS-6, composed of 20+% residual CORO as well as a
mixture of other products, was loaded into an ampule charged with 600 Torr of CFsl(g). This
resulted in a unique distribution of products with the largest concentration being CORO-4 isomers
based on HPLC peak area and was repeated with a sample of the crude material from G/A-1
resulting in predominantly CORO-5 isomers, see Table 2-1 and Figure 2-7 where the HPLC
chromatograms of the consecutive reactions are shown. This level of control over the product
distribution was not observed in the GTGS reactions and it is noteworthy that the best reaction
conditions relied on a combination of both methods. Interestingly, the ’F NMR spectrum does not

indicate the presence of a CORO-6-1 isomer which would have been a highly symmetric molecule,
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Der symmetry. This molecule should have been easily detected, with its six symmetric CF3 groups

resulting in 18 identical fluorines. The NMR spectra are shown in Figure S2-29.

The absence of the CORO-6-1 isomer was puzzling. Therefore, experiments to synthesize
CORO-6-1 in any quantity were performed by using an isolated fraction of a mixture of CORO-3
and CORO-4 isomers as the starting material in a GTGS reaction. The crude product from these
reactions was analyzed by NI-ESI mass spectroscopy, see Figure S2-25. A parent mass for the
CORO-6-1 isomer was not observed after the reaction, however an ion for CORO-6 +1 m/z,
believed to be [CORO-6+H], was observed as well as a signal for a dihydrocoronene derivative
with seven CF3 groups and one missing proton apparently lost during ionization. This evidence
supports the argument that formation of the non-aromatic portion of the molecule is more favorable

than the formation of the CORO-6-1 isomer.

Karpatite trifluoromethylation in the gradient temperature gas-solid reactor. As was
previously stated in Section 2.1., CORO is one of the only PAHs that occurs naturally in a pure
form, in the mineral karpatite. By using karpatite as the source of the CORO starting material it
was hoped that the predominantly quartz matrix® around the CORO material would increase the
time that the CORO material spent in the hot-zone, dwell time, either through coordination to the
crystalline CORO or by increasing the path length for the CORO material to travel. By increasing
the dwell time of the CORO material in the hot-zone the product distribution should be

predominantly CORO(CF3), products with a high degree of substitution.

To test if the reactivity of CORO inside the karpatite matrix is different than the commercial
CORO sample the ROCK-1 reaction was performed. The HPLC chromatogram of that reaction is
shown in Figure S2-26. This reaction shows a large bias for CORO-5 isomers: 47% by HPLC peak
area of the total crude material (see Table 2-1). It was also observed that the apparent rate of CORO
leaving the hot-zone was low compared to commercial CORO samples. The rate could be observed
qualitatively in the GTGS reactions either by the accumulation of material outside the hot-zone or

at higher temperatures as a yellow gas rising out of the hot-zone. This apparent slower rate means
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the material remained in the hot-zone longer and explains the relative increase in CORO-4 and

CORO-5 isomers.

To confirm slower sublimation, TGA experiments were performed to compare the rate of
sublimation between the commercial and mineral samples. The thermograms are shown in Figures
S2-27 and S2-28. In both cases sublimation is evident at 200 °C; however, in the karpatite sample
the rate of mass loss is less. The amount of CORO in the mineral sample is not known so more
quantitative analysis is not possible. The author also tested the rate of sublimation of CORO
crystals which were meticulously collected from the mineral sample. The thermogram for these
crystals matched the thermogram profile of the commercial CORO sample showing the difference
in the rate of mass loss was due to the CORO material being in contact with the karpatite matrix
and does not have to do with the difference in the phase of the CORO starting material since the

karpatite material is crystalline and the commercial sample is more amorphous.

2.2.2. X-ray structures of CORO(CF3), and H2CORO(CF3), compounds

After multiple reactions with multiple reactors a total of 11 CORO and H>CORO
trifluoromethyl derivatives were isolated and characterized, see Figure 2-8 and Figure 2-9. It
should be noted this number does not take into account the stereochemistry of the H;CORO(CF3),
compounds. Of those 11 compounds five were characterized by X-ray crystallography. Using the
structural confirmation for those compounds, the NMR chemical shifts and mass spectrometry
interpretations were confirmed. The NMR spectra for the isolated H-CORO(CF3), isomers were
assigned where possible and where a determination could not be made reliably, the possible
options were shown, see figures S2-8 through S2-14. Of the CORO(CF3), compounds, X-ray
quality crystals were grown for CORO-4-1 and the dataset that was collected was solved allowing
for an analysis of its solid-state properties. All five of the crystal structures were analyzed and
analysis of their unique packing motifs are discussed below. The IUPAC numbering schemes of
coronene (CORO) and 1,2-dihydrocoronene (H2CORO) are shown in Figure S2-1. All five

structures exhibited disorder of one type or another. Modeling of the disorder is discussed in detail
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in the supporting information. Bond distances and angles in the disordered portions of the

molecules will not be discussed.

Structure of CORO-4-1. A thermal ellipsoid drawing of this molecule is shown in Figure 2-
8. The molecule has D4; symmetry. The C and H atoms are rigorously co-planar. The molecules
are arranged in stacks parallel to the crystallographic c axis so that every other molecule is rotated
25° with respect to its nearest neighbors in the stack, with the centroids of their central hexagons
aligned with the crystallographic ¢ axis, as shown in Figure 2-10, Figure 2-11, and Figure S2-3.
The result is that the 7 systems of nearest neighbor molecules in a stack are 3.61 A apart. Due to
the disorder in this structure no analysis of bond distances can be done but based on the average
C-F distance the average s.u. (standard uncertainty) values are 0.003 A and therefore approximate
s.u. values for longer intermolecular distances are 0.006 A. The degree of overlap of nearest
neighbor m systems is significant, ca. 72%. There are stacks of offset parallel molecules in the
structure of unsubstituted coronene.’! The offset results in a much smaller degree of overlap of the
n systems of nearest neighbor molecules, as shown in Figure S2-4 (the offset stacks are arranged

in a herringbone fashion resulting in 28% overlap of the © system). While it is not possible to

Figure 2-11 shows that the molecules form hexagonal planar arrays parallel to the
crystallographic ab plane. The distances between the central hexagon centroids of neighboring
molecules in the plane are 13.18 A (x 4) and 12.48 A (x 2). Figure S2-5 shows a single plane of
major component molecules with the F atoms highlighted as large spheres. Figure S2-6 shows the
hexagonal array of stacks with large F atoms to highlight the empty spaces between major
component molecules. These spaces may be the reason for the facile rotational disorder of the
minor component molecules. The closest intermolecular F---F and F---H distances for molecules
in a stack are 3.16 and 2.72 A, respectively. Two times the van der Waals radius of an F atom is
3.00 A% meaning these distances suggest that the solid-state packing of molecules in CORO-4-1
is not strongly influenced by the interactions between F and H atoms and is primarily influenced

by n—m overlap.
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Structures of H2CORO-7-1, H2CORO-7-2, H2CORO-8-1, and H2CORO-8-2. Thermal
ellipsoid drawings of these molecules are shown in Figure 2-8. Thermal ellipsoids for the
H>CORO-7-1, H2CORO-7-2, and H;CORO-8-1 structures are shown with 50% probability. The
H>CORO-8-2 structure thermal ellipsoids have been constrained to 30% probability due to large
amounts of disorder. The standard uncertainties, in angstroms, for these structures are 0.002, 0.006,

0.002, and 0.056.

H2CORO-7-1. The benzoperylene core is nearly flat deviating from the mean plane 0.017 A
with the carbons adjacent to the C(sp?) atoms having the largest deviations, (—0.078 C13 and 0.047
C18). H2CORO-7-1 arranges in a series of interpenetrating molecules making infinite stacks,
shown in Figure 2-13 (Left). The distance between molecules is 4.01 A and the distance between
molecules within a column is 8.09 A. There is minimal overlap of the aromatic cores due to the
steric effects of the sp? functional groups, 8%, resulting in only four C(sp?) atoms being directly
overlapped. One of the overlapping molecules is overlaid in blue, Figure 2-13 (Right), to better
define the two separate molecules. This will be repeated for all of the following structures. The

colored region is the area of overlap.

The molecules orient within a plane in a pseudo hexagonal array. Within the array the
enantiomers vary as shown in Figure 2-14 (Left) resulting in four RR and two SS enantiomers
bordering a central RR isomer. Within a given column the enantiomer alternates between RR and
SS. For example, the next plane above the one shown in Figure 2-14 (Left), would be four S$ and
two RR enantiomers bordering an SS molecule. Within the pseudo hexagonal array, the distances
of the neighboring molecules from the central molecule, measured from the centroid of the central
hexagon of each molecule, are 12.12 A, 13.47 A (x 2), 14.37 A (x 2), and 18.26 A. Within the
hexagonal array there are a number of close F---F distances, distances less than 3.0 A, associated
with C(sp?) bonded CFs group F atoms. However, the closest F---F distances are between the F
atoms of CF3 groups attached to core C(sp®) and C(sp?) atoms with distances as short as 2.6 A. For

comparison, F atoms on a CF3 group attached to core C(sp®) atoms have longer distances with
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lengths over 3 A, but there is one which is shorter at 2.76 A. Average C—F s.u. value is 0.002 A
and approximate intermolecular distances are 0.004 A Shown in Figure 2-14 (Right), it is obvious
that two dihydrocoronene molecules, alternating enantiomers RR and SS, are shared between two
hexagonal arrays to complete the array. Lastly, within a “plane” of the hexagonal array of
molecules there are in fact two separate planes where three molecules, including the central
molecule, occupy one plane and the four remaining molecules occupy a separate plane, with the

distance between these two being 0.71 A.

H2CORO-7-2. The benzoperylene core is nearly flat deviating from the mean plane 0.055 A
with the carbons adjacent to the core C(sp®) atoms having the largest deviations, (—0.267 A CI8
and 0.112 A Cl13). As is the case for H)CORO-7-2, the solid-state packing consists of
interpenetrating columns with internal column distances of 7.91 A and the closest distance between
nearest molecules of interpenetrating columns being 3.95 A. The degree of overlap is 15% with
eight core C atoms directly overlapped. Similar to HCORO-7-1, the overlap of the molecules is
most heavily influenced by minimizing the steric effects of the CF3 groups. Surprisingly, there are
CF; groups in close proximity to each other unlike in HCORO-7-1, with F---F distances as short
as 2.78 A. The interpenetrating columns are parallel to each other in both H2CORO-7 structures.
Within a given plane all the molecules are coplanar and are the same enantiomer with the next
plane above or below being the opposite enantiomer. The planes pack as hexagonal close packed
arrays shown in Figure 2-15 (Lower), with distances measured from the centroid of the central
hexagon of each molecule, 13.46 A (x 2), 14.42 A (x 2), and 14.44 A (x 2). Average C—F distance
s.u. value is 0.006 A and approximate intermolecular distance s.u. value 1s 0.012 A. There are few
short intermolecular F---F distances between CF3 groups on core C(sp?) atoms with the shortest
being 2.84 A. Closer are the distances between F atoms on CF3 groups attached to core C(sp?)
atoms and F atoms on CF3 groups attached to core C(sp’) atoms, with distances as short as

2.44 A. Short intramolecular distances, again, are between F atoms on CF;3 groups attached to core
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C(sp’) atoms and F atoms on CF3 groups attached to core C(sp?) atoms, which are 2.39 and

2.59 A.

H2CORO-8-1. The benzoperylene core is slightly flexed resulting in alternating pairs of
concave and convex molecules stacking in slip stacked columns of molecules along the a axis.
This results in deviations from the mean plane, 0.078 A. The flexing of the core gives rise to the
largest deviations from planarity coming from (—0.130 C14 and 0.168 C8), which are at extreme
ends of the flexed portion of the molecule. As before, the benzoperylene cores are minimally
overlapped, 16%, with interpenetrating columns of molecules. However, unlike the previous
H>CORO-7s the molecules are slip stacked with each molecule translated from the center position.
The distance between molecules within the same column depends on whether the pair is flexed
towards or away from each other. The concave pair, the molecules are curved towards each other
along the a axis of the unit cell, is 3.792 A. The convex pair, the molecules are curved towards
each other along the a axis of the unit cell, is 4.224 A. The distance between repeating units is
8.015 A. Each molecule is coplanar with respect to each other. This is depicted in Figure 2-16

(Top Left).

The molecules pack in hexagonal close packed arrays with the added variable of the core
flexing not making a noticeable impact on the structural packing. The distances between central
aromatic cores, as measured from the centroid of the central hexagon, are 13.167 A (x2),13.814
A (x2),16.093 A (x 2). The image depicting the concave convex pairs of molecules between
planes Figure 2-16 (Bottom Right), has all non-carbon atoms excluded to minimize confusion and
clutter. There are several close intermolecular distances between F atoms on CF3 groups bonded
to core C(sp?) atoms with the shortest distance being 2.533 A. Average C-F distance s.u. value is
0.002 A and approximate intermolecular distance s.u. value is 0.004 A. The ortho CF; groups give
rise to more close contacts than in the H-CORO-7 derivatives due to their twisting out of the plane
of the molecule. The intermolecular distance of F atoms bonded to ortho CF3 groups are 2.446 A.

Both of the CF3 groups are rotated and bent out of the plane to allow for as much space between F
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atoms as possible. Lastly, the short intramolecular F atom distances of F atoms on CF3 groups
bonded to core C(sp?) and F atoms on CFs groups bonded to C(sp’) atoms are 2.676, 2.732, and
2.877 A.

H2CORO-8-2. The benzoperylene core is nearly flat, deviating from the mean plane
0.042 A. The carbons deviating the most from the mean plane, (—0.166 A C6 and 0.128 A C8) are
not the carbons closest to the C(sp?) atoms but are on the opposite end of the molecule. C6 appears
to be twisted out of the plane to accommodate the ortho CF3 groups on C6 and C5. C8 is disordered
due to the presence of the H-CORO-8-3 contaminant. The benzoperylene cores are minimally
overlapped, 12%, with four C(sp?) atoms directly overlapped, and with interpenetrating columns
of molecules similar to all other dihydrocoronene structures reported in this work, shown in Figure
2-17. The distance between molecules within the same column is 8.135 A and the distance between
close molecules of interpenetrating columns is 3.866 A. The molecules pack in a pseudo hexagonal
close packed array. The distances between central aromatic cores are 12.803 A (x2), 14.697 A (x
2), and 14.774 A (x 2). Each plane is comprised of the same enantiomer and all the molecules are
coplanar with respect to their core carbon rings. Lastly, the structure has a 2; screw axis resulting
in two orientations of the molecule within a given array. There is an uneven number of similarly
oriented molecules, four and three, and this appears to be the cause of the lower symmetry pseudo
hexagonal array. In adjacent planes of molecules, above and below, this molecular orientation is
inverted. It should be noted that within a given plane all of the molecules are the same enantiomer.
No analysis of the F---F distances was done due to the ambiguity in the bond lengths caused by
the co-crystallized superimposed impurity. This impurity identified as HCORO-8-3 and is shown

in Figure 2-8.

2.2.3. DFT calculations for CORO(CF3), compounds and CORO reactivity
We previously demonstrated that for trifluoromethylation reactions of the bowl-shaped PAH
corannulene, (CORA, Cx0Hi0), DFT calculations on the relative energies of the CORA(CF3),

isomers yielded accurate predictions of the most abundant products.>® For example, the most stable
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isomer, CORA(CFs)s-1 (or CORA-5-1, as used in the literature)>® was formed in much larger
quantities than the next two most stable isomers, CORA-5-2 and CORA-5-3 (energy separations
42.4 and 51.4 kJ mol ! respectively).’* Qualitatively accurate predictions were also made for
isomers of CORA(CF3)s4, CORA(CF3)s, and CORA(CF3)7. The absence of the compounds with
n(CF3) >7 in the reaction product was consistent with the DFT data on the energetic cost of
introducing a bulky CF5 group in the positions adjacent to the other CF3 group, i.e., ortho-positions

(1,2-CORA(CF3), (55.4 kI mol ™) or peri- position (1,12-CORA(CFs), (43.9 kJ mol ).

Table 2-2 lists the results of DFT calculations of relative energies of CORO(CF3), isomers.
For the CORO(CFs3)2, seven low-energy isomers can form (within 4 kJ mol ™! of the most stable
1somer) in which CF; groups are separated from each other by at least one carbon. Substitutions in
the 1,2 (ortho-) or 1,12 (peri-) positions result in drastic energy increases of 64 kJ mol!. This
energetic cost is much higher than in the case of 1,2- and 1,10-CORA(CF3); isomers, indicating
that inter-CF3 repulsion in the planar CORO-2 appears to be stronger than in the bowl-shaped
CORA-2. This result was in good agreement with the product distribution for the CORO(CF3),
compounds. With this in mind, DFT analysis of polysubstituted CORO(CF3), was focused on the
isomers in which CF3 groups do not occupy unfavorable ortho- and peri- positions. Because the
reaction conditions were high temperatures it is unlikely that the nearly thermodynamic conditions

of the synthesis would yield such high-energy products in observable amounts.

Even after eliminating high-energy isomers, in the cases of CORO(CF3); and CORO(CF3)s4,
the numbers of low-energy isomers are high: ten and eleven, respectively. However, for
CORO(CF3)s, only three low-energy isomers are possible, and only one isomer of CORO(CF3)e
satisfies the imposed condition, no ortho- or peri- substitutions. The theoretical calculations
suggest that syntheses carried out with an excess of CF3 radicals would yield preferential formation
of the following products: one isomer of CORO(CF3)4 (CORO-4-1), two isomers of CORO(CF3)s
(CORO-5-1 and CORO-5-2) and one isomer of CORO(CF3)e. Since trifluoromethylation would

be exhaustive (i.e., using a large excess of CF3 radicals) in this example, one of the possible
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isomers of CORO(CF3)s (CORO-5-3), which was isolated, would be converted further to
CORO(CF3)6, decreasing the number of final products to four (the structures are shown in Figure
2-18 and the compound names and the abbreviations used in this work are shown in Figure S2-1).
The other isomers of CORO(CFs3)s and the isomer of CORO(CF3)s4 will not be substituted, as they

cannot form low energy isomers.

In reality, complete trifluoromethylation is never achieved and a multitude of CORO(CF3),<s
isomers are indeed produced. Excluding CORO-1-1 and CORO-4-2 which were able to be isolated
in a pure form, all other CORO(CF3),<5 coeluted as a complex mixture but by mass spectrometry,
their relative distributions could be confirmed. The HPLC chromatogram for GTGS-3 as a

representative reaction is shown in Figure 2-19.

2.2.4. Reaction pathways and rim bond reactivity

The high energetic barrier to peri- and ortho- substitutions limits the number of possible
CORO(CF3), isomers by limiting the number of possible reaction pathways. However, due to the
shrinking number of remaining C(sp?) bonded protons, the H;CORO(CF3), derivatives also have
a limited number of pathways for which substitution and/or addition can proceed. The routes to
those products starting from their CORO-5 precursors are shown in Figure 2-20. By starting with
the three CORO-5 isomers, reaction routes to all five of the isolated HCORO(CFs3), products are
produced by undergoing first radical addition to one of the ortho- protons. The energy for ortho-
and peri- substitution is 64 kJ mol™! based on Dr. Popov’s DFT calculations. Therefore, it can be
deduced that the energy of the radical addition reaction must be lower than 64 kJ mol ! or else it
would likely not occur. Following the radical addition, the aromatic core of the PAH has changed
from CORO to H2CORO meaning one of the rim bonds, C1-C2 for H2CORO, has been converted
from a double bond to a single bond. This change must result in different thermodynamics for the
system because instead of further radical addition reactions, which for CORO were obviously
lower in energy than either peri- or ortho- substitutions, an eighth CF3 group is added via a radical

substitution reaction. This substitution must occur in a location which was previously energetically
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unfavorable for CORO derivatives, however by examining the isolated H-CORO(CF3)s structures
we find that there is one pair of locations for this substitution where the reaction can occur with
less steric hinderance than any of the other remaining C(sp?) bonded protons. Both of the isolated
H>CORO-7 isomers have two peri- C(sp?) bonded proton positions, C10 and C11 for H-CORO-7-
1 and C8 and C9 for H2CORO-7-2, which are substituted by an eighth CF3 group to produce the
three HCORO(CF3)g isomers.

Additionally, there is a third HCORO-7 isomer isolated from the F1 fraction in Figure 2-4.
The mass spectrum for this fraction was recorded and the most abundant ion had an m/z value of
777 which corresponds to the mass of a HCORO-7" ion with one proton missing, [HCORO-7],
see Table S2-3. The most likely source for this species is from the continued reaction of CORO-
5-3 to a CORO-6 radical intermediate, rather than CORO-6-1, and then a stable Ho CORO-7
isomer. This isomer would have a proton peri- to the C(sp®) region on the C12 atom, see Figure 2-
20. The NI-ESI mass spectrum of the crude material from GTGS-4 also shows a 777 m/z ion,
shown in Figure S2-25. Unfortunately, the NMR spectra for this isomer (not shown) has a poor
signal to noise ratio due to the small amount of material isolated and more material and

experimentation would be required to say anything definitive about the F1 fraction.

Trifluoromethylated products with more than eight CF; groups were never isolated as pure
1somers but the FO fraction, shown in Figure 2-4, was examined by NI-ESI mass spectrometry and
showed an m/z value of 984 as the most abundant ion corresponding to tetrahydrocoronene
derivatives with four C(sp*) bonded protons, see Table S2-3. The chemical formula would be
C24Hs(CF3)10 with four of the six protons bonded to C(sp3) atoms, two at C1 and C2 and two more
on a rim bond which has undergone radical addition and has two CF3 groups. While no pure
tetrahydrocoronene compounds were isolated, a hypothesis can be made which may predict the
most likely location for the radical addition based on the bond lengths of the rim bonds in the

crystal structures of HCORO(CF3)s isomers.
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It is generally accepted that shorter bonds are known to have a higher bond order and therefore,
relative to a longer bond formed from the same pair of atoms, a higher electron density or more
accurately a higher electron localization probability making them likely targets for radical attack.>>"
5 Additionally, as was previously stated in Section 2.1., but is worth restating here, double bonds
preferentially undergo radical addition; aromatic bonds tend to undergo radical substitution.'®!8
Using these rationales, the bond lengths of the rim bonds should be a method by which the most
likely sites for radical addition could be predicted. The shortest bonds for HCORO-8-1 are the
C5-C6 and C9—C10 rim bonds, average distance is 1.356(2) A. Although the crystal structure
containing H2CORO-8-2 and H,CORO-8-3 suffers from disorder at the C5—-C6 rim bond and
therefore cannot be included in this analysis, the C9—C10 rim bond is not disordered and was
measured as 1.350 A (s.u. £0.0056). The average rim bond distance for H-CORO-8-1 excluding
C5-C6 and C9-C10 is 1.381 A and if the ortho- substituted C3—C4 rim bond is excluded, 1.375
A. Based on these results the most likely site for radical addition beyond eight CF3 groups would

appear to be the C5-C6 and C9—C10 rim bonds, resulting in the tetrahydrocoronene molecules

detected by mass spectrometry.

As a follow up to the initial bond length investigation, the rim bonds C5—-C6 and C9-C10 for
H>CORO-7-1 and H2CORO-7-2 were also analyzed to see if this trend persisted meaning the bonds
were shorter than the other bonds in those structures as well and in fact they are, 1.356 A and 1.358
A (s.u. 0.0017) for H,CORO-7-1 and 1.353 A and 1.344 A (s.u. 0.0057) for H,CORO-7-2. The
average rim bond distance excluding C5-C6 and C9—C10 for H2CORO-7-1 and H2CORO-7-2 is
1374 A and 1372 A, respectively. A final comparison was made of the rim bonds of
benzo[ghi]perylene and perylene, PERY, to rule out the possibility that this arrangement would be
common to the HCORO PAH without trifluoromethyl functionalization. No crystal structure
could be found of dihydrocoronene. The details of this analysis are shown in Table 2-3 but in brief
the C5-C6 and C9—CI10 rim bonds were longer in the unsubstituted PAHs than in the

H>2CORO(CF3)7 8 structures. The reason for these shorter bonds may be a property of the unique

66



bonding model of the functionalized H>CORO molecules arising as a product of the specific
addition and substitution pattern of the CF3 groups on the PAH. Other electronic and steric factors
may be more important for determining the locations for radical addition but regardless the C5—
C6 and C9—CI10 rim bonds for the HoCORO(CF3)7g derivatives appear to exhibit the isolated
double bond character predicted for CORO by Boldyrev et al.!!

2.2.5. Electrochemical and electronic properties of CORO(CF3), and H2CORO(CF3),

Due to their large aromatic  systems, CORO and H;CORO or benzo[ghi]perylene derivatives
are of interest in organic electronic research.?326-%2 However, there are only a few examples of
CORO molecules with electron withdrawing groups and even fewer examples with fluorinated
groups.?>60:6364 To compare the effect of the trifluoromethyl groups on the reduction potential and
electron affinity of the CORO and H>CORO substrates, CV and gas phase electron affinity

measurements were performed.

Dihydrocoronene compounds exhibit irreversible electrochemical behavior by CV, but the
H>CORO(CF3),, 1ons generated by chemical reduction with TDAE were stable allowing for the
successful collection of the gas phase electron affinity measurement. Three different
measurements were recorded using the chemically reduced ions from pure HCORO-7-1 and
H>CORO-8-1 and the isomerically impure FO fraction. The results of the electron affinity

measurements are shown in Figure 2-21.

The electron affinity value, EA, of the parent PAH, benzo[ghi]perylene, was reported by NIST
as 0.42 eV. From the EA of HCORO-7-1 and H;CORO-8-1 as well as the parent PAH, a trendline
was produced showing the effect of each additional CF; resulting in an increase of 0.28 eV. This
increase is virtually identical to the effect of trifluoromethylation of perylenes reported by Strauss
et al. in 2013 which was expected given the similarities in their respective m systems.* More
interesting than the similarity in the PERY and H2CORO EA/CF; value, is the close linear fit of
the perylene slope to the higher EA value for the H4CORO-10 mixture, lowest being 2.42 + 0.05

eV and 3.71 £0.01 eV for the highest, m/z = 984, the R? value for the least squares fit of the PERY
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slope with the H4+CORO-10 3.71 eV value is 0.98. This correlation further supports the mass
spectrometry data and would suggest that at least one of the possible tetrahydrocoronene products
has a PERY core though unfortunately the relative abundance of these PERY like species cannot
be determined. The data also shows that it does not significantly affect the EA/CFs group value
when the CF; group is attached to the C(sp?) carbon of a dihydro PAH rather than the typical
C(sp?). This observation had been made previously by comparing the EA/CF5 value of fullerenes

and PAHs, but not in an example with such similar molecules.®

For the aromatic CORO(CF3), compounds cyclic voltammetry was effective, and they showed
quasi-reversible behavior. Unfortunately, these compounds were too difficult to reduce for gas

phase electron affinity measurements to be performed.

CV experiments of CORO and CORO(CF3)s45 compounds were recorded and their Ei vs.
ferrocene values were reported, see Figure 2-22. The addition of a CF; group increases the
reduction potential by approximately 200 mV making it easier to reduce. With the number of
compounds isolated and reported here the addition pattern does not appear to affect the reduction
potential, which agrees well with results reported previously by the Strauss-Boltalina research
group for other PAHs.*% While the redox event appears quasi-reversible there was some loss of
signal on the return oxidation event. This was contributed to CORO compounds interacting and
plating onto the platinum and/or silver electrodes. It was found that cleaning of the electrodes was
required frequently during these experiments. Also examined was the effect of aromatic solvents
on the E1/2 value which was assumed to have a significant effect due to the large aromatic n-system.
By comparing 0o-DCB and DME a difference of approximately 150 mV was observed with the

lower E12 value being recorded for the aromatic solvent, see Figure S2-21 for the voltammograms.

2.2.6. Fluorescence quantum yield of H2CORO-8-1
As a consequence of the changes to the m structure from CORO to H,CORO, a new set of
absorption bands appears for the H-CORO compounds, see Figure S2-32. The reasoning behind

this change in the absorption profile is discussed in greater detail by Nijegorodov et. al but is
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largely due to forbidden transitions arising from the higher D¢, symmetry as the new aromatic ring
is added to the molecule as it transitions from benzo[ghi]perylene to coronene.” Since the
structure of H2CORO is analogous to benzo[ghi]perylene, which has been of interest in organic
electronic materials for its strong fluorescent properties, the quantum yield for the compound

H>CORO-8-1 was recorded. The results are shown in Figure S2-33.

The quantum yield was calculated following the method described by Strickler in 1967 and
Castro in 2013.9%%° With a quantum yield of 40%, the H-CORO-8-1 and presumably all of the
H>CORO(CF3), compounds have lower quantum yields compared to benzo[ghi]perylene, 70%
(£7%).5” This could be due to increased flexing of the molecule about the aromatic core compared
to the underivatized benzo[ghi]perylene. As the CF3 groups are added the increasing steric strain
results in the molecules deviating from planarity as was already discussed earlier in Section 2.2.2.

of this work. Further studies are required to make more substantive comparisons.

2.3. MATERIALS AND METHODS
2.3.1. Reagents and general procedures

All reactions were performed with careful efforts to remove oxygen and water from the
reactions using classic air-free techniques. This included but was not limited to rigorously
drying/reducing the copper powder used with a flow of hydrogen gas and heat, removing the water
from the glassware in contact with the reaction by evacuating the glassware while heating it with
a flame, and testing for leaks in either the high-pressure reactor or the GTGS reactor prior to use.
Upon completion of the reactions, the crude materials were exposed to ambient atmosphere and

moisture. This was also the case during HPLC separations.

The following reagents and solvents were obtained from the indicated sources and were used
as received or were purified where indicated: CORO (95+%, TCI); trifluoromethyl iodide (99%,
SynQuest); copper powder which was purified under a reducing atmosphere of hydrogen and heat
(Fischer); dichloromethane (ACS grade 99.6%, Fischer); tetrakis(dimethylamino)ethylene (95+%,
Sigma Aldrich); heptane (HPLC grade 99%, Fischer); toluene (ACS grade 99.5%, Fischer);
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anhydrous 0-DCB (99%, Acros Organics); deuterated chloroform (99.8%, Cambridge Isotope
Labs); deuterated benzene (99.8%, Cambridge Isotope Labs); perfluorobenzene (99%, Oakwood

Products); 1,4-bistrifluoromethylbenzene (99%, Central Glass Co.).

2.3.2. Synthesis of new compounds

For high pressure reactions in the metal tube reactor (MTR), the coronene starting material (50
mg, 0.17 mmol) was mixed as received with copper powder (4.2 or 1.9 g depending on CFI(g)
pressure) which was purified under a reducing atmosphere of hydrogen and heat. The two
components were intimately mixed in a mortar and pestle and then added to a high-pressure reactor
described in Chapter 1 of this work. These materials were evacuated until a stable pressure of at
least 10> Torr was reached. At this time trifluoromethyl iodide was introduced at the desired
pressure and then condensed to a liquid inside the metal tube reactor using liquid nitrogen. The
reactor valve was closed, and the reaction vessel was warmed to room temperature. The reactor
was then heated in a tube furnace to the desired temperature and held at that temperature for the
duration of the reaction. After the reaction time had elapsed the vessel was removed from the
furnace and cooled to room temperature before exposing the sample to the atmosphere. The soluble
compounds were removed via repeated washing in dichloromethane and toluene to separate them
from any carbonaceous char and bulk copper powder. The resulting solution was filtered and then

dried under roto-evaporation.

For reactions using higher equivalents of CFsl (34 equiv at 17000 Torr at the reaction
temperature) the isolated crude material was dissolved in heptane and separated into fractions on
a Cosmosil Buckyprep semi-preparative column with heptane as the eluent with a 5 mL min' flow
rate and were detected at 300 nm using an array detector. The compounds resulting in crystal

structures eluted at 9.0—-10.2 min and at 40.5-42.5 min.

For reactions using lower equivalents of CFzI in the MTR (7 equiv at 3400 Torr at the reaction
temperature) the isolated crude material dissolved in toluene and separated into fractions on a

Cosmosil Buckyprep semi-preparative column with toluene as the eluent with a 5 mL min~! flow

70



rate and were detected at 300 nm using an array detector. Pure compounds were isolated at 6.0—
7.0, 14.0-15.0, 20.5-21.2, 32.0-33.5, 35.0-35.5, and 45-50 min. Fractions collected at 6, 32, and
35 min required secondary separation in the same solvent to further purify them. Weakening the
eluent mixture with non-aromatic solvents did not result in better separation and both lengthened

the separation time and resulted in more overlapping elutes.

Low pressure reactions were performed in the Gradient-Temperature Gas-Solid reactor
(GTGS). Details of the reactor can be found in the 2011 paper by Dr. Igor V. Kuvychko et al.>
CORO solid and copper powder were added to the base of the quartz reactor. After the reactor was
sealed it was evacuated and residual water was removed from the glass under evacuation and flame
avoiding the reagents at the bottom of the reactor. The desired pressure of CFzl(g) was loaded into
the reactor. The hot-zone was heated to the desired temperature 480 °C>* and then the reactor was
brought into contact with the hot-zone. The reaction was allowed to progress for 30 minutes at
which time all the CORO substrate had sublimed away from the reaction base. The reactor was
removed from the hot-zone and allowed to cool to room temperature at which time the soluble
compounds were extracted in DCM and toluene exhaustively until no blue fluorescence from
CORO and CORO products were visible under excitation from a 402 nm laser. This required many
washes and repeated sonication events. For reactions involving multiple additions of CF3I(g), the
soluble material was then added back to the reactor with the original copper powder and under
evacuation the solvent was completely removed which was verified by a return to the zero-point
pressure recorded by an electronic monometer. The same procedure listed above was repeated as

many times as was desired.

For GTGS-6 the same experimental conditions were used as previously described and are
shown in Table 2-1. The crude material was extracted from the GTGS reactor using DCM or
toluene as necessary and then a portion of that solution was added to the prepared ampule. The
ampule was evacuated until all residual solvent and atmosphere was removed. The ampule was

then charged with CF3I(g) resulting in a pressure of 600 Torr shown in Table 2-1 following G/A-
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1. The G/A-1 reaction was heated to 330 °C and then allowed to cool to room temperature before
the ampule was opened and the soluble material was extracted using DCM. A portion of the
resulting crude material was then loaded into a new ampule and then the G/A-2 reaction was
prepared in the same fashion as was described for G/A-1. The resulting crude materials were

analyzed NMR spectroscopy and separated by HPLC.

The karpatite reaction, ROCK-1, was performed using the GTGS reactor using the same
methods described for the other GTGS reactions. The karpatite mineral was prepped for the
reaction by crushing the mineral sample and then thoroughly grinding it in a mortar and pestle.
The resulting powder was used as the karpatite starting material. The karpatite sample does not

burn at the temperatures used.

2.3.3. Spectroscopic characterization

'H and "°F NMR spectra were recorded using a Varian INOVA 400 spectrometer operating at
400 and 376 MHz, respectively. Spectra were recorded using a 1 s relaxation time and a 30° pulse
angle. The solvent used was deuterated chloroform for H-CORO(CF3), compounds or deuterated
benzene for fully aromatic CORO(CF3), with perfluorinated benzene (5('°F) —164.9) as an internal

standard.
2.3.4. UV-vis Spectroscopy

UV-vis spectra for the comparison of typical CORO(CF3), and H2CORO(CF3), derivatives
were collected using a UV-Vis-NIR Shimadzu UV 3101PC instrument with UVProbe 2.33

software.

2.3.5. Quantum yield determination for H2CORO-8-1

Quantum yield was recorded as 0.35. The spectra were recorded in cyclohexane with the
concentration of the HoCORO-8-1 being 3.6 x 10°® M. The standard, quinine hemisulfate
monohydrate, was dissolved in 0.105 M HClO4 aqueous solution. The absorption of the standard

and the H2CORO-8-1 sample were matched and the absorption above that point, 385 nm, was kept
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below 0.1. The slit width was 2 cm and the step size was 1 nm. The temperature was 25 °C. Spectra
were recorded on a Cary 500 UV-vis-NIR spectrophotometer. Fluorescence measurements were
recorded using a Horiba Fluorolog-3 with a 450 W Xe lamp and a PMT detector. Samples were
degassed by the freeze-pump-thaw method three times and were measured air-free using 1 cm?
air-free quartz cuvette. Spectra as well as the equation used to calculate the quantum yield are

shown in Figure S2-33.

2.3.6. Single-crystal X-ray diffraction

Crystals of CORO-4-1 and the four HCORO(CF3), compounds (n =7, 8) were grown by slow
evaporation of heptane, chloroform, or benzene-ds solutions. Diffraction data sets were collected
at the Advanced Photon Source at Argonne National Laboratory on beamline 15ID-B and 151D-D
at X-ray wavelengths of 0.40651 or 0.41328 A (diamond 111 monochromator) with a Bruker D8
goniometer and multi-scan absorption corrections. Unit cell parameters were determined by the
least squares fit of the angular coordinates of all reflections. Integrations of all frames were
performed using APEX III software, and the structures were solved using SHELXTL/OLEX 2
software. Table S2-1 lists relevant data collection and refinement results for the five structures.

Additional details about structure solution and disorder modeling are given in Appendix A.
2.3.7. Gas-Phase photoelectron spectroscopy

Samples of HCORO-7-1, H2CORO-8-1, and a mixture of H4CORO(CF3)19 isomers were sent
to collaborator Dr. Xue-Bin Wang at Pacific Northwest National Laboratory (PNNL) for EA
measurements. Dr. Wang pioneered the measurement of EAs of strong electron acceptors by low-
temperature (10—12 K) gas-phase photoelectron spectra of electrospray-ionized samples using an
apparatus that couples an electrospray ionization source and a temperature-controlled ion trap to a
magnetic-bottle time-of-flight photoelectron spectrometer.’® In a typical experiment, the electron
affinity (EA) of a compound is directly measured from the 0—0 transition in the photoelectron
spectrum of its one-electron reduced anion. Fresh spray solutions are prepared by adding an aliquot

of an acetonitrile solution of the electron-donor compound tetrakis(dimethylamino)ethylene
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(NMe»),C=C(NMe,), TDAE) to a 10> M solution of the compound in a suitable solvent. The
anions produced by the ESI source are guided by two RF-only quadrupoles and directed by a 90°
ion bender into a 3D ion trap, where they are accumulated and thermalized via collisions with a
background gas (ca. 0.1 mTorr 20/80 Hz/He) for a period of 20—80 ms before being pulsed out into
the extraction zone of the time-of-flight mass spectrometer. The mass selected ions are decelerated
before being intercepted by the beam from a Nd: Y AG probe laser (266 nm; 4.661 eV) in the photo-

detachment zone of the magnetic bottle photoelectron analyzer.”

2.3.8. Cyclic Voltammetry

Cyclic voltammograms were recorded in an inert atmosphere using a PAR 263
potentiostat/galvanostat and approximately 2 mM o-DCB or DME solutions of the analyte with
0.1 M N(n-butyl)sBFs or N(n-butyl)4ClO4 as the electrolyte. The electrochemical cell used was
equipped with 0.125 mm diameter platinum working and counter electrodes and a 0.5 mm diameter

silver reference electrode. The scan rate was 500 mV s .

2.4. CONCLUSIONS AND FUTURE WORK

In total, 10 new compounds have been synthesized, isolated, and characterized by a suite of
analytical techniques including NMR spectroscopy, mass spectrometry, UV-vis spectroscopy, and
single crystal X-ray diffraction. Additionally, their electrochemical properties were characterized

by cyclic voltammetry or low temperature PES measurements where appropriate.

From these compounds a set of rules governing the radical substitution of coronene was
observed, namely that no ortho- or peri- positions could be substituted and only after five CF3
groups have been substituted onto the molecule could those higher energy positions be
functionalized. When those higher energy positions are functionalized, it is only after radical
addition occurs on the C1 and C2 positions of the resulting PAH. This result coupled with
crystallographic analysis of the HCORO compounds as well as several literature compounds leads

to new insight into the chemistry of CORO and more specifically about the nature of its rim bonds.
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Based on that analysis it has been concluded that the CORO rim bonds are not strictly aromatic as
the ‘superbenzene’ moniker would suggest but in fact are at least capable of being shortened to
lengths resembling double bonds possibly as a product of the addition of the electron withdrawing
CF; substituents. The sights where this shortening of the rim bonds occurred was consistent in all
four of the H2CORO crystal structures, the C5-C6 and C9—C10 bonds. These observations and
experimental results suggest that other PAHs could be capable of radical addition under similar

conditions, specifically PERY.

Future work on this project could explore the reactivity of PERY to high pressure radical
trifluoromethylation to observe if similar addition products can be formed in those cases as well
or if this phenomenon is limited to CORO and H2CORO compounds. This question is based on
the bond length analysis shown in Table 2-3 where PERY has bond lengths similar to the

underivatized CORO crystal structure.

2.5. ADDITIONAL RECOGNITION

The high pressure trifluoromethylation of CORO was performed with the assistance of Dr. Eric
V. Bukovsky and the AMP reactions were performed by Dr. Igor V. Kuvychko. Electron affinity
measurements were performed in collaboration with the Pacific Northwest National Lab run by
Dr. Xuebin Wang where Dr. Kerry C. Rippy was in attendance and assisted in the collection of the
data discussed herein. X-ray diffraction data was collected at the synchrotron source at Argonne

National Lab under the supervision of Dr. Yu-Sheng Chen.
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Table 2-1. Trifluoromethylation reactions, experimental parameters and major products.

Reaction CORO P(CFsI) Cu Temp Time CORO > CORO-0.1 > CORO-2.3 >CORO-34  »CORO-5

(mg) (Torr)  (2) (O (W~ %o conv. (%) (%) (%) (%)
AMP-1 53 1000 - 360 24 - (CoHmex(CE3))izm
AMP-2 5.4 1000 - 275 23 - no soluble product formed
AMP-3 18 1000 05 300 017 ’ (CasHmxCF3)12.m
i/ A-1 15.8% 600 - 330 1 - 19 26 42 13
i/ A-2 3 600 - 330 1 - 8 18 29 45
MTR-HP 50 17200 45 450 ! 98 2 0 0 0
MTR-LP 100 7400 2 450 4 20%* 48 35 12 4
GTGS-1 150 200x 2 2 480 2 72 54 27 10 3
GTGS-2 50 700x2 1.5 480 3 82 67 12 12 5
GTGS-3 50 700x 3 2 480 1:5 96 22 20 24 24
GTGS-4 31 700x 3 2.1 480 1.5 - N/A N/A 80 20
GTGS-5 60 700x 3 0 480 6 97 29 32 28 9
GTGS-6 60 700 25 480 1 88 33 23 32 12
ROCK-1 20007 700x 3 4 480 3 981 5 9 21 47

% Starting material was crude CORO(CF3) products from single GTGS reaction at 700 Torr,
GTGS-6. - Starting material from the crude mixture of G/A-1 products. * GTGS reaction times
are based on the amount of time required for all visible starting material to sublime from the
reaction zone. ** There 1s no coronene starting material detectable by proton NMR, however it is
clearly evident by HPLC and was isolated to confirm this. $This mass is for the sample used for
the reaction but a large percentage of the mass is quartz rock which was not separated. } Based on
the isolated material extracted from the karpatite substrate. GTGS-4 is a reaction using a mixture
of CORO-3 and CORO-4 isomers as the starting material.
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Table 2-2. DFT-predicted relative energies of CORO(CF3), isomers (n =2, 3, 4, 5)*

n=2 AE n=3 AE n=4 AE n=>5 AE
1,7 0.00 1,5,9 0.00 1,4,7,10°  0.00 1,3,5,7,10  0.00
1,8 0.33 1,4,8 0.32 1,4,7,9 1.16 1,3,5,8,10  0.39
1,5 0.46 1,4,7 0.37 1,3,6,9 1.30 1,3,5,7,9° 042
1,6 0.52 1,5,10 0.43 1,3,6,10  1.63
1,10 0.85 1,3,7 1.22 1,3,7,9 1.65
1,4 0.90 1,3,9 1.23 1,3,5,9 2.07
1,3 2.18 1,3,8 1.61 1,3,8,10  2.74
1,12 64.15 1,3,10 1.95 1,3,5,10  2.81
1,2 64.48 1,3,6 2.16 1,3,5,8 2.86
1,3,5 3.32 1,3,6,8 292
1,3,5,7 3.67

2 The IUPAC locants on the CORO core are listed under each value of n for each CORO(CF3),
composition. All relative energies (AE) are in kJ mol™. ® Isomers that cannot be converted into a
higher n(CF3) derivative without avoiding CF3 substituents on ortho- or peri- positions.
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Table 2-3. List of rim C—C bond distances of select PAHs?

CORO" | benzo(PERY)" PERY* H>CORO-7-1 | H,CORO-7-2° | H2CORO-8-1

s.u. 0.003 s.u. 0.006 s.u. 0.003 s.u. 0.002 s.u. 0.006 s.u. 0.002
1.362 1.410 1.366 1.381 1.377 1.377
1.358 1.383 1.364 1.356f 1.353f 1.356f
1.364 1.406 1.357 1.369 1.367 1.372
1.362 1.404 1.358 1.358¢8 1.3448 1.355¢
1.358 1.380 1.374 1.394
1.364

4 All bond distances and their standard uncertainties (s.u.) are given in A. All distances from this
work unless otherwise indicated. ® Ref. >!. ¢ Ref. ’!. 4 Ref. 2. ¢ The C11—-C12 rim bond is excluded

due to

disorder

€ C9—C10 rim bonds.

(see

Appendix

A).
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Figure 2-1. (Left) The molecular structure and numbering scheme of coronene. (Right) A
photograph of a 4 x 5 x 3.5 cm sample of the mineral karpatite in the author's private collection
(the sample is from the 4th of July Mine in San Benito County, CA). Pale yellow needle-like
crystals are a pure phase of coronene, as shown by a 'H NMR spectrum in this work.
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Figure 2-2. Negative-ion electrospray mass spectrum of the crude product of reaction AMP-1.
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Figure 2-3. Proposed pathway for the CFj; reactivity on CORO. 2 shows the product of the radical
CF; and CORO resulting in radical addition and an HCORO(CF3) radical anion. 3 shows a second
CF; radical either attacking the adjacent C(sp?) atom or abstracting a proton from the C(sp?) atom.
Step 3 results in either the substitution or addition product shown as 4 and 5 in high-temperature
gas-phase trifluoromethylation of CORO substrate.
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Figure 2-4. HPLC chromatogram of the crude product from reaction M1 (5 mL min' flow rate,
100% heptane eluent, Cosmosil Buckyprep column (10 x 250 mm)). Numbers designate fractions
separated during the HPLC processing, for which spectroscopic analysis was carried out as
described in the text.
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Figure 2-5. '"H NMR and ""F NMR spectra of H;CORO-8-1 taken in CDClI;3 and referenced to
chloroform and CeFé, respectively. (Top) The sp® protons are clearly visible as quartets between &
5.3 and 5.1. The sharp singlet at 3 5.2, denoted with an asterisk, is due to an unidentified impurity.
(Bottom) The '"F NMR spectrum shows that there are three unique regions for fluorine
environments. The signals between & —60 and —65 for CF3 groups not adjacent to the C(sp®) region
of the dihydrocoronene, & —70 to —72 for CF3 groups bonded directly to a C(sp®) atom, and & —52
to —54 for adjacent CF3 groups.
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F1---F22 = 2.648
F2---F9 =2.879
F5--Fi =2.733
F8---F10 = 2.446
F8---F12 = 2.737
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Figure 2-6. Jrr coupling analysis of HCORO-8-1 via (Top) solid-state F---F distance comparison
and (Bottom) NMR simulations. F---F distances shorter than 3.0 A are shown (Top Left). The
simulated coupling constants of the complex multiplets shown in the ’F NMR are shown (Bottom
Left). CF; groups with coupled F atoms are labeled as are their corresponding '°F NMR
resonances. H atoms which are coupled to C(sp®) bonded CF3 groups are labeled with capital
letters.
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Figure 2-7. HPLC chromatograms showing the progression from the crude trifluoromethylated
product from GTGS-6 to the final AMP reaction. The series of reactions appears to show that most
CORO products undergo one or two substitutions under the AMP conditions allowing for more
control over the reaction progression than is observed from the multiple GTGS reactions.
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CORO-5-3 H,CORO-8-3

Figure 2-8. The eleven molecular structures of isolated compounds, five of which were confirmed
by single-crystal X-ray structures. Additional molecular structures are included with the NMR
figures in the supplemental figures.
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Figure 2-9. Reaction schematic for all the different types of trifluoromethylation reactions
performed. The most common type of products from those reactions are shown.
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Figure 2-10. (Left) Parallel stacking of CORO-4-1 molecules along the crystallographic c axis,
resulting in the separation of their rigorously parallel & systems by 3.61 A. (Right) Flat projection
drawing showing the degree of n-m overlap between adjacent molecules, which are rotated by 25°
relative to one another. The upper molecule is highlighted with blue C(sp?)—~C(sp®) bonds. The
amount of m—m overlap is 72%.
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Figure 2-11. (Top) Hexagonal array of stacks of molecules in the structure of CORO-4-1.
(Bottom) One layer of the hexagonal arrays of CORO-4-1 molecules. The layers are parallel to
the crystallographic ab plane. The distances between molecular centroids in a given layer, shown
with dashed lines, are 13.18 A (x 4) and 12.48 A (x 2).

89



Figure 2-12. Generic HoCORO(CF3), enantiomers RR and SS, these enantiomers are present in
every H2CORO structure. The difference in orientation of the C(sp*)-C(sp?) bond gives rise to the
two enantiomers resulting in non-superimposable molecules where the functional groups, CF3 and
H, are in alternating orientations. While the percent occupancy of the modeled enantiomers results
in all but one of the dihydrocoronene molecules having nonracemic percentages, 61:39 SS:RR
respectively for HLCORO-7-1 for example, the majority enantiomer switches between planes
resulting in the total crystal mixture being racemic. More information about the ratio of
enantiomers in each model can be found in the supplemental information for this chapter,
Appendix A, on pages S2-7 and S2-8.
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Figure 2-13. (Left) A column of HCORO-7-1 molecules, showing the lateral offset of every other
molecule. The perpendicular distance between the central-hexagon centroids of alternating
molecules, shown as dashed lines, is 8.085 A. The closest molecules are in alternating columns
with two unique distances for the neighboring molecule above and below being, 3.845 and 4.006
A between them. The distance is not exactly half of the distance between molecules in the same
column because the molecules in the interpenetrating columns are not coplanar resulting in one
close distance and one slightly longer distance. (Right) Overlap of the two closest molecules of
H>CORO-7-1, the percent overlap is 8% with only four C(sp?) atoms overlapped. One of the
molecules is overlaid in light blue to make the separate molecules more apparent.
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Figure 2-14. (Top Left) Six nearest neighbors making up the pseudo hexagonal array. Of the six
molecules, four are the RR enantiomer and two are the SS enantiomer and the center molecule of
the array is RR. This packing results in four unique distances measured from the centroid of each
molecule, 12.12 A, 13.47 A (x 2), 14.37 A (x 2), and 18.26 A. (Top Right) Drawing showing the
unique positions within a full array. Two molecules are shared between neighboring arrays.
(Bottom) Within each array there are two unique planes, 0.71 A apart.
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Figure 2-15. (Top Left) Interpenetrating columns of H>CORO-7-2, the distance between
molecules in a given column are 7.906 and 3.946 and 3.960 A between molecules of
interpenetrating columns. Again, there are two unique distances between interpenetrating
molecules because the two columns of molecules are not coplanar. (Top Right) The n-m overlap
of H2CORO-7-2, the percent overlap is 15%. One of the molecules is overlaid in light blue to make
the separate molecules more apparent. (Bottom) The six nearest neighbors within a single plane
making up the hexagonal close packed array. The distances from the central molecule are 13.462
A (x 2), 14422 A (x 2), and 14.435 A (x 2). Within a single plane all of the molecules are the
same enantiomer with each plane being made up of alternating enantiomers.
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Figure 2-16. (Top Left) The interpenetrating columns of H2CORO-8-1, with the concave pair
distance being 3.792 A while the convex pair is 4.224 A. The distance between molecules of the
same column is 8.015 A. Notice this distance is always the same since the repeating unit is of
course always the same, aka the pair is either both convex or both concave. (Top Right) The n—=n
overlap of HoCORO-8-1, the percent overlap is 16%, with six C(sp®) atoms being directly
overlapped. One of the molecules is overlaid in light blue to make the separate molecules more
apparent. (Bottom Left) The six nearest neighbors within a single plane making up the hexagonal
close packed array. The distances from the central molecule are 13.167 A (x2),13.814 A (x 2),
and 16.093 A (x 2). Within a single plane all of the molecules are the same enantiomer. (Bottom
Right) The interpenetrating columns of molecules are comprised of concave and convex pairs.
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Figure 2-17. (Top Left) panel shows the interpenetrating columns of H-CORO-8-2. The distance
between molecules within the same column is 8.135 A and the distances between close molecules
of interpenetrating columns are 3.866 and 4.269 A. (Right) The n—r overlap of H-CORO-8-2, the
percent overlap is 12%, with four C(sp?) atoms directly overlapped. One of the molecules is
overlaid in light blue to make the separate molecules more apparent. (Bottom) The six nearest
neighbors within a single plane making up the hexagonal close packed array. The distances from
the central molecule are 12.803 A (x 2), 14.697 A (x 2), and 14.774 A (x 2). Within a single plane
all of the molecules are the same enantiomer.
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Figure 2-18. Drawings of the molecular structures of the theoretically predicted most stable highly
substituted CORO(CFs3),, which do not have CF3 groups on the adjacent carbons.
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Figure 2-19. HPLC chromatogram from the Buckyprep semipreperative scale separation of
GTGS-3. Eluent 100% toluene, flow rate 5 mL/min, and absorption at 300 nm. Peaks identified
by an asterisk represent fractions where pure compounds were isolated with either primary or when
necessary, secondary separation in the same eluent. The compounds are listed in the order that they
elute: CORO-1-1, CORO-4-1, CORO-4-2, CORO-5-1, CORO-5-2, and CORO-5-3. See
Table S2-6 for retention times.
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Figure 2-20. Reaction pathways from the CORO-5 isomers to the resulting HXCORO(CF3)7
isomers.
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Figure 2-21. Electron affinity of H2CORO(CF3), derivatives. The (Top Right) and (Middle
Right) drawings show the binding energy plot for the gas-phase electron affinity of H-CORO-7-1
and H2CORO-8-1, respectively. HHCORO-7-1: EA =2.40 +0.01 eV, m/z =778. HCORO-8-1: EA
=2.67 £ 0.015 eV, m/z = 846. The bottom right drawing shows H4CORO-10 isomers. No pure
isomer was isolated, but the mixture of compounds with m/z = 984 exhibited a range of EAs, (the
lowest from 2.42 £ 0.05 eV to 3.71 £ 0.01 eV. The effect of adding a single CF5 group increases
the EA by 0.28 eV. Plotted in green are the EA values for trifluoromethylated perylene derivatives
which had been previously reported.*” The effect of a single CF3 on perylene is very similar to
benzo[ghi]perylene, 10 meV spread between the two substrates.
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Figure 2-22. Comparison of the cyclic voltammograms of CORO, CORO-4-1, CORO-5-2, and
CORO-5-3. All spectra were recorded in dimethoxyethane with tetrabutylamine perchlorate at
500 mV s~ . 200 mV increase per CFs group.
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CHAPTER 3
NEW SYNTHESES TO INTRODUCE FLUORINATED GROUPS TO FULLERENES
AND OVERCOMING THE BARRIERS TO SELECTIVITY

3.1. INTRODUCTION AND JUSTIFICATION

Fluorine-rich fullerenes have received a lot of attention as electron withdrawing compounds
due to their unique electrochemical properties, improved solubility, improved morphological
control, and resistance to oxidation.'* These factors make them possible candidates for
semiconductor materials in organic electronics. Therefore, cost effective efficient synthetic routes
to new fluorine-rich fullerenes are desired, which includes selectivity for the target compound,

high yields, low-cost reagents, one-step synthetic processes and facile purification methods.

However, in fullerene reactions, targeting specific derivatives is always a challenge because of
two factors that influence reaction outcome. The first is the thermodynamic barrier to functionalize
the pristine fullerene is thermodynamically more unfavorable than subsequent functionalization.
Therefore, in a reaction to target a derivatized Ceo compound like Ceo(R)2 where R is any functional
group, the product will often contain a mixture of the desired fullerene Ceo(R)2, unreacted Ceo, and
Ce0(R)n+2 where n 1s an even number. (One nuance to this rule is with respect to cycloadditions
which are a large focus in this chapter. In those cases, while R does not increase by even numbers
as a rule, there are still two new bonds formed for every subsequent functional group added.) For
example, the AH¢ for the most stable isomer with the composition Ceo(CF3)2 is 1111 kJ mol ™! and
every subsequent stable addition product after that has a negative AHy, resulting in the facile
formation of the addition products, Ceo(CF3)n+2 where n = an even number.’ In other words the
reaction conditions required to convert Ceo to Ceo(CF3)2 are sufficient to easily produce multiple
higher addition fullerenes and preventing these subsequent reactions is challenging. This makes
control over the product distribution difficult because the number of additions is hard to control.

The second factor is the large number of possible isomers of the product with the desired
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composition. Even for the lowest composition of Ceo(R)2, there are 23 theoretically possible
isomers. For the same functional group, R, Ceo(R)10 and C70(R)10 are theoretically capable of

having 7 x 10% and 2 x 10'° isomers, respectively.’

Despite these two challenges, it is possible to perform selective fullerene derivative syntheses
through optimization and careful control of reaction conditions. For the first factor, limiting the
number of equivalents of the reagent can help minimize the number of products which can be
formed. This has the drawback of often increasing the reaction time and lowering the percent
conversion of the fullerene starting material, but it can make purification easier and the excess
unreacted Ceo can potentially be recovered allowing for further reactions and economical use of
reagents. This method has been utilized by the author for several solution phase Rr reactions which
will be discussed in the later sections of this chapter.”® The second factor is not as easily overcome
by a simple change to reaction methodology but through careful consideration of the specific
reaction and the desired products, strategies can be made to improve selectivity and in some cases
the yield. For example, the number of possible isomers decreases dramatically if logical
assumptions about the range of relative stabilities of the products are considered; calculations
reported in 2013 showed that there were not more than 3 x 10* likely isomers for any number of
CF; functional groups on either Ceo or C7o assuming the relative energies larger than 80 kJ mol !
were excluded.® Additionally, the possibility of isomerization from higher relative energy
derivatives to lower energy derivatives resulting in accumulation of specific isomers either through
thermal treatment during or after the reaction, photolysis, or electrochemically via electrolysis, can
further lower the number of products which are likely to be observed.®!* For the case of Ceo(CF3)10,
which has the largest number of experimentally identified isomers within a given composition, a
total of 27 isomers have been reported.!> Alternatively, instead of targeting the thermodynamic
products, which is the result of all the methods described previously, by controlling the reaction
time it is possible to select for kinetic isomers. This principle was utilized by the Strauss-Boltalina

research group several times with the Gradient-Temperature Gas-Solid reactor where careful
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control of the reaction temperature allowed for the sublimation of the fullerene derivatives

produced in the reaction before further additions could take place.'®!”

In this chapter, the syntheses of new fluorosulfanyl fullerenes and unique [3+2] perfluorocyclo-
and partially fluorinated cyclo- groups referred to as fauxhawk functional groups are presented
here.3181° Conditions for the reactions to produce these new products have been thoroughly
investigated, and the resulting pure products, when appropriate, have been analyzed for potential

uses in organic electronics.

3.2. SYNTHESIS OF PERFLUOROSULFANYL FULLERENES
3.2.1. General Comments

The pentafluorosulfanyl group’s effective volume is more than twice that of the comparatively

20,21 22)

well-studied CF3 group, and is also more electronegative (3.65 vs. 3.36, respectively
Additionally, the pentafluorosulfanyl group is more hydrophobic than the CF3 group, yet equally
hydrolytically stable?>** (an important factor since some reaction mixtures are worked up using a
water wash?*). The attachment of flurosulfanyl groups to the cage, or as part of a perfluoroalkyl

group attached to the cage, may also increase solubility as was observed for other Rr functionalized

fullerenes, such as 1,7-Ceo(Bng)2.2!

With these attractive properties in mind and in collaboration with Dr. Thrasher’s research
group at Clemson University in South Carolina, the goals of this research were (i) to see if intact
SFsCF>CF, and SFsCF: groups could be added to Ceo under any conditions and (ii) to find a set of
conditions to optimize the preparation of a bis adduct, Ceo(CF2CF2SFs),. The longer chain reagent
SFsCF,CF>l was chosen for the initial reactions to lessen the possibility that steric hindrance
imposed by a bulky SFs group might prevent the desired addition product from forming. As was
previously mentioned, the SFs group is considerably larger than a CF; group. In fact, previous
efforts to add the SFs group to a fullerene were successful using the longer perfluorobutyl chain

12

reagent, SFsC4Fsl.=> The second goal was important because the product Ceo(CF2CF2SFs), would

likely be a single isomer, 1,7-Ceo(CF2CF2SFs)2, and therefore it would be easier to purify and
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characterize. In principle, the addition of two Rr groups to any of the 60 equivalent C(sp?) atoms
of Ceo can lead to 23 possible isomers. In practice, however, two Rr groups always add to the para-
positions of a Ceo hexagon (i.e., to C1 and C7; see the numbered Schlegel diagram in Figure S3-

5) due to steric effects.?!

This phenomenon is well described in Section 5.1.1 of the perfluoroalkylfullerene review by
Strauss et al.,' but in brief the thermodynamic cost of adding a bulky addend in the 1,9- or ortho-
positions is higher than the less sterically strained 1,7- or para- positions for Ceo. For example, the
difference in relative DFT calculated energies for adding two CF3 groups to Ceo 1n either the 1,9-
or 1,7- positions is 35 kJ mol ! higher in energy for the ortho- position. The same experiment with
a Br atom, a smaller addend, results in a difference of 14 kJ mol™! in favor of the para- position.
With the SFsCF.CF»- group being considerably bulkier than a trifluoromethyl group it is all but a
certainty that the two-addition derivative will add to the para- positions as the theoretical ortho-

addition product would be too thermodynamically unfavorable to form.

The initial conditions chosen for the reactions of Ceo and SFsCF>CF2l were based on the
conditions for the solution-phase synthesis of 1,7-Ceo(CF2CF2CF3)2 and other 1,7-Ceo(Rr)2
derivatives using Ceo and Rrl,>* which were: 6.9 mM solution of Cgo in 0-DCB; 6 or more equiv
REl; excess Cu powder; 180 °C; and 2472 h reaction time. It was observed in that work that Ceo
is less soluble in hot 0-DCB than in room-temperature 0-DCB,** so, except for the initial reaction,
lower concentrations of Ceo in 0-DCB were used for reactions with SFsCF.CFol in this work. All
synthetic work with SFs(CF2),I reagents was performed at Clemson University by Dr. Siyan and

crude products were shipped to CSU for analysis by the author.

For initial experiments a mixture of Ceo, C70, and higher fullerenes known as "fullerene extract"
was used as the starting material for most of the reactions because it is much less expensive than
99.9% pure Ceo. In addition, the Strauss-Boltalina research group has shown that the reaction
21,24

conditions developed using fullerene extract are generally transferable to pure Cep.

Furthermore, C70 and higher fullerenes are less reactive than Ceo with respect to reactions with Rrl
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reagents, and therefore separating Ceo derivatives from unreacted C7o and higher fullerenes by
HPLC is relatively straightforward.?* The experimental conditions for the 10 reactions studied in
this work are summarized in Table 3-1, and HPLC traces, mass spectra, or NMR spectra of reaction

mixtures are shown in figures Figure 3-1 through Figure 3-6.

3.2.2. Reaction of 10 mM Ceo with 6 equiv OF SFsCF:CF:lI at 180 °C

This is Reaction 1 (hereinafter Rxn. 1) listed in Table 3-1. During the 72 h reaction, the color
of the solution changed from magenta, the color of Ceo, to dark brown. Excess Cu powder and Cul
were removed by filtration, and the solution was dried by rotary evaporation to a dark brown
powder, which was soluble in hexane, toluene, and dichloromethane, DCM. Figure 3-1 shows the
negative-ion electrospray-ionization, NI-ESI, mass spectrum of the dark brown product mixture
dissolved in toluene and acetonitrile, ACN, was used as an eluent. Two sets of peaks are evident
in the mass spectrum. There is a progression of five peaks starting at m/z 820 and separated by 100
Da that correspond to the molecular ions Ceo(C2F4),~ with n = 1-5 (i.e., the mass of Ceo(C2F4) 1s
820 and the mass of the C2F4 moiety is 100 Da). There is another set of four peaks starting at m/z
1374 and are also separated by 100 Da that corresponds to the molecular ions
C0(SF5sCF2CF2)2(C2Fs),~ with n = 2-5. The '’F NMR spectrum of this mixture of products (not
shown) was very complicated, with many overlapping resonances and multiplets. The CxF4
substituents are undoubtedly four-membered-ring cycloadducts involving a Ceo hexagon—hexagon
double bond (i.e., a 6,6 junction). The compound 1,9-Ceo(cyclo-C2F4) was reported previously (it
was prepared by heating Cgo with 1,2-C2Fsl>),% and its 'F NMR spectrum matches the spectrum
of the single compound that corresponds to the n = 1 ion in Figure 3-1 (i.e., after it was separated
from a reaction mixture by HPLC). Compounds of Ce¢o with multiple cyclo-C2F4 substituents have
not yet been reported, but they are known for C70, one of which was characterized by X-ray
crystallography.?® Note that we did not observe Ceo(SFs). species among the products of Rxn. 1.
This is consistent with the fact that fullerene derivatives with bulky addends or substituents directly

bonded to the cage, such as i-C3F;7 and Br, are prone to thermolysis of those substituents at lower
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temperatures than derivatives with smaller substituents.?”-?® Furthermore, fullerene derivatives

with exohedral C—I bonds are not known.?®

Several conclusions based on the mass spectrum in Figure 3-1 can be made: (i) the steric bulk
of the SFs moiety does not prevent the SFsCF.CF> groups from adding to Ceo (ii) at least two intact
SFsCF.CF; groups can add to Ceo under our reaction conditions, producing stable and isolable
products, and (iii) up to five cyclo-C2F4 groups can add to Ceo under these conditions, which must
involve C-S bond cleavage at some point. The maximum number of fullerene cage C(sp?) atoms
that were converted to cage C(sp3) atoms in this reaction are 12, in Cso(CF2CF2SFs)2(cyclo-CaF4)s,
one for each of the two (cage)C—CF>CF,SFs bonds plus five pairs for the five cyclo-CoF4 adducts,
each one involving two adjacent cage C(sp’) atoms. Since cyclo-C2F4 groups add to fullerene 6,6
junctions, the addition pattern(s) for Ceo(CF2CF2SFs)2(cyclo-C2F4)s might involve one cage C(sp3)
on each of the 12 fullerene pentagons. Most Ceo(RE), derivatives with n <12 have addition patterns
with one Rr group per pentagon, although a few do not.?! With "forcing" conditions, compounds

such as Ceo(n-C3F7)14 and Ceo(n-C4F9)14 have been observed in complex reaction mixtures.?’

The following series of reactions are the tentatively proposed pathway shown in equations 1—
6 to account for the observed products of Rxn. 1. They are based on what is currently known about
reactions of Ceo with Rel reagents, with and without excess Cu powder promoter, both in an o-
DCB solution at 180 °C?* and in a hot tube at 320—500 °C?° (see also ref. 21 for more examples).
The pathway is also based on the available literature for the addition of SFsCF:CF.l and
SFsCF,CF,Br derived radicals across C=C double bonds*® (It should be noted that the chemical

reactivity of Cgo is that of an electron-deficient olefin, not an aromatic compound?®).

2SFsCF2CFal + 3Cu — 2SF4 + 2CoF4 + 2Cul + CuFs (D
Ceo + nCaFs — Ceo(C2Fa)n (2)
SFsCF,CFxl + Cu — SFsCF.CF;" + Cul 3)
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SFsCFCF;" + Cop — [CeoCF2CF2SFs] 4)
[Cs0CF2CF2SFs]” + SFsCF,CFal + Cu — Ceo(CF2CF2SFs), +Cul )

Ceo(CF2CF2SFs)2 + mCyF4 — Coo(CF2CF2SFs)a(cyclo-CaFa)n (6)

It was noted that SF4 was detected in the !°F NMR spectrum of the volatile products from the
reaction, and therefore it is possible that CuF» was also formed as shown in eq. 1. CuF has never
been convincingly isolated by anybody despite at least one report to the contrary.®! If it is produced
it decomposes rapidly and so the CuF; species would be the only logical option for eq. 1. Other
sulfur-containing products may have been present, but this was beyond the scope of this

investigation.

3.2.3. Reaction of 5 mM Ceo with 6 equiv SFsCF2CF:I at 155 °C

These conditions correspond to Rxn. 2 in Table 3-1. The observation of a Ceo derivative with
two intact CF2CF.SFs groups in the Rxn. 1 product mixture was promising. However, all of the
products also contained one or more cyclo-C2F4 substituents, and if these formed after SFsCF>CF,
radicals added to Ceo, as proposed, then a temperature lower than 180 °C might reduce the rate of
the reaction shown in eq. 1 and provide products with more CF,CF>SFs groups and fewer
cyclo-CoF4 groups. This hypothesis was based on two factors. First, eq. 1 shows four possible
products from the decomposition of the SFsCF,CFlI reagent. This results in a reaction where the
decomposition of the SFsCF2CFl reagent is entropically favored leading to an unproductive
reaction. Second, the cleavage of the C—SFs bond appears to occur readily at the 180 °C
temperature used in Rxn. 1 based on the formation of the cyclo-C2F4 products. By lowering the
temperature, it was hoped that eq. 1, 2, and 6 could be minimized and the reaction would be more
selective for Ceo(CF2CF2SFs),. Therefore, Rxn. 2 was performed with the same stoichiometry and
reaction time as Rxn. 1 but with a lower initial concentration of Ceo and at 155 °C instead of 180

°C. Figure 3-2 shows the NI-ESI mass spectrum of the product mixture after the same workup was
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used as in Rxn. 1 (all of the reactions listed in Table 3-1 were worked up the same way before

initial spectroscopic or HPLC analysis).

Although the spectrum is more complicated than the one just described for the Rxn. 1 product
mixture, it was immediately obvious that derivatives with up to 11 CF,CF>SFs groups were
present. Based on peak intensities of the molecular ions, particularly abundant products included
Co0(CF2CF2SFs)s0.10 and Ceo(CF2CF2SFs)a56(CoFs). The F NMR spectrum and HPLC
chromatogram (not shown) confirmed that a complex mixture of derivatives was present,
demonstrating that most of the ions present in the mass spectrum did not form by fragmentation
of fewer species in the mass spectrometer ion source. Therefore, lowering the reaction temperature
to 155 °C resulted in significant suppression of the undesired C—SFs bond cleavage, although it
did not eliminate it. This led to a series of reactions at even lower temperatures, which will be

discussed next.

3.2.4. Optimization of Ceéo + SFsCF2CF:I reaction parameters

As discussed above, beyond demonstrating that SFsCF,CF.l can be used to prepare
Ce0(CF2CF2SFs), derivatives, our primary synthetic target was Ceo(CF2CF2SFs)2 because it would
likely be a single isomer. Table 3-1 lists the experimental conditions for Rxns. 3—-10, with
concentrations of Ceo that ranged from 3.2 to 5.0 mM, with 4 or 6 equiv SFsCF.CF-l, with reaction
temperatures of 145 or 140 °C, and with reaction times of 48 and 72 h. The lower temperatures
achieved the goal of further limiting the amount of C—SFs bond cleavage during the addition of

SFsCF2CF groups to Ceo.

Rxns. 6 and 8 were the only reactions run for 48 h. Their experimental conditions were identical
to confirm that the reactions of Ceo and SFsCF.CF>I were reproducible with respect to the mixture
of products produced, and they will not be discussed further. HPLC chromatograms of crude
product mixtures from Rxns. 3-5, 7, and 9, all of which were run at 145 °C, are shown in Figure
3-3 and Figure 3-4. Only Rxn. 10 was run at 140 °C. The HPLC trace of the crude product mixture

from Rxn. 10 is also shown in Figure 3-3. In addition, an HPLC chromatogram using a different
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eluent and the '°’F NMR spectrum of the Rxn. 10 crude product mixture are shown in Figure 3-5

and Figure 3-6, respectively.

Figure 3-3A compares the HPLC chromatograms for Rxns. 3 and 7, both of which had an
initial Ceo concentration of 5.0 mM. They differed in Ceo:SFsCF2CF:l stoichiometry, 1:4 for Rxn.
3 and 1:6 for Rxn. 7. The greater number of equivs of SFsCF.CF:l resulted in a much higher
conversion of Ceo to products (Rxn. 3), but the ratio of the target derivative Ceo(CF2CF2SFs) (tr 7

min) to Ceo(CF2CF2SFs), with n >2 (fr < 6 min) was higher in Rxn. 7.

Figure 3-3B compares the HPLC chromatograms for Rxns. 4 and 9, which had the same
reaction parameters as Rxns. 3 and 7 except that the initial concentration was 3.2 mM instead of
5.0 mM. Figure 3-3B also allows the comparison of Rxn. 4 with Rxn. 3. With 3.2 mM Cgo and 6
equiv. of SFsCF.CF2l (Rxn. 4), there was less conversion but a higher
Ce0(CF2CF2SFs)2:Coo(CF2CF2SFs)54 ratio than with 5.0 mM Ceo and 6 equiv SFsCF.CF2l (Rxn.
3). With 3.2 mM Ce¢ and 4 equiv SFsCF.CF2l (Rxn. 9), there was an even higher
Ce0(CF2CF2SF5)2:Coo(CF2CF2SF5),54 ratio than in Rxn. 4, but there was also a much greater

proportion of C—SFs bond-cleavage product Ceo(c-C2F4) (fr 6.2 min).

HPLC chromatograms for Rxns. 3, 4, and 5 are also compared in Figure 3-4. At 145 °C and
with 6 equiv SFsCF.CF:l, the lowest initial Ceo concentration (Rxn. 4) produced more
Ceo(CF2CF2SFs)s relative to the other products, but of course also had the lowest conversion of Ceo

to products.

Figure 3-3C compares Rxns. 9 and 10, both of which used 4 equiv SFsCF.CF:l. The best results
were achieved with Rxn. 10, which had the lowest temperature used (140 °C), the lower of the two
Ce0:SFsCF2CF2l stoichiometries used (1:4), but an intermediate initial concentration of Cep (4.0
mM). Figure 3-5 shows the HPLC chromatogram of the crude product mixture from Rxn. 10 using
a weaker eluent than was used for the chromatograms in Figure 3-3 and Figure 3-4 (i.e., 25/75 v/v

toluene/heptane instead of 100% toluene). This chromatogram clearly shows that the predominant
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Rxn. 10 product was Ceo(CF2CF2SFs),. The 'F NMR spectrum of the crude product mixture,
shown in Figure 3-6, confirms that the mixture contained Ceo(CF2CF2SFs), as the predominant
product with Ceo(cyclo-CaFs) as the second most abundant product (singlet at § = —114%). The
relatively sharp resonances for these two products (vide infra) superimposed on much broader
features due to the multitude of overlapping resonances of the other products stands in contrast to
the NMR spectra of the other crude product mixtures, which are featureless because they contain
much less Ceo(CF2CF2SFs)», see Figure S3-3. This comparison shows Rxn. 10 as the most selective

and a worthy candidate for separation.

3.2.5. Purification and characterization of Cso(CF2CF2SFs)2

The Ceo(CF2CF2SFs); product was isolated from the fraction with a fr ca. 18 min as shown in
Figure 3-5. The eluent was a binary solvent mixture of toluene and heptane in a 25/75 ratio. In
order to avoid decomposition of the desired product either through elimination of the SFs group
and subsequent cyclo- products being formed or elimination of a reactive F~ species from the
conversion of SFs to SF4, the fraction was not roto-evaporated at elevated temperatures, as is
typical, but was evacuated to dryness without additional heat beyond room temperature. The
isolated fraction was analyzed by NI-ESI mass spectrometry and '’F NMR spectroscopy. The
initial mass spectrometry analysis that used acetonitrile as the eluent, which was also used for the
analysis of the crude product mixtures (see Figure 3-1 and Figure 3-2) showed that besides the
signal at m/z 1174, due to the molecular anion formed from Ceo(CF2CF2SFs)2, other peaks were
also present, as shown in Figure 3-7, indicating that the fraction might contain more than one
compound, even though these signals could not be readily assigned to any of the possible reaction
products. However, when the fraction was repurified by HPLC, the mass spectrum did not change.
We then examined other ESI eluents, DCM, toluene, and hexanes, to investigate whether the
putative "impurity" signals might be due to adduct formation with ionized solvent (and/or any
solvent impurities) in the mass spectrometer ion source. The nonpolar solvents, toluene and

hexanes, are typically not effective for ESI-MS analysis producing low-intensity mass spectra,
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however, in this case, ionization was effective and molecular anions Ceo(CF2CF2SFs)2™ were
readily formed, indicating that the analyte may possess a relatively high electron affinity (EA) (see
two lower mass spectra in Figure 3-7). Nevertheless, extensive adduct formation was observed
even with these eluents. The solvent DCM was the most prone to adduct formation, and multiple
anionic adducts, some identified as a series of (CICH»), , adducts that spanned the mass range of
400 Da. It is a highly unusual behavior of the fluoroalkylated fullerenes in the ESI mass
spectrometer: CF3; and longer-chain R derivatives of Ceo typically produce “clean” mass spectra
containing only Ceo(RF), and/or Ceo(RF),-1~ anions, with no evidence for the formation of adducts
with any of the solvents used in this work. This observation is an indication that the chemical
properties of Ceo(CF2CF2SFs), derivatives may be different than those of other PFAFs. Because
of these complications, we could not use ESI-MS to determine the purity of the new compound

Co0(CF2CF2SFs),. However, it was possible to demonstrate its purity using '’F NMR spectroscopy.

The F NMR spectrum of Ceo(CF2CF2SFs), demonstrates that the isomer prepared in this work
is indeed 1,7-Ceo(CF2CF2SFs),. The spectrum, shown in Figure 3-8, which also includes a drawing
of a portion of the proposed structure of the molecule, consists of four regions, two of which are
assigned to the SFs moiety and two of which are assigned to the two pairs of CF2 moieties. The
SFs moiety gives rise to the abs portion of the spectrum, at 62.5 and 42.3 ppm, with 2J(FaFs) =
149 Hz, which is similar to the abs sub-spectra of a number of SFsCF2CF2R compounds.**** The
two o-CF> moieties attached to the Ceo cage give rise to the aa'bb’ multiplet centered at 6 —111.2
(where a and a’ represent Fi and Fi’ in one CF2> moiety and b and b’ represent F; and Fi' on the
symmetry related a-CF, moiety), with §(F1)=—110.8, 8(F1") =—111.6, and 2J(F,F;") = 268 + 5 Hz,
cf. the FiF1" aa'bb’ sub-spectra of 1,7-Ceo(CF.CF2CF3)2 and 1,7-C60(CF2CF3)2,!” shown in Figure
S3-4). Finally, the two B-CF> moieties give rise to the ab quartet centered at —91.7 ppm, with 6(F2)

=-91.5, 8(F2") =—91.9, and 2J(F,F,") = 233 + 5 Hz.

The UV-vis spectrum of a toluene solution of Ceo(CF2CF2SF5s)2, shown in Figure 3-9, provides

additional confirmation of the proposed addition pattern. There are two bands at 327 and 447 nm,
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with weaker bands at 603 and 697 nm. These features are consistent with the para- addition pattern
in bis(adducts) of Ceo, 1,7-Cs0(X)2 derivatives, including 1,7-Cso(RF)2, several X-ray structures for
which have been reported.?!?* In contrast, Cgo bis-adducts with an ortho- addition pattern, viz. 1,9-

Ces0(X)2, have characteristic bands at 328 and 428 nm.

Efforts were made to investigate the electronic properties of 1,7-Ceo(CF2CF2SFs)2 using cyclic
voltammetry and low-temperature gas-phase photoelectron spectroscopy (LT-PES), both of which
were valuable for the characterization of PFAFs and was used successfully for the analysis of
H,CORO(CF3), derivatives in Chapter 2 of this work.!”*! The latter technique can be used to
determine the gas-phase EA of molecules as their radical anions can be produced in solution before
injection into the spectrometer.>*** The cyclic voltammogram showed irreversible electrochemical
behavior (see Figure S3-8), so an E1,2(0/—) value was not determined. Furthermore, reduction of
Ceo(CF2CF2SFs)2 by TDAE to produce the required concentration of Ceo(CF2CF2SFs)2™ for LT-
PES produced only Ceo . Therefore, not only is the thermal stability of SFsCF,CF.l and
Ceo(CF2CF2SFs), derivatives lower than Rl compounds and Ceo(Rg). derivatives, the
chemical/electrochemical properties of the SFs-containing fullerenes are different than those of

other PFAFs.

3.2.6. Reactions of Ceéo and SFsCF21

Only one reaction of Ceo/Cro fullerene substrate with SFsCF.I was performed in this work. The
goal was not to prepare a simple derivative such as Ceo(CF2SF5)2 but to see if intact SFsCF> groups
could be added to Ceo. Therefore, a high stoichiometric ratio (1:30) was used. The initial
concentration of Ceo in 0-DCB was 4.2 mM, the reaction temperature was 150—155 °C, and the
reaction time was 76 h. The reaction produced a dark brown solid that was soluble in the same

organic solvents used for the reactions of Ceo with SFsCF2CFal.

The NI-ESI mass spectrum of the crude products of the reaction is shown in Figure 3-10. None
of the abundant species observed have the formula Ceo(CF2SFs), . Instead, two series of ions,

Ce0(CF3),(CF2SFs),, and Ceo(CF3), , were identified in this mass spectrum, which were supported
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by MS-MS analysis of the fragmentation patterns for selected ions and isotope distributions. The
most abundant ions appear to be Ceo(CF3)(CF2SFs),, n = 4-9, and Ceo(CF3)2(CF2SFs),,, m = 3-8
(Figure 3-10, top panel). The Ceo(CF3) species, x = 3—5 were less abundant (Figure 3-10, bottom
panel), and from these data alone, it is difficult to ascertain their origin, but it is feasible that they
might form via fragmentation of the parent ions Ceo(CF3),(CF2SF5s),, in the mass spectrometer ion

source.

This unexpected result may indicate that SFsCFlI is not thermally stable at 150 °C, and by

analogy with the higher analogue SFsCF>CF:l, the processes shown in eqs. 7-12 might occur.

SEsCFal + Cu— [SFsCFa]* + Cul 7

Ceo + [SFsCF2]" — [CeoCF2SFs)] (8)

[SFsCF2]' — SF4 + CFy 9)

Ceo + CF3* — [Ce0CF3] (10)

[CeoCFs]" + SFsCFal + Cu — Ceo(CF3)(CE2SFs) + Cul (11)
[Ce0CFa2SFs]” + SFsCFal + Cu — Ceo(CF3)(CF2SFs) + SF4 4+ Cul (12)

Equations 11 and 12 are based on prior experimental and theoretical work on high-temperature
radical additions with fullerenes.>! The Strauss-Boltalina research group and others previously
reported in a few cases the elimination of SFs~ under basic conditions, and most recently in a few
reactions with SFsCF,C(O)CI such eliminations have resulted in the formation of derivatives with

terminal CF3 groups.

The interpretation of the mass spectral data agrees with the '°’F NMR spectrum recorded for

the crude sample (Figure S3-6). Besides the expected resonances due to fluorine atoms on the SFs
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and CF> moieties, a series of multiplets were observed in the “fingerprint” region of the fluorine
atoms of CF groups attached to Ceo, i.e., at & = —65 to —70.!5 At the same time, signals due to the
fluorine atoms directly attached to Ceo (typical region of § = —150 to —160)® are absent in the '°F
NMR spectrum. HPLC analysis of the crude material was carried out in two eluents (as shown in
Figure S3-7), and it showed that a very complex, practically inseparable mixture of compounds
was present in the sample. The conversion of Ceo was nearly quantitative but with such a high
stoichiometric ratio of Ceo to SFsCFal it is not surprising. These initial data indicate that multiple
additions of CF,SFs groups to Ceo can be readily accomplished, with the maximum number of
additions reaching n = 9, as in Ceo(CF3)(CF2SFs)9 (see Figure 3-10, top panel). This degree of
functionalization is only slightly lower than what has been observed previously for perfluoroalkyl
derivatives of Ceo (e.g., for Ceo(C2Fs)s, or Ceo(n-CaFo), with nmax = 12-14).%° This result shows the
increase in steric bulk associated with the SFs group when attached to a CF; or CF,CF: linker does
not have as deleterious an effect on total functionalization as may have been expected. Notably, in
the case of SFsCF.CFal reactions with Ceo, the maximal degree of addition was even slightly

higher, for example with nmax = 11 by mass spectrometry.

In order to achieve preparation of the isomerically pure Ceo(CF2SFs), compounds, further
optimization towards more gentle reaction conditions, specifically temperature, will be required to
suppress thermally activated fragmentation of the CF>SFs moiety as observed in this study (see
eqs. 7-12), and control over stoichiometry of the reaction may assist with improving selectivity.
The results of the optimization of the reaction between Ceo and SFsCF,CFolI indicate that this is a

viable and achievable goal for future study.
3.2.7. Conclusion and future work for the pentafluorosulfanyl fullerene

The reactivity of the fullerene Cso towards the pentafluorosulfanyl-containing iodides
SFsCF>CFI and SFsCF.I was studied herein using solution reaction conditions in the presence of
Cu powder. The product distribution in the reactions with SFsCF.CF,l was found to be highly

sensitive to the reaction temperature: below 135 °C, the reaction was very slow, while temperatures
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above 150 °C gave substantial fragmentation of the SFsCF>CF, group leading to the formation of
cycloadducts Ceo(C2Fs), along with the mixed functionality derivatives. Optimized reaction
conditions were found for the synthesis of the bis-derivative Cso(CF,CF2SFs)», and its subsequent

isolation and characterization were carried out.

The initial studies of these new materials demonstrated that they possess different properties
than previously studied perfluoroalkylfullerenes (PFAFs). The weakness of the S—C bond in the
SFsCF.CF; group, compared to the C—C bond in the perfluoroalkyl group is responsible for lower
thermal stability and higher chemical/electrochemical reactivity. On the one hand, lower thermal
stability of these new fullerene derivatives is a shortcoming for potential applications which
require vapor deposition. On the other hand, they have improved solubility compared to most other
PFAFs and may become more useful for solution processing and for applications that do not
require sublimation or heating above 140 °C. Additionally, the chemical lability of the SFs moiety
points to the possibility of further derivatizations by replacing them for other functionalities and
for designs of self-assembled monolayers (SAMs) on various surfaces taking advantage of the

facile detachment of the SFs moiety.?’

For the potential electronic applications of these materials, one would need the knowledge of
their frontier orbital energies. The mass spectrometry data obtained in this work provides an
indirect indication that the EAs of the Ceo(CF2CF2SFs)2, compounds can be as high as those of
perfluoroalkylfullerenes, because they readily ionize in the electrospray ion source, even in
nonpolar solvents. While the Ceo(CF.CF2SFs)2, derivatives were not stable to electrochemical
reduction it is possible solid-state measurements, such as inverse photoemission spectroscopy, may

be more fruitful for elucidating the electronic properties of these compounds.

3.3. IMPROVED SYNTHESIS AND SEPARATION OF CsFHF
3.3.1. General comments
This section will discuss a new method for the synthesis of 1,9-Ceo(cyclo-CF2(2-CsF4)),

CeoFHF, allowing for facile separation resulting in scalable production. The fauxhawk functional
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group has a high degree of thermal stability compared to the industry standard for fullerene
acceptors, PCBM,***° and can be used in vapor deposited devices.**** This is an important
distinction between PCBM and CeFHF, because the PCBM functional group, cyclopropyl phenyl
butyric acid methyl ester, isomerizes at elevated temperatures to a [3+2] cycloadduct, iso-PCBM,
and other decomposition products.* Additionally, for the purposes of organic field effect
transistors, OFETs, CeoFHF packs 16% more densely than PCBM based on the structural analysis
of their solid-state structure by single-crystal x-ray diffraction.” Higher density packing in the
solid-state has been correlated with higher conductivities in OFETSs due to improved charge carrier
mobilities.*! Additionally, the reduction potential of Cgo and CeoFHF have been shown to be within
error of each other by solution-phase cyclic voltammetry measurements which means that dopants
shown to work well for Cgo should also be applicable to CeoFHF.!>** These factors make CooFHF
an excellent candidate for organic electronic devices. In fact, vapor-deposited field effect
transistors were produced using CsoFHF by the collaborators at Kent State University resulting in
high conductivities for a fullerene derivative.” The details associated with the performance of
CeoFHF as an intrinsic semiconducting layer material in OFET devices will be discussed in more

detail in Chapter 4 of this work.

3.3.2. Synthesis of CooFHF

The first synthesis of CeoFHF was reported in 2015 by Dr. Long San et al.' It utilized a two-
step reaction, which required (i) synthesis and isolation of a hydrofullerene precursor, 1,9-
Ce0(CF2C6Fs)H, by a laborious high-performance liquid chromatography (HPLC) separation and
then (i1) a reaction of the hydrofullerene with proton sponge to form the final product, CeoFHF,
which required further purification by HPLC to remove residual unreacted hydrofullerene, 1,7-
Ce0(CF2C6F5)2, and/or Ceo. (The mechanism by which bisperfluorobenzyl fullerene was produced
in the second step of the reaction from purified Ceo(CF2CeFs)H is not well understood and the
product was not produced in any meaningful quantity, <5% of the product mixture.) This two-step

synthetic strategy will be referred to in the remainder of this text as Method 1. Specific variations
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between reactions are reported in Section 3.6. It was also reported that CeoFHF could be
synthesized in a single-step reaction, but only with a low yield of 7%. These factors made it
difficult to synthesize large amounts of purified CeoFHF for device studies, therefore, a series of
optimization experiments were continued by Dr. Long San, that were aimed at improving the yield
of CeoFHF, scaling up the reaction, and decreasing the overall time required for preparation and

purification.

The most significant change to the reported procedure!® involved decreasing the number of
reaction steps from two to one. Dr. San achieved this by introducing an organic base, pyridine, in
the starting reaction mixture, which allowed the process of deprotonation of the hydrofullerene to
occur in situ.®® The data and experiments discussed from Dr. San’s work were recorded in his
laboratory notebooks and digital records stored by the Strauss-Boltalina research group and are
summarized here by the author and in the 2019 paper reporting the one-step synthesis of CeoFHF
of which the author is the second of six graduate student co-authors.” The one-step synthetic
strategy utilizing pyridine as an internal organic base will be referred to for the remainder of the
text as Method 2 and as before, specific reaction details will be reported in Section 3.6. Figure 3-
11 shows the effect adding pyridine to the reaction mixture had on the product distribution, i.e. no
residual hydrofullerene is present when pyridine is used. Not only did this innovation make the
second step unnecessary, but it also allowed for the relative amounts of the reagents, i.e., tributyl
tin hydride (SnH) and perfluorobenzyl iodide (Bngl) to be lowered. For example, going from the
published 10 equiv SnH and 20 equiv Bngl'® to 4 and 8 equiv, respectively, a single-step synthesis
yielded 14% CeoFHF. Other reaction parameters were varied by Dr. San, such as reaction time,
Ceo concentration, and the mode of addition of the base (dropwise or all at once), each resulting in
incremental improvements. Good reproducibility was demonstrated by performing the reaction on

a 250 mg scale of Ceo.

At this point the author of this dissertation continued this work in order to further optimize the

reaction with a focus on making the reaction practical for larger scales of production so that more
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device studies could be performed. Dr. San’s experiments indicated to the author that the outcome
of the reaction was strongly dependent on the presence of trace amounts of moisture (in solvents,
reagents, and even glassware). Evidence for this conclusion could be qualitatively observed by the
indirect relationship between the concentration of pyridine and the optimal concentration of the
SnH. It is well documented that SnH is water sensitive due to the relative acidity of water compared
to the hydride atom and in fact aqueous solutions are regularly used as a means of removing
unwanted residual SnH or other reactive organotin reagents.*> When Dr. San added pyridine, a
drying agent, the observed optimal concentration of both reagents went down, Bngl by 60% and
SnH by 40% from the original published conditions.! It was rationalized that this decrease in the
optimal concentration of the reagents was due to fewer equiv of the reagents being lost to the

unproductive reaction with water.

As a test of this hypothesis, the author performed a 'H NMR experiment using the SnH reagent
used by Dr. San dissolved in the undried o-DCB and a minimal amount of dried CDCl3 as a locking
agent. This experiment showed only 10% of the hydride was present. The chemical shift for the
hydride is slightly shifted from the literature value of 5.1 ppm to 4.8 ppm likely due to solvent

effects from the 0-DCB.* That spectrum is shown in Figure S3-9.

It was deduced that the excess of reagents, in the 2015 reaction'® and to a lesser extent the
initial pyridine reactions, reacted with water which made reliably predicting the optimal
concentration of the reagents difficult since the presence of residual moisture varied by season and
age of the undried solvent. In other words, following the reagents unproductive reaction with water
the remaining number of equivalents was unknown and so a large excess was used to ensure the
remaining concentration was sufficient for the reaction to proceed. As a consequence of the
required excess of reagents, Dr. San optimized the reaction time to 2 h, which prevented the
majority of the product mixture from being multiple addition products: Ceo(Bng)x>2, Ceo(H)x>2, and
Ceo(Bnp)x>1(H)y>1 where the resulting totals are always even numbers and for the mixed functional

group species both x and y could not be equal to one.
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To remove variability in the optimal conditions due to water and further reduce the amount of
excess reagent as well as undesired multiple addition side products, an advanced protocol for the
rigorous exclusion of moisture was developed including flame drying the glassware and drying all
of the solvents and reagents used using a combination of 3 A mol sieves and Schlenk line
techniques. This resulted in a further reduction in the optimal amounts of reagents, going from 4
equiv SnH and 8 equiv Bngl to 1.1 equiv for both reagents. It also, as predicted, improved
selectivity towards CeoFHF, which, in turn, significantly facilitated purification. An isolated yield
of 22% of 99% pure CeoFHF was achieved in a one-step synthesis and one-stage HPLC
purification. The reaction is scalable, and more reagent and eluent-economical than previously
reported. These additional improvements on the work done originally by Dr. San and then
continued by the author resulted in an efficient synthesis that allowed for the production of CeoFHF
to perform a wide range device studies.” Those studies will be discussed in Chapter 4 of this work.

Details of the modified synthesis are discussed in Section 3.6.2. of this chapter.

3.3.3. Conclusions and future work for the synthesis of CooFHF

By removing residual water and decreasing the number of equivalents used in the reaction the
selectivity and overall yield of the CeoFHF synthesis has been improved from 7% yield in a single
step to 22%. Further optimization of the concentration of Ceo in the reaction as well as the optimal
temperature and duration for the reaction should be explored to further increase the yield. Fellow
graduate student, Brian J. Reeves, has had success further optimizing this synthesis and published

his improvements in 2019.%

3.4. SYNTHESIS OF C7 FAUXHAWK
3.4.1. General comments

With the appealing physical and electrochemical properties of CeoFHF: thermal stability, high
packing density, and a reduction potential closely matched by the parent fullerene; it was desirable
to apply the synthesis developed for CeoFHF to C70. The Cro fullerene as well as its monoadducts,

most notably PC70BM, have been in great demand as high-performing electron acceptor materials
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for a wide range of applications, including OFETs,*> OPVs,* and record-holding perovskite
photovoltaics.*”*8 The fullerene C7o in at least one respect is a more challenging substrate than Ceo
because of its lower symmetry, Ds;.. This lower symmetry can result in more monoadduct isomers
than an analogous reaction with Ceo. For example, PC70BM, is synthesized as a mixture of isomers
which are very difficult to separate requiring recycling HPLC systems to isolate the dominant

isomer with a high degree of purity.*>3

3.4.2. DFT calculations of the relative stability of C7oFHF isomers

Before the synthesis of C7;0FHF was performed, DFT calculations were performed by Dr.
Popov to predict which isomers would be the most stable. With the large number of possible
isomers, relative energy calculations are a useful tool for predicting major products. The results of
the DFT calculations of the relative energies of the most stable C70FHF isomers as well as their

frontier orbital energies are given in Table 3-2 (a complete list is given in Table S3-3 and S3-4).

The two lowest-energy isomers are 25,8- and 8,25-, (isomers al and a2 in Table 3-2), the third
most stable isomer is separated by only 15.2 kJ mol ™!, whereas the fourth isomer is 38 kJ mol !
less stable than the 25,8-isomer. The calculations showed that those three isomers should be the
dominant products in the product mixture, assuming thermodynamic conditions. In total, the first
12 lowest relative energy isomers were analyzed. These isomers as well as the corresponding
Schlegel diagrams for the three lowest energy derivatives are shown in Figure 3-12. The calculated

frontier orbital energies of Ceo, C70, PCBM, and CeoFHF are also shown for comparison.

3.4.3. A single step synthesis for C7oFHF derivatives

Dr. San made efforts to synthesize C70FHF derivatives utilizing the reaction conditions
reported for the synthesis of CeoFHF in 2015, aka Method 1." A summary of those efforts is
reported in his dissertation.* Two HPLC chromatograms showing his product distribution when
chlorobenzene or o-DCB was the solvent is included for comparison between Method 1 and
Method 2 in Figure 3-13. The author of this dissertation’s success improving the synthesis of

CeoFHF inspired his efforts to apply the new reaction to C7o. The improved synthetic approach
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involved the addition of an organic base, pyridine, in situ during the reaction of C7o with Bngl and
SnH, which resulted in the formation of the fauxhawk derivatives in one stage.”*’ Reaction 2a,
performed by the author using Method 2, was first carried out in chlorobenzene and yielded a
product that contained three isomers of C70FHF and a large amount of unreacted Cro, as shown in
the HPLC chromatogram in Figure 3-13. When o-DCB was used as the solvent in reaction 2b, the
conversion improved, and larger amounts of C7oFHF isomers were made. Notably, no amount of
C70BnegH compounds were detected in the product indicating that pyridine is an effective base for
the quantitative deprotonation of the C7o(Bng)H isomers, consistent with the CeoFHF chemistry.
HPLC separation of the product resulted in the isolation of the pure C7;0FHF-3 isomer in the
fraction eluting at fr = 9 min and a 2:1 mixture of C70FHF-1 and C70FHF-2 in the fraction eluting
at tr = 10 min, whereas a broad unresolved fraction eluting at fr = 2.8—8 min was identified as a
complex mixture of bis- and tris- fauxhawk derivatives, and it was not studied further. Numerous
attempts were made to separate the C70FHF-1 and C70FHF-2 isomers, which included varying

eluents, flow rate, and stationary phase but with no success.

The NMR and UV-vis spectra for the two fractions were recorded. The NMR spectra are shown
in Figure 3-14 and the UV-vis spectra are shown in Figure S3-12 and S3-13. A distinctive feature
which further reinforces the assignment of C70FHF-3, is the AB quartet shown in the inset of Figure
3-14. The small difference in chemical environment for the two fluorines on the CF> functional
group where one fluorine is over a pentagon and the other is over a hexagon gives rise to the unique
multiplet. This phenomenon has been observed previously and is useful in characterizing the
different isomers of C7o derivatives.” Table S3-1 shows the full list of chemical shifts for the three
C70FHF fullerenes. The chemical shifts for C7o(Bnr)H-1 is also in Table S3-1 The band maxima
for the UV-vis spectra for the mixture of C70FHF-1 and C70FHF-2 as well as the pure isomer,

C70FHF-3, are listed in Table S3-2.

Overall, reaction 2b afforded the isolation of 26% C70FHF-1 and C7oFHF-2 isomers and 7%

of C70FHF-3. The unreacted C7o can be easily collected for recycling. The reaction can be readily
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scaled up further if larger (multigram) amounts of the materials are needed in the future. More than
100 mg of the C70FHF-1 and C70FHF-2 mixture and the pure C70FHF-3 isomer were produced and

used in OFET devices. The results from those experiments will be discussed in Chapter 4.

3.4.4. Electrochemistry of C7oFHF derivatives

In order to use C70FHF compounds in organic electronic devices, like OFETsS, the reduction
potentials need to be well matched with the architecture of the device. In Chapter 4, the benefits
of matching the source and drain LUMO energies with the n-type intrinsic layer is discussed for
CeoFHF based devices which highlights the importance of well characterized materials.
experiments were conducted to measure these characteristics for the C70FHF materials. For
C70FHF-3, a pure sample was used for these experiments, but since only a small amount of the
pure C70FHF-1 isomer was ever synthesized the mixture of C70FHF-1 and C70FHF-2 was used.
This was necessary to determine the behavior of the mixture since the mixture, which could be
produced in large quantities, was going to be used in the devices. The cyclic voltammogram of
both samples are shown in Figure 3-15. The Ei» (1% reduction) versus ferrocene for the mixture
and for C;0FHF-3 is —1.11 and —1.09 V, respectively. The voltammograms were both collected in
o-DCB with 1.0 M concentration of the supporting electrolyte, tetrabutyl ammonium
tetrafluoroborate (TBA BF4), at a cycle rate of 250 mV s~ !. The difference of 20 mV is within the
+10 mV error of our measurement and so these values are, within the precision of the measurement,
the same. This similarity in reduction potential means that both materials should function similarly
in the same device architectures excluding any solid-state packing differences between the two
materials. An additional advantage is that these compounds, like CeoFHF vs. Ceo, are within error
of the E12 (1% reduction) versus ferrocene of C7o in the same solvent, —1.11 V. This result makes

it possible to test devices which have been optimized for C7o with C7oFHF derivatives.

3.4.5. Solid-state packing and crystal structure of C7oFHF-1
From Dr. San’s synthesis efforts, pure C7oFHF-1 was isolated and a single crystal X-ray dataset

was collected. At the time of Dr. San’s dissertation only a preliminary structure was able to be
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obtained and therefore no packing or structural properties were discussed. Following the author’s
synthesis of C70FHF isomers by a one-step method the author resolved to solve the dataset. The
now publishable structure is discussed here. The structure contains two C70FHF-1 molecules in the
formula unit and one CS: molecule. The structure of one of the two nearly-identical 25,8-
C70(CF2(2'-CeF4)) molecules is shown in Figure 3-16 (thermal ellipsoid plots of both molecules
are shown in Figure S3-23). The molecules are packed in hexagonal arrays in layers in
crystallographic bc planes, as shown in Figure 3-17. The Cro centroids in these layers are co-planar
with an average deviation from their least-squares plane of £0.06 A (the C7o centroids, hereinafter
denoted with the symbol ®, are defined by the 10 triple-hexagon junction C(sp?) atoms around the
fullerene equator). The six ©---© distances within the fullerene layers range from 10.03 to 11.02
Aand average 10.63 A. The fullerene layers are stacked along the crystallographic a axis separated
by either a layer of fluorous fauxhawk substituents or a layer of CS> molecules, as shown in Figure
3-18. Each fullerene centroid is within 11.32 A from ten other centroids. The average of the 10
©---O distances is 10.71 A for one molecule and 10.78 A for the other molecule. Additional

drawings are shown in Figures S3-24 and S3-25.

There are several relevant structures of C7o fullerene derivatives with a single cycloadduct
attached to the C8-C25 or the C7—-C22 bond that have been used to fabricate heterojunction
photovoltaic materials. In the solvent-free structure of the methanofullerene 8,25-C70(C(4'-
CsH4(O-nBu)»), there are only six ©---© distances shorter than 13.3 A, as shown in Figure 3-19.48
They range from 10.34 to 10.83 A and average 10.67 A. In the solvent-free structure of the
methanofullerene 8,25-C7o(C(Ph)(CsHsCOOMe), there are seven ©---© distances shorter than
13.8 A, as shown in Figure 3-19.* They range from 10.20 to 10.99 A and average 10.60 A.
Interestingly, in the structure of the hexane solvate of the same derivative, shown in Figure 3-19,
there are also seven ®---© distances with essentially the same range and average.’' In the CS»
solvate of 7,22-C70(C¢Ha(CH2)2), there are nine ©---® distances shorter than 13.8 A, as shown in

Figure 3-19.%° They range from 10.21 to 11.15 A and average 10.58 A. The CS. solvate of its
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isomer, 1,6-C70(CsHs(CH2)2), has a very similar packing pattern, with nine ©---© distances
shorter than 14.0 A, as shown in Figure 3-19.5 The ©---® distances range from 10.21 to 11.12 A

and average 10.58 A.

This comparative analysis shows that the planar fauxhawk substituent in 25,8-C70(CF2(2'-
CeF4)) allows the fullerene cages to pack more densely (i.e., to pack with more 1011 AG...0
distances) than in the solvent-free methanofullerene structures or in the CS> solvate of 7,22-
C70(CsHa(CH2)2). Of the C7o derivatives shown in Figure 3-19, only PC70BM and C70FHF were
used in OFETS, and the electron mobility reported for the former range from 1073 to 0.1 cm™! V!
s~1,%° which is consistent with its low-density molecular packing in the crystals. The results of the

C70FHF OFET devices will be discussed in Chapter 4.

The two isomers of o-xylene monoadducts of C7o exhibit very tight packing motifs and similar
parameters, despite the difference in the addend location, however, no data on their OFET
performance have been reported. On the other hand, the Ceo 0-xylene monoadduct (abbreviated as
OXCMA) (only one isomer exists due to higher molecular symmetry of the fullerene cage) has
been studied intensely both as a n-type semiconductor in OFETs, and as an electron acceptor in
OPVs. The high mobility of 2.28 cm? V™! s™! was reported for the n-doped OFETs, and 0.5 cm?
V! s7!for the undoped OFETS.*® Analysis of the packing in the single crystals®’ shows that each
OXMCA molecule has ten nearest neighbors with the ©---© distances ranging from 9.87—-10.09
A and average 9.95 A.

Whether the structure packing of 25,8-C7o(CF2(2-C¢Fs)) and 7,22-C70(CF2(2'-CeFs)) are
sufficiently different to have led to the observed difference in the thin-film conductivities we have
measured for these C7oFHF isomers will have to await the crystallization and X-ray structure of
7,22-C70(CF2(2"-CsF4)). At this time, crystallization attempts have not yet resulted in good-quality

crystals.
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3.4.6. Conclusions and future work for C7oFHF research

In conclusion three new C70FHF molecules have been synthesized by a new one-step method.
This synthesis can be readily scaled making it possible to produce devices with the C7;0FHF
molecules. The isolated yield of this reaction is 26% for the C70FHF-1 and 2 mixture and 7% for
C70FHF-3. The cyclic voltammogram of the C70FHF molecules was measured and the reduction
potentials for the three molecules are within error of the reduction potential for C7o. This is in
agreement with the behavior of CeoFHF and Ceo. The crystal structure data of C7oFHF-1 were
collected and compared to other similar fullerenes. This analysis shows that the packing density
of C70FHF-1 is high relative to other C7o fullerenes and is encouraging for the potential of these

materials as OFET active layers.

Further research into C7oFHF fullerenes will focus on developing separation techniques for the
two currently inseparable isomers and optimizing the yield of the reaction. It is possible that a
recycling solvent HPLC system could separate the two isomers as was done with PC70BM.® If the
isomers could be separated, then structural and electronic studies attempting to find differences

between the two fullerenes would be useful for understanding their performance in OFET devices.

3.5. SYNTHESIS AND CHARACTERIZATION OF A PARTIALLY FLUORINATED Ceo
FAUXHAWK FULLERENE
3.5.1. General comments

As has already been established, many of the highest efficiency organic electronic devices are
produced with PCBM as the electron acceptor.*®3°%° This means the majority of organic donor
molecules for OPV devices and device architectures have been designed to match the electronic
properties of PCBM. PCBM has a higher LUMO, (more positive), than Ceo making it harder to
reduce, and so CeoFHF is not optimal for the donors which were optimized to be used with PCBM.
PCBM’s reduction potential is 90 mV more positive than the reduction potential of Ceo and
CesoFHF." One approach to make a sublimable PCBM alternative, is to synthesize a fauxhawk

fullerene derivative with the thermally stable [342] moiety with fewer electron withdrawing
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fluorines. Such a molecule could be used in solution processed OPV devices with PCBM
compatible donors or sublimed for deposition processed devices making it a highly versatile
acceptor. Additionally, many of the new high efficiency donor and acceptor materials utilize
fluorinated groups to improve their conductivity and material properties.®*®! Fluorinated donors
and acceptors when used together in a bulk heterojunction have already been shown to improve
photoconductance so a fluorinated PCBM like acceptor that could be sublimed and solution
processed would be ideal.®® This new derivative was made using pentafluorobenzyl bromide which
is 77% per mole cheaper than the perfluorobenzyl iodide reagent used to make CeFHF, an
attractive factor for potential industrial applications.®*** This new fullerene is called the partially

fluorinated Ceo fauxhawk fullerene, 1,9-Cso(cyclo-CH2(2-CeF4)) or CeoPFF.

3.5.2. Optimization of the Ceo(PFB)H synthesis

The first attempt to synthesize a new partially fluorinated fauxhawk fullerene, CsoPFF, used
pentafluorobenzyl bromide (PFB-Br) and SnH using the original two-step synthesis of CeoFHF
reported in the 2015 paper, Method 1.! This reaction resulted in only 7.6% yield of 1,9-
Ceo(CH2C6Fs)H, Ceo(PFB)H. When compared with the literature reported yield for 1,9-
Ce0(CF2C6Fs)H, 35%, this significant drop in conversion was attributed to the apparent lower
reactivity of PFB-Br compared to Bngl. The C—Br bond is stronger than the C—I bond by as much
as 70 kJ mol 1% In order to synthesize C¢oPFF from Ceo(PFB)H in a large enough yield to perform
characterizations on both compounds and study their electrochemical behavior as well as the
differences in the chemistry of the CeoFHF and the CsoPFF systems, the Cso(PFB)H synthesis was

improved.

The first attempt at the synthesis of Ceo(PFB)H, Rxn. 3A, resulted in a large amount of multiple
addition products and minimal conversion of Cep. For example, Ceo((CH2CsFs)H)2 and
Ceo((CH2C6Fs5)H)3 were identified by mass spectrometry in the crude product mixture. To reduce
the number of multiple additions and selectively target the single addition product multiple

adjustments to the synthetic conditions were made. The Cgo concentration in solution was
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decreased by 4 mM, from the published concentration of 5.6 mM. In conjunction with the decrease
in concentration, the temperature was decreased from 165 °C to 140-145 °C. The solvent was also
changed from 0-DCB to chlorobenzene. As a consequence of lowering the temperature of the
reaction and the fullerene concentration in solution, the time required for the reaction to reach
completion increased from 2 to 24 h. The change in product distribution between Rxn. 3A and the
optimized reaction, Rxn. 3B, is shown in Figure 3-20. More generally the changes made to the
conditions were done to decrease the formation of the fullerene derivatives with multiple addends.
Optimization of the reaction conditions resulted in an increase from 7.6% to 40% yield of the

Ceso(PFB)H based on HPLC peak area.

3.5.3. Separation and characterization of Ceo(PFB)H

HPLC separation of Ceo(PFB)H was done using a Cosmosil Buckyprep column with an eluent
mixture of 80/20 toluene/heptane. Ceso(PFB)H was identified as a peak eluting from 6—7.25 min.
The isolated Cso(PFB)H was characterized by mass spectrometry, NMR, and UV-vis spectroscopy
as shown by figures Figure 3-21, Figure 3-22, and S3-26. The 'H NMR shows two singlets, a peak
at 6.6 and 4.9 ppm for the cage proton and the CHz benzyl protons, respectively. These chemical
shifts are in good agreement with literature reported shifts for similar compounds.®® The '°F NMR
spectrum shows three aromatic fluorine resonances integrating to 2:1:2. The UV-vis spectrum of
Ceo(PFB)H shows the characteristic absorption band at 420 nm that has been shown to occur for
ortho-addition fullerene compounds.!”*> The mass spectrum of this fraction was recorded using
an NI-APCI instrument. The spectrum shows a peak for 902 m/z as expected for the Ceo(PFB)H.
It also shows a peak for 882 m/z, the expected mass to charge ratio for 1,9-Ceo(cyclo-CH2(2-CeFa)),
(CeoPFF). To explain how this signal could be present in the spectrum, efforts to further purify the
isolated Ceo(PFB)H material were undertaken to identify if C¢oPFF could be produced as a minor
product and co-eluting, however it was discovered that CsoPFF co-elutes with Ceo under the
separation conditions used (Cosmosil Buckyprep semipreparative column, 100% toluene eluent, 5

mL min'). Additionally, the NMR spectra of Ceo(PFB)H did not show any evidence for additional
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derivatized fullerenes. The more likely explanation is that following ionization in the mass
spectrometer, Ceo(PFB)H is able to lose a hydrogen fluoride molecule and undergo annulation in

the timescale of the experiment.

3.5.4. Synthesis of CeoPFF

Following the published synthesis for CeoFHF,'® using the purified Ceo(PFB)H material, an air-
free one-electron reduction reaction using cobaltocene was performed, Rxn. 4A. Attempts were
also made to use proton sponge, as was shown to be effective for the synthesis of CsoFHFE, "
however, no reaction was observed apparently due to the more negative reduction potential of
Ceo(PFB)H versus the perfluorinated hydrofullerene. Upon addition of 1 equiv of cobaltocene to
the Ceo(PFB)H solution, the color of the mixture changed from brown to dark green indicating the
reduction of the fullerene derivative. Following a period of several days, the solution returned to a
dark brown color and was exposed to air to continue the reaction workup. The time required for
the reaction to go to completion was determined by monitoring the reaction mixture by °F NMR.
The solution was run through a silica gel column to remove residual cobaltocene and
cobaltocenium salts from the product mixture. The filtered solution was dried and examined by
HPLC and NMR. The HPLC chromatogram was collected using a Cosmosil Buckyprep column
with 100% toluene as the eluent. The chromatogram showed three distinct peaks as shown by
Figure 3-23. The first was identified as residual Ceo(PFB)H, by NMR. The second peak was
identified by NMR and mass spectrometry as C¢oPFF. The °F NMR spectrum of CePFF is shown
in Figure 3-21 (bottom). The 10-minute fraction was identified as the para addition bis benzyl
compound, 1,7-Ceo(CsFs)2, Ceo(PFB)2, by NMR, UV-vis spectroscopy, and mass spectrometry.

This compound was reported previously by Nakamura et al.%’

The presence of Ceo(PFB)2 was confusing at first, primarily because the reaction starting
material was isolated Ceo(PFB)H. It was not obvious how the Ceso(PFB)H could react to form
Cs0(PFB)2 and not produce an equal amount of Ceo. The “missing Ceo” was believed to be co-

eluting with CeoPFF and so efforts were made to isolate the missing fullerene material. Using
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slightly modified separation coditions, Cosmosil Bucky-M column with the same eluent and flow
rate, Ce0PFF and Ceo were able to be separated. This result showed that under reducing conditions,
although the intended annulation event does occur, approximately 10% by HPLC peak area of the
initial Ceo(PFB)H starting material is converted to Ceo and Ceo(PFB)2. This is a result that was not
observed by San et al in the synthesis of CqFHF showing a clear difference in the chemical

stability of Ceo(PFB)H."

3.5.5. Separation and characterization of CeoPFF

First-stage separation of CePFF was achieved using the Cosmosil Buckyprep column with
100% toluene as the eluent. This separation resulted in the isolation of CePFF along with Ceo.
Secondary separation was performed using the Cosmosil Bucky-M column and the same eluent,
100% toluene. This produced pure CeoPFF, which was characterized by NMR, mass spectrometry,

and UV-vis spectroscopy.

The '°F NMR spectrum obtained is indicative of the fauxhawk functional group showing four
fluorine chemical shifts which integrate to one with respect to each other, see Figure 3-21. The 'H
NMR shows a singlet with a chemical shift at 5.1 ppm. Using 1,4-bistrifluoromethylbenznene,
PTFMB, as a reference for the proton and fluorine spectra the peak in the ! NMR was integrated
with respect to the fluorines resulting in an integration of two for the peak in the 'H NMR versus
the fluorine signals, allowing this peak at 5.1 ppm to be definitively assigned to the o protons. The
mass spectrum of CeoPFF shows a signal for 882 m/z which matches the molecular weight of
CeoPFF. Lastly, the UV-vis spectrum for the compound shows a similar feature at 425 nm as

observed for the Ceo(PFB)H indicating an ortho-addition pattern, see Figure S3-27.

The stability of CsoPFF to sublimation was also evaluated. CsoFHF can be sublimed at 7 mTorr
at a temperature of 300 °C based on experiments performed by the author. In order for CsoPFF to
be used in deposition-based organic electronic devices it must be stable to sublimation. At 7 mTorr
CeoPFF was readily sublimed at 350 °C with minimal decomposition as shown by the comparison

of the HPLC chromatograms of the material before and after sublimation shown in Figure S3-28.
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It is interesting that the sublimation temperature of CsPFF is 50 °C higher than CsoFHF. This
increase in sublimation temperature suggests stronger intermolecular forces within the solid
material. Unfortunately, a crystal structure has not been obtained for this compound despite
exhaustive attempts to prepare single crystals so no analysis of the solid-state packing of CsoPFF
can be performed. The solubility of CsoPFF is low compared to other derivatized fullerenes. The
solubility in toluene, for example, was measured to be 0.4 mg mL™'. The final isolated yield of
CeoPFF after the two reactions was only 8% with the isolated yield from the conversion of

Ceo(PFB)H to CsoPFF only being 29%.

3.5.6. Electrochemistry of Ceo(PFB)H and CeoPFF

The cyclic voltammogram of Ceo(PFB)H and CsoPFF have been recorded and compared to Ceo
and CeoFHF, see Figure 3-24. With the first reduction of Ceo set as the zero-point CeoFHF has an
E1p of zero as well. This results in CeoFHF having an Ei2 0.09 V more positive than PCBM
according to measurements made by the Strauss Group previously under the same conditions. '
CeoPFF has an E1» of —0.07 V with respect to the first reduction of Ceo. Since the E1» value can
be used to estimate the LUMO energy®® of the fullerene acceptor it is apparent that the goal of

making a fullerene acceptor with the a similar LUMO to PCBM has been achieved given the error

of this measurement is +10 mV.

The cyclic voltammogram of Ceo(PFB)H was recorded as well and shows and interesting
feature in the voltammogram. The return oxidation wave shows a non-reversible reduction event.
This increase is believed to be due to a chemical change undergone by the Ceo(PFB)H. This
behavior has also been observed for the hydrofullerene precursor for CeoFHF. This reduction event
is hypothesized to be associated with the intermediate formed after the loss of HF or F~ generating
a charged species. Evidence for this can be found by comparing the relative heights of the reduction
and return oxidation of Ceo(PFB)H. The return oxidation event is smaller than the initial reduction

suggesting some of the material has been lost, presumably to the loss of HF or F~. This explanation
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is in agreement with the observed m/z value for CsoPFF when the mass spectrum of Ceo(PFB)H is

recorded.
3.5.7. One-pot synthesis of CcoPFF

Due to the instability of Ceo(PFB)H and the multiple stages of separation required to isolate
CeoPFF, the synthesis reported in sections 3.5.2. and 3.5.4. of this work was not viable for large-
scale production. In order to make enough material for testing organic electronic devices, a more
scalable synthesis was needed and so the synthesis developed for CsoFHF, referred to here as
Method 2, was adapted for CeoPFF, Rxn. 4B. The objective was to observe if the scalability and

ease of separation afforded by Method 2 would significantly increase the isolated yield of CsoPFF.

The method 2 reaction to synthesize CsoPFF, Rxn. 4B, closely mirrored the conditions used
for the CeoFHF one-pot synthesis with the only change being the PFB-Br concentration was
doubled to account for the observed lower reactivity of the bromide reagent. A second reaction,
Rxn. 4C, was performed using the expected 1:1:1 ratio of fullerene substrate to SnH and PFB-Br
but the reaction resulted in a minimal change to the isolated yield, 12% for Rxn. 4B and 8% for
Rxn. 4C. For both reactions, dried solvents were used as well as the addition of the anhydrous 10%

by volume pyridine.

The one-pot synthesis of CeoPFF, as was the case for CeoFHF, did not result in any residual
Ceo(PFB)H which could be detected by 'F NMR spectroscopy, see Figure 3-25. The isolated yield
of the best CeoPFF reaction of the two was only 12% which was only slightly better than the
optimized Method 1 synthesis. However, the yield based on HPLC peak area was 35%. This large
discrepancy was observed consistently for CeoPFF reactions and is likely due to the low solubility
of CeoPFF resulting in loss of the material throughout the purification process. For example, after
the end of the separation shown in Figure 3-25 which utilized chlorobenzene as the eluent to

improve solubility, the HPLC column was washed with excess chlorobenzene resulting in multiple
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milligrams of material eluting from the column. In both cases this material was predominantly

CeoPFF with Cgp also present.

Attempts were made to purify CePFF by alternative means to minimize the loss of material.
Recrystallization was attempted using a variety of solvents including but not limited to CS> and
hot toluene but in all cases the resulting filtrate contained a significant portion of CsPFF, and the
precipitate was contaminated with Cep as well as other minor product fullerenes. Attempts at
purification by flash chromatography were also not successful with either toluene, chlorobenzene,
0-DCB, or CS; as an eluent. C¢oPFF was not mobile on silica gel in any of the mentioned solvent
mixtures and could not be removed from the silica gel after it was deposited even with extended
sonication of the gel. Purification by sublimation resulted in the co-sublimation of Cgo and CeoPFF

as well.

3.5.8. Conclusion and future work for CeoPFF

The successful synthesis of two new fullerenes, Cso(PFB)H and C¢PFF, was developed and
both compounds were characterized by UV-vis spectroscopy, NMR spectroscopy, mass
spectrometry, and cyclic voltammetry. An efficient synthesis for the production of Ceo(PFB)H was
achieved with an isolated yield of 27%. This compound was also used as a precursor to make
CeoPFF 1n a synthesis resulting in a 29% yield based on the Ceo(PFB)H starting material. An
unexpected byproduct in the form of Ceo(PFB)2 was formed as well during this reaction. The
mechanism for this side reaction is not known but shows the potential for further functionalization
of the CH2 benzyl protons. CeoPFF, was also synthesized in a one-pot synthesis using pyridine as
an internal base. While the reaction resulted in a 35% yield based on HPLC peak area the isolated
yield was only 12%. This dramatic drop in yield was attributed to the loss of material due to
CeoPFF’s low solubility, 0.4 mg mL™'. A multitude of methods other than HPLC were attempted

to purify CeoPFF but none were successful including sublimation.

In order to use CeoPFF in organic electronic devices the solubility issues must be addressed to

allow for higher yields, or an alternative purification method must be developed. Alternatively, to
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address the original intent of this project, a CoPFF derivative could be synthesized with organic
solubilizing groups, such as hexyl groups, which could increase the solubility of the fullerene and
potentially make purification easier while not significantly changing the frontier orbital energy.
This would hopefully result in a solution processable, sublimation stable, fullerene acceptor with

a reduction potential similar to PCBM.

3.6. MATERIALS AND METHODS
3.6.1. Reagents and general procedures

The following reagents and solvents were obtained from the indicated sources and were used
as received or were purified where indicated: Chlorobenzene (99.5%, Aldrich Chemicals). 1,2-
dichlorobenzene (99% dried over CaHz, Acros Organics). Ceo (99.5%, MTR Limited). Cro
(98.0+%, MTR Limited). 2,3,4,5,6-pentafluorobenzyl bromide (98%, Oakwood Chemicals). tri-n-
butyl tin hydride (95%, Strem Chemical). Cobaltocene purified by sublimation and stored under
nitrogen in a glovebox (Strem Chemical). Benzonitrile dried over 3 A molecular sieves (99+%,
Sigma Aldrich). Pyridine (99%, dried over CaHz Acros Organics). Deuterated benzene (99.5%,
Cambridge Isotope Laboratories, Incorporated). Deuterated chloroform (99.8%, Cambridge
Isotope Laboratories, Incorporated). Perfluorobenzene (99%, Oakwood Products). 1,4—
bistrifluoromethyl benzen (99%, Central Glass Co.). Toluene (99.9%, Fischer Scientific). Carbon
disulfide (98%, Alfa Aesar). 1,8-bis(dimethylamino)-naphthalene (Proton Sponge) purified by
sublimation and stored in a purified-dinitrogen filled glovebox (Sigma-Aldrich). Silica gel high

purity with an average pore size of 60 A, 70230 mesh, (Sigma Aldrich).

3.6.2. Synthesis of new compounds

Co0(CF2CF2SFs)2. The compound Ceo (18.7 mg, 0.026 mmol) was mixed with 0-DCB 6 mL in a
10 mL Schlenk flask equipped with a PTFE-protected high-vacuum valve and a magnetic stir bar.
The flask was placed in an ultrasonic water bath for 1 h, and then the mixture was stirred overnight
to form a homogeneous solution. To the liquid obtained, 4 equiv of SFsCF.CF2I (16.6 pL, 0.104

mmol) was added using a micro syringe, then 1.85 g of copper powder was carefully transferred
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into the flask. The Schlenk flask was connected to a vacuum line to remove air, and then the
reaction vessel was placed in an oil bath that had been heated to 145 °C. The color of the solution
changed from violet to deep brown during the period of heating. After 72 h, the reaction flask was
cooled with cold water and then stored in a refrigerator overnight. The reaction mixture was then
filtered, and the resulting solid residue was washed with 0-DCB. A deeply brown-colored crude
product mixture was collected after removing the solvent via high vacuum at 55 °C. The crude
product was separated by HPLC on a Cosmosil Buckyprep semipreparative column with a mixture

of toluene/heptane in a 25/75 ratio as the eluent.

Scalable CeoFHF. C¢, 200 mg (0.2 mmol) was added to a clean and flame dried Schlenk flask,
under a flush of nitrogen. The flask was then sealed under a positive pressure of nitrogen and
opened again in a UHP nitrogen, glovebox. Anhydrous o0-DCB, (35 mL, resulting fullerene
concentration 6.0 mM), was added along with a stir bar and 1.1 equiv of tributyl tin hydride (82
uL). At this time anhydrous pyridine, 10% by volume, (3.5 mL) was added to the crude solution.
The reaction flask was then sealed and sonicated for approximately 15 minutes or until all Ceo was
dissolved. Afterwards, under a flush of nitrogen 1.1 equiv of perfluorobenzyl iodide (48 puL) was
added via a glass syringe. The flask was then resealed under a positive pressure and all remaining
gasses were removed from both the solution and the head space of the flask via the freeze-pump-
thaw method. After 3 freeze-pump-thaw cycles, and the degassed solution had warmed to
approximately room temperature, the reaction flask was placed in a 145 °C oil bath with stirring
for 16 h. After the reaction period the solution had changed from a dark purple to brown. The
resulting solution was then transferred to a round bottom flask in air and roto-evaporated to near
dryness. The dark brown sludge was washed with heptane, sonicated, and then roto-evaporated to
azeotrope any remaining o-DCB. This procedure was repeated 3 times. The resulting brown
powder was dissolved in toluene and was then separated by HPLC on a Cosmosil Buckyprep

column with 100% toluene as the eluent with a flow rate of 5 mL min .
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Method 1 for C70(Bnr)H-1 and C70FHF-1. These reactions were performed by Dr. Long San but
are included here for comparison to the Method 2 reactions to make C7;0FHF derivatives. The
compound C7o (100 mg, 0.119 mmol) was dissolved in 45 mL of chlorobenzene in a Kontes tube
with 400 pL of perfluorobenzyl iodide and 320 pL of tributyl tin hydride, 20 and 10 equiv
respectively. The reaction mixture was sonicated until all of the C70 was dissolved. The reaction
mixture was degassed using the freeze-pump-thaw method three times and then under evacuation
was sealed and heated to 145 °C for 1.25 h. The crude reaction mixture was allowed to cool to
room temperature and then all volatiles were removed via evacuation. The crude reaction mixture
was separated on a Cosmosil Buckyprep semipreparative column with toluene at 5 mL min ",
C70(Bnr)-1 was isolated and was dissolved in anhydrous oxygen free benzonitrile. To this solution,
excess proton sponge was added, and the reaction mixture was allowed to react at room

temperature for two days. After two days the reaction was evacuated until all volatiles were

removed. The crude material was separated by HPLC in the same conditions reported for step one.

Method 2 for C7oFHF. The compound C7o (40 mg, 0.048 mmol) was added under a flow of
nitrogen to a 25 mL Schlenk flask which was flame dried under vacuum prior to addition. A flea
stir bar was also added to the flask. Under a pressure of nitrogen a rubber septum was used to seal
the flask and was then wired shut. The sealed flask was then pumped into a glovebox where
anhydrous and degassed o-DCB was added to the flask, 4.8 mL for a 0.01 M solution, after
removing the septum. Also added to the flask was 1.1 equiv, 14.1 puL, of tributyltin hydride with a
25 uL syringe. The septum was replaced and removed from the glovebox. The solution was
sonicated briefly, usually less than 1 minute, to dissolve all of the residual solid C7o. Under a purge
of nitrogen, introduced through the side arm of the flask the septum was removed and 1.1 equiv,
8.2 uL, of perfluorobenzyl iodide was added via a syringe to the solution. To the open flask a
reflux condenser was attached which had been adapted with a tubing adapter to allow for a flow
of nitrogen as well. This was done with an inline bubbler and rubber bands to prevent an over

pressure and to allow for a blow out in the event an overpressure occurred without allowing in
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oxygen. The nitrogen flow was then regulated to a few bubbles every 30 seconds and the solution
was heated to 145 °C and stirred for 3 hours. After 3 hours, anhydrous pyridine, 10% by volume
or 0.48 mL, which was dried over calcium hydride, was added to the stirring heated solution. This
solution was allowed to continue stirring and heating for another hour. The solution was then
exposed to air and the o-DCB was removed under evacuation. After nearly all of the visible liquid
was evaporated, heptane was added to the crude solid and sonicated. The solution was then roto-
evaporated to dryness. This was done three times. The resulting crude solid was washed with
approximately 15-20 mL of heptane by adding the heptane to the flask containing the solid and
sonicating the crude mixture. The mixture was then filtered. The filtrate was put away for later
purification as it was found to contain some C70FHF compounds and could be purified by long
term evacuation under dynamic vacuum to remove residual high boiling liquids, and the remaining
solid which was now a fine dark brown powder was dissolved in CS> and removed from the filter
paper. The CS> was removed under a stream of air and then evacuated for approximately an hour

to ensure complete removal of the solvent.

Method 1 for Ceo(PFB)H and CePFF. The compound Ceo (200 mg, 0.278 mmol) was dissolved
in 170 mL of 0-DCB (1.6 mM). To the solution, 10 equiv of 2,3,4,5,6-pentafluorobenzyl bromide
was added followed by 5 equiv of (n-butyl); tin hydride. The reaction mixture was degassed by
three consecutive freeze-pump-thaw cycles. The degassed mixture was left under vacuum and
heated to between 140-145 °C for 24 h. The resulting brown solution was dried under vacuum.
The solid product mixture was dissolved in toluene and separated on the Cosmosil Buckyprep
semi-preparative column with a 100% toluene mobile phase with a 5 mL min! flow rate.
Ceo(PFB)H was isolated from the crude reaction mixture to give an isolated yield of 27%. In an
air-free nitrogen gas environment Ceo(PFB)H, 5 mg (0.007 mmol), was dissolved in approximately
1.5 mL of rigorously dried/air-free benzonitrile. To this brown solution 1 equiv of cobaltocene was
added via a 0.1 M cobaltocene solution in rigorously dried benzonitrile. After the addition of

cobaltocene the solution became dark green indicating the fullerene had been reduced. The
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reaction was allowed to progress for 90 h. The total reaction time was determined by '°F NMR
monitoring. After the reaction appeared to have reached completion, the solution had returned to
a dark brown color. The reaction mixture was then passed through a silica gel column to remove
any residual cobaltocene and dried. CsoPFF was isolated using a two-stage separation technique.
The crude reaction material was separated using the Buckyprep semi-preparative column with a
100% toluene mobile phase and a 5 mL min' flow rate to separate it from any unreacted
Ceo(PFB)H. This resulted in a mixture of Ceso and Ceo(PFF) in a single fraction. The second stage
of separation used the Bucky-M semi-preparative column with a 100% toluene mobile phase and
a flow rate of 5 mL min™! resulting in the separation of CePFF from Ceo. The isolated yield was

29% based on Ceo(PFB)H.

Method 2 for CeoPFF. The compound Cso (200 mg, 0.278 mmol) was added under a flow of
nitrogen to a 150 mL Kontes flask which was flame dried under vacuum prior to addition. A stir
bar was also added to the flask. Under a pressure of nitrogen, the flask was sealed. The sealed flask
was then pumped into a glovebox where anhydrous o-DCB, 110 mL, was added for a 2.5 mM
solution based on Ceo. Also added to the flask was 1.1 equiv, 82 pL, of tributyltin hydride and
anhydrous pyridine, 10% by volume. The Kontes flask was sealed and removed from the glovebox.
The solution was sonicated briefly, usually less than 1 minute, to dissolve all of the residual solid
Ce0. Under a purge of nitrogen, introduced through the side arm of the flask, the Kontes valve was
removed and 2.1 equiv, 88 uL, of pentafluorobenzyl bromide was added via a 250 pL syringe to
the solution. The flask was then sealed, and all gasses were removed via the freeze-pump-thaw
method which was repeated three times. The flask was allowed to warm to room temperature and
then placed into a hot oil bath at 160 °C. The reaction was allowed to proceed for 16 h. The solution
was then exposed to air and the 0-DCB and pyridine was removed under evacuation. After nearly
all of the visible liquid was evaporated, heptane was added to the crude oily solid and sonicated.
The solid was suspended and then filtered. The heptane insoluble solid was washed with CS; and

removed from the filter. The solution was then evacuated to dryness. The crude solid was dissolved
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in a gross excess of toluene, more than 100 mL, to ensure complete dissolution of the crude solid.
The elute was separated on a Cosmosil buckyprep semi-preparative stationary phase in 100%
toluene at 5 mL min~' and the desired product, CeoPFF, was collected with Ceo which co-elutes.
The fullerene mixture was then evacuated to dryness and was re-dissolved in approximately 50
mL of chlorobenzene and separated by HPLC chromatography on the Cosmosil Bucky-M

stationary phase at 4 mL min". Isolated yield for this reaction was 12%.

3.6.3. Spectroscopic characterization

'H and "°F NMR spectra were recorded using a Varian INOVA 400 spectrometer operating at
400 and 376 MHz, respectively. Spectra were recorded using a 1 s relaxation time and a 30° pulse
angle. The solvent used was deuterated chloroform or a mixture of deuterated chloroform and

carbon disulfide in a 1/9 ratio when higher concentrations were required.
3.6.4. UV-vis spectroscopy

UV-vis spectra were collected using a UV-Vis-NIR Shimadzu UV 3101PC instrument with

UVProbe 2.33 software.

3.6.5. High pressure liquid chromatography

HPLC was conducted using a Shimadzu liquid chromatography instrument (CBM-20A control
module, SPD-20A UV-vis detector set to 300 nm, LC-6AD pump, manual injector valve.) The
HPLC columns utilized were 10 mm 1.D. X 250 nm COSMOSIL Buckyprep column and 10 mm
I.D. 250 nm COSMOSIL Bucky-M prep column (Nacalai Tesque, Inc.). The eluent was ACS grade
toluene or HPLC grade heptane in a mixture of a specified ratio at a flow rate of 5 mL min ™! unless

otherwise stated.

3.6.6. Mass spectrometry
A 2000 Finnigan LCQ-DUO spectrometer was utilized to record negative ion atmospheric
pressure chemical ionization (NI-APCI) and negative ion electrospray ionization (NI-ESI) mass

spectra with acetonitrile or toluene as a carrier solvent.
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3.6.7. Cyclic voltammetry

Cyclic voltammograms were recorded in an inert atmosphere using a PAR 263
potentiostat/galvanostat and approximately 2 mM o-DCB solutions analyte with 0.1 M N(n-
butyl)4BF; as the electrolyte. The electrochemical cell used was equipped with 0.125 mm diameter
platinum working and counter electrodes and a 0.5 mm diameter silver reference electrode. The

scan rate was 250 mV s L.

3.6.8. Single-crystal X-ray diffraction

Crystals of C70FHF-1 suitable for diffraction were by slow evaporation of carbon disulfide
solution. Diffraction data were collected at the Advanced Photon Source at Argonne National
Laboratory on beamline 15ID-B, using a diamond 111 monochromator, an X-ray wavelength of
0.46051 A, and a Bruker D8 goniometer, and multi-scan absorption corrections. Unit cell
parameters were determined by the least squares fit of the angular coordinates of all reflections.
Integrations of all frames were performed using APEX III software, and the structures were solved

using SHELXTL/OLEX 2 software.

3.7. CONCLUSIONS

In summary, several new solution phase fullerene reactions to add Rr and fluorinated and
partially fluorinated cyclo- groups are reported. Efforts were made by the author to make the
reactions as selective as possible. For the addition of perfluoroalkyl pentafluorosulfanyl groups,
lowering the temperature from 180 °C, which was shown to be successful for the synthesis of
Ce0(Rp)2, to 140 °C resulted in a more selective reaction with the majority product being,
Ce0(CF2CF2SFs)2. The number of equivalents of SFsCF.CFzl reagent was also decreased from six
to four which decreased the number of multiple addition products. The major product,
Cs0(CF2CF,SFs),, was characterized by '’F NMR and NI-ESI mass spectrometry. The product was
found to form multiple different solvent adducts with even weakly coordinating solvents such as
DCM and n-hexane.”” This behavior suggests the strong electron withdrawing affect the

CF.CF:SFs group has. Unfortunately, the gas-phase electron affinity and cyclic voltammogram
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for this compound was not successfully recorded apparently due to its rapid decomposition upon
reduction. The perfluorocyclobutane Cgo monoadduct and other similar perfluoro cyclo-
derivatives were identified in the crude reactions by mass spectrometry. These decomposition
products appear to be the result of an annulation reaction following the loss of the

pentafluorosulfanyl group.

An improved synthetic method for making fauxhawk functionalized fullerenes in a one-pot
reaction, referred to in this work generally as Method 2, was developed for CeoFHF. This synthetic
approach differed from the literature reported method, Method 1, by performing the reaction
anhydrously allowing the number of equivalents of SnH and Bngl to be decreased from 10 and 20
to 1 and 1 equiv respectively. Additionally, this method utilizes the organic base, pyridine, to
deprotonate the hydrofullerene, Ceo(CF2CsFs)H, during the reaction which then undergoes an
annulation rearrangement to form CeFHF. This technique was pioneered by Dr. San and allows
the reaction to be performed in one-step without additional purification to isolate the
hydrofullerene. This method allowed for the scalable production of CeoFHF with an isolated yield
of 22% and minimal multiple addition products making separation relatively facile. Further

improvements to this synthesis have been made by fellow researcher Brian J. Reeves resulting in

37% isolated yield.*

Method 2 was applied to C7o as well with minor alterations to the reaction conditions. This
resulted in at least three different C70FHF isomers. The combined isolated yield of the three
isomers is 33%. The yield of C7;oFHF-1 is 17%, C70FHF-2 is 9%, and C70FHF-3 is 7%. The two
major isomers, C7oFHF-1 and 2, were inseparable and so were characterized as a mixture. The
reduction potential of the mixture and C70FHF-3 were recorded by cyclic voltammetry and were
found to be within error of each other —1.11 and —1.09 V, respectively. These values are also
within error of the reduction potential of C7o which is consistent with the electrochemical behavior
of CeoFHF with respect to Ceo. Thanks to research efforts by Dr. San, a single crystal dataset of

C70FHF-1 was obtained and was able to be modeled by the author. This allowed the solid-state
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packing of the C7oFHF-1 isomer to be characterized. It was found to pack in a similar ordered
fashion as CeFHF with the same number of fullerene nearest neighbors, 10.'° This ordered
structure as well as the high packing density, 1.850 g cm™>, lead the author to pursue using the
C70FHF-1 and 2 mixture in OFET devices. The results from those experiments are discussed in

Chapter 4 of this work.

Lastly, in an attempt to make a fullerene based organic electron acceptor with a similar
reduction potential to PCBM and also able to be utilized in deposition processed organic devices
the synthesis of CeoPFF was developed. CeoPFF was produced using syntheses adapted from
Methods 1 and 2 but neither resulted in high yields with the highest yielding reactions being 8%
and 12% for the adapted syntheses respectively. These low yields make pursuing CePFF as an
organic electronic material impractical as of this report. CeoPFF is also unique with respect to the
other FHF derivatives that have been produced, because of its low solubility. In toluene it has a

solubility of only 0.4 mg mL .

In total, six unique syntheses were developed, and six new fluorine rich fullerenes were
synthesized and characterized. Special care was made to optimize the syntheses to be as selective
as possible by controlling for variables like temperature, reagent concentration, reaction duration,
and residual moisture content. Two scalable synthesis to make CeoFHF and C70FHF derivatives
were reported allowing for hundreds of milligrams of material to be produced which was used to

make OFETs which are discussed in Chapter 4 of this work.

3.8. ADDITIONAL RECOGNITION

Synthesis of the Cso(CF2CF2SFs), and Ceo(CF2SFs) , compounds was carried out by Dr. Siyan
Qing under the supervision of Dr. Joseph Thrasher at Clemson University in collaboration with
the author.® Development of Method 1 for the synthesis of C70FHF derivatives was done by Dr.
Long San and he performed the initial efforts to use pyridine as an internal base for the conversion
of Ceo(Bnp)H into CeoFHF.” Dr. Long San also grew the single crystal of C7oFHF-1. Efforts to

collect the gas-phase electron affinity values for select compounds were made by Dr. Xuebin Wang
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at Pacific Northwest National Labs. DFT calculations were performed by Dr. Alexey Popov. X-
ray diffraction data was collected at the synchrotron source at Argonne National Lab under the

supervision of Dr. Yu-Sheng Chen.
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Table 3-1. Experimental conditions for reactions of Ceo or fullerene substrate with SFsCF.CFI*

rxn. mass of Ceo conc., # equiv. temp., | rxn.time, | MS, NMR, or
no. substrate, mg mM® SFsCF,CF,l °C h HPLC trace
1 Coo/Cro, 18.7 10.0 6 180 72 Fig. 3-1
2 Coo/Cro, 18.7 5.0 6 155 72 Fig. 3-2
3 Coo/Cro, 18.7 5.0 6 145 72 Figs. 3-3A, 3-4
4 Coo/Cro, 18.7 32 6 145 72 Figs. 3-3B, 3-4
5 Ceo/Cro, 18.7 4.0 6 145 72 Fig. 3-4
6 Ce0/Cro, 18.7 5.0 6 145 48
7 Ce0/Cro, 18.7 5.0 4 145 72 Fig. 3-3A
8 Ceo/Cro, 18.7 5.0 6 145 48
9 Coo/Cro, 18.7 32 4 145 7 Figs. 354
10 Ceo, 18.7 4.0 4 140 72 Figs. 3-5, 3-6

2 The solvent was 1,2-CsH4Clz (0-DCB); Ce0/C70 = fullerene substrate = 75% Ceo/24% C70 with
ca. 1% higher fullerenes. ® The listed concentration is for Ceo (it does not include C7o when
fullerene substrate was used).
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Table 3-2. DFT-calculated relative energies and frontier orbital energies of C70FHF isomers,
CeoFHF, PCs0BM, and parent fullerenes Cgp and C7o.?

dE, HOMO, | LUMO, | ALUMO (vs | Ein”", | LUMO, eV
kJ mol™! eV eV Cro), eV \Y (from E1.2)°
0.0 -5.735 | —4.106 0.004 —1.05¢ —4.05
C70FHF_a2 0.7 -5.730 | —4.117 —0.008 —1.05¢ —4.05
C70FHF_b 15.2 —5.665 | —4.158 —0.048 -1.07° -4.03
C70FHF_d 38.0 —5.548 | —4.387 —0.277 -
C70FHF _e 65.3 -5.613 | —4.714 —0.604 -
Cro -5.824 | —4.110 0.000 -1.01¢ —4.05
Ceo -5.823 | —4.173 —0.063 ~1.03¢ —4.07
CeoFHF -5.723 | —4.228 —0.119 ~1.03¢ —4.07
PCsBM —-5.493 | —4.009 0.100 -1.12¢ -3.98
OXCsoMA —1.12¢ —3.98

? Calculated by collaborator Dr. Alexey A. Popov using the basis set PBE-D3BJ/def2-TZVP.
® Calculated using —5.1 eV for the Fe(Cp).* redox couple (ref. 7°). © This work. ¢ From ref. 7',
¢ From ref. 56 (LUMO recalculated here for consistency).
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Table 3-3. Reaction conditions for the synthesis of Cso(PFB)H and CeoPFF*

reaction | time,h | temp., °C solvent CI‘(I)lrll\(/:[.’ 1():5]_1]3; (esqullli{v) yi;l}d,
Rxn. 3A° 2 16 0-DCB 5.6 10 5 7.6
Rxn. 3B° 24 145 CB 1.6 10 5 27
Rxn. 4A° 90 RT anhydrous BN 4.7 N/A N/A 29¢
Rxn. 4B¢ 16 160 0-DCB 2.5 2.1 1.1 12
Rxn. 4C 16 160 anhydrous o-DCB*® 2.5 1.1 1.1 8

? Abbreviations: temp. = temperature; conc. = concentration; RT = room temperature; PFB-Br =
perfluorobenzyl bromide; o-DCB = o-dichlorobenzene; CB = chlorobenzene; BN = benzonitrile.
® The synthetic target was Ceo(PFB)H. ¢ The synthetic target was Ceo(PFF). € abbreviation for
chlorobenzene. ¢ The yield is based on HPLC peak area. ¢ The yield is based on the amount of
Ceo(PFB)H starting material.
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(—-)ESI mass spectrum
Ce60(C2Fa)n— Rxn. 1 product mixture

n=2 3

Ce0(CF2CF2SF5)2(CoF4)m™
m=2 3

|-|-|-|'|-|'m_l'
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Figure 3-1. NI-ESI mass spectrum of the crude product mixture from the reaction of Ceo and
SFsCF.CFal in 1,2-C¢H4Clz at 180 °C (Rxn. 1 in Table 3-1).
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Figure 3-2. NI-ESI mass spectrum of the crude product mixture from the reaction of Ceo and

SFsCF>CF2l in 1,2-C¢H4Cl; at 155 °C (Rxn. 2 in Table 3-1). The cyclo- modifier is abbreviated as
¢ for simplicity.
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HPLC
100% toluene Ceo(CF2CF2SFs5) A

Ce0(C2F4) ” Cso B
Ceo(CF2CF2SF 145°C
60(CF2CF2SF5)2 3.2 mM

Cro

rxn. 9

4 x
SF5CF,CFsl

6 X
SFsCF,CF»l
L] I L] I L] I L] I L] l L]
Ceo(CF2CF2SFs), Ceo C

4 xSF5CF,CFal

retention time, min

Figure 3-3. HPLC chromatogram of the crude product mixtures from reactions of Ceo and
SFsCF,CFal in 1,2-CsH4Cl listed in Table 3-1. Part A: Rxns. 3 and 7. Part B: Rxns. 4 and 9. Part
C: Rxns. 9 and 10. The initial millimolar concentration of Ceo in each reaction is shown.
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HPLC
Cs0(CF2CF2SF
60(CF2CF2SEs)2 100% toluene

6 equiv
SF5CF2CFol
145°C
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©
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Rxn. 4
3.2 mM Cgo

Rxn. 5
4.0 mM Cggo

retention time, min

Figure 3-4. HPLC chromatograms of the crude product mixtures from Rxns. 3, 4, and 5 of Ceo/Cr0
fullerene extract with SFsCF>CFal in 1,2-CsHsClo (see Table 3-1). The cyclo- modifier is
abbreviated as ¢ for simplicity.
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F2CF2SF
HPLC Coo(CF2CF2SFs)2

25/75 toluene/heptane

| | I | | I | | I | | ' | | I | | l | | I | | I | |
4 8 12 16 20 24 28 32
retention time, min

Figure 3-5. HPLC chromatogram (Cosmosil BuckyPrep, 25/75 v/v toluene/heptane eluent, 5 mL
min ") of the crude product of the reaction of Ceo and SFsCF.CFzl in 1,2-CsH4Cl; at 140 °C (Rxn.
10 in Table 3-1). The chromatogram does not show the elution of unreacted Cso, which was washed
from the column with toluene after 40 min. The cyclo- modifier is abbreviated as ¢ for simplicity.

157



376 MHz 19F NMR
(6(CgFg) —164.9) Ceo(c-C2F4)
cocl,
70 60 50 40 ppm

. Ce0(CF2CF2SF5)2 = *

o *

-85 =85 =105 =116
chemical shift, ppm

Figure 3-6. The 376 MHz "°F NMR spectrum of a CDCl5 solution of the crude product mixture
from the reaction of Cep and SFsCF>CF:l in 1,2-CsH4Cl; at 140 °C. (Rxn. 10 in Table 3-1). The
resonances and multiplets marked with asterisks are assigned to 1,7-Ceo(CF2CF2SFs)2. The cyclo-
modifier is abbreviated as ¢ for simplicity.
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molecular anion _ adducts with solvent
Ceo(C2F4SFs), ESI eluent:

dichloromethane

acetonitrile

toluene

@M

1150 1200 1250 1300 1350 1400 1450 1500 1550
m/z

Figure 3-7. NI-ESI mass spectra of the 17 min retention-time HPLC fraction in Figure 3-5 in
different eluents (1,7-Ceo(CF2CF2SFs)2). The main peak in the mass spectrum recorded in hexane
at m/z 1174 corresponds to the molecular anion Ceo(CF2CF2SFs), .

159



2F2/F2'

2F4/F4

mmior? oot
-91 =92 ppm /\ 1

110 -1 —112 ppm

-60 -80 -100 —120 ppm

Figure 3-8. The '°F NMR spectrum of 1,7-C¢o(CF2CF2SFs), (CDCls; para-C¢Ha(CF3)2, PTFMB,
int. std. 8 —67.9). A drawing of a portion of the proposed structure is shown. An F atom on each
of the a-CF» moieties are ca. 2.7 A apart over the shared Ceo hexagon, as in many Ceo(RF)»
derivatives with para-Ceo(Rr)2 hexagons on the fullerene surface (see Ref. 21 and references
therein).
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Figure 3-9. UV-vis spectrum of 1,7-Cso(CF2CF2SF5s)2 solution in toluene. Insets: expanded 500—
800 nm range of the spectrum and a drawing of proposed molecular structure. Intensity jump at
670 nm (see insert) is an instrument artifact.
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Figure 3-10. NI-ESI mass spectrum of the crude product of the reaction of Ceo and SFsCFol in o-
DCB at 150 °C. (Top) Full mass range. (Bottom) Expansion of the m/z 900—-1600 region.
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376 MHz °F NMR
(6(CsF¢) -164.9)

no pyridine * with pyridine

- T
-140 -150 -160

-80 -100 -120 -140 -160 -80 -100 -120 -140 -160
chemical shift, ppm chemical shift, ppm

Figure 3-11. ’F NMR spectra of the crude products from two reactions to synthesize CeoFHF
performed under identical conditions, except for the use of pyridine. Spectra were recorded in a
9:1 mixture of CS> and CDCl;3 int. std. CeFe. (Left) shows the product mixture from a reaction
without pyridine. The signals with asterisks are due to the hydrofullerene. (Right) shows that use
of pyridine results in the quantitative conversion of the hydrofullerene into CeoFHF in one step.
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C70FH F"l C70FH F'2 C70FH F‘3

25,8-Cro(CF,(2-CeFs))  8,25-Cro(CFy(2CeFy))  7,22-Crg(CF,(2CoFy))

0.0 k) mol™? 0.7 kJ mol™? 15.2 k) mol™

Figure 3-12. (Top) Schlegel diagrams of the three isomers of C7o faux hawk derivatives prepared
and characterized in this work. Red dot shows the addition site for CF2(Bnr) moiety, blue dot
represents the site for annulation. (Bottom) DFT-optimized molecular structures of the isomers,
abbreviated names, [IUPAC numbering and relative energies. Note that alternative (non-IUPAC)
notations for these isomers are used in the literature: 25,8-, 8, 25-, and 6,22 are al, a2 and B,
respectively.>
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Figure 3-13. HPLC chromatograms (100% toluene, UV detection 300 nm) of crude reaction
products prepared by Dr. San using Method 1 in chlorobenzene, (rxn 1a), and in 0-DCB (rxn 1b);
and reactions prepared by the author using Method 2 in chlorobenzene (rxn 2a) and in 0-DCB (rxn
2b). Highlighted in grey is the fraction containing a mixture of two major C70FHF isomers. The
highest yield (largest peak area relative to total crude) is achieved in reaction 2b.
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376 MHz °F NMR
256 256 (8(CoF) —164.9)

Ju " ol
Y A Ny

-73.0 -74.0 -75.0 -76.0

148 6 -148.8
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c,-FHF-1  chemical shift, ppm
and C70'FHF‘2
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|
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Figure 3-14. (Left) '°’F NMR of C70FHF-3. The inset shows the AB quartet distinctive for the 7,22
addition pattern. Coupling constants are shown in Hz. (Right) '°F NMR of C70FHF-1, red, and
C70FHF-2, blue, mixture used for OFETs, dominant compound C70FHF-1. Recorded in a 9/1
mixture of CS2/CDCls. (CeFs int. std. (6 —164.9)).
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C,oFHF-1and 2

C70FH F'3

I

T T |
-2.0 =1.5 =10 -0.5 0.0

potential vs. ferrocene /-, V

Figure 3-15. (Top) Cyclic voltammogram of C7o-FHF-1 and 2 mixture versus ferrocene recorded
in 0.1 M TBABF4 0-DCB solution with a cycle rate of 250 mV s !. Ei» (1% red.) vs Ferrocene
—1.11 V. (Bottom) Cyclic voltammogram of Co-FHF-3 versus ferrocene recorded in 0.1 M
TBABF4 0-DCB solution with a cycle rate of 250 mV s™!. Ei (13 red.) vs Ferrocene —1.09 V.
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Figure 3-16. The structure of 25,8-C70(CF2(2'-C¢F4)). The molecule is oriented so that the original
C70 Cs axis is aligned with the long axis of the page. The faux hawk substituent C atoms, C25, and
C8 are nearly co-planar with an average out-of-plane deviation of +0.03 A. Note the 10 triple-
hexagon junctions around the C79 equator.
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Figure 3-17. The hexagonal array of fullerene molecules in the structure of 25,8-C7o(CF2(2'-
CsF4)). The circles in the center of the C70 moieties represent the centroids (©) of the 10 triple-
hexagon junction C(sp?) atoms. The centroids are nearly co-planar, with an average deviation from
their least-squares plane of +0.06 A. The ©---@ distances within the fullerene layers range from
10.03 to 11.02 A and average 10.63 A. The crystallographic bc plane is in the plane of the page.
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Figure 3-18. The hexagonal layers of fullerenes in the structure of 25,8-C70(CF2(2'-CsF4)) are

stacked along the crystallographic a axis and are separated by either their fluorous fauxhawk

substituents or a layer of CS2 solvate molecules. The orthorhombic unit cell is also shown.
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8,25-C,(C(4’-CgH,(O-nBuU), 8,25-C,(C(Ph)(C,H,COOMe))
six neighbors seven neighbors
10.34-10.83 A (av. 10.67 A) 10.20-10.99 A (av. 10.60 A)

7,22-Cp(CeH4(CH,),) CyoFHF-1: 25,8-C,o(CF,(2"-CF,))

nine nejghbors . ten neighbors
10.21-11.15 A (av. 10.58 A) 10.03-11.32 A (av. 10.67 A)

8,25-C;(C(Ph)(CsHCOOMe))xCH 14

seven neighbors
10.21-11.15 A (av. 10.58 A)

1,6-C0(CsHa4(CH,),)
nine neighbors
10.22-11.12 A (av. 10.58 A)

Figure 3-19. The packing of fullerene centroids (large circles) in the structures of C7o monoadducts
from the literature (see text for more detail) and C7oFHF-1 (in the solid frame) from this work. The
number of the nearest neighbors, the range of the ©---® centroid-centroid distances and average
distances (in parentheses) are calculated from the single-crystal X-ray data.
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Ceo(PFB)H

----- Final

5.0 7.5 10.0
retention time, min

Figure 3-20. Comparison of the initial synthesis of Ceo(PFB)H versus the optimized reaction.
Separated on a Cosmosil Buckyprep semipreparative scale column, eluent 100% toluene, 5 mL
min~!, 300 nm. The initial conditions were the same used for the published synthesis of 1,9-
Ce0(CF2C6Fs)H. The reaction was modified by diluting the concentration of Ceo from 5.6 mM to
1.6 mM, decreasing the temperature from 165 °C to 145°C, and increasing the reaction time to 24

h from 2 h.
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Cqo(PFB)H
376 MHz °F NMR
(6(PTFMB) -67.9)

-160 =165

-144 -148 -152 -156
chemical shift, ppm

Figure 3-21. The '°F NMR spectrum of Cso(PFB)H (Top) and CePFF (Bottom), all the peaks
have been assigned based on integration, shielding, and multiplicity. (PTFMB int. std. (6 —67.9)).
(Top) The integration values are 2 to 1 to 2 with Fe =1, F. 6 —141.7, F. 8 —156.2, and Fy 6 —163.2.
The solvent used was deuterated chloroform (CDCl3). (Bottom) Each signal integrates to 1, F, o
—144.7, Fy, 6 —156.5, Fc 6 —156.9, and Fq 6 —141.2. The solvent used was CDClI3,
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Figure 3-22. NI-ESI Mass spectrum of Cso(PFB)H showing masses equivalent to Ceo and CeoPFF.
Eluent was acetonitrile. The mass of Ceo(PFB)H, 902.1 m/z, is accompanied by the mass associated
with the annulated product, CsoPFF, 881.5 m/z.
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Figure 3-23. HPLC chromatogram of the crude material from rxn 4A. Separation conditions:
eluent 100% toluene, stationary phase Cosmosil Buckyprep semipreparative column, flow rate 5
mL min !, and 300 nm detection wavelength. The para- addition bis pentafluorobenzyl fullerene
compound, Ceo(PFB)2, is labeled for clarity.
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CGO

C.,(PFB)H ?

CeoPFF

CeoFHF
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0/-
Ei/2, V vs. Cg

Figure 3-24. The cyclic voltammograms for C60, Ceo(PFB)H, CsPFF, and CsoFHF. The zero
point has been set as the first reduction potential of Ceo. Ferrocene was used as an internal standard.
The voltammograms were recorded using 0.1 M N(n-butyl)sBF4 in 0-DCB as an electrolyte. The
Ein (1% red.) vs Ceo for CeoPFF is —0.07 V. The extra reduction event at 0.5 V for Ceo(PFB)H is
believed to be associated with the charged intermediate formed after the loss of HF.
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Figure 3-25. (Left) HPLC chromatogram for the one pot synthesis of CsoPFF. (Right) '°’F NMR
of CsoPFF in CS2/CDCl3 9/1. No unreacted Ceo(PFB)H is present, both fullerenes co-elute in 100%
toluene on the Cosmosil Bucky-M stationary phase and the residual Cso(PFB)H would be evident
by NMR.
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CHAPTER 4
STABILITY IN FULLERENE-BASED ORGANIC PHOTOVOLTAICS AND
IMPROVING MOBILITY EXPECTATIONS FOR FULLERENE DERIVATIVES

4.1. INTRODUCTION AND JUSTIFICATION

Since their discovery in 1985, fullerenes have been investigated for their organic electronic
material prooperties.! They have been utilized in a wide range of research areas in the field
including but not limited to: superconductivity,>* field-effect transistors,** photovoltaics,® and
photodetectors.”® Specifically, fullerenes function as impressive electron acceptor materials for
these applications. For example, fullerene derivatives have been used as electron acceptors in
OPVs with percent conversion efficiencies, PCE, over 17%° and the pristine fullerene, Ceo, in n-
type OFET devices with reported charge transport mobilities over 10 cm? V! s71.1° The high
performance of Cep in these electron acceptor applications is attributable to a number of factors,
including their high degree of m—m conjugation leading to efficient charge delocalization,'!!? low

13,14

HOMO-LUMO gap,'? low reorganization energy for electron transfer, and redox stability up

to six reduction events.'>®

Among the industries which have utilized fullerenes in the field of organic electronics, two
will be discussed in this work: organic photovoltaics (OPVs)'* and organic field-effect transistors
(OFETs).!® Both technologies benefit from a number of fullerene properties including
electrochemical and morphological tunability,!”!® low electrical impedance,'® and the potential to
be highly flexible.?%?! These properties allow for niche applications including wearable
electronics,?? bio-compatible organic electronic medical devices,? and the components to produce

flexible computers?* to name a few.?

First, the advantages of OPVs for application in outer space are investigated. Interest in this
application stems from their potential stability with respect to particle bombardment and relatively

low weight compared to other photovoltaic technologies. Next, a study of the device lifetime for
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OPV active layers made of phenyl-Ceo-butyric acid methyl ester, PCBM, is presented. PCBM is
an industry leading OPV material, but the degradation mechanisms for PCBM in devices are
poorly understood. Finally, the performance of fluoromodified fullerenes, CeoFHF and C70FHF, as
active layers in OFET devices is investigated. Interest in fluoromodification stems from the fact

26,27 :

that it has been shown as a reliable way to improve device performance,”~’ improving active layer

morphology for charge transport,”® improving percent conversion efficiency in OPVs, and

improving both electron and hole mobilities in n-type and p-type OFETs respectively. 27-2-3!

4.2. STABILITY OF ORGANIC PHOTOVOLTAIC ACTIVE LAYERS FOR SPACE
APPLICATIONS
4.2.1. General Comments

One potential benefit of OPV materials that has yet to be rigorously explored is a property that
is common to all organic electronic materials: they are made of low Z contrast atoms aka
predominantly first row elements like carbon. These materials should be more resistant to the high
energy particle bombardment that occurs in between Earth’s thermosphere and lower bounds of
the exosphere, one of the most desirable regions for satellite orbits.>? This region of space is called
low earth orbit, LEO. LEO has a sufficiently high flux of high energy particles that satellites and
their solar cells regularly degrade.**** One method suggested to combat this was the use of heavy
Z number atom materials as shielding.*® This has been presented as an expensive but necessary
measure to prolong the functional lifetime of satellites in LEO.* Alternatively, it was hypothesized
by the author that rather than attempting to deflect high energy particles; devices could be made
with low Z number materials. These materials would be less likely to interact with these high

energy particles, thereby decreasing the rate at which they degrade.

In support of this theory is the fact that low atomic number atoms have long been understood
by both X-ray crystallographers and electron microscopists as the most challenging materials to
study®>%¢ because these measurements rely on interactions with the electron cloud and, to a lesser

extent, the atomic nucleus.’”*® When the atomic number of an atom is low that means it is
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effectively a “smaller” target and results in fewer interactions with the incident source.*-¢ While
this property makes organic molecules more challenging to study with these techniques, it also
implies that organic materials will be more robust to bombardment in outer space, as fewer high
energy particle interactions will occur. To evaluate this hypothesis work was performed to study
the radiation tolerance of OPV films as well as their tolerance to the vacuum and thermal

environment in space.

4.2.2. OPV active layer evacuation and thermal stability testing

In total, four different experiments were performed to measure OPV device’s suitability to
space applications. The Yield x Mobility value of the active layers was recorded before and after
the films were subjected to prolonged vacuum exposure and thermal cycling. The Yield x Mobility
value shows the number of charge carriers present in the active layer film under illumination. It
was recorded using a Time Resolved Microwave Conductivity (TRMC) instrument at the National
Renewable Energy Lab. Yield x Mobility values have been used as a measure of the potential
performance of OPV active layers and so are a useful figure of merit for evaluating the
performance of the active layers.®* All testing, film production, and data analysis was done in

collaboration with Dr. Long K. San, a research group member at the time.

OPYV active layers were produced by Dr. Long K. San using the drop cast method and the films
were deposited on 1 cm quartz slides. The bulk heterojunction solutions used to prepare active
layers were 30/70 by weight mixtures of the acceptor fullerene and P3HT. The three fullerenes
which were used were CeoFHF, PCBM, and, for the evacuation and thermal cycling experiments,
Ce0. The synthesis and potential use of CeoFHF as an organic semiconductor was discussed in
Chapter 3. PCBM is by far the most frequently studied OPV acceptor and is the current industry

standard for fullerene-based OPV acceptor materials.*+?

In total, three active-layer blends were prepared in triplicate, Table 4-1. Samples with the letter
A are samples that were not subjected to the evacuation test. Samples with the letter B or C were

subjected to the evacuation tests. The initial and final masses of the quartz substrate with the
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deposited (drop cast) active layer blend were measured and recorded pre- and post-evacuation.
The uncertainty in the mass balance is £0.0001 g. The recorded mass loss was negligible for the
films with the largest being 0.3 mg from an initial mass of 670 mg however; Table 4-1 shows that
there appears to be a significant impact on the Yield x Mobility value. These differences are
attributed to the lack of homogeneity in the active layer films. Due to the use of the drop cast
method, the film thickness was not the same for all samples, and this irregularity gave rise to a
range of Yield x Mobility values that cannot be correlated to any influences from the evacuation

testing. More interesting was the effect that thermal cycling had on the Yield x Mobility values.

In order to simulate the effect of the temperature range experienced in LEO and in accordance
with the functional requirements of the Air Force, the active layer films were thermally cycled
from —78 °C to 100 °C. The films were held at the desired temperature for 45 minutes and then
moved to the next temperature for an additional 45 minutes. This cycling was repeated for 24 h
and then again for an additional 48 h resulting in the B and C measurements shown in Table 4-1.
This cycling was done in a nitrogen atmosphere using a specially designed air-tight chamber.
Details of how the chamber was constructed and tested are given in Section 4.6.2. The Yield x
Mobility value shows improvement between the repeated measurements of the same films pre-
and post-thermal cycling suggesting improved film morphology following additional thermal
annealing. The improvement in performance following thermal annealing has been observed
previously for active layers using P3HT and PCBM.* Following annealing, P3HT has been shown
to reorganize into a better morphology via its glass-phase transition resulting in better device
performance and so this reorganization appears to occur for the CeoFHF and Ceo films as well. This
healing ability could be an important variable in the longevity of OPV devices in LEO where the
temperature fluctuations should result in the active layers recovering some of their lost

performance due to radiation exposure over time.
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4.2.3. OPV active layer radiation testing

Two different radiation tests, UV irradiation and proton bombardment, were performed on the
active-layer materials. UV-vis spectroscopy was used to measure the effect of radiation on the
films. By using UV-vis instead of TRMC, we were able to minimize the delay between irradiation
and the recording of the measurements removing any possible variables related to environmental
effects. UV-vis and TRMC have been used by the OPV field to study potential performance
changes of active layers as the degree of photo-absorption is tied to potential device efficiency and
the Yield x Mobility figure of merit derived from TRMC measurements.** All the films tested

were blends of P3HT and C¢oFHF or PCBM.

For the proton bombardment studies, it was necessary to determine a target exposure dose to
simulate the radiation environment in LEO. This approximation is not trivial since the flux in LEO
is region dependent and radiation sources are variable and unpredictable including the sun, cosmic
rays, and the trapped radiation belts generated by the Earth’s magnetic field.>** The target dose
chosen was 14 krads since this represented an upper average value for radiation tolerant devices
which are commonly between 5 and 20 krads*® and was suggested by our collaborators at Vector

Sum as an average annual dose.

The samples were exposed to UV radiation at CSU by placing them ca. 5 in. from a 450 W
high-pressure mercury-arc lamp, set up shown in Figure S4-2, and proton bombardment by a 3
MeV proton beam using a 9SDH-2 NEC Pelletron in Dr. Vaithiyalingam Shutthanandan's lab at

PNNL.

UV Irradiation
The two films tested were thermally cycled at 100 °C for 45 minutes and at —78 °C for 45
minutes for a total of 24 h. The thin films were placed ca. 5" from the lamp and were irradiated for

a total of 87 h. UV-vis spectra taken after various exposure times and are shown in Figure 4-1.
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The CsoFHF sample had visibly deteriorated after irradiation (i.e., there was a noticeable color
change from a uniform dark brown-purple film to a lighter yellow color) and a concomitant
decrease in absorption band intensities was observed. However, the PCBM sample maintained a
similar UV-vis spectrum throughout most of the experiment. This could be attributed to the
oxidation of PCBM which helped to stabilize the P3HT polymer,** whereas the oxidation of
CeoFHF did not occur or did not have a stabilizing effect on the P3HT. This stabilizing effect that
PCBM has on P3HT could be an important factor in prolonging the lifetime of OPV devices in
space however, it should be noted that these experiments were performed in air whereas the actual
application would be in the vacuum of space. It is possible that without an oxygen source the
stabilizing oxidation of PCBM would not occur. Experiments to elucidate the susceptibility of
PCBM to degradation under one sun illumination in an inert atmosphere as a neat film were also

performed and will be discussed in Section 4.3.2.

Proton bombardment

Four samples (FHF-A, FHF-B, PCBM-A, and PCBM-B) were used for this proton
bombardment experiment. The A moniker corresponds to no thermal treatment and the B moniker
corresponds to thermal treatment via the cycling method used in Section 4.2.2. The UV-vis spectra
were recorded prior to proton bombardment. Each thin film was analyzed twice, the second
measurement with the film rotated by 180°, and their spectra were averaged. The samples were
subsequently shipped to Dr. Shutthanandan’s lab at Pacific Northwest National Labs for proton
bombardment experiments. A beam of 3 MeV H" ions was used to irradiate each sample with a 14
krad dose. The UV-vis spectra of the samples were recorded after they were irradiated. The spectra

before and after annealing are shown in Figure 4-2.

The films showed UV-vis spectroscopic evidence for degradation in all cases except for
PCBM-A. The UV-vis peak intensities increased significantly for sample PCBM-A. A possible
explanation was that there was an irregularity with the UV-vis spectrum before bombardment

either due to sample position or the film being inhomogeneous prior to bombardment and then
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annealing from the heat of the bombardment experiment resulted in a more uniform film but a
repeat experiment is needed. Regardless, each film was subjected to a second round of annealing
at 100 °C for 24 h under an inert atmosphere. This resulted in an improvement in the active layer
absorption characteristics for all four samples. This may be the result of radiation recovery;

however, further characterization of the fullerene/polymer blends must be performed.

4.2.4. Conclusions and future work for OPV radiation tolerances

In summation, OPV active layer films were subjected to evacuation, thermal cycling, UV
irradiation, and proton bombardment to gauge their suitability for space applications, study their
radiation tolerance, and evaluate if low Z number materials have any advantage over higher Z
number materials currently in use in the space industry. While without further rigorous testing a
definitive statement on suitability cannot be made it was convincingly shown that OPV active layer
materials are resilient to prolonged vacuum exposure and thermal cycling between —78 °C and 100
°C. These are important properties advantageous for space applications. An improvement in the
active layer’s Yield x Mobility value was observed after the thermal cycling for both Ceo and
CeoFHF films. UV-vis measurements of thermally cycled PCBM active layers show the absorption
profile improved after annealing and this is a well-documented behavior of OPV active layers

including PCBM/P3HT blends.*

As for the radiation tests, degradation of the films was observed in both the UV and proton
bombardment experiments. However, through thermal annealing the devices were able to recover
some of their absorption profile suggesting that as the satellite’s position with respect to the sun

changes some of the lost performance due to degradation could be regained.

While the results from these experiments are promising, many additional experiments would
need to be done before OPVs could be deemed suitable for space applications. One expansion of
this work for example would be to include fully functioning OPV devices to confirm that the
changes in the Yield x Mobility value and absorption profile correspond to changes in the percent

conversion efficiency of the devices. Full devices have more components that may be affected by
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the LEO environment and need to be evaluated before OPV devices can be used in space
applications. Studies using X-rays to irradiate OPV devices have been done and showed charge
build up at the electrode interfaces lowered the open circuit voltage, Vo, and thereby the power
conversion efficiency, PCE.**® An additional variable that could not be tested in our irradiation
experiments was the effect a lower current of ions (decreasing the concentration of ions per second)
would have on the device’s degradation. This is especially important for the proton bombardment
studies where an entire annual radiation dose was delivered in a tenth of a second. This high flux
bombardment may result in additional degradation than it would be observed in the actual
application for the duration of 12 months. Additionally, a lower flux may result in no appreciable
degradation at all if the healing of the devices after thermal annealing continued to occur

competing with the rate of degradation.

Preliminary electron bombardment studies at CSU were also performed with 30 kV electrons
which resulted in minimal degradation to the CeoFHF/P3HT active layer. However, prior to the
complete irradiation of the film, sample charging resulting in an arc event forced the experiment
to be ended prematurely. More studies with higher energy electron sources would be needed to
better evaluate the active layers tolerance to high energy electrons which are prevalent in the LEO
environment.>* Additionally, while rare, >10 MeV protons and as high as hundreds of MeV

33,45

impacts are possible and should be evaluated for their effect on OPV active layers.

4.3. DEGRADATION STUDIES OF PCBM
4.3.1. General Comments

While OPVs have made great strides with respect to their efficiencies from the first
experiments with fullerene/polymer bulk heterojunctions® in the early 90s to recent reports of
multijunction devices reaching record efficiencies of >17% PCE values® there still remain
significant challenges to wide-scale adoption of OPV devices in commercial markets. One such
challenge is improving device lifetimes. Currently, undesirable processes such as photo-initiated

degradation reactions, transport layer stability, and electrode degradation result in shorter device
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lifetimes than the industry viable 10-year lifetime benchmark.*’ Additionally, inconsistencies with
stock material purity and chemical variability of the high performance active-layer materials make
research into understanding mitigating the specific degradation mechanisms for any given device
challenging. Therefore, research into this area has lagged behind efforts to develop new donor-
acceptor materials and new high efficiency devices. Now that efficiencies have comfortably
surpassed the industry viable 10% efficiency mark with some ternary devices reaching >17%

efficiency,’® a renewed focus on device lifetimes is warranted.

In collaboration with NEXT Energy Technologies, a research effort was made to identify and
characterize the kinds of compounds which are produced during the degradation of PCBM under
illumination. To limit the number of experimental variables, neat films of PCBM were studied
rather than complete devices. The PCBM films stability to illumination in an inert environment
and in air was studied. As discussed in Section 4.2., PCBM is considered one of the best
performing acceptors in the fullerene based OPV acceptor market, making it the most logical target
compound for this study. Previous work by McGehee et al., followed similar experimental
procedures.’! Their work concluded that the dominant degradation compound formed under
illumination was dimerized PCBM molecules, based on APCI mass spectrometry. The work by
the author, as will be discussed in this section, agrees well with those experimental results and uses
their work to 1dentify some of the degradation species as dimerized PCBM molecules. Furthering
McGehee et al.’s work, aged PCBM films were analyzed by the author with the intent of
identifying new degradation species. Those efforts resulted in the discovery of oxidized PCBM
molecules and in this section the identification and characterization of those compounds as well as

their effect on OPV devices will be discussed.

4.3.2. Aging of PCBM films
Before the PCBM films were made, the purity of the PCBM starting material was confirmed
by '"H NMR, HPLC, and mass spectrometry. This is an important step in any device-oriented study

because small impurities and even trace amounts of solvents have been shown to affect device
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performance.”>>? The results of those analyses show that the PCBM sample is 97+% pure with a
3% toluene impurity, which could potentially be removed by evacuation. The 'H NMR spectra
and chromatogram for these analyses are shown in figures S4-3 through S4-5 and a description of

those results is included in Section 4.6.4.

Following the purity analysis, PCBM films were produced by the author via solution
processing using the production facilities at NEXT Energy Technologies’ lab in Santa Barbara,
California. The films were produced from a 40 mg mL ™' PCBM chlorobenzene solution. Details
about the conditions and how the films were treated are included in Section 4.6.5. Following their
production, the films were handled in either an inert atmosphere or in air and were aged under 1
sun illumination under the same conditions. In both groups one of the films was not illuminated
and was stored in the dark as a control, and the other films were exposed to one sun illumination
for either 24 or 100 h. The aged material was extracted from the films and analyzed by HPLC and

'"H NMR. The results of those experiments are shown in Figure 4-3.

Analysis of the HPLC chromatograms shows that the films that were never exposed to air have
the largest amount of degradation based on the HPLC peak area. It should be noted that these
observations do not take into account any differences in the extinction coefficients of the different
species. The compounds eluting after 8 min are hypothesized to be dimerized PCBM molecules
based on similar results shown by McGehee et al.’! This result matches well with the literature
that shows dimerization of fullerenes occurring less frequently in air than in inert atmospheres.>*
The air-exposed samples show the amount of dimerized fullerenes generated reaches a max peak
area of 26% and then stops. This has been explained by O2’s ability to quench the T excited state
for Ceo which is required to form fullerene dimers.* The air-aged films were produced in an
oxygen-free glovebox and were only exposed to air when the illumination study began, therefore
the initial dimerization that occurs in the first day may be correlated with the amount of time

required for oxygen to diffuse through the film. It has been shown before that Ce films stored in

an argon atmosphere retain a percentage of argon even after being removed from the argon
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atmosphere and, in the presence of oxygen that argon is displaced over time.>® To test this a film
kept in the dark in air and allowed to equilibrate with the ambient atmosphere prior to illumination

may show even less dimerization.

Dimerization of PCBM has been linked to a drop in the short circuit current, Js, for OPV
devices and so based only on the HPLC data it could be concluded that to minimize performance
loss PCBM-based solar cells should be exposed to air. However, upon careful examination of both
the HPLC and 'H NMR data, discrepancies in the relative ratio of degradation products to PCBM
become apparent. The air-exposed films only have a maximum composition of 26% by peak area
of dimerized PCBM, however the 'H NMR spectra show as high as 58% of the starting PCBM
material has degraded. The '"H NMR percent degradation values are based on the methoxy region
of the spectrum. The PCBM methoxy group is useful for analysis and quantification of the various
PCBM-like compounds present in the sample via '"H NMR because they are three times the
intensity of a signal representing one proton and are not coupled to any other protons allowing for
a sharp singlet. The differences between the HPLC chromatograms and 'H NMR spectra of films
aged in argon is less significant, 9%, and so this suggests there are some species which are
unaccounted for and occur in a larger quantity on the air-exposed films. It was hypothesized these
compounds would likely be oxidized PCBM species, Ox-PCBM. There have been several studies
on the oxidation of neat fullerenes, which show it can occur at both elevated temperatures and
under illumination, both of which are unavoidable aspects of OPV device operation.’>® Studies
to elucidate the rate of PCBM oxidation as well as the electronic and chemical structure of the

resulting Ox-PCBM derivatives have also been performed.>’->

To look for the missing PCBM degradation products, likely Ox-PCBM species, the samples
aged in air and argon were reanalyzed by HPLC using the similar separation conditions as shown
in Figure 4-3 but with a weaker eluent mixture to improve the separation by increasing the retention

times. A mixture of 60/40 toluene/heptane was found to be the most effective. This resulted in the
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two chromatograms shown in Figure 4-4. From those chromatograms it is clear that some

previously unobserved species were co-eluting with PCBM.

4.3.3. Synthesis and characterization of O.-PCBM

In order to determine if the new species detected in the aged films were actually O,-PCBM
species, a reference sample of Ox-PCBM was needed. Using m-chloroperoxybenzoic acid
(mCPBA) as an oxidant and following a synthesis as described by Balch et. al,*’ a reaction was
performed to oxidize PCBM. From this reaction, crude material was recovered that was then
characterized by '"H NMR, HPLC, and mass spectrometry, which confirmed the presence of Ox-

PCBM.

The mass spectra of the PCBM starting material and the Ox-PCBM crude material are shown
in Figure S4-6. The Ox-PCBM crude material showed an m/z value of 926 which is indicative of
an Ox-PCBM species with one oxygen atom. As a control experiment, the PCBM starting material
was also measured using the same conditions as the Ox-PCBM and showed only the mass for
PCBM, 910 m/z. For these measurements field desorption mass spectrometry was used because it
is a solvent-free ionization method. The previous characterization of PCBM by mass spectrometry
using NI-ESI, using an eluent, showed a signal at m/z 926 for the oxidized PCBM species, see
Figure S4-5. This species could have formed during the ionization experiment as a reaction with
the eluent and/or dissolved oxygen so field desorption was a better ionization method for these

experiments.

It is not trivial to quantify the concentration of Ox-PCBM in the crude sample from only mass
spectrometry, so after the presence of Ox-PCBM was confirmed, '"H NMR spectroscopy was used
to measure the ratio of methoxy chemical shifts, which do not correspond to PCBM, relative to the
remaining PCBM methoxy chemical shift. The spectrum, shown in Figure 4-5, displays the
methoxy region, ¢ 3.6-3.8, which integrates to 36 mol% of the total integration area including the
PCBM starting material. It should be noted that this method of quantification cannot distinguish

between other derivatives of PCBM that may form, aka compounds with a methoxy group in a
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similar environment to PCBM. For example, this method would not allow for the exclusion of any
dimerized PCBM molecules present in the Ox-PCBM sample. To confirm the concentration of
PCBM oxides, the Ox-PCBM sample was also analyzed by HPLC in 60/40 toluene/heptane on the

Buckyprep column used for the analysis of the aged films, shown in Figure 4-6.

The HPLC chromatograms in Figure 4-6 show that with 100% toluene as the eluent PCBM
and Ox-PCBM co-elute and only in the weaker eluent mixture, 60/40 toluene/heptane, do the new
peaks for the Ox-PCBM species elute following PCBM. Note the & for the Ox-PCBM species is
the same as the fr for the unidentified species in the air-aged films shown in Figure 4-4. This
evidence supports the conclusion that the compounds identified as possible Ox-PCBM species in

Figure 4-4 are correctly assigned.

Further confirmation of the presence of Ox-PCBM in both the air- and argon-aged films was
achieved by comparing the 'H NMR spectra of Ox-PCBM and the films. There is a good agreement
between the spectra, and in all three spectra there is one significant intense signal with a chemical
shift at 3.6 ppm indicating that there is at least one oxide compound if not more in both aged films.
This result was unexpected in the argon-aged sample where oxygen was not supposed to be
present. This high degree of agreement between the spectra of the Ox-PCBM sample and the aged
films is surprising. It could be assumed there should be chemical shifts which are unique to at least
the argon-aged sample due to the relatively high concentration of fullerene dimers compared to

PCBM.

The Ox-PCBM concentration based on HPLC peak area relative to PCBM is only 25%
compared to the 36% shown in the '"H NMR experiment, however, there is no baseline resolution
between the two peaks and so the Ox-PCBM concentration may be under-represented. For further

studies the concentration of Ox-PCBM was assumed to be 30%.
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With confirmation that Ox-PCBM is present in the aged PCBM films, OPV devices could be
made using the resources at NEXT Energy Technologies to study the effect that Ox-PCBM has on

the OPV device figures of merit.

4.3.4. Ox-PCBM-doped OPYV devices

In order to evaluate the effect Ox-PCBM species have on device performance, OPV devices
were made by the author at NEXT Energy Technologies’ lab in Santa Barbara, California with
varying percentages of Ox-PCBM. Devices were made using a small-molecule donor which has
been shown to work well with fullerene acceptors61 referred to here as SMD. The SMD molecule,
7,7°-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’|dithiophene-2,6-diyl)bis(6-fluoro-4-(5’-hexyl-
[2,2’-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole), is shown in Figure S4-7. A small-molecule
donor was chosen for the study because the recently reported highest efficiency OPV devices have
been made with small-molecule donors and acceptors making a study of the degradation
characteristics of a non-polymer-based device warranted.”®*% A schematic of the device
architecture as well as an image of a mock-up of the active-layer films are shown in Figure S4-8.
Actual photos from inside NEXT Energy Technologies’ lab were not permitted to protect

intellectual property rights.

A total of 11 devices were made, two controls with no Ox-PCBM and three devices for each
Ox-PCBM concentration of the selected three. Each device has four pairs of electrodes resulting in
12 data points for each concentration of Ox-PCBM and eight data points for the two control
devices. The variability in the devices gave rise to the box and whisker plots shown in Figure 4-8.
The devices were tested under an approximation of one sun irradiation for 100 h, in an argon
atmosphere. Three different concentrations of Ox-PCBM were tested 0.3%, 3%, and 30% as well
as a control device with 0%. The resulting device characteristics, shown in Figure 4-8, show that

with increasing oxide concentration there is a linear drop in efficiency.

The morphology of the spin-cast active layer films could have changed due to the addition of

the Ox-PCBM. Morphology control is critical to good device performance.®®® This may prevent
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the devices reaching an optimal morphology resulting in a lower PCE. An additional effect may
be that the Ox-PCBM species are acting as trap states with lower LUMO energies than PCBM

preventing the efficient delocalization of charges.**%-70

In these experiments, it has been shown that the presence of Ox-PCBM has a deleterious effect
on device efficiencies. This implies that the susceptibility of the acceptor to oxidation is an
important factor to consider when designing OPV devices. Furthermore, it is important to
understand the effect that Ox-PCBM has on the device lifetime. To probe this effect, the devices
were exposed to one sun illumination and continuously monitored for changes in efficiency. The
results of that experiment are shown in Figure 4-9. The device lifetimes for the Ox-PCBM doped
devices show that, although the effect of the Ox-PCBM over time does not appear deleterious to
the device characteristics, it does increase the initial drop off in efficiency recorded in the first 100
h, aka the burn-in phenomenon shown by many OPV devices.**®> The burn-in for all the devices

was more severe as the concentration of Ox-PCBM was increased.

The cause of OPV device burn-in is a highly active area of study, so these data showing a direct
relationship between the burn-in of a set of devices and the concentration of Ox-PCBM are an
important finding.***>"1"7> Even more significant is that following the burn-in period, the devices
stabilize suggesting the effect is burn-in specific. Since burn-in is observed in virtually all OPV
devices it is unlikely that Ox-PCBM is the sole cause, however, there is no doubt that in these

devices it is directly contributing to the severity of the burn-in efficiency loss.

4.3.5. Conclusions and future work for PCBM based OPV degradation studies

Aging studies of PCBM were conducted revealing a host of interesting data. In agreement with
the literature, PCBM films aged under one sun in an inert atmosphere undergo degradation, which
has been associated with dimerization of PCBM.>! This degradation was minimal in the air
exposed films apparently due to oxygen’s ability to quench the T; transition state required for
photoinitiated dimerization.”* What had not been shown before was the exact degree to which

PCBM films could be degraded by photo-illumination in air since the oxidized fullerenes had not
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been observed via HPLC or NMR before. The photo-oxidation of PCBM and fullerenes in general
is still an active area of study.?>%7* After it was confirmed that Ox-PCBM could be formed in
PCBM films, efforts were made to synthesize Ox-PCBM using mCPBA, which had been shown to
be effective for the oxidation of Ce0.% Following characterization of the Ox-PCBM material by
mass spectrometry, HPLC, and '"H NMR; devices using SMD and PCBM were made with varying
concentrations of Ox-PCBM. Devices with high Ox-PCBM concentrations showed a significant
drop in efficiency. This is the first time this experiment has been performed, to the best of the
author’s knowledge. The oxidation of PCBM is assumed to occur more gradually in the presence
of either a donor or if the device is encapsulated. Therefore, the lifetime performance of the devices
with Ox-PCBM was also of interest. The lifetime data showed a dramatic burn-in event for the
higher concentration Ox-PCBM devices, 3% and 30%. Following the severe initial drop in PCE,
the efficiency loss rate for the devices slowed down suggesting the oxidation of PCBM during
manufacturing could account for some of the burn-in that is observed in OPV devices. In addition
to the degradation studies performed on PCBM films, PC70BM was also studied. The data
associated with that work are shown in figures S4-9 and S4-10. While no devices were fabricated,
the studies did confirm the resistance of PC70BM to dimerization which has been reported
previously.’! The air-aged PC70BM films showed significantly more degradation than the argon

aged films, likely in the form of PC70BM-oxide species similar to PCBM.

The next steps for this research would be to confirm that the drop in initial device efficiency is
tied to the presence of Ox-PCBM and is not due to the morphology of the devices that contain
higher concentrations of the Ox-PCBM mixture since the solution used to spin cast the active layers
contained the Ox-PCBM as an additive. This could be evaluated using SAXs and comparing the
diffractogram profiles of the doped devices to the control devices. Additionally, PC70BM oxide
species could be synthesized following a similar synthesis as reported here for PCBM and doped
devices could be made to examine if the burn-in specific degradation is common to both fullerene

acceptors.
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4.4. ORGANIC FIELD-EFFECT TRANSISTORS USING Ce¢FHF
4.4.1. General Comments

While the majority of the fullerene-based organic electronics research field has focused its
efforts to utilize fullerenes in OPV research, a growing area of research has found success using
fullerenes in n-type OFETs. The first fullerene-based OFET was reported in 1995 by Haddon et.
al. using Ceo and then one year later with C70.*!! Fullerene-based OFETs have reached as high as
10 cm? V157! in 2012 using Ceo single crystals.”> However, the progress made with Ce has not
been achieved with fullerene derivatives.'® Out of the overall 88 Ceo derivatives summarized in a
recent review by Zhang et al.,'® only the o-xylene C¢o monoadduct OXCMA reported by Yu et al.
showed a maximum mobility above 0.3 cm? V~!s™! (maximum mobility of 0.5 cm? V~!'s™! average
mobility of 0.16 cm? V™! s71).7® Reasons for this poor performance vary from poor organization in
the solid-state to high resistance source and drain contacts. Despite this, interest in using fullerene
derivatives remains, as they have the potential to be solution processed and, with their wide range
of LUMO energies, could be used in devices with varying gate potentials and device

architectures.'”

In order to move this industry forward, new fullerene derivatives with a high packing density,
ordered solid-state packing, reversible reduction behavior to multiple redox events, high electron
affinity, and thermal stability are needed.”’®" The fullerene derivative, CooFHF, has those
characteristics. Therefore, work was done in a collaboration between the Strauss-Boltalina
Research group and Dr. Lussem’s lab at Kent State University in Ohio to make OFET devices to

evaluate C¢oFHF’s behavior as an n-type OFET material.®!

For those experiments to be feasible, a significant amount of CeoFHF was needed (between
150 and 200 mg). For this amount, the original 2015 synthesis®> was not practical due to difficulties
with scalability, so a new scalable synthesis of CooFHF was developed. This method was discussed
in Chapter 3 of this work. The improved synthesis resulted in preparation of 100+ mg samples in

a single-step reaction and allowed for the systematic study of the performance of CeoFHF in
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vacuum-processed organic field-effect transistors, in particular, the influence of contact and
channel doping on the performance of the transistors. By deriving an analytical solution for the
drain current of an n-doped OFET operated in saturation, it is shown that the subthreshold swing
of doped transistors can be optimized by using a transfer doping approach, i.e. by including a bulk
dopant layer at the interface between organic semiconductor and gate dielectric instead of a mixed
doped layer. The optimized devices achieved a charge carrier mobility of 0.35 cm?® V™'s™!, which

is among the highest performances for fullerene derivates.
4.4.2. OFET device design with CooFHF

All design, fabrication, and measurements of CeoFHF OFET devices was performed by Dr.
Shiyi Liu at Kent State University in Dr. Bjorn Lussem’s lab. The general design of the OFETs
studied here is shown in Figure 4-10. The parameters varied within each series are listed in Table

4-3.

The transistors consist of an aluminum gate electrode with a dielectric Al,O3 layer on its
surface, (50 nm in series #1 and #2, 5 nm in series #3), which helps regulate the threshold voltage
due to its higher capacitance and decreases the number of trap states from metal hydroxyl groups.’
To increase the stability of the transistors, the oxide layer is covered either by a thin layer of
tetratetracontane, TTC, (series #1 and #2)3 or by a self-assembled monolayer of phosphonic acid
(series #3) which has been shown to passivate the trap states in the dielectric layer and also create
a crystalline template for the intrinsic layer, CsoFHF, which can improve transconductance.® At
the interface between the intrinsic layer consisting of CeoFHF, a thin layer (thickness of 0, 1, 2,
and 4 A) of the n-dopant 0-MeO-DMBI-I*® is deposited by vacuum deposition to control the

threshold voltage of the transistors.%’

Finally, in order to study the contact resistance of these devices, two different contact
geometries are used, shown in Figure 4-10. In the first contact geometry (series #2 and #3), a 25

nm heavily n-doped (8 wt.%) layer of Ceo (Ceo/0-MeO-DMBI-I) and a thin layer (2 nm) of the n-
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dopant (0-MeO-DMBI-I) is deposited as the injection layer, which is known to generate a quasi-
ohmic contact to reduce the injection losses.3® This arrangement is of special interest in the case
of CeoFHF because of the minimal difference in LUMO energy between Ceo and CooFHF.%* By
doping the Ceo layer the transconductance and therefore the injection rate should increase. Finally,
in the second series of devices, gold contacts are used as a reference material for a common metal
source/drain contact (series #1). In order to ensure the horizontal conductivity on electrodes, all
contacts are covered by an aluminum film (60 nm) on top of the source and drain contacts.
4.4.3. Performance of CooFHF OFETSs

The series of devices listed in Table 4-3 and Figure 4-10 were all examined for their stability
to repeated cycling before measurements of their device characteristics were recorded. All of the
devices produced were shown to be sufficiently stable for measurements. An example of the

devices is shown in Figure 4-11.

The drain and gate currents are stable over the range of gate-source potentials cycled, 1-10 V.
Additionally, the drift in the threshold voltage is minimal for both the n-doped Cso and Au contacts.
This is the first hurdle for a new OFET and in the case of the CeoFHF devices there is no detectable
hysteresis which would indicate degradation of the devices. Following confirmation of the device’s

stability the full set of device characteristics could be measured.

One parameter which was evaluated and shows one of the beneficial characteristics of CeoFHF
was the source/drain resistance when n-doped Ceo was used versus Au. As previously stated in
Section 4.4.2., the LUMO difference between Cep and CsoFHF is minimal and so there should be
a minimal energy barrier for charge carriers at the interface. Additionally, it has been shown that
n-doped Ceo can form an ohmic contact between a metallic source electrode and the organic
semiconductor in the intrinsic layer resulting in a minimized contact resistance.®* With an ohmic
contact the resistance should follow Ohm’s Law meaning the current and voltage should respond
linearly as opposed to a rectifying contact which would have non-linear behavior.”® This is an

important characteristic of the device and C¢oFHF’s behavior as an OFET semiconductor because
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one of the main factors affecting OFET performance (besides the intrinsic mobility of the organic
semiconductors) is the large contact resistance at the common inorganic source and drain

interfaces.”®

In Figure 4-12, the output characteristics of OFETSs using an n-doped Ceo injection layer and
OFETs using Au contacts are compared. At identical operation conditions, i.e. identical gate-
source voltage, Vgs, and drain/source voltage, Vps, the transistors using Au contacts show a lower
drain current, Ip. This reduction in Ip correlates with an increased contact resistance, Rc, plotted
in Figure 4-12. Whereas OFETs using Au contacts show a contact resistance of several MQmm,
the Rc is reduced by the inclusion of the doped layer to 0.4 MQmm. Furthermore, the dependency
of the Rc on the Vs is greatly reduced for the OFETs with doped layers, which will make the
calculation of the charge-carrier mobility of the corresponding OFETs more reliable. This is an
important consideration given the over estimation of charge-carrier mobility in the past by not

accounting for the high Rc between organic and metal interfaces.”!

Lastly, the electron mobility of the device is an important characteristic for any OFET. This
value is most commonly used as the figure of merit to determine the value of new intrinsic layer
materials.!® It was expected that CeoFHF should have a high charge-carrier mobility because of its
dense packing allowing for more facile charge diffusion through the material. A comparison of the
crystal packing density and number of nearest neighbors of CeoFHF® and two solvent-free crystal
structures of Ceo°> and PCBM®? is shown in Figure 4-13. The density of the crystalline CeoFHF is

16% higher than that of PCsoBM with only 1.1% larger molar mass.

After, optimizing the dopant layer thickness for the gate-intrinsic layer contact an impressive
average charge-carrier mobility of 0.34 cm? V~!s™! was achieved. This value is one of the highest
reported for a fullerene derivative.!? Figure 4-14 shows the effect of varying the dopant thickness
on charge mobility for the TTC dielectric layers. Experiments were also performed using self-
assembled monolayers as the gate-intrinsic layer contact material but resulted in a lower electron

mobility average.
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For devices made with n-doped Ceso contacts the highest mobility recorded was for a device
with a dopant thickness of 0.2 nm and beyond that there is a slight drop in mobility. For the Au
contacts the optimal dopant thickness was achieved with thicker dopant layers and the charge
mobility was considerably lower at lower dopant thicknesses. This difference between the two
contacts is consistent with the observations made with respect to the near ohmic contacts between
the n-doped Ceo source and drain contacts and the intrinsic layer showing improved

transconductance for the less optimal Au contact at higher dopant thicknesses.

4.4.4. Conclusion for CooFHF OFET Devices

OFET devices using CeoFHF as an intrinsic semiconductor material were produced. The
CeoFHF devices were found to be stable with no detectable hysteresis after 100 cycles at varying
gate voltages. Additionally, there was no significant drift in the threshold voltage. With the
stability of the devices confirmed, experiments were undertaken to optimize the charge mobility
of the OFET devices in the reported configuration with CeoFHF. The OFET devices with n-doped
Ceo contacts had minimal contact resistance as was expected since the LUMO levels of Cgo and
CeoFHF are approximately within error of each other. This ohmic resistance was compared to the
Au contacts as a control for common inorganic contacts and the contact resistance for the n-doped
Ceo contacts was only 0.4 MQmm while the Au contacts were as high as 6 MQmm at higher gate
source voltages. The dopant thickness as well as the dielectric layer thickness and material were
optimized as well. The optimal configuration with the highest charge mobility was found for
device series #2 with a 2 nm gate-intrinsic layer dopant contact, TTC as a dielectric layer, and n-
doped Ceo as the drain and source contacts resulting in an impressive charge mobility of 0.34 cm?

V~!s7!, This mobility is among some of the highest reported for Ceo based OFET derivatives.

4.5. CoFHF BASED OFET DEVICES
4.5.1. General comments
While Ceo and certain derivatives have shown the most promise as an n-type semiconductor

Co as well as other higher fullerenes have lagged behind.!” The justification that has been used
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for these results are (i) the smaller HOMO-LUMO gap for higher fullerenes and (ii) the lower
symmetry for higher fullerenes including C7o results in poor electron transport properties.'® This
trend seems to extend to fullerene derivatives as well with the mobilities for Ceo derivatives being
higher than the analogous Cro derivatives. Table S4-1 shows a number of Ceo and C70 OFET
devices’s charge mobilities including both pristine and derivatized fullerenes and in all cases the
C70 materials performed worse than the Ceo analogs. This trend was studied formally among other

structural variables in the 2012 paper by Li et al.**

However, the results shown and discussed in this section reveal that this trend is not absolute.
OFET devices made using C70FHF as an intrinsic material actually had higher mobilities than the
CeoFHF devices reported in Section 4.4 of this work. The C70FHF devices were made using the
same parameters as the CeoFHF devices and were optimized for the dopant and dielectric film
thicknesses showing these results as a fair comparison of the two material properties. Additionally,
a third material was tested, C70FHF-3, which had demonstrably worse charge carrier mobilities.
The electronic properties of these two materials are largely the same and so these results show an
example where the structural differences in the solid-state packing is, apparently, singularly

responsible for the differences in device performance.

4.5.2. OFET device design with C7oFHF

The same device architecture used for CeoFHF OFET devices was used for C7oFHF. A bottom
gate/top contact OFET geometry as shown in Figure 4-10 was also used for C7oFHF devices. As
before, the material used for the source and drain contacts was varied. Two C70FHF series, #5 and
#7 utilize the n-doped Ceo contacts and #4 and #6 use Au. The n-dopant used in all cases was o-

MeO-DMBI-I which was shown to effectively dope Cgoin the CooFHF devices.®!

All device variations were performed for the 2:1 mixture of C70FHF-1 and C70FHF-2 first
described in Chapter 3 of this work and for the pure compound C70FHF-3, leading to OFET series

#4 to #7 listed in Table 4-4.
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4.5.3. Performance of C7oFHF OFETs

Figure 4-15 shows the device behavior for series #4 —#7. Devices using an n-doped Ceo contact
are shown in the left drawings and the devices utilizing Au contacts are shown on the right. Devices
made using the isomer mixture, C70FHF-1 and C70FHF-2, are shown in the top drawings and the
devices made using the pure C70FHF-3 isomer are shown on the bottom of Figure 4-15. All the
devices produced exhibit good hysteresis, a high on/off ratio, and a low threshold voltage. The
contact resistance, as was seen for CeoFHF devices, is lowest for the n-doped Ceo contacts. Contact
resistance drops from 2.10 MQmm at Vgs=7 V to 0.85 MQ mm at Vgs = 10 V for the n-doped
contacts and 48.67 MQmm at Vgs=7 V to 33.28 MQmm at Vgs = 10 V for the Au contacts. The
large difference in resistivity at the source/drain contacts is consistent with the results already

discussed for the CeoFHF devices.

In Figure 4-15, the influence of the thickness of the dopant layer at the gate dielectric/intrinsic
layer interface is shown as well. As the dopant layer thickness increases the threshold voltage, Vi,
shifts to a slightly lower value. This follows the expected trend for the shift to ohmic contact

resistance as the dopant layer was increased which was seen for CeoFHF as well.

The average electron mobility is summarized in Figure 4-16 for the 2:1 mixture of C7oFHF-1
and C7oFHF-2 in the left drawing and the right drawing for C70FHF-3. Overall, the mobility of the
isomer mixture, C70FHF-1 and C70FHF-2, is 0.6 cm® V !s™!, more than twice as high as the
mobility of the C7oFHF-3 isomer, 0.27 cm? V~'s™!. Within the margin of error, the influence of the

contact material on the (effective) mobility can be neglected for all variations.

The charge mobility drops as the dopant layer thickness is increased. This result suggests that
the addition of the doped layer on top of the gate dielectric may have an effect on the morphology
of the C7oFHF layer. This result is in contrast to Figure 4-14 which showed increasing dopant layer
thickness improved charge mobility for the CeoFHF devices with Au contacts and had a minimal

impact on the n-doped Ceo devices, series #1 and #2. However, even for the thickest dopant layer,
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the mobility is above 0.3 cm? V™! s7! (for the 2:1 mixture of C7oFHF-1 and C70FHF-2) and 0.18

cm? V! s7! (for isomer C70FHF-3).

4.5.4. Conclusion for C7oFHF OFET Devices

In this section the author reports the impressive performance of C70FHF isomers as intrinsic
materials in OFETs. The charge mobility of the C7)FHF compounds in the case of the isomer
mixture out-performed the Ceo analog. This is unusual because pure compounds tend to have more
crystalline morphologies and therefore better charge transport. Furthermore, at optimal conditions
the mobility of the 2:1 C7;0FHF-1 and C70FHF-2 isomer mixture was almost double that of the
similarly optimized CeoFHF, 0.6 versus 0.34 cm? V! s7! respectively. An additional isomer of
C7oFHF, C70FHF-3, which was able to be isolated in a pure form, was tested and showed slightly
worse performance than the isomer mixture with a maximum charge mobility of 0.27 cm? V! s7L.
The reason for this difference in performance is assumed to be related to differences in the
structural packing of the two materials since their electrochemical properties are within error of

each other as was discussed in Chapter 3.

The structure of C7;0FHF-1, which was discussed in detail in Chapter 3, is similar to the
structure of CeoFHF and has a nearly identical packing density, 1.850 vs. 1.885 g cm>,
respectively, and packs with ten nearest fullerene neighbors. However, since the devices reported
here were made with a 2:1 mixture of C70FHF-1 and C;0FHF-2. Since crystals of the latter
compound suitable for X-ray diffraction could not be isolated, no further discussion of the
structural properties of this material can be made. This is also true for the devices made with

C70FHE-3.

Future research will focus on characterizing the structural properties of the two unique intrinsic
layer materials after they have been sublimed onto the device surface. While it may not be possible
to grow crystals of the two materials, especially from mixtures of the compounds, the deposited
films could be studied using an electron microscopy technique such as SEM or a diffraction

technique such as SAXs assuming the source flux, such as a synchrotron, is large enough to
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compensate for the low Z number atoms. The results of such experiments could be more
informative about the nature of the intrinsic layer material and may explain the drop in charge-
carrier mobility as the dopant thickness was increased. Additionally, devices made with the pure
C70FHF-1 isomer, which has been structurally characterized, would show whether using the

mixture of compounds was advantageous or disadvantageous with respect to device performance.

4.6. MATERIALS AND METHODS
4.6.1. Reagents and general procedures

The following reagents and solvents were obtained from the indicated sources and were used
as received: aluminum (99.999%, Sigma Aldrich); gold (99.999%, Sigma Aldrich); o-MeO-
DMBI-I (99.9%, Lumtech); Ceo for OFET contacts (99.99%, Creaphys GmbH); 1,2-
dichlorobenzene (99%, Acros Organics); P3HT (97+%, Sigma Aldrich); Ceo for OPV films
(99.5%, MTR Ltd.); PCBM (97%, Nano-C); PC70BM (97%, Nano-C); anhydrous chlorobenzene
(99%, Sigma-Aldrich); toluene (99.9%, Fischer Scientific); carbon disulfide (98%, Alfa Aesar);
chloroform (99%, Fischer); chloroform-d (CDClsz, 99.8%, Cambridge Isotope); HPLC grade
heptane (99%, Fischer); and 7,7'-[4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b"]dithiophene-2,6-
diyl]bis[6-fluoro-4-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole ("SMD", 97%,
NEXT Energy Technologies). The compound m-chloroperbenzoic acid (m-CPBA) was obtained

from Sigma-Aldrich with 85% purity and was recrystallized from chloroform.

4.6.2. OPYV active layer film production

OPYV active layers were made from a 30:70 weight % fullerene/polymer solution from o-DCB.
The films were drop casted and allowed to dry in air with a single directional air flow using a fume
hood. The only polymer used was poly-3-hexylthiophene (P3HT). The fullerenes used were Ceo,
1,9-Ceo(fauxhawk) (CsoFHF), and phenyl-Ceso-butyric acid methyl ester (PCBM).

4.6.3. Thermal annealing chamber development
The chambers were made by sealing 1.25 in. NPT red brass pipes with two 1.25 in. NPT red

brass caps each using gas-utility polytetrafluoroethylene (PTFE) tape. A glass tube was inserted
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in each hollow brass apparatus, and several glass 3 dram vials were placed in the glass tubes. Each
active-layer polymer/fullerene composite films to be tested was deposited, in triplicate, on quartz
time-resolved microwave conductivity (TRMC) sample slides, which were placed in the 3 dram

vials and labeled according to film composition. The design is shown in Figure S4-1.

In order to confirm that each of the apparatuses were air-tight, they were tested for their ability
to hold water at the temperatures used in the thermal cycling experiments, =78 to 100 °C. This
experiment effectively explored the design’s steam tightness with one end of the pipe sealed and
not meant to be opened again while the other was able to be opened and closed repeatedly without

significant damage to the system.

Water (10 mL) was added to each apparatus. It was reproducibly sealed by measuring the
length of exposed thread. Each hollow-pipe brass/glass apparatus was placed in an oven at 100 °C
for 24 h. After the heating period was completed, the apparatus was opened and the amount of
water it contained was measured. In this way, it was determined that each assembled apparatus

was effectively air-tight at 100 °C.

Following this test, the chamber seals were tested following thermal cycling. The chambers
were assembled, and 10 mL of water was added. The chambers were cycled approximately every
12 h from 100 °C to —78 °C for 48 h. To maintain —78 °C a foam cooler was placed inside of a
larger, plastic cooler. The interior cooler and the space between the outer and interior cooler was
filled with dry ice, shown in Figure S4-1. The temperature inside of the foam cooler was found to
be stable at =76 °C using a K-type thermocouple. At the end of the test, an average of 9.7 mL of
water was collected with the losses due to some water which remained inside the chamber showing

the seal was maintained even after prolonged cycling.

4.6.4. Proton bombardment
The hydrogen ions were accelerated to 3.0 MeV by a National Electrostatics Corporation

(NEC) Pelletron tandem accelerator. The beam was rastored across the films to give uniform

211



coverage. A 3 MeV proton (H") beam was obtained by irradiating the sample at a total dose per
film of 4.17x10'7 ions/cm? at a current of 0.3 nA for 107 ms. The dose size was calculated by

converting the recommended dose size of 14 krad to ions cm 2.

4.6.5. PCBM purity determination

Before the PCBM samples were used to make the films for the illumination experiments their
purity was assessed by NMR, HPLC, and mass spectroscopy. To ensure that no contaminants were
introduced in the PCBM sample during the NMR analysis, the "H NMR spectra of the neat NMR
solvents were collected in the same NMR tubes that were subsequently used for the analysis of the
PCBM sample. This allowed for the elimination of any solvent based impurities arising from
contamination of the NMR tubes. These experiments showed that even at high PCBM
concentrations, 0.01 M, no observable non-solvent proton-containing impurities were present.
There is a small but detectable amount of a toluene impurity (6 7.0-7.2 and 2.4) likely left over
from the original purification. The full spectrum of PCBM is shown in Figure S4-3 and the

chemical shifts are in agreement with the reported values.*!

To further probe the sample for other potential non-volatile impurities as well as identify the
retention time for PCBM in our HPLC system, the HPLC chromatogram of PCBM was collected

in 100% toluene with a flow rate of 5 mL min~'. The chromatogram is shown in Figure S4-4.

The trace shows there are no detectable impurities. The inset shown in Figure S4-4, shows the
chromatogram at 100X magnification. There is an unidentified residual solvent peak at the dead
volume (or first sample elution point). Most importantly, we can tentatively conclude there are no
significant concentrations of multi-adduct PCBM derivatives present in this sample. Those adducts
would have appeared in the HPLC trace as separate peaks, most likely with retention times shorter
than that of PCBM. Furthermore, we can deduce that there are no detectable amounts of Ceo in the
sample, which would have not been detected by 'H NMR. Ceo would have eluted as a second peak

at 8 minutes in this separation regime.
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One cannot completely rule out that some impurities can co-elute with PCBM, so further
elaboration of analysis is possible. For example, by modifying the mobile phase to increase the
retention of fullerenes, one can detect co-eluting compounds. This technique was used in later

studies.

Lastly, negative ion electrospray ionization mass spectrometry, NI-EST MS, was used to further
rule out the presence of any fullerene contaminants with a different composition than PCBM that
may have co-eluted with PCBM. The mass spectrum of the PCBM sample is shown in the
supplemental information section for this chapter, Figure S4-5. Use of more polar solvents, e.g.,
acetonitrile, resulted in the extensive adduct formation in the ion source complicating analysis of

the sample composition so only toluene was used as the carrier solvent.

There is a low-intensity signal at m/z 926. With a mass separation of 16 Da from PCBM, this
ion is most likely due to an oxidized PCBM derivative. This ion may have been formed in the ion
source of the mass spectrometer as a result of the ionization process in the presence of residual
water or oxygen. There is also a peak identified as the parent ion Ceo at m/z 720. This peak appears
to be the result of fragmentation of the PCBM parent ion since the HPLC trace did not show a
detectable quantity of Ceo. From these analyses it can be concluded that PCBM has a high

compositional purity and was sufficiently pure to use in the degradation studies.
4.6.6. Variability in PCBM vendor purity

Using the methodology described above multiple PCBM vendor samples were analyzed for
purity. In one case, the sample was found to be contaminated by the 5,6 isomer of PCBM rather
than the more stable 6,6-PCBM isomer that is commonly referred to as PCBM. For this section
and for the related figures and figure captions PCBM will be referred to as 6,6-PCBM for clarity.
The 5,6-PCBM contaminant was found to have a deleterious effect on device performance and so

the characterization of that impurity is reported here for the benefit of the literature.
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For privacy reasons the vendor name will not be disclosed and will be referred to as Vendor X
for the purposes of this work. The '"H NMR spectrum of the Vendor X PCBM sample was recorded
in a mixture of 9:1 CS2:CDCIl; and compared to the verified sample of PCBM from Nano-C
discussed in Section 4.6.5. The spectra are shown in Figure 4-17 and a more detailed spectrum of
the Vendor X PCBM sample is shown in Figure 4-18. From this spectrum the chemical shifts of
the 5,6-PCBM impurity were identified and matched well to the chemical shifts reported by
Hummelen.”> In order to characterize the impurity further, the 5,6-PCBM was separated from the
major isomer, 6,6-PCBM by HPLC using an eluent mixture of 60/40 toluene/heptane. The HPLC
chromatograms associated with the separation are shown in Figure 4-19. Upon isolation the F1
fraction, 6,6-PCBM, was yellow in solution and the F2 fraction, 5,6-PCBM, was a dark purple
color. Using the isolated fractions, the UV-vis spectra were recorded and the band maxima were
matched to the literature reported values® adding an additional confirmation that the contaminant

was the 5,6-PCBM isomer.

The synthesis reported by Hummelen® utilizes the 5,6-PCBM isomer as the starting material
for the final step in the multi-step process to produce 6,6-PCBM which is commonly used in
organic electronic devices. It is important for future researchers to be aware of this possible
contaminant so they can take appropriate steps to either remove the 5,6 isomer or convert it into

the 6,6 isomer.

4.6.7. PCBM film production

PCBM films were made via spin casting from a 40 mg/mL solution of PCBM in
chlorobenzene. The films were spin casted at 760 rpm for 40 s which was found to give the most
uniform coverage while simultaneously resulting in the thickest film. The films were cast in a
nitrogen filled glovebox and thermally annealed at 90 °C for 10 min. The films were evacuated
over 24 h in a glovebox antechamber to remove residual chlorobenzene from the films. Three films
were brought into an argon glovebox. Two of those three films were placed under 1 sun

illumination and were continuously exposed for 24 h and 100 h respectively. The third film was
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kept in the dark in the glovebox for the duration of the experiment. Three other films were exposed
to air and 2 were aged under the same conditions as previously described in air and the final film
was stored in the dark for the duration of the experiment. The resulting films were either scraped
in a glovebox or in air depending on the initial aging conditions for each film, Air-aged films were
scraped in air and argon aged films were scraped in a glovebox atmosphere. The Ar-aged films
were packed under nitrogen in air-tight gasket sealed vessels and the Air-aged films were packaged
in air in the same vessels. Both containers were wrapped in aluminum to exclude light and shipped

to CSU for analysis.

4.6.8. Chemical oxidation of PCBM

A sample of chemically oxidized PCBM was synthesized using meta-chloroperoxybenzoic
acid (mCPBA) as an oxidant® in a dilute solution (0.01 M) of PCBM in chloroform. The solution
was washed with water after resting for 4 h and then washed with a dilute solution of NaOH (0.01
M) to remove residual acid. The solution was washed with water again three times and then with
chloroform, which was roto-evaporated to dryness. The resulting crude material, referred to as Ox-

PCBM in this document, was analyzed by mass spectrometry (MS), 'H NMR, and HPLC.

4.6.9. SMD:PCBM device fabrication

The devices were made with 0%, 0.3%, 3%, and 30% PCBM-oxide. These devices were
constructed in an inverted architecture using SMD as a small molecule donor. This has been shown
to produce devices with PCE efficiencies greater than 6% with PCBM as the acceptor. All of the
doped devices were made using the same device structure. Device structure: hole blocking layer
polyethylenimine and glycerol diglycidylether (PEL:DEG) | BHJ | electron blocking layer vapor

deposited MoOyy) | vapor deposited Al. All device layers were spin coated unless otherwise stated.

4.6.10. CeoFHF and C7oFHF OFET fabrication
The CsoFHF and C70FHF OFETs were assembled on glass substrates, which are cleaned by a
sequence of ultrasonication in D.I. water, acetone, methanol and isopropanol, and were dried under

a stream of nitrogen. To assemble the dielectric gate, which includes the gate oxide and a
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passivation layer, an aluminum film of 150 nm is deposited by thermal evaporation and structured

by shadow masks to form the gate patterns.

For TTC based OFETs (series #1 and #2), 50 nm of aluminum oxide was used as the dielectric
gate material, which was grown by anodization according to the reports by Majewski et al..”® The
thickness of the aluminum oxide was controlled by the terminating voltage of anodization.
Afterwards, substrates were annealed for 2 h at a temperature of 70 °C. Finally, a passivation layer
(40 nm film of TTC) was deposited onto the aluminum oxide to complete the dielectric gate.
Before the evaporation of the organic semiconductors, substrates with a dielectric gate were

annealed for another 2 h at a temperature of 70 °C.

For SAMs based OFETs (series #3), aluminum oxide was grown by oxygen plasma according
to the reports by Klauks, et al.”” Afterwards, the samples are immersed in 5 mM solution of N-
tetradecylphosphonic acid (TDPA) for 18 h to form a passivation layer of self-assembled
monolayers (SAMs) on the oxide surface.®*> The samples are rinsed by isopropanol and again dried

by nitrogen gas. Finally, samples are annealed for 20 min at 70 °C in a nitrogen filled glovebox.

The dopant film was deposited in a single evaporation run with different thicknesses at an

1

evaporation rate of 0.1 A sl Afterwards, 40 nm of an intrinsic fauxhawk fullerene film was

thermally deposited at a rate of 0.5 A s

The injection layer was deposited and patterned by a drain/source shadow mask, followed by
60 nm of aluminum film to ensure a high conductivity throughout the drain/ source electrodes. For
OFETs with a gold injection layer, 20 nm of gold was thermally deposited as the injection layer.
For OFETs with an n-type Ceo injection layer, the heavily doped Ceo film (25 nm, 8 wt.% of Ceo:
0-MeO-DMBI-I) was deposited by co-evaporation. During the co-evaporation, the doping
concentration was controlled by the ratio of the evaporation rate between Ceo and the

corresponding n-dopant 0-MeO-DMBI-I. Here, the rate of Ceo was kept at 0.5 A s7!. Furthermore,
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a thin film of the pure n-dopant (2 nm, o-MeO-DMBI-I) was deposited on top of the n-type Ceo

injection layer to further enhance the injection.

The vacuum chamber and deposition tool are manufactured by Angstrom Inc. The base
pressure of the vacuum chamber is in the range of 5 x 10 Torr. The transistors are characterized
by a Keithley SCS-4200 semiconductor parameter analyzer inside the glovebox at room
temperature (300 K). The level of oxygen and moisture in the glovebox are controlled and

remained below 0.1 ppm.

4.7. CONCLUSIONS

A wide range of applied research has been performed to advance the field of fullerene based
organic electronics. Work was done to evaluate using OPV devices in space applications. These
materials would be well suited to instruments with low power consumptions and minimal
operational windows, cubesats. At this time, it has been shown that OPV active layers were
resilient to prolonged vacuum and thermal cycling in the temperature and pressure ranges
experienced in space. Additionally, thermal cycling resulted in a measurable improvement in the

Yield x Mobility value of the active layer films.

Preliminary radiation exposure studies were performed but more work is needed before any
conclusions about the viability of OPV devices in space can be made, however a promising result
is that the degradation in the films due to high energy proton and photon bombardment was able

to be reversed to some extent by thermal cycling of the OPV active layers.

Aging studies of PCBM films were performed in air and in an inert Ar atmosphere. While it
had been shown previously that the PCBM degrades in an inert atmosphere and less so in air
apparently due to dimerization of the fullerene’! it had not been shown that in air while the
dimerization is inhibited due to singlet oxygen’s ability to quench the T excited state>* oxidation
of the fullerene does occur. The discovery of the previously unidentified Ox-PCBM species in the

aged material was achieved by HPLC using weaker eluent conditions than had been previously
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reported and was confirmed by careful analysis of the 'TH NMR spectra of the samples correlated

with the HPLC chromatogram peak areas in the literature separation conditions.

The effect of Ox-PCBM on the device performance was measured by synthesizing Ox-PCBM
and intentionally adding it to OPV devices. These studies showed that, as expected, the Ox-PCBM

had a deleterious effect on the device performance and specifically the fill factor.

Since the oxidation of PCBM is likely an unavoidable part of any PCBM based OPV overtime
the effect Ox-PCBM has on device lifetime was also investigated. Unexpectedly, the most
significant result was that the presence of Ox-PCBM had a minimal impact on the prolonged
performance of the OPV devices and the loss rate became effectively stable after the first 250 h.
However, the devices initial drop in performance, commonly referred to as burn-in, was
dramatically affected. In the highest Ox-PCBM concentrations the majority of the devices did not
have a measurable PCE value shortly after the first 100 h of illumination. This result may have
important implications both in device processing and in attempts to fundamentally understand the

causes of device burn-in which remains an active area of study.**6>7!-73

Lastly, OFET devices were produced utilizing fauxhawk fullerene materials synthesized by
the author. The original devices were made using CeoFHF. These devices showed impressive
charge carrier mobilities with an average of 0.34 cm? V~'s™!. These devices were found to have
minimal hysteresis and optimal device architecture was found through controlled varying of the
dopant thickness layer and source/drain contact materials. By utilizing 0-MeO-DMBI-1 N-doped

Ceo contact layers were produced and these had the highest charge mobilities with CeoFHF.

Following this success more devices were prepared using two different C70FHF materials, a
mixture of 2:1 C70FHF-1 and C70FHF-2, and C70FHF-3. Both of these materials, contrary to the
general consensus in the literature, outperformed or matched the performance of the CeoFHF
devices. Most impressive was the C7o0FHF isomer mixture which achieved an average charge

mobility of 0.6 cm®> V~!s™!, one of the highest mobilities reported for a fullerene derivative in an
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n-type OFET device. This result suggests previous conclusions about the cause of lower mobilities

for C79 based OFETs may need to be re-evaluated.

4.8. ADDITIONAL RECOGNITION

The fabrication of the drop cast OPV bulk heterojunction films was performed by Dr. Long K.
San. Dr. Long K. San was critical to the experimental design of the radiation exposure studies. The
proton bombardment experiments were performed in Dr. Vaithiyalingam Shutthanandan's lab at
Pacific Northwest National Lab. The electron bombardment studies were performed at Colorado
State University with the assistance of Dr. Roy Geiss. Dr. Geiss also supplied the author, going
beyond the normal call of his responsibilities as a Central Instrument Facilities Analytical
Specialist, with several primary literature sources for radiation degradation of carbon rich sources
which were invaluable in understanding the results of the experiments and were also useful in later
work associated with PCBM aging experiments. The aging experiments were performed at NEXT
Energy Technologies lab in Santa Barbara, California with advice and assistance from the
excellent team of engineers and chemists there. The OFET devices were produced at Kent State

University by the always impressive Dr. Shiyi Liu in Dr. Bjorn Lussem’s research lab.
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Table 4-1. Effect of prolonged evacuation and thermal cycling of the active layer films measured
by changes in the Yield x Mobility value.

oZp oXp

sample % change % change
(cm? V-1-g71)3 (ecm? V-1.g71yb
| C60-A | 0.025 | 0.009 | |

C60-B 0.022 11 0.011 23
C60-C 0.049 460
FHF-A 0.016 0.005
FHF-B 0.009 42 0.007 33
FHF-C 0.020 240
PCBM-A 0.014
PCBM-B 0.016 16 0.011

?Yield x Mobility value was recorded for samples that were not evacuated (A) and samples which
were evacuated (B). ® Yield x Mobility value was recorded for samples that were not thermally
cycled (A) and samples which were thermally cycled (B) and samples which were thermally cycled
again (C).
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Table 4-2. Summary of PCBM films and degradation conditions.

light atmosphere
film no exposure 24 h 100 h air Ar
Al X X
A2 X X
B1 X X
B2 X X
C1 X X
C2 X X
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Table 4-3. Summary of CqoFHF OFET Devices

OFET series #1 #2 #3

thickness of Al,Os3 50 nm 50 nm 5 nm

gate oxide

passivation layer TTC (40nm) TTC (40nm) SAM
injection layer Au n-doped Ceo n-doped Ceo
thickness of dopant 0,1,2,0or4 A 0,1,2,0or4 A 0,1,2,or4 A
layer

channel length 100, 150, 200, 250, 300, or 350 pm
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Table 4-4. Summary of C70FHF OFET Devices

OFET series #4 #5 #6 #7
Semiconductor C70FHF-1: C70FHF-1: C70FHF-3 C70FHF-3
C7oFHF-2 C70FHE-2 (2:1) 18 nm 18 nm
2:1) 20 nm
20 nm
thickness of AlLO3 50 50 50 50

gate oxide [nm]

passivation layer TTC (40 nm) TTC (40 nm) TTC (40 TTC (40 nm)

nm)
injection layer Au n-doped Ceo Au n-doped Ceo
thickness of 0,1,2,4
dopant layer [A]
channel length 100, 150, 200, 250, 300, 350

[um]
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Figure 4-1. UV-vis spectra taken after UV exposure of OPV active layers over time. (Left)
CeoFHF:P3HT film (Right) PCBM:P3HT film. Both films were thermally cycled in the thermal
stability test described in Section 4.2.2.
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Figure 4-2. (Top) CeoFHF:P3HT UV-vis spectra pre and post proton bombardment. (Bottom)
PCBM/P3HT UV-vis spectra pre and post proton bombardment. Samples labeled A were not
thermally cycled; samples labeled B were thermally cycled.
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Figure 4-3. (Left) Drawings depicting the effects of increasing durations of illumination under
ambient air. (Right) Drawings depicting the effects of increasing durations of illumination under
an inert argon atmosphere. (Top) HPLC chromatograms for the films showing the percentage of
the peak area not included in the PCBM peak. The inset shows a zoomed in view of the degradation
product region of the chromatogram. (Bottom) NMR spectra for the films showing the percentage
of peak area not accounted for by PCBM’s methyl ester chemical shift. The asterisk shows the
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Figure 4-4. HPLC chromatograms of two PCBM films illuminated in air (Left) and in argon
(Right) for 100 h. In both chromatograms a new peak is visible eluting between 18 and 20 min.
The large peak eluting between 14 and 18 min is PCBM.
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Figure 4-5. The 'H NMR spectrum of the Ox-PCBM sample is shown. Only the methoxy region
is shown because it is the most informative part of the spectrum. Based on integration of the
methoxy region the sample was found to contain 36 mol% PCBM-oxide.
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Figure 4-6. (Left) Chromatogram was collected using 100% toluene as the eluent and (Right) was
collected using 60/40 toluene/heptane. The oxidized species co-elute between 17 and 21 minutes
under these conditions as shown by the inset on the right panel. The amount of PCBM-oxide
fraction based on peak area is 30%. However, this analysis cannot account for compounds that
may still remain hidden beneath the PCBM peak and Therefore it is possible that the PCBM-oxide
concentration is under-represented.
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Figure 4-7. Stacked 'H NMR spectra of the Ox-PCBM, air-aged, and argon, Ar, aged showing the
fingerprint methoxy region. The signal at 3.6 ppm is common to all three of the spectra.
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Figure 4-8. The oxide doped devices were measured for their initial efficiency. As the weight%
of Ox-PCBM increases from 0% to 0.3% to 3% to 30% the efficiency of the device drops off
linearly with the control devices having a percent conversion efficiency of approximately 6% and
the highest weight% devices 1% or less. The box and whisker plots are generated by the four
different electrodes on each device and represent the deviation between all four of the fingers on

each device.
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Figure 4-9. First 300 h of device lifetime. The control devices as well as the 0.3% devices have
comparable initial losses in the first 100 h (burn-in). The 3% devices perform worse with a more
substantial burn-in but eventually asymptotically level off. Lastly, the 30% devices fail more than
75% of the time after the initial burn-in. This is likely due to the severity of the burn-in leaving the
actual efficiency to be negligible. All efficiencies shown here are normalized to one.
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Figure 4-10. The design of OFETs used to study the performance of fauxhawk fullerenes. The p-
junction material for the source and drain is aluminum with an n-doped contact layer between the
FHF layer (intrinsic n-type layer). Two different contact layers were used, n-doped Ceo (Left) and
gold (Right). Furthermore, a thin layer of the n-dopant, 0-MeO-DMBI-I, full structure shown in
Figure S4-12 was introduced between the dielectric gate and the intrinsic FHF layer to control the
threshold voltage of these transistors. The gate dielectric Al2Os is either covered by a thin layer of
tetratetracontane (a 44 carbon n-alkyl chain), TTC, or by a self-assembled monolayer (SAM) made
from the deposition of phosphonic acid.
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Figure 4-11. (Left) Stability of an OFET with the device configuration #1 described in Table 4-3
(no channel doping). No significant change in the transfer characteristic is observed for 100 cycles.
(Right) Threshold voltage for one transistor from series #1 with Au contacts and for one transistor
from series #2 with n-doped Ceo contacts, both without channel doping. In both geometries, the
threshold voltage shown remains stable under repeated cycling.
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Figure 4-12. Influence of contact resistance on transistor performance. (Left) shows the output
characteristic of transistors with Au source and drain contacts and n-doped Ceo source and drain
contacts showing the n-doped Ceo contact devices have the highest currents, another measure of
the higher transconductance, lower resistance, in those contacts. (Right) displays the dependence
of the contact resistance on the gate source voltage.
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Figure 4-13. (Top) Drawings of molecular structures of Ceo (Top Left), CsoFHF (two views) (Top
Middle) and PCsoBM (Top Right). (Bottom) The nearest-neighbor centroid packing patterns in
the single-crystal X-ray structures of Ceo (Bottom Left) with twelve nearest neighbors,”? CeoFHF
(Bottom Middle) with ten nearest neighbors,% and PCsoBM (Bottom Right) with seven nearest
neighbors.” The experimental crystal packing densities are shown as well.
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Figure 4-14. Influence of gate channel doping layer thickness on the charge carrier mobility of
CeoFHF:TTC based OFETs (series #1 and #2, each data point contains results from eight devices.)
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Figure 4-15. Transfer characteristic of OFETs (Top) using a 2:1 mixture of C7;0FHF-1 and
C70FHF-2 (series #4 and #5); and (Bottom) isomer C7;oFHF-3 (series #6 and #7). Whereas the
transistors shown (Left) use n-doped Ceo as the injection layer (series #4 and #6), (Right) use Au
contacts (series #5 and #7).
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Figure 4-16. Average electron mobility of transistors using C70FHF-1:C70FHF-2 (2:1) (Left) and
C70FHEF-3 (Right).
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Figure 4-17. Stacked '"H NMR spectra for the PCBM reference sample and Vendor X. The
spectrum of the Vendor X sample shows several peaks that are not observed in the spectrum of the
reference PCBM sample. These signals were identified as 5,6-PCBM. Asterisk labeled peaks are
residual chloroform and water in the NMR solvent.
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Figure 4-18. The '"H NMR spectrum of the Vendor X PCBM sample. Red boxes highlight regions
with additional peaks which are not attributed to PCBM.” Inset (Top Middle) shows the singlets
due to methoxy protons on PCBM (6 3.7) and on the 5,6-PCBM impurity (8 3.60), the latter is
estimated as 20 mol% relative to PCBM. The ratio of signals assigned to PCBM and 5,6-PCBM
are consistent in both the aromatic and aliphatic regions.
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Figure 4-19. HPLC chromatograms for the Vendor X sample in 100% toluene and 60:40 toluene
heptane. The line through the lower trace shows where the F1 and F2 fractions were collected.
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Figure 4-20. The UV-vis spectra of F1 and the F2. The UV-vis spectra were recorded in the eluent
mixture for the HPLC separation, 60:40 toluene heptane. The characteristic absorption bands are
outlined on both spectra. The band maxima agree well with the literature values for both the [6,6]
and [5,6] respectively.”
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CHAPTER 5
SINGLE-CRYSTAL X-RAY DIFFRACTION STRUCTURES OF
PAH/PAH(CF3), AND PAH/CeF1s CHARGE-TRANSFER CO-CRYSTALS

5.1. INTRODUCTION

The study of donor/acceptor charge-transfer co-crystals (CT/CCs) is an exciting area of
research because of their possible applications in organic electronics.! CT/CCs have a number of
advantages over normal organic semiconductor materials. For example, the crystallization process
can exclude impurities which can decrease trap state concentration and non-linear voltage behavior
in OFETs.!? In addition, the ability to readily tune both structural and electronic properties make

CT/CCs attractive materials with which to design molecular electronics.®”

Although donor/acceptor co-crystals of PAHs and fluorinated PAHs (i.e., PAH(F),) have been
studied for many years (e.g., co-crystals of perfluoronaphthalene with pyrene® and fluorene’), co-
crystals of PAHs and PAH(CF3), derivatives have only recently been published. The only one
published before 2019 was the structure of PYRN/AZUL-5-1, published in 2014 (AZUL-5-1 =
1,2,3,5,7-azulene(CF3)s).% In 2019 the structure of the donor/acceptor co-crystal PYRN/(ANTH-
6-1)2 was published in a paper in which the author of this dissertation is the first author (ANTH-
6-1=2,3,6,7,9,10-anthracene(CF3)s).” The structure of this co-crystalline charge-transfer complex
will be discussed in this chapter. The structures of seven additional PAH/PAH(CF3),
donor/acceptor co-crystalline charge-transfer complexes were also published in 2019.1 In a
continuation of the investigation of PAH/PAH(CF3),, CT/CCs, the author studied the structures of
two new CT/CCs, PYRN/PHEN-5-1 and PYRN/PYRN-5-4, and they are also discussed in this
chapter (PHEN-5-1 = 1,3,6,7,9-phenanthrene(CF3)s; PYRN-5-4 = 1,3,5,7,9-pyrene(CF3)s). These
two structures have not yet been published, but a manuscript is in preparation in which the author

of this dissertation will be the first author.
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This chapter also includes the author's determination of three CT/CC structures with PAH
donors and the fluorofullerene acceptor CeoFis, viz. (PYRN)2/CeoFi1s, CORO/(CsoFis)2, and
PERY/CesoF13 (PERY = perylene). Despite the fact that CeoF1s is known to be a strong electron
acceptor with an estimated electron affinity of 3.1-3.2 eV,!! before this work no CT complexes of
CeoF1s had been studied, either in solution or in the solid state. The three PAH/CeoFs structures in
this chapter are rare examples of CT/CCs with a 2-dimensional donor and a 3-dimensional,

spheroidal acceptor.

5.2. PAH/PAH(CF3), CHARGE-TRANSFER CO-CRYSTAL STRUCTURES
5.2.1. General comments

PAH/PAH(CF3), donor/acceptor CT/CCs were the focus of a 2019 paper by Castro et al.!° The
PAH donors included ANTH, CORO, PERY, and PYRN. The PAH(CF3), acceptors included
trifluoromethyl derivatives of ANTH, AZUL, PYRN, and triphenylene. Except for the structure of
PYRN/(ANTH-6-1); discussed below, the PAH/PAH(CF3), CT complexes were found to pack in
hexagonal arrays of columnar stacks, with alternating donors and acceptors that exhibit a high

degrees of n—m overlap.'”

It is well known that CF3 substituents are prone to 2-, 3-, and 4-fold rotational disorder about
their C—CF3 bonds in solid state structures.'> With the assistance of chemistry department
crystallographer Brian S. Newell, the author conducted a search of the Cambridge Structural
Database (CSD) in December 2018 and determined that there are nearly 40,000 published X-ray
structures of organic molecules with at least one CF3 group, and of these more than 20,000 exhibit
rotational or positional CF3 disorder. This is not surprising in view of the fact that barriers to
rotation of CF3 groups in solids are small, and the relative energies of different orientation minima
can be even smaller. For example, the barrier to rotation of the CF3; group in crystalline
3-PHEN(CF3), which exhibits a 2-fold rotational disorder,'? is 11.5(7) kJ mol '.'* In the isolated
molecule, the DFT-predicted barrier is only 1.7 kJ mol 1.!* (The way that the CSD interprets

disordered groups is by showing the minor part of the disorder as non-bonded atoms. Therefore,
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we searched for structures with at least one CF3 group and at least three non-bonded F atoms. The
search also returned several positive hits if the CF3 group is positionally disordered with another
group in the molecule.) It should be noted that lowering the data collection temperature can
decrease the rotational disorder but the degree of disorder is largely affected by the structural
intermolecular forces interacting with the CF3 group. For example, in all of the structures reported

here the temperature for the collection was 100 K.

5.2.2. The Structure of PYRN/PYRN-5-4

A thermal ellipsoid plot of PYRN/PYRN-5-4 is shown in Figure 5-1. The structure confirms
that PYRN-5-4 is the isomer 1,3,5,7,9-PYRN(CF3)s, which distinguishes it from three other
isomers of PYRN(CF3)s.">!® Figure 5-2 shows additional drawings of PYRN/PYRN-5-4. The
upper drawing shows the infinite D/A/D/A stacking of PYRN donor (D) and PYRN-5-4 acceptor
(A) molecules along the diagonal of the crystallographic ac plane. If the center of the PYRN-5-4
molecule central C—C bond is located at the unit cell origin ([0,0,0]), the center of the third PYRN-
5-4 molecule along the stack is located at [1,0,1], a distance of 14.60 A. In the similar structure of
PYRN/PYRN-6-2, the distance between every third PYRN-6-2 acceptor center is 14.23 A (in this
case the donors and acceptors are stacked along the crystallographic a axis; PYRN-6-2 =

1,2,4,6,8,9-PYRN(CF3)e)."”

The aromatic cores of both the PYRN donor and the PYRN-5-4 acceptor are essentially planar.
The average out-of-plane displacement (OOP) of the PYRN C(sp?) atoms from their least-squares
plane is 0.012 A (the range is —0.022 to +0.022 A). The average OOP of the PYRN-5-4 C(sp?)
atoms from their least-squares plane is 0.032 A (the range is —0.066 to +0.073 A). The dihedral
angles of the PYRN-5-4 least-squares plane to the PYRN C(sp?) least-squares planes on either side
of the PYRN-5-4 least-squares plane are 0.7° and 1.4°. The D/A/D/A... stacks are packed in the

usual hexagonal array (not shown).

The lower drawings in Figure 5-2 show the areas of donor/acceptor n—r overlap on either side

of the PYRN-5-4 acceptor. The PYRN donor is oriented the same way and is in the plane of the
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page in both drawings. The shaded area of the D/A overlap is different on the two sides of the
acceptor. Nevertheless, there are eight acceptor C(sp?) atoms that overlap the donor © system on
both sides of the donor. The average OOPs of the acceptor C(sp?) atoms from the PYRN C(sp?)
least-squares plane are 3.578 A on one side (3.532-3.604 A) and 3.510 A on the other side (3.476—
3.566 A). These average D/A OOPs are similar to those in seven other stacked PAH/PAH(CF3), CT/CC
structures, which ranged from 3.49 to 3.61 A."° However, they are ca. 0.3 A larger than the average OOP
for a PYRN D/A CT/CC structure with a planar acceptor (i.e., all acceptor atoms in a plane), such as the
3.24 A average OOP in PYRN/tetrafluorobenzoquinone.'” This may be due to the steric requirements of

the CF3 groups in PYRN-5-4 and the other PAH acceptors with multiple CF3 groups.

5.2.3. The Structure of PYRN/PHEN-5-1

A thermal ellipsoid plot of PYRN/PHEN-5-1 is shown in Figure 5-3. The C(sp?) atoms of the
PYRN molecule are co-planar to an average OOP of 0.023 A (—0.043 to +0.045 A), and the C(sp?)
atoms of the PHEN-5-1 molecule are co-planar to an average OOP of 0.013 A (—0.027 to +0.025
A). The aromatic cores of the PYRN and PHEN-5-1 molecules are essentially parallel. The

dihedral angle between the PYRN and PHEN-5-1 C(sp?) least-squares planes is only 0.5°.

The PYRN and PHEN-5-1 molecules are arranged in D/A/D/A stacks along the
crystallographic b axis, as shown in Figure 5-4. There are seven donor C(sp?) atoms that overlap
the acceptor m system, with an average OOP of 3.521 A (3.457-3.553 A), as also shown in Figure
5-4. This is similar to the average OOPs in PYRN/PYRN-5-4. The major axes of PYRN and

PHEN-5-1 are rotated 15.4° with respect to one another.

Parallel D/A/D/A... stacks are packed in a hexagonal array, as shown in Figure 5-5. The
parallel-stack packing in PYRN/PHEN-5-1 stands in contrast to the structures of PHEN-5-1 itself!
and PYRN itself,'® both of which exhibit stacks oriented ca. 90° to one another in herringbone type

patterns.
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5.2.4. The Structure of PYRN/(ANTH-6-1)2

A thermal ellipsoid plot showing the PYRN donor and ANTH-6-1 acceptor in the X-ray co-
crystal structure of PYRN/(ANTH-6-1); is shown in Figure 5-6. Unlike the stacked structures
described above, this structure consists of discrete, centrosymmetric [ANTH-6-1/PYRN/ANTH-
6-1] ([A/D/A]) triplet complexes of nearly parallel molecules (the donor/acceptor least-squares-
planes dihedral angle is 1.6°). Drawings of the triplet complex, the PYRN/ANTH-6-1 n—mr overlap,

and the way that they pack in the lattice are shown in Figure 5-7.

The discrete [ANTH-6-1/PYRN/ANTH-6-1] ([A/D/A]) complexes of nearly-parallel
molecules are packed in herringbone sandwich layers in crystallographic [1,0,1] planes such that
the PYRN centroids (®) are rigorously co-planar. The [A/D/A] complexes in each layer form a
pseudo-square net depicted with dashed lines in Figure 5-7: all ©---© distances are 12.37 A and
the ©--©--© angles that define the nearly-square rhombus are 81.4 and 98.6°. The PYRN least-
square planes are tilted 84.6° from the 101 plane; the PYRN least-square planes in neighboring
[A/D/A] sandwiches in the [1,0,1] planes are tilted 81.4° relative to one another. The layers of
[A/D/A] complexes above and below the layer shown in Figure 5-7 are displaced by b/2 (the lower

right drawing in Figure 5-7 is oriented so that the b axis is the long axis of the page).

The distance between the ANTH-6-1 centroid and the PYRN centroid is 3.516 A. There are
seven acceptor C(sp?) atoms that overlap the donor 7 system, with an average OOP of 3.621 A and
a range of 3.523-3.732 A. This is a wider range of m—m overlap OOPs than in the other
PAH/PAH(CF3), CT/CC structures because the ANTH-6-1 aromatic core is bent (i.e., domed). Let
us define the bend angle, 0, as shown in Figure 5-8. It is the supplementary angle formed by
bending the two outer benzenoid rings of ANTH or ANTH derivatives at a hypothetical hinge
connecting the central C(sp?) atoms, C9 and C10. Figure 5-8 shows that 0 is 13.5° for the ANTH-

6-1 molecule in the structure of PYRN/(ANTH-6-1),.

The bend angle, as defined above, can be generalized for acenes with an odd number of rings.

For pentacene (PENT) and its derivatives, 8 will be defined as the supplementary angle formed by
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bending the two outer naphthalenoid portions of PENT at a hypothetical hinge connecting the
central C(sp?) atoms, which for PENT are C6 and C13. Interestingly, there are two X-ray structures
of 6,13-PENT(CF3). In the P21/c polymorph, 0 is 0.0° (i.e., the PENT aromatic core is flat).!” In

the P21/n polymorph, the PENT aromatic core is bent and 0 is 16.8°, as shown in Figure 5-8.2°

5.2.5. The Structure of ANTH-6-1 and the Connection Between Acene Aromatic Core
Bending and Rr Conformations in 9,10-ANTH(RF)z and 6,13-PENT(R¥)2 Derivatives

After determining the structure of PYRN/(ANTH-6-1),, with its bent, § = 13.5° ANTH-6-1
molecule, and after finding two X-ray structures of PENT(CF3); in the literature, one flat'® and
one bent,?” the author decided to investigate the structure of ANTH-6-1 in the absence of a PAH
donor molecule to see if bending of the ANTH-6-1 aromatic core was a general phenomenon or
was unique to the structure of PYRN/(ANTH-6-1)>. A preliminary structure of ANTH-6-1 was
published in 2013, but a more precise structure with as little disorder as possible was required for
the comparison to be meaningful. Therefore, the author solved and refined the structure of a
synchrotron radiation X-ray diffraction data set collected by another member of the Strauss-
Boltalina group. The results and analysis in this section of Chapter 5 were published in 2019, with

the author of this dissertation as first author.’

Drawings of the structure of ANTH-6-1 are shown in Figure 5-9. It can be seen that the bend
angle 0 is 7.4°, only about half of the value in PYRN/(ANTH-6-1),. There are three other CT/CC
structures with ANTH-6-1 as the acceptor, ANTH/ANTH-6-1, PERY/ANTH-6-1, and
(CORO)2/ANTH-6-1, and in all three structures the ANTH-6-1 core is flat and 8 = 0.0°.'° These
results, in addition to the two polymorphs of 6,13-PENT(CF3),, initially suggested that crystal
packing forces were responsible for bending the acene aromatic cores in ANTH-6-1,
PYRN/(ANTH-6-1), and P2i/n 6,13-PENT(CF3): relative to the flat cores they have in the other

structures and the presumably flat cores they would have in the isolated (i.e., gas-phase) molecules.

However, DFT calculations reported in the 2017 Yamada et al. paper predicted that the lowest

energy structure for an isolated 6,13-PENT(CF3)2 molecule is bent, with 6 = 19.1°, an even larger
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angle, by 2.3°, than exhibited by the molecule in the P2/n polymorph.?® Furthermore, the bent
conformation was predicted to be 9.0 kJ mol ! more stable than the flat conformation with 6 =
0.0°.2° At this point, collaborator Dr. Alex Popov was asked to calculate the lowest energy
conformation of ANTH-6-1, and he also found that the 6 = 0.0° was not the lowest energy structure.
Instead, the structure of ANTH-6-1 with 6 = 17.5° was 5.7 kJ mol™' more stable than when the
molecule was forced to adopt the 8 = 0.0° conformation. (A previous DFT optimization of ANTH-
6-1 reported did not report the bend angle,”! but when the coordinates of that structure were
analyzed for this work it was found that 6 = 13.8°.) It became clear that the stable, intrinsic
molecular structures of ANTH-6-1 and 6,13-PENT(CF;)2 have significantly bent aromatic cores.
Based on these results, the author of this dissertation concluded that crystal packing forces, rather
than being responsible for bending the acene cores in ANTH-6-1, PYRN/(ANTH-6-1)2, and P21/n
6,13-PENT(CF3),, are actually responsible for flattening the acene cores in P2i/c 6,13-
PENT(CF3); and the other ANTH-6-1 CT/CC structures.

When all of these X-ray and DFT optimized structures were examined next to each other, as
shown in Figure 5-10, a clear pattern emerged. When the CF3 groups on the acene central C(sp?)
atoms are eclipsed with respect to one another, as in DFT and P2i/n 6,13-PENT(CFs),,>° DFT
ANTH-6-1 (this work), and the ANTH-6-1 molecule in the X-ray structure of PYRN/(ANTH-6-
1)> (this work), the acene core is bent and 6 = 13.5-19.1°. When the CF; groups are staggered, as
in P2i/c 6,13-PENT(CF3),"” and the ANTH-6-1 molecule in the X-ray structure of ANTH/ANTH-
6-1 and two other PAH/ANTH-6-1 CT/CC X-ray structures,'? the acene core is flat and 6 = 0.0°.
When the CF; groups are partway between eclipsed and staggered, as in the X-ray structure of
ANTH-6-1 (this work), the core is bent, but not as much as when the CF3 groups are staggered (0

is only 7.4°).

Additional DFT calculations by Dr. Popov are summarized in the graphs shown in Figure 5-
11. The results show that the energy of unsubstituted ANTH is raised when the aromatic core is

bent by any angle, and its relative energy is 18 kJ mol ! when 0 is 17.0°. In contrast, the energy of
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DFT-optimized 9,10-ANTH(CF3)2 (a hypothetical molecule) is lowest when 0 is 17.0° and is 10.5
kJ mol ! when 0 is 0.0°.

The generality of the connection between ANTH core bending and the eclipsed or staggered
conformations of CF; or CF2Rr conformations is further supported by five related X-ray structures
that were found in a literature search (Rg = n-CyFax+1). These are 2,6,9,10-ANTH(n-CgF17)4, with
staggered central CFoRr groups and 0 = 0.0°22 2,6-bis((4-methoxyphenyl)ethynyl)-9,10-
ANTH(CFs),, with staggered CF3 groups and 0 = 0.0°,%3 2-phenylethynyl-9,10-ANTH(CF3),, with
eclipsed CF3; groups and 0 = 14.6°,% and 9,10-ANTH(CF3)(n-CsFi7) and 9,10-ANTH(CFs)(n-

CeF13), both with eclipsed central groups and both with 6 = 18.0°.2

Note that the definition of 6 and the connection between the magnitude of 6 and the relative
conformations of the central CF3 and/or CF2RF groups in acene derivatives was developed in the
course of the work reported in this dissertation. Neither the degree of acene core bending (or lack
thereof) nor the conformations of the central groups in the X-ray structures described above were
discussed in the papers reporting those structures. All of these were determined in this work using
the fractional coordinates for the X-ray structures in the crystallographic information files for the

published structures, which were downloaded from the Cambridge Crystallographic Data Centre.

5.2.6. PAH/PAH(CF3), Structures: Summary and Conclusions

The structure of ANTH-6-1 and three D/A CT/CC structures PYRN/(ANTH-6-1),,
PYRN/PYRN-5-4, and PYRN/PHEN-5-1 were determined and their packing was described. All
four of the structures suffered from some form of trifluoromethyl disorder, either positional or
rotational or both. Trifluoromethyl rotational disorder is not surprising as a survey of the frequency
with which CF; disorder occurs in the structures deposited in the CCDC revealed that more than
half of the trifluoromethyl containing crystal structures suffer from some form of CF3 disorder.

Two of the PAH/PAH(CF3), CT/CCs, PYRN/PHEN-5-1 and PYRN/PYRN-5-4 pack similarly
in overlapping stacks of D/A/D/A... with average OOPs between the donor and acceptor

molecules ranging between 3.521 and 3.578 A with between 7 and 8 C(sp?) donor atoms
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overlapping the acceptor molecules. Close n—r distances and a high degree of n—m overlap between
donor and acceptor is suspected to result in better charge transport in potential organic electronic
applications and so these figures of merit are promising. However, other PYRN/A CT/CCs, such
as PYRN/tetrafluorobenzoquinone,'” pack with smaller OOPs apparently as a result of the steric

bulk of the CF; groups.

Additionally, the third PAH/PAH(CF;3), CT/CC, PYRN/(ANTH-6-1),, structure was
determined and the packing was reported. This CT/CC packed as A/D/A triplet complexes oriented
in herringbone layers. While the number of overlapping donor C(sp?) atoms is seven as in
PYRN/PHEN-5-1, the OOPs between the A/D/A molecules range from 3.523 to 3.732 A due to
the bending of the ANTH-6-1 acceptor. An analysis of both the ANTH-6-1 structure as well as the
acceptor molecules in the PYRN/(ANTH-6-1), CT/CC structure revealed both molecules were
bent with bend angles, 0, of 7.4° and 13.5°. A literature search for other bent acene derivatives
revealed this phenomenon also occurred in a number of other 9,10-ANTH(RF) and 6,13-PENT(RF)
structures, with 0 as large as 18°.° DFT calculations by collaborator Dr. Alexey Popov revealed
that this phenomenon was not due to packing forces, as had been originally suspected, but instead
the bent structures were the lowest relative energy conformations based on the results from the
analysis of the optimization of the 9,10-ANTH(CF3) and 6,13-PENT(CF3) DFT-structures. The
effect was found to be dependent on the confirmation of the Rr group, either staggered or eclipsed,
the acceptors were flat or bent respectively and the flat and staggered arrangements reported in

some crystal structures was due to packing forces.

5.3. PAH/Cs0F1s CHARGE-TRANSFER CO-CRYSTAL STRUCTURES
5.3.1. General comments

The fluorinated fullerene CeoFis was first prepared in macroscopic quantities in 1996
following its observation in 1995 by Olga V. Boltalina in the Thermochemistry Laboratory at
Moscow State University in the mass spectrum of the volatile products produced from a mixture

of Ceo and K,PtFs heated in a Knudsen cell attached to the mass spectrometer.? It is a very polar
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molecule, with the 18 F atoms on a set of contiguous fullerene C(sp®) atoms confined to one

2627 a5 shown in Figure 5-12. This figure also includes a Schlegel diagram

hemisphere of Ceo,
showing the IUPAC fullerene numbering scheme for this derivative. (A Schlegel diagram is a

planar graph of a polyhedron drawn without any of its edges crossing.?®)

One interesting fact about CeoF1s is its 45 min retention time on a Nacalai Tesque Buckyprep
HPLC column (toluene eluent).? This stands in contrast to the short retention times (same column,
same eluent) of Ceo (7 min)* and fluorofullerenes with 24 or more F atoms distributed
symmetrically on both hemispheres, 7;-CeoF24 (2.9 min)*® and C3-CeoF36 (3.5 min).>! The
Buckyprep column stationary phase contains PYRN moieties (specifically pyrenylpropyl

).32 Although X-ray diffraction studies of crystals of CeoFis containing aromatic solvents

groups
such as toluene, xylenes, and hexamethylbenzene have been published,33 before this work no co-

crystal structure of CeoF1s with any PAH had been reported.

5.3.2. The Structure of PERY/CeoF1s

Drawings of this X-ray crystal structure are shown in Figures 5-14, 5-15, 5-16, and 5-17. It has
a 1/1 D/A stoichiometry. Both molecules are located on special positions, PERY on an inversion
center and CeoF18 on a two-fold axis that is parallel to the crystallographic a axis. Therefore, only

half of the atoms of each molecule are unique.

The structure consists of alternating close-packed layers of CeoF1s and close-packed layers of
PERY molecules, as shown in Figures 5-14 and 5-15. Let the centroids of the 60 C atoms of the
fullerene be defined by the letter S, and the centroids of the 20 C atoms of the PERY molecules be
defined by the letter P, then the least-squares plane of the S and P centroids are individually
rigorously co-planar and the two least-squares planes are perfectly parallel to one another. The
perpendicular distance between those planes is 5.950 A. The S-S distances are 9.848 (x2), 10.839
(x2), and 11.499 (x2) A. The P-P distances are 10.338 (x4) and 11.499 (x2) A. If one connects

the CeoF1s 60 C atom centroid to the centroid of the CesoF1s benzenoid ring, that vector is tilted 69°
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from four of their nearest neighbor molecules in the plane and parallel to the two nearest neighbor

molecules in the plane.

The planes of CeoF1s molecules and PERY molecules are parallel to the crystallographic ac
planes and are stacked in the direction of the crystallographic b axis of the orthorhombic unit cell,
as shown in Figure 5-16. The PERY molecules are "sandwiched" between two CeoFis molecules
in two planes, as shown in Figure 5-17, and make close approaches to a fullerene hexagon in each
of those two CeoF1s molecules. The PERY least-squares plane is in the plane of the page in Figure
5-17, and the two fullerene hexagons that are shown are both tilted 14.1° from that plane and are

parallel to one another.

There is a parallel between this structure and the structure of the hexamethylbenzene (HMB)
solvate of CegoFis.>® In that structure, there are planes of CeoFis molecules and planes of HMB
molecules in crystallographic ab planes. The planes are stacked in the direction of the crystallo-

graphic ¢ axis in the orthorhombic unit cell, and the planes of the molecules are 5.45 A apart.®

5.3.3. The Structure of CORO/(C¢o0F1s)2

Drawings of this X-ray crystal structure are shown in Figures 5-18 and 5-19. It has a 1/2 D/A
stoichiometry. There are two unique CeoF1s molecules with nearly identical structures. The CORO
molecule is located on a crystallographic center of inversion resulting in two rotationally
disordered half-CORO molecules on either side of the two neighboring CeoF1s molecules. Layers
of CORO molecules are separated by double layers of CeoF1s molecules. The layers are parallel to
the crystallographic bc plane and are stacked parallel to the a axis. The CORO centroid planes and
CeoF1s centroids planes are rigorously parallel. The perpendicular distance between the CORO

plane and the CeoF1s close-packed planes above and below is 6.486 A.

The CORO @®---© distances are 10.325 x 4 and 11.093 x 2 A. The average CORO ©---®
distance is 10.581 A, which is nearly the same as the 10.645 A average ©---® distance between

the CsoF1s8 molecules in the close-packed planes in that structure. The geometric constraints of the
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lattice requires that the area of the close-packed hexagonal array of CORO centroids must be equal
to the area of the close-packed hexagonal array of CeoFig centroids. The CORO molecules are
tilted with respect to the plane of their centroids by 21.8°. The dihedral angle between the planes

of adjacent CORO molecules are either 0.00° or 27.2°.

The structure of solvent-free CoFis was first published by Goldt, Boltalina, et al. in 2002.2° A
much higher resolution structure was published in the 2007 charge-density paper by Hiibschle,

Luger, Boltalina, et al.?’

The space group is Cc, which is non-centric. Therefore, crystals of
solvent-free CeoF13 are polar, but this was not discussed in either paper. The double layers of CeoF1s
molecules in the structure of CORO/(CesoF13)2 can be compared with the layers of CeoFig molecules
in the structure of solvent-free CgoF13. The comparison is shown in Figures 5-20. The CesoFis
molecules in the solvent-free structure are not packed as tightly in the plane, shown in Figure 5-
20 left (average ©---O=11.115 A), as in the close packed planes of fullerenes in the structure of
CORO/(CesoF13)2 (average ©---©= 10.655 A). However, the ®---©® distances between the central
molecule in solvent-free CeoF1s to molecules in planes above and below the plane shown above
are 9.601 x 2 and 11.273 x 4 A (average = 10.716 A). The perpendicular distance between planes
of CeoF1s molecules in the solvent-free structure is 8.276 A. The perpendicular distance between

the planes of CeoF;s molecules in CORO/(CgoFis)2 is 9.278 A. The difference in interplanar spacing
isca. 1.0 A (9.278 A —8.276 A).

These differences are clearly a result of the different orientations of the molecules with respect
to the close-packed planes. This can be seen in the drawings in Figure 5-21. In solvent-free CeoF1s,
the benzenoid hexagon is tilted 29.4° from the plane of the Ceo centroids, allowing the layers to
approach more closely than in CORO/(CeoF13)2, in which the fullerene benzenoid hexagon is
nearly perpendicular to the close-packed layer (the tilt angle is 88.4°). In solvent-free CeoF1s, the
fullerene dipoles are all oriented in the same general direction, resulting in the formation of polar
crystals. This is also true for the double layers of CeoF1s molecules in CORO/(CeoF13)2. However,

in the co-crystal structure the dipoles in alternate double layers point in opposite directions.
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5.3.4. The Structure of (PYRN)2/CesoF1s: CH2Cl2

This structure is significantly different than the CT/CC structures of PERY/CeoFis and
CORO/(CeoF13)2 in that neither the PYRN donors nor the CeoF1s acceptors form layers. Drawings
of the structure are shown in Figures 5-22 and 5-23. There are ribbons of fullerenes in a triangular
array, with ©---© distances of 10.258 (x 2) and 13.374 A. The fullerene centroids in the ribbons
are rigorously co-planar. There are ribbons 1.096 A above and 1.096 A below each ribbon, forming
a stairstep array of ribbons that can be thought of as forming a corrugated plane of fullerenes. Two
ribbons with centroid planes 1.096 A apart (i.e., the perpendicular distance between the ribbon

planes is 1.096 A) are shown in Figure 5-22.

The PYRN molecules do not form planar arrays, and there are no PYRN-PYRN n—n overlaps.
Each CeoF13 molecule is surrounded by a complex array of three other CeoF1g molecules (®---© =
10.258 (x 2) and 13.374 A) and nine PYRN molecules (®---® = 6.526, 6.586, 11.017, 11.323,
and 11.796 A to one unique PYRN and 6.540, 7.980, 9.668, and 10.699 A to the other unique
PYRN molecule; the PYRN centroids are defined by the centroid of the central C—C bond). Some
drawings are shown in Figure 5-23. The drawing on the upper left corresponds to a CsoF13 molecule
nearly in the center of a unit cell (centroid coordinates [0.5, 0.59836, 0.50978]). The drawing on
the upper right is an array of PYRN molecules, showing the lack of any n—r overlap. The drawings

at the bottom of Figure 5-23 are rotated versions of the upper left drawing.

Figure 5-24 shows the most interesting aspect of the structure of (PYRN)2/CeoF13-: CH>Clo. The
upper and middle sets of drawings show the three PYRN molecules (H atoms omitted for clarity)
and the three fullerene hexagons with which they form n—m overlap interactions. In each of the
upper set of drawings, the PYRN C(sp?) atoms are colored blue and the fullerene hexagon C(sp?)
atoms, labeled with their [IUPAC locants, are colored brown. In each of the middle set of drawings,
the perpendicular distances, in A, of the fullerene hexagon C(sp?) atoms to the PYRN least-squares
plane are indicated. The red hexagons in the Schlegel diagram indicate the three fullerene hexagons

that have n—mr overlap interactions with the three PYRN molecules.
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The possibility of strong n—m interactions of multiple PYRN molecules with a CeoF13 molecule
may be the reason that the retention time of CeoFis on an HPLC column with a PYRN stationary
phase is so much longer than the retention times for Ceo, Cs0F24, and CeoF36 on the same column

with the same eluent, as discussed above in Section 5.3.1.

5.3.5. PAH/CeoF1s Structures: Summary and Conclusions

Three PAH/CgoF 18 CTCC structures with PAH donors varying in size from the four fused ring
system of PYRN to the large seven fused ring system of CORO are reported. Their packing and
unique structural features have been discussed. All three of the structures have different D/A
stoichiometric ratios showing the variability in the structure orientations and packing as a function
of the D/A ratio. Most interesting is the apparent relationship between the donor PAH size and
packing. In the PYRN structure, the smallest PAH donor used, the structure has complex packing
with the donor PAH molecules oriented in a complex array of CeoFig and PYRN molecules
allowing three PYRN molecules to coordinate to a single CeoFis molecule resulting in three
separate m— interactions. These interactions clearly result in an overall larger interaction than the
possible n—x interactions between PYRN molecules of which there are none. This strong affinity
between PYRN and CeoFis is believed to be responsible for the long 7r for CeoFis on the PYRN
based stationary phase of the Buckyprep column. In contrast, the larger donor PAHs, PERY and
CORO, form ordered stacked layers of D/A/D and D/A/A/D layers. This change in packing

orientation is apparently in response to the steric differences between PYRN and the larger PAHs.
5.4. MATERIALS AND METHODS
5.4.1. Reagents and general procedures

The compounds ANTH-6-1, PHEN-5-1, and PYRN-5-4 were prepared by former group
member Karlee P. Castro. Pyrene (98%, Alfa Aesar) and ACS grade dichloromethane (DCM) were
used as received. Single crystals of PYRN/PHEN-5-1, PYRN/PYRN-5-4, PYRN/(ANTH-6-1)s,

and ANTH-6-1 were grown by slow evaporation of DCM solutions.
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The following reagents and solvents were obtained from the indicated sources and were used
as received or were purified where indicated: PYRN (98%, Alfa Aesar); CORO (95+%, TCI);
PERY (98%, Alfa Aesar); CsoF1s prepared by Dr. Boltalina and used as received; DCM (99%,
Fisher Scientific); 1,2-dichloroethane ( 98+%, Fisher Scientific); ANTH-6-1 (98+%, prepared as
previously described®*).

5.4.2. X-ray crystallography for PAH/PAH(CF3),

Synchrotron radiation X-ray diffraction data for PYRN/PHEN-5-1, PYRN/PYRN-5-4, and
ANTH-6-1 were collected at the Advanced Photon Source at Argonne National Laboratory on
ChemMatCARS Sector 15 beamline, using a diamond 111 monochromator, an X-ray wavelength
of 0.41328 A, a Bruker D8 goniometer, and multi-scan absorption corrections. Unit cell parameters
were determined by the least squares fit of the angular coordinates of all reflections. Integrations

of all frames were performed using APEX III software, and the structures were solved using

SHELXTL/OLEX 2 software.

X-ray diffraction data for PYRN/(ANTH-6-1), were collected using a Bruker Kappa APEX 2
CCD diffractometer equipped with a sealed X-ray tube (A=0.71073 A) and a graphite
monochromator in the X-ray laboratory in the Department of Chemistry at Colorado State
University. The data reduction was performed with the Bruker APEX 2 suite of software, a
semiempirical absorption correction was applied using SCALE, and the structure was solved and

refined using SHELXTL/OLEX 2 software.

Crystallographic data collection and final refinement parameters for PYRN/PHEN-5-1 and
PYRN/PYRN-5-4 are listed in Table 5-1. Crystallographic data collection and final refinement
parameters for PYRN/(ANTH-6-1), and ANTH-6-1 are listed in Table 5-2.

The ANTH-6-1 structure has a completeness of only 93.8%. This is a common issue with data
sets collected at the Advanced Photon Source with low symmetry space groups (in this case P1)

due to instrument time constraints associated with the synchrotron source. The resolution cut-off
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was optimized for the highest completeness possible. The PYRN(ANTH-6-1); co-crystal structure
has a disordered CF3 group on the C9 position of the unique ANTH-6-1 molecule. The disorder
appears to be due to a combination of rotational and positional disorder brought on by the flexing
of the ANTH aromatic core. The angle of the C9—CF; bond was determined to be 15° based on the
generation of a mean plane for the central ring and calculating the angle of the CF3 group with
respect to this plane using C9 as the third point of a right triangle. This deviation from the plane
resulted in small amounts of flexing in the position of the core generating noticeable changes in
the position of the F atoms on the disordered CF3 group. However, there was not enough electron
density to support a second carbon to build a positional disorder model because this part of the
disorder was <10% based on the free variable for the F atoms. Therefore, the positional disorder
was ignored and the CF3; group was modeled as a simple 2-fold rotational disorder refined on a
free variable, resulting in overly acute F—C—F angles and a combination of slightly elongated or
shortened C—F bond distances for the disorder model depending on whether the fluorines were
close to the electron density above or in the middle of the CF3 group. To deal with this, the C—F
distances and F—C—F angles were constrained using the DFIX and DANG commands. The thermal
ellipsoids, as a result of this complex disorder, were prolated beyond acceptable ADP max/min
ratios and were further constrained using a combination of ISOR and EADP commands as required
to minimize the unaccounted for electron density while still generating a structure which made
“good” chemical sense. As a result, no analysis of the bond distances or angles for the disordered

CF; group is warranted.

5.4.3. X-ray crystallography for PAH/Ces0F1s

Crystals of PAH/CgoF13 CT complexes suitable for diffraction were grown by slow evaporation
of dichloromethane solutions. Diffraction data were collected at the Advanced Photon Source at
Argonne National Laboratory on beamline 15ID-D, using a diamond 111 monochromator, an X-
ray wavelength of 0.41328 A, a Bruker D8 goniometer, and multi-scan absorption corrections.

Unit cell parameters were determined by the least squares fit of the angular coordinates of all
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reflections. Integrations of all frames were performed using APEX III software, and the structures
were solved using SHELXTL/OLEX 2 software. Crystallographic data collection and final

refinement parameters for all three structures are listed in Table 5-3.

The CORO/(CeoF18)2 CT/CC structure was rotationally disordered about two CORO positions.
In order to model the presumed two-part disorder, ISOR and SAME commands were used to build
the second half-coronene moiety. There is a large residual electron density in the structure, 1.8 e~
A7, which is believed to be due to a disordered DCM molecule occupying space between the
fullerenes. Unfortunately, the SQUEEZE function was not able to remove this residual electron
density, apparently due to its close proximity between the two fullerenes. The (PYRN)2/CeoFis
crystal has an inversion twin that was modeled using the inversion twin law with a BASF value of
0.32. The CT/CC structure of PERY/CeoFi1s differs from the other two in that it is a 1/1

donor/acceptor structure and exhibits no disorder.
5.4.4. UV-vis spectroscopy of PAH/Ce0F1s

The author attempted to find charge-transfer maxima for the CT complexes in UV-vis spectra
of DCM solutions of the PAH/CeFis mixtures using an Agilent 8453 UV-visible
spectrophotometer. No meaningful results were obtained due to a combination of the background
spectral bands of CeoF1s, the apparently small charge-transfer complex equilibrium constants, and
the limited solubility of the CT complexes. However, photographs of mixtures of CeoF1s and
CORO, PYRN, or PERY were clearly a different color, if only slightly, then solutions of the
individual compounds, as shown in Figure 5-13. In addition, the photographs show reddish solid
particles of the CT complexes in the mixtures of CeoF1s and CORO and of CeoF1s and PERY, which

are presumably microcrystalline particles of the sparingly soluble CT complexes.
5.5. CONCLUSIONS

In summary, six CTCC structures and one PAH(CF3), structure have been reported. Of the

PAH/PAH(CF3), structures, PYRN/(ANTH-6-1),, was reported in a publication of which the
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author was first author.’ This structure in complement with the structure of ANTH-6-1, also
reported here, literature structures of PENT(RF) derivatives, and DFT calculations by Dr. Popov
revealed a unique behavior of 9,10- functionalized ANTH(RF) and 6,13- functionalized PENT(RF)
derivatives that show the preferred structure of these compounds is bent when the Rr group is in
an eclipsed orientation. The other two PAH/PAH(CF3), CTCC structures reported here pack
similarly and have notably small OOP distances with both structures averaging to 3.550 A and a
high degree of m—x overlap with 7 and 8 overlapping C(sp?) atoms. In the case of PYRN/PYRN-
5-4, this structure has the added benefit of being the first time this acceptor has been reported or

characterized in any way.

Lastly, a series of three PAH/CgoF138 CTCC structures are reported. The three structures reveal
a possible trend where the packing of the PAH/CesoF13 CTCC is dependent on the size of the PAH
with the smaller PAH, PYRN, forming three n—n interactions with the fullerene leading to complex
packing with no n—m overlap between the PYRN molecules and the larger PAHs, PERY and
CORO, forming alternating layers of D/A molecules. Understanding the driving forces for D/A
packing will hopefully lead to the intelligent design of desirable organic-metal materials like

TTF/TCNQ.*
5.6. ADDITIONAL RECOGNITION

Crystals of ANTH-6-1 and PAH/ANTH-6-1 CTCCs were grown by Dr. Karlee Castro.
Crystals of PYRN/PHEN-5-1 and PYRN/PYRN-5-4 were grown by Dr. Kerry Rippy. Highly pure,
98+%, CeoF1s was provided by Dr. Olga V. Boltalina. Relative energy DFT calculations of

PAH(RF) bend angles and CF3 confirmations were performed by Dr. Alexey Popov.
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Table 5-1. Crystal data collection and final refinement parameters for PYRN/PHEN-5-1 and
PYRN/PYRN-5-4%

compound

empirical formula

molecular weight, g mol ™!

habit, color

space group, Z

a, A
b, A
¢, A
a, deg
p, deg
7, deg
v, A3
T, K

-3
Peale, & CM

R(F) (I>20(D)°

wR(F?) [all data]®

GooF

C—C bond precision, A

PYRN/PHEN-5-1
CssHisFis

720.47

needle, yellow green
P2i/n, 4
19.4835(17)
7.1938(5)
20.9156(19)

90

109.073(2)

90

2770.6(4)

100

1.727

0.0352

0.1069

1.035

0.0011

PYRN/PYRN-5-4
Cs7HisFis

744.49

needle, orange yellow
P2i/n, 4
13.1130(15)
18.135(2)
13.3312(15)

90

112.978(2)

90

2918.7(6)

100

1.694

0.0821

0.2422

1.030

0.0076

* PHEN-5-1

1,3,6,7,9-phenanthrene(CF3)s; PYRN-5-4 = 1,3,5,7,9-pyrene(CF3)s; PYRN =

pyrene. ° R(F) = X||Fo|=|Fe||/ Z|Fo|; wR(F?) = (Z[w(F,* — F2) Z[w(F.2)])">.
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Table 5-2. Crystal data collection and final refinement parameters for ANTH-6-1 and

PYRN/(ANTH-6-1),*

compound

empirical

molecular weight, g mol ™!
habit, color

X-ray wavelength, A
space group, Z

a, A

b, A

¢, A

0, deg

p, deg

), deg

Vv, A3

T,K

Peale, € €M >

R(F) (I > 20(]))°
wR(F?) [all data]®
GooF

C—C bond precision, A

CCDC deposition number

ANTH-6-1
CooHaFis
586.23

plate, colorless
0.41328
P1,2
8.6246(6)
10.2747(6)
11.1904(7)
97.2580(10)
105.0760(10)
101.2270(10)
922.64(10)
100(2)

2.110

0.0382
0.0928

1.079

0.0020

1883531

PYRN/(ANTH-6-1)>
CseHisF36
687.35
plate, red
0.71073
P2i/n, 2
10.7122(4)
18.7549(7)
12.3835(4)
90
91.632(2)
90
2486.91(15)
120(2)
1.836
0.0417
0.1047
1.032
0.0024

1883534

* ANTH-6-1 =2,3,6,7,9,10-anthracene(CF3)s; PYRN = pyrene.

® R(F) = Z||Fo[~|Fe||/ Z|Fo|; wR(F?) = (S[W(Fo* — FA)* Z[w(F.H*)".
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Table 5-3. Crystal data collection and final refinement parameters for (PYRN)2/CeoFis,
CORO/(Ce0F13)2, and PERY/CeoFs?

compound

empirical formula

molecular wt., g mol !

habit, color
space group, Z
a, A

b, A

¢, A

a, deg

p, deg

7, deg

v, A°

T, K

Peale, € €M >

R(F) (I20(D)*
wR(F?) [all data]?®

GooF

C—C bond precision, A

(PYRN)2/CeoF18
CiosH22F 18
1552.01
needle, purple
P212121,4
13.3741(8)
19.5758(12)
22.2815(12)
90

90

90

5833.5(6)

100

1.767

0.0338

0.0857

1.027

0.0040

CORO/(CeoF18)2
CiaaHi2F36
2425.54
plate, red
P2i/c, 4
44.872(4)
11.1086(9)
17.4423(15)
90
96.759(2)
90
8633.9(13)
100

1.866
0.0960
0.2552
1.058

0.0085

PERY/CeoF18
C80H12F18
1314.90
plate, dark green
Pnma, 4
11.4988(8)
23.8011(16)
17.1844(11)
90

90

90

4703.1(5)
150

1.857

0.0535
0.1713

0.991

0.0025

*PYRN = pyrene; CORO = coronene; PERY = perylene.
® R(F) = Z||Fol—|Fe||/ Z|FJ|; wR(F?) = (X[W(F,> — F2) Z[w(F2)" ">



PYRN/PYRN-5-4

Figure 5-1. A thermal ellipsoid plot of the pyrene (PYRN) donor and the PYRN-5-4 acceptor in
the X-ray co-crystal structure of PYRN/PYRN-5-4 (25% probability ellipsoids except for H atoms;
F atoms are colored yellow). The separation of the molecules is to scale. Three other isomers of
PYRN(CF3)s with different CF5 distribution patterns were published in 2013 (ref. 1°).
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PYRN/PYRN-5-4

Figure 5-2. Drawings of the structure of PYRN/PYRN-5-4. The upper drawing shows the unit cell
and the stacking of molecules along the diagonal of the crystallographic ac plane. The lower
drawings show the areas of donor/acceptor m—m overlap on either side of the PYRN-5-4 acceptor.
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PYRN/PHEN-5-1

Figure 5-3. A thermal ellipsoid plot of the PYRN donor and the PHEN-5-1 acceptor in the X-ray
co-crystal structure of PYRN/PHEN-5-1 (50% probability ellipsoids except for H atoms; F atoms
are colored yellow). The separation of the molecules is to scale.
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Figure 5-4. Drawings of the co-crystal structure of PYRN/PHEN-5-1. The upper drawing shows
the unit cell and the D/A/D/A stacking of PYRN donor (D) and PHEN-5-1 acceptor (A) molecules
along the crystallographic b axis. The lower drawing show the area of donor/acceptor n—r overlap.
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Figure 5-5. Drawing of the hexagonal arrangement of parallel D/A/D/A stacks in the co-crystal
structure of PYRN/PHEN-5-1. The H atoms have been removed for clarity, and the F atoms of
PHEN-5-1 are shown as large circles.
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Figure 5-6. A thermal ellipsoid plot of the PYRN donor and ANTH-6-1 acceptor in the X-ray co-
crystal structure of PYRN/(ANTH-6-1)> (50% probability ellipsoids except for H atoms; F atoms
are colored yellow). The separation of the molecules is to scale.
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Figure 5-7. Drawings of the co-crystal structure of PYRN/(ANTH-6-1),. The upper left drawing
shows the discrete ANTH-6-1/PYRN/ANTH-6-1 triplet sandwich complex. The distance between
the ANTH-6-1 centroid and the PYRN centroid is 3.516 A. The upper right drawing shows the
area of donor/acceptor n—r overlap. The lower drawings show the packing of the triplet complexes
in the lattice.

283



Cc7

c6 bend angle,

Figure 5-8. (Top) The definition of the bend angle in ANTH and ANTH derivative structures, and
by analogy in PENT and PENT derivative structures. (Middle) Drawings of the ANTH-6-1
molecule in the co-crystal structure PYRN/(ANTH-6-1),, showing that the bend angle 6 is 13.5°.
(Bottom) Drawing of the 6,13-PENT(CF3) molecule from the X-ray structure published in ref. 2°,
showing that 6 = 16.8°.
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Figure 5-9. (Top) Thermal ellipsoid plot of the ANTH-6-1 molecule in its single-crystal X-ray
structure (50% probability ellipsoids except for H atoms; F atoms are colored yellow). (Bottom):
A side view of the ANTH-6-1 molecule, showing that the bend angle 0, defined in Figure 5-8, is
7.4°.

285



DFT
6,13-PENT(CF3)2

-
6,13-PENT(CF3)2
M

1/n

DFT
ANTH-6-1 17.5°

Figure 5-10. Side views of the X-ray and DFT-optimized structures of ANTH-6-1 (this work), the
P2i/c and P2i/n X-ray structures of 6,13-PENT(CF3), (refs. 19 and 20, respectively), and the
lowest-energy DFT-optimized structure of 6,13-PENT(CF3):2 (ref. 20). The acene bending angle 0,
defined in Figure 5-8, is shown for each structure.
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Figure 5-11. DFT calculations by collaborator Dr. Alexey A. Popov. These results show that the
energy of unsubstituted ANTH is raised when the aromatic core is bent by any angle, and its
0 is 17.0°. In contrast, the energy of DFT-optimized 9,10-
ANTH(CFs), (a hypothetical molecule) is lowest when 0 is 17.0° and is 10.5 kJ mol™' when 0 is

relative energy is 18 kJ mol™' when

0.0°.

bend angle (0), deg
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Figure 5-12. The structure of the C3, symmetry molecule CeoFig determined by single-crystal
X-ray diffraction (refs. 26 and 27). Also shown is a Schlegel diagram showing the distribution of
F atoms on 18 contiguous C atoms (indicated with yellow circles) and their [UPAC locants (from
ref. 36). The IUPAC name of CeoFis 1s 1,2,3,7,8,9,12,15,16,17,21,22,23,36,37,38,39,40-
octadecafluoro-1,2,3,7,8,9,12,15,16,17,21,22,23,36,37,38,39,40-octadecahydro(Ceols)[5,6]fuller-
ene.
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CeoF18 CeoF1s CeoF18

+CORO +PYRN  +PERY

Figure 5-13. Dichloromethane solutions of CeFis and of mixtures of CeoF1s and either CORO,
PYRN, or PERY. Note the reddish precipitates in the CORO/CgoF13 and PERY/CgoF13 mixtures,
which are presumably microcrystalline particles of the sparingly soluble CT complexes.
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Figure 5-14. The X-ray crystal structure of PERY/CeoF1s. (Top) drawing shows is a thermal
ellipsoid plot (50% probability ellipsoids except for H atoms). (Bottom) drawing show the packing
of alternate layers of PERY and CeoF1s molecules. The layers are in the crystallographic ac planes
and are stacked along the b axis.
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Figure 5-15. The structure of PERY/CesoF1s, showing the layers of molecules in parallel to the
crystallographic ac planes and the stacking of the layers along the crystallographic b axis of the
orthorhombic unit cell (H atoms have been removed for clarity, and F atoms are shown as spheres

of arbitrary size). The distance between the rigorously parallel least-squares planes of molecular
centroids is 5.950 A.
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Figure 5-16. The layers of CeoF1s and PERY molecules in the CT/CC structure of PERY/CeoFis.
The fullerene @ ® distances are 9.848 (x2), 10.839 (x2), and 11.499 (x2) A. The PERY ©--®
distances are 10.338 (x 4) and 11.499 (x2) A.
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Figure 5-17. Drawings of portions of the structure of PERY/CgoFis. The PERY least-squares plane
is tilted 14.1° from the closest hexagon in two fullerene molecules. The distances shown with
dotted lines in the upper drawing between the center of the fullerene hexagons and the closest
PERY atom is 3.43 A (the PERY least-squares plane is in the plane of the page; H atoms have
been omitted for clarity).
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Figure 5-18. The structure of CORO/(CsoF13)2. (Top) drawing is a thermal ellipsoid plot (50%
probability ellipsoids except for H atoms; F atoms are colored yellow). (Bottom) drawing shows
the stacking of layers of CORO molecules and double layers of CgoF1s molecules.
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Figure 5-19. The layers of CsoF1s and CORO molecules in the structure of CORO/(CeoF1s)2. The
fullerene ©-+@® distances are 9.534 (x2), 11.093 (x2), and 11.307 (x2) A. The CORO ©-®
distances are 10.332 (x 4) and 11.093 (x2) A, which are similar to the PERY ®--® distances in
the structure of CeoF18/PERY (see Figure 5-16).
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CeoF1s (solvent-free) CORO/(CeoF18)2

Figure 5-20. Comparison of the CeoF1s layers in the structures of solvent-free CeoF1g (refs. 26 and
27) and the CT/CC structure CORO/(CeoFi1s8)2 (this work; see also Figure 5-21). The ©---©
distances within the close-packed layers in the solvent free structure are 10.810 (x2), 11.037 (x2),
and 11.502 (x2) A and average 11.115 A. The ®---® distances within the close-packed layers in
the structure of CORO/(CeoF1g)2 are 9.534 (x2), 11.093 (x2), and 11.307 (x2) A and average
10.655 A.

296



w‘:ley
NS e
NSS4
NSSLAZY
N2

CeoF1s (solvent free)

Figure 5-21. Further comparison of the CeoF1g layers in the structures of solvent-free CeoF1g (refs.
26 and 27) and the CT/CC structure CORO/(CeoF18)2 (this work; see also Figure 5-20). The
difference in interplanar spacing is ca. 1.0 A (9.278 A — 8.276 A). In solvent-free CooFis, the
fullerene dipoles are all oriented in the same general direction, resulting in the formation of polar
crystals. This is also true for the double layers of CeoF1s molecules in CORO/(CeoF18)2. However,
in the co-crystal structure the dipoles in alternate double layers point in opposite directions.
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Figure 5-22. The structure of (PYRN)2/CeoF1s: CH2Cla. (Top) drawing is a thermal ellipsoid plot
(50% probability ellipsoids except for H atoms; F and CI atoms are colored yellow and green,
respectively). (Bottom) drawing shows the ribbons of fullerene centroid (®) triangles with ®©---©
distancoes of 10.258 (x2) and 13.374 A. The perpendicular distance between the ribbon planes is
1.096 A.
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Figure 5-23. Drawings of the structure of (PYRN)2/CeoFs-CH2Cl> (H atoms and the CH2Cl
molecules omitted for clarity). Each CeoF1s molecule is surrounded by a complex array of three
CeoF 15 molecules (®---® = 10.258 (x2) and 13.374 A) and nine PYRN molecules (®---® =6.526,
6.586, 11.017, 11.323, and 11.796 A to one unique PYRN and 6.540, 7.980, 9.668, and 10.699 A
to the other unique PYRN (the PYRN centroids are defined by the centroid of the central C—C
bond). The drawing on the upper left corresponds to a CeoF1s molecule nearly in the center of a
unit cell (centroid coordinates [0.5, 0.59836, 0.50978]). The drawing directly below on the upper
right is an array of PYRN molecules, showing the lack of any PYRN-PYRN n—n overlap. The
bottom drawings are rotated versions of the upper left drawing.
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Figure 5-24. The structure of (PYRN)2/CeoF13-:CH2Clo. (Top and Middle) drawings show the
three PYRN molecules (H atoms omitted for clarity) and the three fullerene hexagons with which
they form n—7 overlap interactions. In each of the upper set of drawings, the PYRN C(sp?) atoms
are colored blue and the fullerene hexagon C(sp®) atoms, labeled with their [UPAC locants, are
colored brown. In each of the middle set of drawings, the perpendicular distances, in A, of the
fullerene hexagon C(sp?) atoms to the PYRN least-squares plane are indicated. The red hexagons
in the Schlegel diagram indicate the three fullerene hexagons that have n—r overlap interactions
with the three PYRN molecules.
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CHAPTER 6
TRIFLUOROMETHYLPHENOTHIAZINE DERIVATIVES,
COMPOUNDS WITH CF3:--H-N HYDROGEN BONDING

6.1. INTRODUCTION AND JUSTIFICATION

Phenothiazine (10H-phenothiazine, PNTZ) and its derivatives have been rigorously studied as
tranquilizers, antimalarials, antipsychotics, biological stains, dyes, and pigments ever since PNTZ
was prepared in 1883.1 More recently, PNTZ and various derivatives have been studied for OPV
and other organic electronic applications, especially as a donor molecule in donor/acceptor CT
complexes.*5"' PNTZ is a non-planar hetero-tricyclic molecule with a bend angle of 28°, as shown
in Figure 6-1. It is not completely aromatic, although its X-ray structure showed that the N atom
is flattened from a true N(sp?) trigonal pyramid (the sum of the three angles around the N atom is

352.6%;! cf. 332.7° for NMe3).

Although PNTZ(F), (n = 1-4)!? and 2-,"% 3-,!2 and 4-PNTZ(CF)'* have been reported, no EAs
of any PNTZ derivative has been reported, and none has been studied as a possible electron
acceptor. Several years ago, our laboratory set out to prepare PNTZ(CF3), derivatives with n > 3.
Several high-temperature reactions of PNTZ and CFsI were carried out by former graduate student
Igor V. Kuvychko and initial HPLC separation of the crude product mixture into seven fractions
was carried out by former graduate student Long K. San. Each of the seven fractions contained
multiple PNTZ(CF3), compounds. The author's contribution to this work is the further HPLC
separation of each of the seven fractions, from which eleven pure PNTZ(CF3), compounds were
isolated and characterized by 'H and '°F NMR spectroscopy and, for two isomers of PNTZ(CF3)a,
SC-XRD. In addition, four compounds were sent to collaborator Dr. Xue-Bin Wang for possible

EA determinations using low-temperature PES.
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6.2. PURIFICATION OF PNTZ(CF3), DERIVATIVES

The PNTZ(CFs3), derivatives were synthesized by Dr. Kuvychko and details of the synthesis
are shown in Section 6.4.2. Dr. San performed an initial separation of the crude material in
acetonitrile generating seven fractions, see Figure 6-2. One of those fractions, F2, was further
separated by Dr. San in a mixture of 25/75 toluene/heptane as the eluent and the second fraction
from that separation was identified and characterized by the author as PNTZ-4-1. The fractions
were then evaporated to dryness. The author re-dissolved each of the seven dried fractions in
MeOH and further separated Fractions F1 and F3—F7 with the same HPLC column using MeOH
as the eluent with a flow rate of 5 mL min!. These constituted the second stage of HPLC
purification. Pure PNTZ(CF3), compounds were isolated only from fractions F2—F5. The second-
stage chromatograms of first-stage fractions F3, F4, and F5 are shown in Figure 6-3. As discussed
in the NMR section below, seven PNTZ(CF3), compounds with > 95 mol% purity were isolated
by second-stage purification of fractions F2-F5, one isomer of PNTZ(CF3)3, four isomers of
PNTZ(CF3)4, and one isomer of PNTZ(CF3)s. Additionally, four more PNTZ(CF3)4 isomers were
identified in impure fractions but could be reliably structurally assigned by NMR, see Figure 6-
12. Note that the amounts of material in first-stage fractions F2, F3, F4, and F5 that were available
to the author for second-stage purification were 11, 14, 11, and 13 mg, respectively. First-stage
fractions F1, F6, and F7 did not yield any pure PNTZ(CF3), compounds and will not be discussed
further. Table 6-1 lists the seven purified PNTZ(CF3), compounds, the second-stage fraction from
which they were isolated, and [UPAC locants and abbreviations (the locants came from analysis

of their 'H and '°F NMR spectra discussed in Section 6.3.2.).
6.3. CHARACTERIZATION OF PNTZ(CF3), COMPOUNDS
6.3.1. The structure of PNTZ(CF3)4

The structure of PNTZ-4-2 (orthorhombic, P212:21) was modeled as a two-component

inversion twin with a 60% majority component. The CF3 group attached to C9 exhibited a two-
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fold rotational disorder. It was refined with a free variable, and the dominant disordered portion
was modeled with 81% occupancy. The structure of PNTZ-4-3 (monoclinic, P21) has low precision
due to poor crystal quality and unresolved twinning (the C—C s.u. is 0.01 A). The structure contains
two unique PNTZ-4-3 molecules with almost identical conformations. Higher symmetry space
groups were evaluated but no solutions were generated and none of the standard tests returned

concerns about missed symmetry.

Thermal ellipsoid plots of the two compounds, confirming their substitution patterns, 1,3,7,9-
PNTZ(CF3)4 for PNTZ-4-2 and 1,2,7,9-PNTZ(CF3)4 for PNTZ-4-3, are shown in Figure 6-4.
Drawings of the molecules in another orientation are shown in Figure 6-5. The molecules adopt
bent, butterfly-like conformations. The outer six-membered aromatic rings, bearing the CF3
groups, are planar in both structures. The central C4NS hexagons adopt similar boat configurations
in the two structures. The molecules are domed, or bent, in a way that is reminiscent of the bending
observed with ANTH-6-1 and similar compounds discussed in Chapter 5. The two halves of the
PNTZ molecules are bent with respect to the N---S vector, as shown in Figure 6-1. The bend angle
is 27.8° in unsubstituted PNTZ,'! 33.0° in PNTZ-4-2, and 36.0°/35.2° for the two unique molecules
in PNTZ-4-3, but is only 22.4° in singly-substituted 2-PNTZ(CF3).!> The bend angle in DFT
optimized PNTZ-4-2 is 32.3°, close to the value in the X-ray structure, but the bend angle in DFT
optimized unsubstituted PNTZ is 34.3°, considerably larger than in the X-ray structure.!'
Therefore, the bending of PNTZ and its derivatives about the N---S vector may depend on crystal

packing forces in much the same way as the bending of ANTH-6-1, discussed in Chapter 5, varied

from 0° to 13.5° from one crystal structure to another.!”

Both PNTZ-4-2 and PNTZ-4-3 pack in their respective lattices in very similar ways, as shown
in Figure 6-6 for both structures, in Figure 6-7 for the structure of PNTZ-4-3, and in Figure 6-8
for the structure of PNTZ-4-2. The densities are the same to within 1.5%, 1.910 g cm ™ for PNTZ-
4-2 and 1.938 g cm ™ for PNTZ-4-3. The molecules form stacks, with very little offset, along the

crystallographic b axis in PNTZ-4-2 and along the a axis in PNTZ-4-3. Molecules of PNTZ-4-3
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are chiral, and adjacent molecules along the stacks are opposite enantiomers. Molecules of PNTZ-
4-2 have idealized Cs symmetry. The N---S centroids of molecules along each stack are 3.86 A
apart in PNTZ-4-2 and 3.83 or 3.89 A apart in PNTZ-4-3, and the vectors connecting an N---S
centroid with the centroids in the molecules above and below subtend angles of 164° in PNTZ-4-
2 and 163° in PNTZ-4-3. The stacks form hexagonal arrays, as shown in Figure 6-8, with
intermolecular F---F contacts as short as 2.80 A (twice the van der Waals radius of an F atom is
2.94 Alg). More importantly, as far as the °’F NMR spectra of the PNTZ(CF3), derivatives are
concerned (see below), intramolecular F---F contacts between the pair of ortho CF; groups in
PNTZ-4-3 are 2.59(1) and 2.62(1) A in one molecule (shown with dashed lines in Figure 6-4) and
2.55(1) and 2.62(1) A in the second molecule.

Unsubstituted PNTZ!'! and 2-PNTZ(CF3)" both adopt herringbone packing patterns in their
respective crystals, in contrast to the stacked packing in PNTZ-4-2 and PNTZ-4-3. This parallels
the observations by the Strauss-Boltalina group that PAH(CF3), derivatives with three or more CF3
groups tend to form structures with stacks of molecules (e.g., 1,4,7,10-CORO(CF3)4 (Chapter 2),
2,3,6,8,9,10-ANTH(CF3)s (Chapter 5), 1,4,7,10-PERY(CF3)s,"” 1,3,9-PHZN(CF3)3,*° and
1,3,4,6,8-PYRN(CF5)s'%) whereas unsubstituted PAHs tend to form herringbone structures (e.g.,

ANTH,?! PERY,?? PHZN,* and PYRN?%).
6.3.2. NMR spectroscopy of PNTZ(CF3),

The "’F NMR spectrum of purified PNTZ-5-1 is shown in Figure 6-10. The '°’F NMR spectra
of the nine other PNTZ(CF3), compounds are shown in Figures Figure 6-11 and Figure 6-12, and
a representative 'H NMR spectrum of PNTZ-4-1 is shown in Figure 6-13. Chemical shifts and
coupling constants are listed in Table 6-2. The '"H NMR spectra are consistent with the structural
assignments based on the '°F NMR spectra. Three PNTZ(CF3)s derivatives, PNTZ-4-2, PNTZ-4-
4, and PNTZ-4-9 have Cs symmetry. The other compounds are asymmetric. The spectra shown in
Figures Figure 6-10,Figure 6-11, and Figure 6-12 clearly show evidence for CF; groups that are

on C(sp?) atoms ortho to one or two C(sp?) atoms bearing a CFs group. This evidence is the
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presence of pairs of quartets, or a quartet and a more complex multiplet, in the '°F spectra of PNTZ-
3-1, PNTZ-4-1, PNTZ-4-3, PNTZ-4-5, PNTZ-4-7, PNTZ-4-8, and PNTZ-5-1, with Jgr coupling
constants of 14-16 Hz. The presence of an ortho pair of CF3 groups in PNTZ-4-3 was proven by
its X-ray crystal structure. As discussed below, the presence of pairs of quartets or quartets-of-
quartets (apparent septets, as in multiplet e in the '’F NMR spectrum of PNTZ-5-1) is the hallmark

of intramolecular "through-space" coupling between the F atoms in neighboring CF3 groups.?

The following paragraph is paraphrased from sections about through-space Jrr coupling in refs.
25 and 26. Some might argue that the term “through-space coupling” is a misnomer since true
through-space coupling involving zero orbital overlap (e.g., dipolar coupling) is not observed in
liquid NMR spectra. (This is because dipole-dipole interactions in an isotropically tumbling
molecule are averaged to zero.) However, NMR spectroscopists have used the term for more than
50 years to describe Fermi contact coupling by direct overlap of F atom lone-pair orbitals, as
opposed to Fermi contact coupling through the ¢ and © framework of a molecule.?”?® It is now
widely accepted that significant spin-spin J coupling between proximate F nuclei (i.e., < 3.2 A)
that are separated by four or more bonds (i.e., *Jrr) is predominantly mediated through space, as
just defined.?-*® A convincing example is the 17 Hz **®Jr coupling observed®® for the F atoms on
6-fluorotryptophan residues (Trp5 and Trpl133) in a dihydrofolate reductase-NADPH-MTX
protein complex, which Oldfield later showed was mediated entirely by through-space coupling

(F---F=2.98 A).%

As noted in the previous section, the structure of PNTZ-4-3 exhibited intramolecular F---F
distances of 2.55(1)-2.62(1) between the F atoms on the ortho CFs groups attached to PNTZ C(sp?)
atoms C1 and C2. These CF3 groups are rapidly rotating about their respective C(sp?)—CFj3 single
bonds. Therefore, the observed 16 Hz Jrr values are time averages: the average coupling constant
between each of the F atoms on one CF3 group with each of the F atoms on the other CF3 group
over all possible conformations. Figure 6-14 shows the orientation of the ortho pair of CF; groups

in the crystal structure of PNTZ-4-3. In solution, there would be 18 different conformations for
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these two CF3 groups, and F15 would be ca. 2.6 A from F16, and would experience through-space
coupling with F16, in only four of those 18 conformations. For the 14 other conformations, the
distance between F15 and F16 would be >> 3 A, and the through-space Jrr value for those two F
atoms would be effectively zero. Therefore, 16 Hz is the average of four non-zero Jrr values and
14 zero Jrr values, and according to this analysis the "instantaneous" Jrr coupling constant for

these two CF; groups is expected to be approximately 72 Hz (i.e., 4x + 18 = 16 Hz, x = 72 Hz).

The above analysis is supported by °F NMR spectra and X-ray crystal structures of perfluoro-
alkylated derivatives of Ceo. First, consider the isolated para-Ce¢(CF3)2 hexagon in the X-ray crystal
structure of 1,6,11,16,18,24,27,36,41,57-Ce0(CF3)10,*! which is shown in Figure 6-14. The F---F
distance between F23 on one CFs group and F27 on the other CF3 group is 2.621(5) A. In solution,
the 'F NMR spectrum of this compound exhibits two quartets with Jgr = 14 Hz for these rapidly
rotating CF3 groups,?® and it was suggested that the nonzero component of the time-averaged Jrr
value would be ca. 126 Hz (i.e., 9 x 14 Hz, because any pair of F atoms experiences the nonzero
coupling only one-ninth of the time). Next, consider one of the three isolated para-Ce(i-C3F7)2
hexagons in the X-ray crystal structure of 1,7,16,30,36,47-Ceo(i-C3F7)6,** also shown in Figure 6-
14. The two central F atoms are 2.655(4) A apart in the X-ray structure. The size and shape of the
perfluoroisopropyl groups dictates that this is probably the only possible conformation for these
two groups in solution. Consequently, the two F atoms are ca. 2.7 A apart 100% of the time, and

the Jgr value for these F atoms was found to be 160 Hz.*?

The 'F NMR spectra of the HCORO(CF3); and H;CORO(CF3)s compounds discussed in
Chapter 2 also exhibited quartets (and quartets-of-quartets or more complex multiplets) for
neighboring CF; groups with Jgr values ranging from 7 to 16 Hz (e.g., see Figures 2-5, 2-6 and
S$2-9. Figure 2-6 shows six F---F contacts shorter than 2.9 A between five contiguous CF; groups,

three attached to CORO C(sp?) atoms and two attached to the CORO C(sp?) atoms.

Returning to the '°F NMR spectra of the PNTZ(CF3), compounds, some of the multiplets in

the spectrum of PNTZ-5-1 in Figure 6-10 (and the spectra of PNTZ-4-3 and PNTZ-4-7 in Figures
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Figure 6-11 and Figure 6-12, respectively) show evidence of "Jrr coupling between the CF3 groups
on C1 and C9 (i.e., between the CF3 groups "next to" the N atom) and Jru coupling between those
CF; groups and the N—H proton. First of all, singlet a, and multiplets c and e, in the 19F NMR
spectrum of PNTZ-5-1 do not require additional comment. Next, multiplet b is not a singlet,
therefore CF3 group b must be coupled to the N—H proton (note that the signal for isolated CF3
group a is a singlet). But if that were all, it would be a doublet, not a complex multiplet. In addition,
multiplet d shows that CF3 group d is not just coupled to CF3 group e, because then it would be a
simple quartet, like the quartet for CF; group c, not the complex multiplet d that was observed.
Therefore, CF3 group d must also be coupled to the N—H proton. But if that were all, it would be
a quartet of doublets, and it is not as simple as that. A simulation of multiplet d using the program
MNova 1s shown in Figure 6-15. The lowest simulated spectrum includes 16 Hz Jrr coupling to
CF; group e and 4 Hz coupling to the N-H proton. Only when an additional 4 Hz Jrr coupling to
CF5 group b is included does the simulated multiplet d match experimental multiplet d. The
simulation of multiplet b, shown in Figure 6-16, confirms that CF3 group b exhibits 4 Hz Jva as

well as 4 Hz Jvu coupling.

The bent structure of the PNTH(CF3), compounds is probably why there is measurable 4 Hz
Jru coupling to the N—H proton in PNTZ-5-1 and five PNTZ(CF3)s isomers, and why there is
measurable, 4 Hz Jrr coupling between the CF3 groups on opposite sides of the N atom in PNTZ-
5-1 and PNTZ-4-3. Figure 6-17 shows part of the X-ray crystal structure of PNTZ-4-3, with
F2---F11 =3.27 A, F2---H =2.28 A, and F11---H = 2.00 A. In contrast, Figure 6-17 includes a
comparison with the corresponding part of the X-ray structure of 1,3,6,8,10-ANTH(CF5)s,'” which
does not have a bent aromatic core and which does not exhibit the same type of Jrr and Jgn coupling
in its '’F NMR spectrum.'” The corresponding distances in 1,3,6,8,10-ANTH(CF5)s, F1---F4 =

3.64 A, F1---H9 =242 A, and F4---H9 = 2.43 A, are significantly longer than in PNTZ-4-3.

Long-range C—F---H-C>° Jgy values of 1-15 Hz were reported as long ago as 1966 and have

been referred to, since then, as "through-space" coupling,***® in much the same way as long-range
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Jrr coupling has been called through-space coupling.”-*® However, the presumed through-space
3Jrn coupling in PNTZ-5-1 and PNTZ-4-3 cannot be mediated by the same mechanism as the >Jgr
and "Jgr through-space couplings in those compounds because H atoms do not have lone pairs to
overlap with F atom lone pairs. Instead, the >Jpn couplings are probably mediated by overlap of F
atom lone pairs with the N-H ¢* antibonding orbital. In this way, this intramolecular "long-range,
through-space" coupling is neither long-range nor through-space, but is Jru spin-spin coupling
through a weak, insipient (C)F---H-N hydrogen bond. Intramolecular Jeu coupling of the same
magnitude as in PNTZ-5-1 and PNTZ-4-3, and with the similar (C)F---H(N) distances, have been
attributed to (C)F---H-N hydrogen bonding in a number of compounds.**->* Drawings of some of
the molecules reported in these references, including one with a CF3 group coupled to an N-H

proton,* are shown in Figure 6-18.702

6.3.3. Gas-phase photoelectron spectroscopy of PNTZ(CF3),

In this work, solutions of PNTZ-3-1, PNTZ-4-1, PNTZ-4-2, and PNTZ-5-1 in CH3CN
containing TDAE were used by Dr. Wang. The resulting photoelectron spectra are shown in Figure
6-19 and the results from these spectra are listed in Table 6-4. It became obvious that the spectra
did not show the electron photodetachment energies for gas-phase [PNTZ(CF3),]” anions, because
the FAs of the neutral PNTZ(CF3), derivatives could not possibly exceed 3 eV. That tentative
conclusion was based on the known EAs of PAH(CF3), derivatives, including 2.80(2) eV for
ANTH-6-1" (DFT value = 2.86°%), 2.40(2) eV for 1,3,6,8,10-ANTH(CF3)s," 1.795(20) eV for
1,3,5,7-naphthalene(CF3)4 (DFT value = 1.745),°* and 2.60(1) eV for 1,4,6,9-phenazine(CF3)4.%°
The conclusion was verified by asking collaborator Dr. Alexey A. Popov to calculate the EAs of
PNTZ-3-1, PNTZ-4-1, PNTZ-4-2, and PNTZ-5-1. Those results, which ranged from 0.92 to 1.46

eV, are listed in Table 6-4.

The current interpretation of the PES spectra in Figure 6-19 is that the anions for which electron
photodetachment energies were measured were deprotonated anions, [PNTZ(CF3), — H]", and

these are the molecular ions shown next to each PES spectrum. Unlike the other PAH(CF3),
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compounds that have had their EAs determined by Dr. Wang at PNNL,!-205455 PNTZ has an acidic
proton (pKa = 22.7 in dimethylsulfoxide®®), and PNTZ derivatives with multiple electron-
withdrawing CF3; groups would be expected to be orders of magnitude more acidic than
unsubstituted PNTZ. Therefore, the indicated values are the gas-phase electron affinities of the
putative radicals formed by removing the H atom from the N atom, not the electron affinities of

the intact protonated molecules. Dr. Popov also calculated their EAs by DFT. The measured values

range from 3.33(5) to 3.67(5) eV, and the DFT predicted values range from 2.80 to 3.39 eV.
6.4. MATERIALS AND METHODS
6.4.1. Reagents and general procedures

The following reagents and solvents were obtained from the indicated sources and were used
as received or were purified where indicated: PNTZ (98%, Sigma Aldrich); Trifluoromethyl iodide
(99% SynQuest); dichloromethane (ACS grade, Fischer); methanol ACS grade (99%, Fischer);
acetonitrile (ACS grade, Fischer); sodium thiolsulfate (99+%, Fischer); deuterated chloroform
(99.8%, Cambridge Isotope Labs); toluene (99.9%, Fischer Scientific); heptane HPLC grade (98%,

Fischer); and perfluorobenzene (Oakwood Products).
6.4.2. Synthesis of PNTZ(CF3),

Kuvychko's synthesis of PNTZ(CF3), compounds involved heating PNTZ (200 mg, 1.00
mmol) with CF3I (ca. 10 mmol) in a sealed glass ampule in a manner similar to reactions reported
previously by the Strauss-Boltalina group.!'®?° (The pressure in the ampule before heating was ca.
600 Torr.) The sealed ampule was heated stepwise from 300 °C to 330 °C over a period of 30
minutes with 10 °C step increases. The ampule was held at 330 °C for 7 h, then cooled to RT. The
reaction product was extracted with DCM and washed with aqueous Na>S>0s to remove the I by-
product. The DCM layer was evaporated to dryness, yielding 133 mg of a mixture of PNTZ(CF3),

compounds.
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6.4.3. Spectroscopic characterization

Proton and '°F NMR spectra of first-stage and second-stage purification fractions evaporated
to dryness and re-dissolved in CDCl3 were recorded using a Varian INOVA 400 spectrometer
operating at 400 and 376 MHz, respectively. The '°F NMR spectra of first-stage purification
fractions F4 and F5, which contained multiple products, and of second-stage purification fractions

F3F1-F3F3, F4F1-F4F7, and FSF1-F5F4 are shown in Figure 6-9.
6.4.4. X-ray crystallographic data collection for PNTZ(CF3)4

Crystals of two PNTZ(CF3)4 isomers suitable for diffraction, PNTZ-4-2 and PNTZ-4-3, were
grown by slow evaporation of methanol solutions. Diffraction data were collected by the author at
the Advanced Photon Source at Argonne National Laboratory on beamline 15ID-D, using a
diamond 111 monochromator, an X-ray wavelength of 0.41328 A, a Bruker D8 goniometer, and
multiscan absorption corrections. Unit cell parameters were determined by the least squares fit of
the angular coordinates of all reflections. Integrations of all frames were performed using the
Bruker APEX III suite of software, and the structures were solved by the author using
SHELXTL/OLEX 2 software. Table 6-2 lists crystallographic data collection and final refinement

parameters.
6.4.5. Photoelectron spectroscopy

Samples of PNTZ-3-1, PNTZ-4-1, PNTZ-4-2, and PNTZ-5-1 were sent to collaborator Dr.
Xue-Bin Wang at Pacific Northwest National Laboratory (PNNL) for EA measurements. A

discussion of a typical experiment is included in Section 2.6.3. of this work.
6.5. CONCLUSIONS AND FUTURE WORK

The high-temperature reaction of PNTZ with CF3l produced a mixture of compounds from
which eleven PNTZ(CF3), were successfully isolated and characterized. The structures of PNTZ-

4-2 and PNTZ-4-3 form structures with close-packed arrays of stacks of molecules, unlike the
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herringbone structures of unsubstituted PNTZ and 2-PNTZ(CF3). The bend angles are greater than
in unsubstituted PNTZ and 2-PNTZ(CF3), and the greater bend may be responsible, in part, for the

tendency of PNTZ-4-2 and PNTZ-4-3 to form molecular stacks in their respective crystals.

The NMR spectra of the PNTZ(CF3), derivatives revealed Jru coupling of CF3 groups to the
N—H proton that is probably mediated by donation of an F atom lone pair to the N-H o*
antibonding orbital, and Jrr coupling between ortho pairs of CF3; groups and CF3 groups on
opposite sides of the N atom that is mediated by through-space Fermi-contact overlap of F atom
lone pairs. The bending of the hetero-tricyclic core of these compounds is believed to be
responsible for the observed Jru coupling, by bringing the F atoms and the H atom closer together

than if the PNTZ core were flat.

Attempts to measure EAs of four PNTZ(CF3), derivatives were thwarted by deprotonation to
the anions upon electrospray ionization. Therefore, the EAs measured were those of the neutral N-
deprotonated radicals. Nevertheless, DFT calculations by collaborator Dr. Alexey A. Popov
predicted that the four EAs would range from 0.92 to 1.46 eV, only about one-third to one-half of
the EAs of other tricyclic PAHs and heteroPAHs with 3, 4, or 5 CFs groups.!®? Therefore,
PNTZ(CF3), derivatives will not be suitable electron acceptors for charge-transfer co-crystals with
high conductivities, even though they may very well form segregated-stack co-crystals with PAH

donors.

In potential future work, if one wanted to measure the EAs of similar molecules with the PNTZ
core, it might be possible to add multiple CF3 groups to N-MePNTZ, a derivative of PNTZ that
has an even larger bend angle (6 = 40.3°) than the derivatives of PNTZ discussed in this chapter.
Using N-MePNTZ(CF3), derivatives, if they can be prepared, for low-temperature gas-phase PES
EA measurements would avoid the deprotonation of the N atom that prevented the EA

measurements of the PNTZ(CF3), compounds studied by the author and discussed in this chapter.
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6.6. ADDITIONAL RECOGNITION

The synthesis of trifluoromethylated phenothiazine derivatives was performed by Dr. Igor V.
Kuvychko. First-stage separation of the crude reaction material was performed by Dr. Long San.
Electron affinity measurements were performed in collaboration with the Pacific Northwest
National Lab run by Dr. Xuebin Wang X-ray diffraction data was collected at the synchrotron

source at Argonne National Lab under the supervision of Dr. Yu-Sheng Chen.
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Table 6-1. [IUPAC locants and abbreviations for the seven purified PNTZ(CF3), compounds and
the second-stage HPLC purification fraction from which they were isolated®

compound abbreviation second-stage retention
HPLC fraction time, min®
2,3,7 or 8-phenothiazine(CF3)3 PNTZ-3-1 F5F2 12
1,4,7,8-phenothiazine(CF3)4 PNTZ-4-1 F2F2 —°
1,3,7,9-phenothiazine(CF3)4 PNTZ-4-2 F3F2 8.5
1,2,7,9-phenothiazine(CF3)4 PNTZ-4-3 F4F3 11
1,4,6,9-phenothiazine(CF3)4 PNTZ-4-4 FAF7 12
1,3,6,7-phenothiazine(CF3)4 PNTZ-4-5 F5F3 16
1,3,6,9-phenothiazine(CF3)4 PNTZ-4-6 F3F1 8
1,2,6,9-phenothiazine(CF3)4 PNTZ-4-7 F4F4 24
2,3,6,8-phenothiazine(CF3)4 PNTZ-4-8 F4F2¢ 10.5
2,4,6,8-phenothiazine(CF3)4 PNTZ-4-9 F4F24 10.5
1,2,3,7,9-phenothiazine(CF3)s PNTZ-5-1 F4F6 15.5

% See Figure 6-1 for a key to the IUPAC locants for phenothiazine. ® Buckyprep semi-preparative
HPLC column, MeOH eluent, 5 mL min!. ¢ First-stage HPLC fraction F2 was separated using
25:75 toluene:heptane, not MeOH. ¢ Compounds PNTZ-4-8 and PNTZ-4-9 co-eluted in 2™ stage
HPLC fraction F4F2.

317



Table 6-2. Crystallographic data collection and final refinement parameters

compound

empirical formula

empirical formula wt., g mol !

molecular formula
habit, color

data collection site
X-ray wavelength, A
crystal system
space group, Z

a, A

b, A

¢, A

a, deg

p, deg

7, deg

V, A3

T,K

Peate (g cm™)

R(F) (I > 20(]))
wR(F?) [all data]®
GOF

PNTZ-4-2%
Ci6HsF12NS
471.27
1,3,7,9-(C12HsNS)(CF3)4
needle, colorless
Advanced Photon Source
0.41328
orthorhombic
P212121, 4
7.6445(13)
8.8006(15)
24.364(4)

90

90

90

1639.1(5)
100(2)

1.910

0.0560

0.1435

1.034

PNTZ-4-3°
Ci6HsF12NS
471.27
1,2,7,9-(C12HsNS)(CF3)4
needle, colorless
Advanced Photon Source
0.41328
monoclinic

P2, 4

7.626(2)
24.337(7)
8.704(3)

90

90.726(5)

90

1615.2(8)
100(2)

1.938

0.0626

0.1584

1.028

4 PNTZ-4-2 = 1,3,7,9-phenothiazine(CF3)4. b PNTZ-4-3 = 1,2,7,9-phenothiazine(CF3)4.
© R(F) = Z||Fo| — [Fdl| / Z[Fo: wR(F?) = (S[w(Fo® — E2?] / E[w(E))".
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Table 6-3. The 'H and '°F NMR chemical shifts, relative intensities, and coupling constants for
PNTZ(CF3), derivatives?®

PNTZ-3-1

PNTZ-4-1

PNTZ-4-2

PNTZ-4-3

PNTZ-4-4

PNTZ-4-5

PNTZ-4-6

PNTZ-4-7

PNTZ-4-8

PNTZ-4-9

'H: § 6.7 (bd s, 1H); 7.0 (s, 1H); 7.1 (s, 1H); 7.3 (s, 1H); 7.4 (s, 1H).

9F: § = —62.4 (q, 3F, J = 14 Hz); —63.1 (q, 3F, J = 14 Hz); —65.9 (s, 3F).

'H: 5 6.8 (bd, 1H); 7.0 (s, 1H); 7.4 (d, 1H, J =8 Hz); 7.5 (d, 1H, J =8 Hz); 7.5 (s, 1H).
9F: § —62.2 (q, 3F, J = 14 Hz); —63.0 (q, 3F, J = 14 Hz); —64.4 (s, 3F); —=65.3 (s, 3F).
'H: § 7.4 (s, 2H); 7.5 (bd m, 1H); 7.6 (s, 2H).

YF: § —64.5 (s, 6F, Jrn = 4 Hz); —66.0 (s, 6F).

'H: § 7.2 (s, 1H); 7.4 (s, 1H); 7.4 (m, 1H); 7.5 (m, 1H); 7.8 (bd s, 1H).?

YF: § —58.5 (m, 3F, J = 4, 16 Hz, Jmu = 4 Hz); —61.5 (q, 3F, J = 16 Hz); —64.3
(sp, 3 F,J=4Hz, Jru =4 Hz); —65.9 (s, 3F).

'H: §7.8 (d, 2H, J = 8 Hz); 8.1 (d, 2H, J = 8 Hz).

F: § —62.8 (s, 6F); —64.9 (s, 6F, Jru = 4 Hz).

"H: § 7.3 (s, 1H); 7.7 (bd s, 1H); 7.8 (s, 1H); 9.0 (d, 1H, J = 9 Hz); 9.2 (d, 1HY).

YF: § —59.6 (q, 3F, J = 16 Hz); =61.0 (q, 3F, J = 16 Hz); —64.8 (s, 3F, Jeu = 4 Hz);
—65.7 (s, 3F).

"H: § 7.6 (s, 1H); 7.6 (bd s, 2H); 7.4 (d, 1H, J =9 Hz).

F: § —64.4 (bd s, 3F); —64.6 (bd s, 3F); —65.2 (s, 3F); —65.8 (s, 3F).

'H: § 7.5 (d, 1H); 7.5 (d, 1H); 7.4 (d, 2H)

F: § —58.2 (m, 3F, J = 4 Hz, 16 Hz, Jra = 4 Hz); —61.4 (q, 3F, J = 4 Hz, 16 Hz);
—64.6 (bd m, 3F); —65.2 (s, 3F).

'H: § 7.5 (s, 2H); 7.5 (s, 2H)

YF: § —62.3 (q, 3F, J = 14 Hz); —63.0 (q, 3F, J = 14 Hz); —65.3 (s, 3F); —66.5 (s, 3F).
"H: § 7.6 (s, 1H); 7.5 (s, 1H); 7.5 (s, 1H); 7.5 (s, 1H).

9F: 8 —64.4 (d, 6F, J = 4 Hz); —65.0 (s, 6F).
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Table 6-3. (continued) The 'H and '"F NMR chemical shifts, relative intensities, and coupling
constants for PNTZ(CF3), derivatives®

PNTZ-5-1 'H:§7.4 (s, 1H); 7.5 (s, 1H); 7.6 (s, 1H); 7.7 (bd m, 1H).®
YF: § =—56.7 (h, 3F, J = 16 Hz); —58.3 (m, 3F, J = 4 Hz, 16 Hz, Jr = 4 Hz); —60.9
(q, 3F, J =16 Hz); —64.0 (h, 3F, J =4 Hz, Jru = 4 Hz); —66.1 (s, 3F).

 See Figures Figure 6-5 and Figure 6-6 for the [UPAC locants for each compound. The operating
frequencies of the spectrometer were 400 MHz for 'H NMR spectra and 376 MHz for '°F NMR
spectra. The solvent was CDCls. The chemical shifts are referenced to residual CHCI3; in CDCl3
solvent (& 7.27) for "H NMR spectra and to a small amount of added CeFe (8 —164.9) for °F NMR
spectra. Abbreviations: s, singlet; d, doublet; q, quartet; m, multiplet; bd, broad. All J coupling
constants are Jgr unless otherwise indicated. ® The spectrum contains signals at § 7.4 and 7.6 due
to a small amount of PNTZ-4-2. ¢ No observable signal for the N-H proton. ¢ This doublet is poorly
resolved, but it is assumed that J = 9 Hz. © This compound is unique in that it there is Jrr coupling
between the CF3 groups on C1 and C9.
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Table 6-4. Experimental and DFT predicted electron affinities (EAs)*

compd experimental EA, eVP DFT predicted EA, eV©
PNTZ — -0.51
2-PNTZ(CF5) — 0.079
PNTZ-3-1 — 0.92
PNTZ-4-1 — 1.10
PNTZ-4-2 — 1.11
PNTZ-4-3 — 1.01
PNTZ-5-1 — 1.46
PNTZ-3-1- H’ 3.54(1)¢ 2.80
PNTZ-4-1-H 3.33(5)¢ 291
PNTZ-4-2 —H’ 3.43(5)¢ 2.94
PNTZ-5-1 - H' 3.67(5) 3.39

4 PNTZ = phenothiazine (see Figure 6-1 for structure and IUPAC locants). The experimental
values are for the neutral radical formed by removing the H atom attached to the N atom in the
parent compound. ® Determined by low-temperature gas-phase photoelectron spectroscopy by
collaborator Dr. Xue-Bin Wang at Pacific Northwest National Laboratory (Richland, WA). The
samples were provided by the author. © DFT predicted EAs at the B3LYP/ma-def2-TZVPP level
of theory were calculated by collaborator Dr. Alexey A. Popov at the Leibniz Institute for Solid
State and Materials Research (Dresden, Germany). ¢ The nature of the species that gave rise to the
PES spectra in Figure 6-19 is assumed to be the anion formed by the removal of H" during the
electrospray ionization process.
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phenothiazine (PNTZ)

S

\

Figure 6-1. The structure of the hetero-tricyclic molecule phenothiazine (10H-phenothiazine;
PNTZ). The upper drawing was made from the X-ray coordinates published in ref. '!, and shows
the definition of the bend angle 6: 180° minus the angle formed by vectors connecting the
midpoints of each of the outermost C—C bonds and the midpoint of the N---S vector. The IUPAC
locants are shown in the bottom drawing.
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.
.

PNTZ + CF3l rxn. mixture
Buckyprep column HPLC
CH3CN eluent, 5 mL min-

F1

300 nm detector

F4 F5
370 nm detector

T —#
0 3} 10 15

retention time, min

Figure 6-2. HPLC chromatograms of the crude product mixture from the high-temperature
reaction of phenothiazine (PNTZ) and CFzl. These chromatograms were recorded by former
graduate student Dr. Long K. San and show the seven fractions that were further purified by the
author to obtain eleven PNTZ(CF3), derivatives.
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Second stage Buckyprep column HPLC
CH3OH eluent

. F3F1
5 mL min-1

F3F2

F3F3

Fraction 3

F4F4 Fraction 4

Fraction 5

F5F4

™
L
o
L

1
10 20
retention time, min

Figure 6-3. Second-stage HPLC separation of Fractions 3, 4, and 5 (see Figure 6-2) using CH;0H
as the eluent. The second stage separation of Fraction 2, performed by Dr. Long San, (not shown)

using 25:75 toluene:heptane as the eluent resulted in three peaks, one of which contained pure
1,4,7,8-PNTZ(CF3)4 (PNTZ-4-1).
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1,2,7,9-PNTZ(CF3)4
PNTZ-4-3

Figure 6-4. Drawings of the X-ray diffraction structures of PNTZ-4-2 and PNTZ-4-3 (30%
probability ellipsoids except for H atoms, which are shown as spheres of arbitrary size). The F
atoms are colored yellow. The short intramolecular F---F contacts of 2.58(1) and 2.62(1) A in the
structure of PNTZ-4-3 are shown with dashed lines. Only one of the two unique virtually identical

molecules of PNTZ-4-3 is shown. The corresponding F---F distances in the second molecule are
2.55(1) and 2.59(1) A.
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PNTZ-4-2
0 = 33°

PNTZ-4-3
0 = 36°

Figure 6-5. The bent, or domed, structures of 1,3,7,9-PNTZ(CF3)4+ (PNTZ-4-2) and 1,2,7,9-
PNTZ(CF3)4 (PNTZ-4-3). The F atoms are colored yellow. The bend angles, 6, defined in Figure
6-1, are shown. Note that the N atoms are almost completely flattened from a tetrahedral
configuration to a trigonal-planar configuration.
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N S PNTZ-4-3

Figure 6-6. The structures of 1,3,7,9-PNTZ(CF3)s (PNTZ-4-2; upper drawing) and 1,2,7,9-
PNTZ(CF3)4 (PNTZ-4-3; lower drawing). The molecules form stacks so that the N atoms (and the
S atoms) in every other molecule are aligned along the b axis in PNTZ-4-2 and along the a axis in
PNTZ-4-3.
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PNTZ-4-3

Figure 6-7. Perpendicular views of part of the structure of 1,2,7,9-PNTZ(CF3)s (PNTZ-4-3), The
nearly-superimposed molecules form chevron-like stacks, with the N---S vector turned 180° in
every other molecule in the stack. Similar drawings of the molecules in the structure of PNTZ-4-
2 (not shown) demonstrate that they are stacked in virtually the same way.
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Figure 6-8. Perpendicular views of part of the structure of 1,3,7,9-PNTZ(CF3)s (PNTZ-4-2). The
upper drawing shows the close-packed array of stacks of molecules. Similar drawings of the
molecules in the structure of PNTZ-4-3 (not shown) demonstrate that they are stacked in virtually
the same way.
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376 MHz F NMR
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Figure 6-9. The '’F NMR spectra of first- and second-stage PNTZ(CF3), HPLC fractions (see
Figures Figure 6-2 and Figure 6-3; the second-stage purification of first-stage fraction F2, from
which PNTZ-4-1 was isolated, is not shown). Nine of the 15 second-stage fractions each resulted
in the isolation of a single PNTZ(CF3), compound. Second-stage fraction FAF2 contained a 1:2
mixture of two compounds, PNTZ-4-8 and PNTZ-4-9. Drawings of the molecules are shown in
Figures Figure 6-10, Figure 6-11, and Figure 6-12. The IUPAC locants are shown in the
aforementioned three figures and are also listed in Table 6-1.

330



S 376 MHz "F NMR
3

CF3
(6(CsFe) —164.9)
CDCl3
C

1 2,3,7,9-PNTZ(CF3)s

PNTZ-5-1
_56.50 —56. 75 '—6017"5' —-61.00
—64.00
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e
L
I
1 d ' v v 1 ' . ’ . 1 b
-55 —60 —65

chemical shift, ppm

Figure 6-10. The YF NMR spectrum of PNTZ-5-1 (1,2,3,7,9-PNTZ(CF3)s), which was isolated
from Fraction F4F6 of the second-stage HPLC purification (see Figure 6-9).
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376 MHz °F NMR (CDCls, §(CgFs) —164.9)
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Figure 6-11. The '°F NMR spectra of PNTZ-3-1 and five of the nine isomers of PNTZ(CF3)s. Peak assignments and IUPAC locants are

shown.
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376 MHz '9F NMR, CDCl3 a
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Figure 6-12. The 'F NMR spectra of four of the nine PNTZ(CF3)s isomers. The sample for the
bottom spectrum was second-stage HPLC fraction F4F2, which contained a 1:2 mixture of PNTZ-
4-8 and PNTZ-4-9. Peak assignments and IUPAC locants are shown.
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Figure 6-13. The 400 MHz 'H NMR spectrum of 1,4,7,8-PNTZ(CF3)s (PNTZ-4-1). Peak
assignments are shown.
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PNTZ-4-3

Figure 6-14. Portions of the X-ray crystal structures of PNTZ-4-3 (this work),
1,6,11,16,18,24,27,36,41,57-Ce0o(CF3)10 (ref. '), and 1,7,16,30,36,47-Ceo(i-C3F7)s (ref. *?). The
F15---F16 and F15---F17 distances in PNTZ-4-3 are 2.55(1) and 2.59(1) A. The F23---F27
distance in Ceo(CF3)10 is 2.621(5) A. The F1.--F2 distance in Co0(i-C3F7)6 1s 2.655(4) A.
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9F NMR
PNTZ-5-1
peak d

Jdb =4 Hz
Jde =16 Hz
JdH =4 Hz

Job =5 Hz
Jde =16 Hz
JdH =4 Hz

Jdb =0 Hz
Jde =16 Hz
JgH = 4Hz

T | T
-58.0 -58.2 -58.4 -58.6
chemical shift, ppm

Figure 6-15. Experimental and simulations of multiplet d in the '°F NMR spectrum of PNTZ-5-1
(see Figure 6-10 for a key to the multiplet abbreviations). The lower two simulations show that 4
Hz Ja» and 4 Hz Jau coupling are both necessary to match the experimental multiplet. See also
Figure 6-16.
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19F NMR
PNTZ-5-1
multiplet b

Jbd =4 Hz
JpH =4 Hz

| | | |
-63.8 -63.9 -64.0 -64.1
chemical shift, ppm

Figure 6-16. Experimental and simulation of multiplet b in the 'F NMR spectrum of PNTZ-5-1
(see Figure 6-10 for a key to the multiplet abbreviations). The simulation shows that 4 Hz Ja» and
4 Hz Jou coupling match the experimental multiplet. See also Figure 6-15.
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1,3,6,8,10-ANTH(CF3)s

Figure 6-17. Portions of the X-ray crystal structures of PNTZ-4-3 (this work) and 1,3,6,8,10-
ANTH(CF;)s (ref. ). The F2---F11, F2.--H, and F11---H distance in PNTZ-4-3 are 3.27, 2.28,
and 2.20 A, respectively. The F1---F4, F1---H9, and F4---H9 distances in ANTH(CF5)s are 3.64,
2.42, and 2.43 A, respectively.
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Cosimi et al.
Chem. Comm. 2019

H,C _Ph
T F-H=22A
S H Jpy=4.4Hz

O Mishra et al.
RSC Adv. 2015

F--H=ca.22A
Jey = 14 Hz

Chaudhari et al.
)L J. Phys. Chem. B 2013

| JFH:2HZ

Figure 6-18. Several compounds with weak (C)F---H-N hydrogen bonding that exhibit *°Jey
coupling measured by NMR spectroscopy: Cosimi et al. (ref. >%); (Mishra et al. (ref. °°); and
Chaudhari et al. (ref. 4).
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Figure 6-19. Low-temperature gas-phase photoelectron spectra of electrospray-ionized samples
of PNTZ-3-1, PNTZ-4-1, PNTZ-4-2, and PNTZ-5-1. The solutions that were electrosprayed into
the ionization chamber were CH3CN solutions containing (NMe2)>C=C(NMe»),, and the species
giving rise to the spectra are most likely the N-deprotonated anions of each compound. Therefore,
the indicated values are the gas-phase electron affinities of the putative radicals formed by
removing the H atom from the N atom, not the electron affinities of the intact protonated
molecules.
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Table S2-1. Crystal data and final refinement parameters for the single-crystal X-ray CORO and H2CORO structures

compound

formula

formula wt, g mol !

X-ray wavelength, A

crystal system
space group, Z
a, A

b, A

¢, A

a, deg

P, deg

Y, deg

V, A3

Peale g €M

T,K

R(F) (I>2a(D)*
WR(F?) [all data]?

GOOF

CORO-4-1
CosHsFin
572.34
0.41328
orthorhombic
Ibam
12.484(4)
23.207(8)
7.222(3)

90

90

90
2092.3(13)
1.817

100

0.089

0.2819
—0.575, 0.999

H>CORO-7-1
Cs1H7F2;
778.37
0.41328
monoclinic
P2i/c
11.9692(4)
27.7144(9)
8.0855(3)

90
93.6170(10)
90
2676.77(16)
1.931

100

0.0509
0.1533
—0.464, 0.509

H>CORO-7-2
Cs1H7F2
778.37
0.41328
monoclinic
P2,
13.4625(6)
7.9058(3)
14.4223(6)
90
117.7620(10)
90
1358.30(10)
1.903

100

0.0507
0.1373
—0.350, 0.362

H,CORO-8-1
C32HgF24
846.37
0.41328
triclinic

P-1
8.1278(4)
13.1666(6)
13.8141(7)
73.1890(10)
89.6170(10)
79.1220(10)
1387.91(12)
2.025

100

0.0456
0.1327
—0.38, 0.44

H>CORO-8-2
CsHgF24
846.37
0.41328
orthorhombic
Pna2;
14.697(3)
23.300(4)
8.1423(17)
90

90

90

2788.3(9)
2.016

100

0.0688
0.2147
—0.476, 0.715

“ R(F) = X||Fo| = [Fell /Z|Fol; WR(F?) = (Z[W(Fo” = F&)1/Z[w(Fo)* D).
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Table S2-2. The retention times for the major HHCORO(CF3), fractions collected by HPLC.

Designation Retention Time (min) Molecule Name
FO 34-3.7 N/A
F1 7.6-8.4 N/A
F2 10.4-11.3 H>CORO-8-1
F3 13.6 - 14.9 H>CORO-8-2/H,CORO-8-3
F4 21.0-22.2 H>CORO-7-1
F5 452 -47.7 H>CORO-7-2

Separation performed in 100% toluene on the Cosmosil Buckyprep column at a flow rate of 5 mL
min!. Pure fractions with compounds which were characterized and identified are named.
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Table S2-3. Results of mass spectrometric analysis of the isolated fraction from MTR-HP.

Fraction m/z present by MS+ Number of CF3 Number of C(sp?)
groups bonded H
FO 984.00 10 4
F1 777.08% 7 2
F2 846.08 8 2
F3 846.08 8 2
F4 778.08 7 2
F5 778.08 7 2

T Most abundant ion is given
1 Shows a mass that is one proton less than the theoretical mass for an H-CORO(CF3)7.
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Table S2-4. Chemical shifts for the fluorine signals on the major products from MTR-HP.

H,CORO-8-1 H,CORO-8-2 H>CORO-7-1 H,CORO-7-2
F.—71.4 (ap) Fap—71.0,-71.1 (ap) Fap—71.1 (ap) Fas—71.1 (ap)
JFF=8 JFF=8,8 JFFIS JFFZS

6F 6F
F»—71.1 (ah) Fen—60.65, ~60.78 (q) Feg —60.5,-60.6 (q) Fee—60.5 (q)
JFF=7 JFF=8,8 JFF=8,8 JFFZS
6F
F.~60.5 (q) Fq—63.42 (s) Fuy—60.4, ~60.4 (s) Fup—63.4,-63.5 (s)
JFF =8
Fu;—63.3,~63.4 (s) F.—61.46 (s) F.—61.2(s) F.—61.2(s)

F.—61.3(s)

F, —52.8 (abq)
Jrr=16

Fr,—53.16 (um)

Fjo —54.39, —54.67 (abq)
Jer =15, 15

Multiplets are listed as singlet (s), quartet (q), ab quartet (abq), apparent pentet (p), apparent heptet
(ah), and unresolved broad envelope multiplet (um). All shifts are reported in ppm. All Jrr values
are +1 Hz due to second order effects. All integration values are 3F unless otherwise stated.
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Table S2-5. 'H NMR chemical shifts of the 4 isolated and characterized major products from
MTR-HP.

H>CORO-8-1 H>CORO-8-2 H>CORO-7-1 H>CORO-7-2
H.;»5.1,53(q) H.»5.1(q) H,»5.1 (ap)T H,;»5.1 (uq)i
JHF=9HZ JHF=7HZ JHF=6HZ JHF=8HZ
2H 2H 2H
H.qr9.1,9.2,9.2 (s) H.aqr9.1(s),9.1,9.2 (broad s) H.q. 8.8, 8.9(s) H;8.9 (s)
H,9.3 (s) H,9.3 (s) H;:9.1,9.1 (s) H:;9.1(s)
H,9.3 (s) H.r9.1,9.1 (broad s)

1 The C(sp*) bonded protons ideally are quartets however, the 5.1 ppm signal appears to be a pentet
due to the overlap of the two quartets.

I The C(sp®) bonded protons on HoCORO-7-2 shows a poorly resolved quartet. The poor
resolution is due to the small sample size.

Multiplets are listed as singlet (s), quartet (q), unresolved quartet (uq), and apparent pentet (ap).
All shifts are reported in ppm. All Jru values are +1 Hz due to second order effects. All integration
values are 1H unless otherwise stated.
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Table S2-6. Retention times for isolated CORO(CF3), derivatives

Designation Retention Time

CORO-1-1 6.0 — 8.0 min

CORO-4-1 12.7 — 14.5 min
CORO-4-2 20.7 —22.9 min
CORO-5-1 31.3 -33.7 min
CORO-5-2 33.9 -37.2 min
CORO-5-3 42.9 — 50.0 min
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Table S2-7. CORO(CF3), derivatives listed by their substitution pattern and their corresponding
energy levels and heats of formation.

CORO(CF3)2 AE, kJ/mol HOMO, eV LUMO, eV Gap, eV
1,7 0.00 -5.735 -3.035 2.700
1,8 0.33 -5.736 -2.994 2.742
1,5 0.46 -5.755 -3.003 2.751
1,6 0.52 -5.741 -3.060 2.681
1,10 0.85 -5.766 -3.008 2.759
1,4 0.90 -5.762 -3.016 2.746
1,3 2.18 -5.746 -3.011 2.735
1,12 64.15 -5.720 -3.083 2.637
1,2 64.48 -5.681 -3.112 2.569
CORO(CF»)3 AE, kJ/mol HOMO, eV LUMO, eV Gap, eV
1,59 0.00 -6.028 -3.228 2.800
14,8 0.32 -5.996 -3.239 2.757
1,4,7 0.37 -6.000 -3.293 2.707
1,5,10 0.43 -6.014 -3.303 2711
1,3,7 1.22 -5.986 -3.285 2.701
1,39 1.23 -5.985 -3.286 2.699
1,3,8 1.61 -5.978 -3.300 2.678
1,3,10 1.95 -5.992 -3.235 2.757
1,3,6 2.16 -5.998 -3.316 2.683
1,3,5 3.32 -6.010 -3.234 2.776
CORO(CF3)4 AE, kJ/mol HOMO, eV LUMO, eV Gap, eV
1,4,7,10* 0.00 -6.253 -3.552 2.700
1,3,7,10 1.16 -6.237 -3.514 2.723
1,3,6,9 1.30 -6.242 -3.560 2.682
1,3,6,10 1.63 -6.245 -3.535 2.711
1,3,7,9 1.65 -6.223 -3.538 2.686
1,3,5,9 2.07 -6.237 -3.507 2.730
1,3,8,10 2.74 -6.219 -3.510 2.710
1,3,5,10 2.81 -6.234 -3.510 2.724
1,3,5,8 2.86 -6.228 -3.530 2.697
1,3,6,8 2.92 -6.216 -3.571 2.645
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1,3,5,7 3.67 -6.228 -3.495 2.733

*”dead-end” - i.e. further addition to this structure is not possible hence it may be accumulated (it
is symmetric CORO-4 isomer)

CORO(CF»)s AE, kJ/mol HOMO, eV LUMO, eV Gap, eV
1,3,5,7,10 0.00 -6.474 -3.753 2.721
1,3,5,8,10 0.39 -6.459 -3.764 2.695
1,3,5,7,9* 0.42 -6.465 -3.732 2.732

*QOn the route to the sole CORO-6 structure without close CF3-CF3 contact

Two isomers with close positions of CF3 groups (1,2 and 1,12) have similarly high relative energies
of 64 kJ/mol. For comparisons, the isomer of CORA-2 with similar relative location of CF3 groups
have the energies of 43.9 (peri) and 55.4 (ortho). Thus, inter-CF5 repulsion in planar CORO-2
seems to be stronger than in the bowl-shaped CORA-2. For a series of CORA(CF3)x derivatives,
our analysis have shown that relative energies can be predicted using energy increments for
different structural fragments. If similar rule holds for CORO, we do not need to compute relative
energies of isomers with para or ortho fragments. We therefore focused on finding all isomers
avoiding close CF3 contacts. It can be seen that the relative energies of isomers vary in a very small
range, and one can hardly find any reasons for the preferable formation of this or that isomer. My
suggestion was that maybe it can be explained by statistics —i.e., imagine that we start with CORO-
1 and count how many CF3 addition sequences lead to a certain structure. But this does not work.
For CORO-5 isomers, I counted totally 356 addition sequences leading to three isomers, of them
120 lead to 1,3,5,7,9-isomer (which means there should be roughly a third of it in the mixture).
Another suggestion is that the “dead-end” isomers should be accumulated. For instance, among 11
isomers of CORO-4, there is only one structure, 1,4,7,10, which cannot react further without
addition of CF3 groups to adjacent positions. Therefore, 1,4,7,10-isomer is a “dead-end” and
should be accumulated in the product mixture (whereas other CORO-4 isomer react further to form
CORO-5 etc). Among three isomers of CORO-5, only 1,3,5,7,9-isomer can react further without
addition of CF3 groups to adjacent position, whereas 1,3,5,7,10 and 1,3,5,8,10 cannot. Therefore,
one can expect a smaller amount of 1,3,5,7,9 in the products, but then CORO-6 should be formed
(unless it also reacts further).
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Table S2-8. Isolated yields of the various product types from GTGS-3.

CORO+ CORO-2+ CORO-3 +

CORO.L  CORO.3 CORO.4  CORO-5-1 CORO-52  CORO-5-3

Isolated
yield based
on 14.40% 7.00 % 13.60 % 8.60 % 19.80% 2.30%
recovered
material

Isolated
yield based
on starting

material

6.40 % 2.20% 3.80% 1.98% 4.60% 0.54 %

Due to the loss of material from charring, the yields based on recovered material as well as the true
isolated yields based on the starting material are reported. The specific reaction conditions are
discussed in the experimental section. The missing percentage of material is due to compounds
which elute before coronene and by mass spectrometry appear to be dihydrocoronene compounds
similar to the ones isolated from MTR-HP.
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CORO-1-1
CORO-4-1
CORO-4-2
CORO-5-1
CORO-5-2
CORO-5-3
H>2CORO-7-1
H>2CORO-7-2
H2CORO-8-1
H>2CORO-8-2
H>CORO-8-3

1-(trifluoromethyl)coronene
1,4,7,10-tetrakis(trifluoromethyl)coronene
1,3,8,10-tetrakis(trifluoromethyl)coronene
1,3,5,7,10-pentakis(trifluoromethyl)coronene
1,3,5,8,10-pentakis(trifluoromethyl)coronene
1,3,5,7,9-pentakis(trifluoromethyl)coronene
1,2,3,5,7,9,12-heptakis(trifluoromethyl)-1,2-dihydrocoronene
1,2,3,5,7,10,12-heptakis(trifluoromethyl)-1,2-dihydrocoronene
1,2,3,4,6,8,10,12-octakis(trifluoromethyl)-1,2-dihydrocoronene
1,2,3,5,6,8,10,12-octakis(trifluoromethyl)-1,2-dihydrocoronene

1,2,3,5,7,8,10,12-octakis(trifluoromethyl)-1,2-dihydrocoronene

Figure S2-1. The IUPAC numbering for HCORO, which is the same for CORO. Also shown are
the abbreviations for the 12 compounds characterized in this work. The structures in bold were
characterized by single-crystal X-ray diffraction.
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CORO-4-1

H,CORO-7-2 H,CORO-8-2

Figure S2-2. The five structures reported in this work (H atoms shown as spheres of arbitrary size;
this is the same as Figure 10 in the main paper). Except for H-CORO-8-2 (30% probability
ellipsoids), the drawings are shown with 50% probability ellipsoids.
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Details of X-ray structure refinement and disorder modeling

CORO-4-1. The structure of CORO-4-1 exhibited a rotational disorder about the center of the
central hexagon. The minor portion (8%) is rotated ca. 15° with respect to the major portion (92%).
This disorder was modeled using a combination of SADI and EADP commands. The 92:8
rotational disorder model resulted in a 22% improvement in wR2 and a 12% improvement in R1.
This structure was also evaluated as monoclinic C2/m, with two unique molecules, each molecule
related by a 90° rotation. However, the similarity in the two molecules resulted in ADDSYM errors
associated with missed higher symmetry and never yielded a unit cell without all cell angles being
90°, a clear sign that the correct crystal system is orthorhombic, with two superimposed molecules.
This was further evaluated by solving the structure as triclinic and using the Platon ADDSYM
commands to find higher symmetry, and this resulted in the final solution reported here. In
addition, there are indications that the crystals are twinned. However, there were not enough
reflections from the twin cell to allow for a twin refinement. The result is that R-int is relatively
high, 20.4%.

H2CORO-7-1. The structure of H-CORO-7-1 exhibited positional disorder of the H atoms and
CF; groups on C1 and C2, resulting in the superposition of two enantiomers of unequal population.
The disorder was refined with a free variable so that each molecule is the superposition of opposite

enantiomers in a 61:39 ratio.

H2CORO-7-2. The structure of HCORO-7-2 also exhibited positional disorder of the H atoms
and CF3z groups on C1 and C2. The positional disorder extends to C3 and C18 and their CF;3
substituents, showing that the flex of the two enantiomers can extend beyond C1 and C2. The

occupancy for these disordered atoms was constrained to be 50:50.

H2CORO-8-1. The structure of HCORO-8-1 also exhibited positional disorder of the H atoms
and CF; groups on C1 and C2, with the major enantiomer component constrained to 70% (based
on the average free-variable occupancy of the C atoms of a given enantiomer. In addition, the CF;
group on C12 was rotationally disordered and was modeled as two CF3 components with the major

component being 70.9%.

H2CORO-8-2. The structure of HCORO-8-2 also exhibited positional disorder of the H atoms
and CF3z groups on C1 and C2, with the major enantiomer component constrained to 61%. In
addition, it appears that a small percentage of another isomer, designated as Ho-CORO-8-3, is
present in the crystal. This isomer differs from HCORO-8-2 in the position of one CF3 group:
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H,CORO-8-2 is 1,2-H»-1,2,3,5,6,8,10,12-CORO(CF3)s and H>CORO-8-3 is 1,2-H»-
1,2,3,5,7,8,10,12-CORO(CF3)s, which has C> molecular symmetry. This assignment is based on
the mass spectrum and '°F NMR spectrum of the sample of HoCORO-8-2, which show a
symmetric impurity with the same mass as HCORO-8-2. However, it was not possible to isolate
H>CORO-8-3 separately. In addition, several of the CF3 groups exhibit rotational disorder. The
presence of the small percentage of H2CORO-8-3 and the CFs disorder in the structure of
H>CORO-8-2 lead to several unusual bond distances and angles. Therefore, bond distances and

angles in this structure will not be discussed.
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Figure S2-3. Drawings of the stacks of molecules in the structure of CORO-4-1 (only the 92%
components are shown). The C and H atoms in each molecule are rigorously co-planar, and those
planes are rigorously perpendicular to the crystallographic ¢ axis. The red dots are the centroids of
the central hexagons. These centroids are aligned along the crystallographic c¢ axis, resulting in a
3.611 A (c/2) separation of the  systems in adjacent molecules. Molecule in the stack are rotated
25° relative to one another so that every second molecule is perfectly aligned.
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Figure S2-4. Adjacent molecules in the structure of unsubstituted coronene from the Kataeva 2016
paper.! Degree of n—m overlap is 28%.
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Figure S2-5. One layer of molecules in the structure of CORO-4-1, with F atoms highlighted as
large spheres. The molecules lie in the crystallographic ab plane, which is parallel to the plane of
the page in this drawing. The closest intermolecular F---F and F---H distances are 3.11 and 2.61
A, respectively.
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Figure S2-6. Hexagonal array of stacks of molecules in the structure of CORO-4-1. The view is
looking down the crystallographic ¢ axis. The empty spaces between major component molecules
can be seen. These spaces may be the reason for the facile rotational disorder of the minor
component molecules.
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F3
FO

F2

F1 .
F5

I I I v I
retention time, min
Figure S2-7. HPLC chromatogram of MTR-HP. All compounds shown above have more than 6
CF5 groups according to mass spectrometry. The best eluent found for these compounds was
heptane, showing these compounds have weak interactions with the pyrene based stationary phase,
resulting in excellent separation while the single run allows for efficient separation/purification

protocol. All of the fractions with asterisks represent compounds where crystal structures were
obtained, see Figure S2-2.
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FO 1°F NMR

CDCl; and C4F4 rm‘uw

1 T T T T T T
-61.0 -64.0 -65.0

I I T T T T
546 -54.8 70.0 710

T T T T T T B 1 . I
-5%6 -60 -64 -68 -72

chemical shift, ppm

Figure S2-8. The '°F NMR spectrum of F0, see Table S2-3. The mass spectrum results suggest
that the majority of the material has ten CF3 groups with four sp? protons. The multiplets at =70 to
—71 ppm are indicative of the sp® functionality. There are few singlet signals in the —60 to —65
ppm range showing there are few CF3 groups that are not adjacent to at least one other CF3 group.
The 'H NMR of this fraction was collected but due to the large number of compounds there are no
discreet signals which can be observed.
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F3 °F NMR

CDCl, and CgFg ref. CF; Fy

-60.5 -61.0 i

T T T T T I e e e e e e e A L
-54.5 -50 -60 -70 -71.0
* =H,CORO-8-3 chemical shift, ppm

Figure S2-9. '°F NMR of H,CORO-8-2 with peaks assigned to specific CFs groups on the
molecule. The spectrum contains signals from an impurity which integrates to 25% of the total
sample assuming the visible singlets represent one CF3 group each. There is also evidence for
signals underneath the multiplets at —60 and —71 ppm resulting in elevated integration values.
These signals appear to be due to a second isomer, H CORO-8-3 aka 1,2,3,5,7,8,10,12-
octakis(trifluoromethyl)-1,2-dihydrocoronene. The crystal structure of H-CORO-8-2 supports this
assignment, see Figure 2-7. Measurement recorded in CDCl3 with CeFg as a reference.
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F3 1H NMR
cncl,

Heaf Hap H.p

— 71 r r r r T T ' T T T T T
9.25 9.00 56 54 5.2 5.0
chemical shift, ppm

Figure S2-10. '"H NMR of H;CORO-8-2. The spectrum is very noisy due to the small amount of
material. The spectrum was recorded in CDCl3 with chloroform as a reference (7.26 ppm).

There are no unique signals for the HCORO-8-3 protons. This appears to be due to the poor signal
to noise ratio for the 'H NMR spectrum which is due to the small amount of material available for
the measurement.
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F419F NMR ¢
CDCl, C,Fg ref.
-61.20 -63.40
Feg

. |

-60.50 -60 -85 -70 -71.00 -71.25
chemical shift, ppm

Figure S2-11. The '°F NMR of H,CORO-7-1. ’F NMR (CDCls, internal ref. C¢Fs, 375 MHz).

The multiplet at —71 ppm is a pair of near isochronous quartets arising from the two adjacent C(sp?)

bonded CF3 groups, it is listed as an apparent septet in Table S2-4. On this molecule as well as

H>CORO-7-2 the CF3 groups are in nearly identical chemical environments causing the chemical

shift difference to be very small for those two CF3 groups, labeled F. and Fy, resulting in the unique
multiplet. Measurement recorded in CDCls with CeFs as a reference.
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F4 'H NMR
CDCl, He g Hap H,

— ——
94 9.2 9.0 8.8 510 5.00

chemical shift, ppm

Figure S2-12. 'H NMR of H>CORO-7-1. The chemical environment for the two sp® protons is
nearly identical resulting in coincidental isochrony giving rise to an apparent pentet. The spectrum
was recorded in CDCl3 with chloroform as a reference (7.26 ppm).
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F5 19F NMR
CDCl; and CgFg ref.

-61.20 -61.30 63.2 -63.6
Fe
FC,E
Fa,b
—— |
604 -60.6
-60 -65 -70 -71.00 -71.25

chemical shift, ppm

Figure S2-13. ’F NMR of H2CORO-7-2 with all assignable peaks labeled. Measurement recorded
in CDCl3 with C¢Fg as a reference.
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F5'H NMR
CDCl,
H,:,g Ha,h
H Hq .
He,f
9.20 9.00 8.80 5.15 5.00

chemical shift, ppm

Figure S2-14. '"H NMR of H,CORO-7-2. The spectrum was recorded in CDCl3 with chloroform
as a reference (7.26 ppm).
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CORO-1-11°F NMR CORO-1-1'HNMR  *
CsDg and CgFg ref. CeDg

-40 -80 -120 -160 9.0 8.5
chemical shift, ppm

* = coronene

Figure S2-15. '°F and 'H NMR spectra for CORO-1-1. "F NMR (CeD, internal ref. C¢Fs, 375
MHz): § —59.89 (s, 3F). 'H NMR (CeDs, 400 MHz) & 8.3 (d, 1H, J = 9 Hz); § 8.4 (d, 1H,
J =9 Hz); 6 8.5 (d, 2H, J =9 Hz); 6 8.5 (overlapped d, 1H); & 8.5 (s, 2H); & 8.5 (overlapped d,
1H); 6 8.6 (d, 1H, J=9 Hz); 9.0 (s, 1H); 6 9.3 (d, IH, J=9 Hz,). The multiplets of the overlapped
signals were determined using the integration values of each signal. Unfortunately, the J coupling
values could not be determined reliably for the overlapped doublets. Spectrum recorded in C¢Ds¢
with CeFe used as an internal standard for the '’F NMR. Peak identified with an asterisk is due to
the 12 symmetric protons from residual coronene which coelutes with CORO-1-1. The proton
NMR agrees well with the previously reported 1-chlorocoronene and the recently reported 1-
trifluoromethylcoronene recorded in CD>Cl,.>
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F,
H, H,
F, y
CORO-4-119F NMR CORO-4-11H NMR a.b
C¢Dg and C;F; ref. CsDs H.p
M " o
ﬂ—i—ﬁ—ﬁfw T r 1 . r.. 1.1 [ 1.1 1T 1T 1T °71
-57.5 -60.0 -62.5 9.25 9.00 8.75

chemical shift, ppm

Figure S2-16. F and '"H NMR spectra for CORO-4-1. YF NMR (CgDs, internal ref. C¢Fe, 375
MHz): § —60.0 (s, 12F). '"H NMR (CsDs¢, 400 MHz) & 8.8 (s, 4H); § 9.2 (s, 4H).
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CORO-4-2 1°F NMR CORO-4-2'H NMR
CD,Cl, and C4F; ref. CD,Cl,

T' T T T T "'—

1 L 1

—
-60.0 -62.5 9.6 9.4 9.2

chemical shift, ppm

Figure S2-17. YF and '"H NMR spectra for CORO-4-2. 9F NMR (CD-Cl,, internal ref. C¢Fs, 375
MHz): § —60.5 (s, 6F); 8 —60.7 (s, 6F). 'H NMR (CDCl,, 400 MHz) § 9.2 (d, 2H, J = 9 Hz); § 9.4
(d, 2H, J=10); 06 9.4 (s, 2H); 6 9.7 (s, 2H).
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CORO-5-11°F NMR CORO-5-1'H NMR

C¢Dg and CgFg ref. C¢Dq
-59 5 -60 0 -60 5 9.2 8.8

chemical shift, ppm

Figure S2-18. '°F and '"H NMR spectra for CORO-5-1. ’F NMR (C¢De, internal ref. CeFg, 375
MHz): 5 —59.7 (s, 3F); 8 —60.0 (s, 2F) 5 —60.1 (s, 3F): 5 —60.2 (s, 3F). 'H NMR (C¢Ds, 400 MHz)
58.7(d, 2H, J= 5 Hz,); 89.2 (m, 2H, J = 11); 5 9.8 (d, 2H, J = 7 Hz); 8 9.8 (s, 1H)
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CORO-5-2 1F NMR CORO-5-2H NMR

CsDg and C,F; ref. CeDg
JM e —
-59 5 -60 0 -60 5 9.2 8.8

chemical shift, ppm

Figure S2-19. YF and '"H NMR spectra for CORO-5-2. 9F NMR (CgDs, internal ref. C¢Fe, 375
MHz): § —59.8 (s, 3F); § —59.9 (s, 3F) § —60.0 (s, 3F); 8 —60.2 (s, 3F); § —60.3 (s, 3F). 'H NMR
(CsDs, 400 MHz) 6 8.7 (d, 2H, J = 3 Hz); 6 9.1 (s, 2H); 0 = 9.8 (s broad, 1H); 6 = 9.8 (s broad,
2H).
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CORO-5-3°F NMR CORO-5-3H NMR
CeDg and CgFg ref. CeDs

T T T T T T T T T T T

-59.5 -60.0 96 92 88 84
chemical shift, ppm

Figure S2-20. YF and '"H NMR spectra for CORO-5-3. YF NMR (CgDs, internal ref. C¢Fe, 375
MHz): § —59.7 (s, 3F); § —59.9 (s, 3F) § —60.0 (s, 3F); 8 —60.1 (s, 3F); § —60.3 (s, 3F). 'H NMR
(CsDs, 400 MHz) 6 8.3 (d, 1H, J=9 Hz); 6 8.9 (s, 1H); 6 9.2 (d, 1H); 6 9.8 (s broad, 1H); 6 9.8 (d,
2H, J =6 Hz); 8 9.9 (s broad, 2H).
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CORO-5-3 CORO-5-3

Eyp=-1.62V E,p=-177V
500 mV/s 500 mV/s
DME TBA*CIO, 0-DCB TBA* BF,-

reduction reduction

—

CORO-5-3

CORO-5-3 —— ferrocene
O;Tdation ferrocene
T T T T T T T T T T
2.0 -1.5 -1.0 -0.5 0.0 -2.0 -15 -1.0 -0.5 0.0
Eyj,vs. Fe(Cp),*0, v Eyjvs. Fe(Cp),*0, Vv

Figure S2-21. Cyclic voltammograms of CORO-5-3 in dimethoxyethane (Left) and ortho-
dichlorobenzene (Right). The solvent effect on the Ei, results in approx.. 150 mV decrease for
the aromatic solvent. Ei2 for CORO-5-3 is —1.62 V in DME and —1.77 V in 0-DCB. Both

voltammograms were recorded at 500 mV s,
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CORO-1-1

CF;

1-(triflucromethyljcoronene

CF,3
CF4 F4C CF4 CF5 CF3
Fs;C
F,C
1,3-bis(trifluoromethyljcoronene 1,4-bis(trifluoromethyl)coronene 1,5-bis(trifluoromethyl)coronene 1,6-bis(trifluoromethyl)coronene
2.18 kJ/mol 0.9 ki/mol 0.46 kl/mol 0.52 ki/mol
CF4
CF3 '

I CF,
FiC CF; ’ CF;
1,7-bis(trifluoromethyl)coronene 1,8-bis(trifluoromethyl)coronene 1,10-bis(trifluoromethyl)coronene

0.0 klJ/mol 0.33 kI/mol 0.85 kJ/mol
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CF3 CF,

CF; CF; CF;
1,3,5-tris(trifluoromethyl)coronene 1,3,6-tris(trifluoromethyl)coronene 1,3,7-tris(trifluoromethyl)coronene
3.32 kJ/mol 2.16 kl/mol 1.22 kJ/mol

I CF; | I
C O - O
F3c ’ F3C ’ Fac ’ CF3
CF; CF; CFy
1,3,8-tris(trifluoromethyl)coronene 1,3,9-tris(trifluoromethyl)coronene 1,3,10-tris(trifluoromethyl)coronene
1.61 kI/mol 1.29 kJ/mol 1.95 kJ/mol
F3€ CF;3
FsC CF,
II ich CF,
1,4,7-tris(trifluoromethyl)coronene 1,4,8-tris(trifluoromethyl)coronene
0.37 kJ/mol 0.32 kl/mol
CF;
CF,
F3C
CF4 CF3
1,5,9-tris(trifluoromethyl)coronene 1,5,10-tris(trifluoromethyl)coronene
0.00 kJ/mol 0.43 kl/mol
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CORO-4-1
FiC ‘ CF;
F3C CFs

1,4,7,10-tetrakis(trifluoromethyl)coronene

0.00 kJ/mol

CF3

Q
w

F;C ‘
F5C
1,3,5,10-tetrakis(trifluoromethyl)coronene

2.81 kJ/mol

FsC I CF;
F3C ’O
CF;
1,3,5,8-tetrakis(trifluoromethyl)coronene
2.86 ki/mol
Fs;C
CF;

CFy CF;4
F,C ‘
F3C CF, F,;C CF,
1,3,6,9-tetrakis(trifluoromethyl)coronene  1,3,7,10-tetrakis(trifluoromethyl)coronene
1.30 kJ/mol 1.16 kJ/mol
CF;
FiC
CORO-4-2 O
F;C ‘ CF, ‘
CI FiC O
F3C ’ CF, CF,

1,3,6,8-tetrakis(trifluoromethyl)coronene

2.92 kJ/mol

1,3,5,7-tetrakis(trifluoromethyl)coronene

3.67 ki/mol

CF3

F3C

) “
F3;C O’C’ CF,

CF, CF;
1,3,8,10-tetrakis(trifluoromethyl)coronene 1,3,6,10-tetrakis(trifluoromethyl)coronene
2.74 kJ/mol 1.63 kJ/mol

CF,
CF;
CF;
CF;
CF;
F,C

1,3,7,9-tetrakis(trifluoromethyl)coronene

1.65 kJ/mol

1,3,5,9-tetrakis(trifluoromethyl)coronene

2.07 ki/mol
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CORO-5-1

CF3
F;C “ CF,

1,3,5,7,10-pentakis(trifluoromethyl)coronene
0.00 kJ/mol

FsC

F3C

CORO-5-2
CF;

CF,

1,3,5,8,10-pentakis(trifluoromethyl)coronene

0.39 kJ/mol

1,3,5,7,9,11-hexakis(trifluoromethyl)coronene

CORO-5-3
CF3

“ CF3

CF;
1,3,5,7,9-pentakis(trifluoromethyl)coronene

0.42 kJ/mol

Figure S2-22. Structures and names of all possible isomers with the stipulation that no CF3 groups
are adjacent to each other. There are in total 1 single substitution product, 7 two substitution
products, 10 three substitution products, 11 four substitution products, 3 five substitution products,
and only 1 six substitution product. The relative energies of each isomer are shown below the
structure name. Compounds which were isolated and characterized are labeled with the reference

used in this publication.
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2 additions ———
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retention time, min

e .

3 additions

10 20 30 40 o0
retention time, min

Figure S2-23. Stacked plot showing the HPLC trace for GTGS-2 and GTGS-3. The top
chromatogram shows the result of using two additions of CF3l gas at 700 Torr, GTGS-2, and the
bottom chromatogram shows the result from 3 additions of CFzl at the same temperatures,
pressures, and reaction times, GTGS-3.

It is evident that higher substituted coronenes have been produced in larger relative amounts. The
inset shows even more clearly the large difference in product distribution where the CORO-1-1
peak, not shown, is normalized to 1 in both chromatograms. The result shows the relative
distribution increasing for the higher substituted products, especially the CORO-5s, over
subsequent additions. The retention time shift is due to varying concentrations of different
coronene derivatives having a strong interaction with the elute resulting in a measurable change in
retention. This concentration dependent retention time effect was tested and the resulting HPLC
traces are shown in Figure S2-24.
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1 |
8 12 16 20 24
retention time, min

Figure S2-24. The effect of concentration on retention time of aromatic coronene derivatives. The
blue trace and red trace are double and triple the concentration of the black trace, respectively.
Increasing concentration results in earlier elution times due to increasing the favorability of the
elute to interact with itself in solution.
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NI-ESI MS 4

S
W) S l 6 sample F2 after reaction with CF|
CORO(CF;), ,n=..4

\_A sample F2 before reaction with CF

3 4 *

6*
crude product

400 500 600 700 800 900 1000
m/z

Figure S2-25. Stacked mass spectra showing the crude reaction mixture from GTGS-4 on the
bottom, the middle spectrum shows the mass of a fraction isolated from the crude product material
containing four CF; isomers, the top spectrum shows the result of reacting the material measured
in the middle spectrum with CFsI. The peak labeled 6* is a six isomer with one proton extra or
possible evidence of a derivative with two sp> carbons with one proton lost as a result of the
ionization event. The second starred peak shows the m/z value, 777, corresponding to a
dihydrocoronene derivative with seven CFs groups and one extra proton suggesting two sp’
carbons with a loss of one of the protons during ionization. This signal is identical to the F1 fraction
from MTR-HP, see Table S2-3.
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retention time, min

Figure S2-26. HPLC chromatogram of ROCK-1. The karpatite reaction favors CORO(CF3)s
isomers predominantly, 47% collectively by HPLC peak area.

387



mass curve -

g [200 3
v 4.85- - 3
& 5o B
& ] 150 £
Q . i o
Q- — . =
g 4.80 : temp. curve o §
(7)) : : @)
4.75—_ :_50
. Commercial CORO TGA 1-3-18 X
470 L L L L L L . O
0 10 20 30 40 50 60
time, min

Figure S2-27. TGA thermogram of commercial coronene sample showing the rate of sublimation
of the coronene starting material. Sublimation is noticeable at 200 °C and then the rate steadily
increases above 200 °C.
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Figure S2-28. TGA thermogram of the karpatite mineral sample showing the rate of sublimation
of the coronene inside the karpatite sample. Sublimation is noticeable at 200 °C and continues to
fall over the duration of the experiment.

A possible explanation for the elevated concentration of the CORO-5 isomers is that the
sublimation rate of coronene out of the karpatite mineral matrix is slower than the commercial
coronene sublimation rate. Crystals of coronene were excavated from the mineral sample and
tested in the TGA experiment as well. Producing an identical thermogram as is shown in Figure
S2-29.
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G/A-21°F NMR G/A-2H NMR
CFg ref. C.Dg CeDg

-60.0 9.5 9.0 8.5
chemical shift, ppm

Figure S2-29. °F and "H NMR of G/A-2. The chemical shifts line up with CORO-5-1 and CORO-
5-2 which agrees well with the HPLC chromatogram.
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Figure S2-30. HPLC chromatogram for G/A-1.
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Figure S2-31. HPLC chromatogram for G/A-2.
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H,CORO-8-1 CORO-5-1

300 400 500 600 300 400 500 600
wavelength, nm wavelength, nm
Figure S2-32. UV-vis spectra for (Left) HCORO-8-1 and (Right) CORO-5-1. Spectrum for
H>CORO-8-1 was collected in heptane. Spectrum for CORO-5-1 was collected in toluene.
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Electronic Spectra of H,CORO-8-1
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Figure S2-33. Electronic spectra associated with the calculation of the quantum yield of H-CORO-
8-1. Quantum yield was recorded as 0.35. The spectra were recorded in cyclohexane with the
concentration of the HoCORO-8-1 being 3.6 x 10°® M. The standard, quinine hemisulfate
monohydrate, was dissolved in 0.105 M HCIO4 aqueous solution. The quantum yield was
calculated using the equation shown (Top Right) where x represents the sample, std represents
the standard, ® is the quantum yield, [F is the integrated fluorescence intensity, A is the absorbance
at the excitation wavelength, and 1 is the refractive index of the solvent.
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Table S3-1. Table of NMR chemical shifts reported in ppm. Solvent CS2/CDCl3 9/1 for all FHF
compounds and neat CDCl3 for Bnr compounds.

C70FHF— 1 C7()FHF—2 C70FHF—3 C70B ng- 1

Fa —75.5 (d) —74.2 —74.4(abq) Fa —99.1(1)
J (AB) 4 Hz 4 Hz 343,256 Hz 31 Hz
Fe —140.0 —139.4 —142.6 Fob —138.7
Fp —142.2 —142.7 —142.8 Fa —151.3(tt)
F. —148.9 —148.3 —148.7 Fec —163.4
Fa —153.1 —153.4 —153.4
Ha 5.1

All chemical shifts other than where stated in the table are complex multiplets due to second
order effects.
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Table S3-2. Peak maxima for the UV-vis spectrum of both the mixture of C70FHF-1 and 2 and
C70FHE-3

C70FHF-3 (nm) C70FHF-1 and 2 mixture (nm)
288 290
- 310
321 338
364 399
400 -
440 465
- 537
592 661
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Table S3-3. Table of relative energies of C7oFHF theoretical isomers calculated by two different
levels of theory. The first three isomers are C7oFHF-1, 2, and 3.

PBE-D3BJ/def2-TZVP, opt
dE, HOMO, LUMO, d-LUMO (vs C70),

kJ/mol eV eV eV
C70FHF_al 0.0 -5.735 -4.106 0.004
C70FHF_a2 0.7 -5.730 -4.117 -0.008
C70FHF_b 15.2 -5.665 -4.158 -0.048
C70FHF_d 38.0 -5.548 -4.387 -0.277
C70FHF_e 65.3 -5.613 -4.714 -0.604
C70FHF_f1 66.2 -5.427 -4.563 -0.453
C70FHF_f2 66.7 -5.430 -4.559 -0.449
C70FHF_c2 67.6 -5.642 -4.298 -0.188
C70FHF_c1 68.0 -5.643 -4.303 -0.194
C70FHF_gl 76.5 -5.355 -4.657 -0.547
C70FHF_g2 78.1 -5.351 -4.649 -0.539
C70FHF_h 147.0 -5.535 -4.392 -0.283
C70 -5.824 -4.110 0.000
C60 -5.823 -4.173 -0.063
C60FHF -5.723 -4.228 -0.119
PCBM -5.493 -4.009 0.100
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Table S3-4. Table of relative energies of C7oFHF theoretical isomers calculated by two different
levels of theory. The first three isomers are C7oFHF-1, 2, and 3.

B3LYP-D3BJ/def2-TZVP,
single-point
dE, HOMO, LUMO, d-LUMO (vsC70),

kJ/mol eV eV eV
C70FHF_al 0.0 -6.100 -3.610 -0.022
C70FHF_a2 0.6 -6.097 -3.610 -0.022
C70FHF_b 13.5 -6.091 -3.651 -0.063
C70FHF_d 37.7 -5.962 -3.898 -0.310
C70FHF_e 73.8 -6.047 -4.262 -0.674
C70FHF_f1 76.7 -5.828 -4.101 -0.513
C70FHF_f2 77.3 -5.831 -4.096 -0.508
C70FHF_c2 74.2 -6.053 -3.819 -0.231
C70FHF_c1 74.6 -6.049 -3.825 -0.237
C70FHF_gl 95.7 -5.656 -4.297 -0.709
CT70FHF_g2 97.4 -5.649 -4.287 -0.699
C70FHF_h 169.9 -5.946 -3.918 -0.330
C70 -6.225 -3.588 0.000
C60 -6.284 -3.607 -0.019
C60FHF -6.191 -3.691 -0.103
PCBM -5.942 -3.456 0.132
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Reactions of fullerene and SFsCF2CF2l

Ceo powder (18.7 mg, 0.026 mmol) was mixed with ortho-dichlorobenzene (o-DCB, 3 mL) in
a 10-mL Schlenk flask equipped with a PTFE-protected high vacuum valve and a magnetic stirring
bar. The flask was placed in ultrasonic water bath for 1 h, and then the mixture was stirred
overnight to form a homogeneous solution. To the liquid obtained, 4 equiv of SFsCF,CFI (16.6
pL, 0.104 mmol) was added via a micro syringe, then 1.85 g copper powder was carefully
transferred into the flask, and the mixture was diluted with another 3 mL of 0-DCB. The Schlenk
flask was connected to a vacuum line to remove air, and then the reaction vessel was placed in oil
bath that had been preheated to the desired temperature. The color of solution changed from violet
to deep brown during the period of heating. After 72 h, the reaction flask was cooled with cold
water and then stored in a refrigerator overnight. The reaction mixture was then filtered, and the
resulting solid residue was washed with 0-DCB. A deeply brown-colored crude compound was
collected after removing the solvent via high vacuum at 55 °C.

In the reaction carried out at 145 °C, the amount of the unreacted reagent of SFsCF,CF.l was
estimated as 16%, according to the ’F NMR spectrum (with C¢HsCFj as internal standard) of the
crude product. ’F NMR (crude product, 300 K, toluene-Ds, 282.40 MHz): § 66 (bs, 1F,), 45 (dm,
4F), —88 (bm, 2F), —107 to —111 (m, 2F).
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before heating after heating

Figure S3-1. Reaction mixture before and after heating the mixture of fullerene extract,
SFsCF>CF:l, and Cu powder in o-DCB.
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Figure S3-2. "’F NMR spectrum of the crude product of the reaction of SFsCF,CF-I and fullerene
extract at 145 °C.
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Figure S3-3. Effect of reaction temperature on the product distribution in the reaction of
SFsCF>CF>l with Ceo/Cr0. Note increase in the relative intensities of the signals due to fullerene
derivatives Ceo(CF2), (resonances at —90 and —110 ppm), indicative of the lower stability of
Ce0(SFsCF>CF>), compounds at higher temperature.
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Figure S3-4. (Top): Full-range '°F NMR spectrum of para-Ceo(C2Fs)2. Inset: expansion of the
CF; region of the ’F NMR spectrum of para-Ceo(C2Fs)2 (Top) and a spin simulation of the AA'BB'
pattern of the spin 2 nuclei (Bottom). The spin simulation was performed using SpinNMR
software (original DOS version). (Bottom) '°F NMR spectrum of 1,7-Ceo(n-C3F7)2. Data are taken
from the Supporting Information of the 2012 paper by Dr. Kuvychko et. al.!
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Figure S3-5. Schlegel diagram of Ceo with [UPAC numbering.
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Reaction of Ce0/C70 fullerene substrate with SFsCF2I

A quantity of fullerene substrate powder (0.02 g) was mixed with 1.9 g of Cu and then o-DCB
(6 mL) in a 10-mL Schlenk flask equipped with a PTFE-protected high-vacuum valve and a
magnetic stirring bar. The mixture was stirred for 3 hours at room temperature, and SFsCF2I (0.2 g)
was added. The reaction flask was connected to a vacuum line, frozen with liquid nitrogen and
evacuated. Then, the flask was placed in oil bath and the reaction mixture was stirred at 150—
155 °C for 76 hours. After that the reaction mixture was kept at room temperature for three days,
it was then filtered. The resulting solid residue was washed with o-DCB and acetone. The solvent
was distilled off on a vacuum line, initially at room temperature and then with heating of the sample
in oil bath at 95-100 °C.

The '"F NMR spectrum of the reaction mixture prior to solvent removal contained two
dominant peaks around —62 ppm that could tentatively be assigned to trifluoromethyl derivatives
of aromatic solvent. The °F NMR spectrum after solvent removal (Figure S3-4) contained the
same peaks due to residual solvent, but only in small amounts. Two groups of broad peaks
characteristic of the two types of fluorine atoms of the SFs group, in the 1:4 ratio, were present at
68 and 44 ppm, respectively. The resonances in the —60 to —70 ppm region are characteristic of
fluorine atoms of CF;3 groups in trifluoromethylfullerenes. A group of poorly resolved peaks in the
—105 to —110 ppm region are likely due to the fluorine atoms of the CF» group in the SFsCF>

moiety.
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Figure S3-6. '°F NMR spectrum of the crude product of the reaction of SFsCFl and fullerene
extract at 150—155 °C. The * denotes the reference, PTFMB (6 = —67.9).

408



———r—————
5 10 15
retention time, min

—

10 20 30
retention time, min

Figure S3-7. HPLC chromatogram of the crude product of the reaction of SFsCFI and fullerene
extract at 150155 °C. Top: recorded in 100% toluene eluent; bottom: recorded in 20/80 v/v
toluene/heptane. Note absence of resolved peaks in both traces, which is indicative of presence of
many compounds with similar properties.
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Figure S3-8. The cyclic voltammogram of 1,7-Ceo(SFsCF2CF2); showing irreversible
electrochemical behavior. Cyclic voltammograms were recorded in an inert atmosphere using PAR
263 potentiostat/galvanostat. 2 mM 0-DCB solutions of the 1,7-Ceo(SFsCF.CF2); fullerene with
0.1 M N(n-butyl)4Cl as the electrolyte were prepared. The electrochemical cell used was equipped
with 0.125 mm diameter platinum working and counter electrodes and a 0.5 mm diameter silver
reference electrode. The scan rate was 100 mV s~ . Experiments were performed at 500 mV s ! as
well but did not show improved electrochemical behavior. Attempts to use ferrocene as an internal
standard resulted in degradation of the ferrocene redox event and a loss of reversible behavior. The
above voltammogram shows the initial reduction of the fullerene but due to the broadness of the
reduction event it was concluded that this reduction was not chemically stable and resulted in a
multitude of reduction products. This is further supported by the non-reversible nature of the
following oxidation events.
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Figure S$3-9. 'H NMR of SnH in 0-DCB with a minimal amount of anhydrous CDCl; for
locking. The residual hydride is only 10% based on the butyl peak area ratio. The hydride signal

is denoted with an asterisk.
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Figure S3-10. NMR spectroscopy of C7o(Bnr)H-1. The 'H NMR signal of the hydrofullerene is
shown in the middle inset, & 5.1. Reference (residual CHCl; int. std. (8 = 7.25)). '°F NMR ref (1,4-
trifluoromethylbenzene int. std. (6 = —67.9))
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Figure S3-11. HPLC chromatogram of the crude reaction mixture from method 2. Chromatograms
were collected at 300 nm using toluene as the eluent with a flow rate of 5 mL min!. Elution times
at 8.4-9.2 and 9.2-10.4 minutes for C7;0FHF-3 and the mixture of C7)FHF-1 and 2 isomers

respectively. The unreacted Co was collected for future use. Ratio of C70FHF-3 to the mixture of
C70FHF-1 and 2 isomers was approximately 1:2.
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Figure S3-12. UV-vis spectrum of the C70FHF-1 and C70FHF-2 recorded in toluene.
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Figure S3-13. UV-vis spectrum of the C70FHF-3 recorded in toluene.
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Figure S3-14. The cyclic voltammogram of C70FHF-1 and 2 mixture versus ferrocene recorded in
0.1 M TBABF; 0-DCB solution with a cycle rate of 250 mV s~ !. E2 (1% red.) vs Ferrocene —1.11
\Y%
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Figure S3-15. The cyclic voltammogram of C7;0FHF-3 versus ferrocene recorded in 0.1 M
TBABF: 0-DCB solution with a cycle rate of 250 mV s~!. Ej (1% red.) vs Ferrocene —1.09 V
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Figure S3-16. '°F NMR of isolated C70FHF-1. Synthesized directly by method 1 using proton
sponge as an organic base. (1,4-trifluoromethylbenzene int. std. (6 —67.9)) Solvent 60/40
CS./CDCls.
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Figure S3-17. HPLC chromatogram from step one of method 1. F1 fraction contains multiple
perfluorobenzyl-C7¢ products and possibly other hydrofullerenes. F2 fraction contains a mixture
of the C70FHF-3 and at least three hydrofullerenes. F3 is a mostly pure fraction containing
C70(Bnp)H-1 and a small amount of C70-FHF-3. F4 contains a small amount of C7;FHF-1 and
C7FHF-2. Final peak was identified as C7o. Separated in 100% toluene at 5 mL min !, 370 nm.
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Figure S3-18. 'F NMR for the F2 fraction from method 1. At least three hydrofullerenes are
present in the fraction. (1,4-trifluoromethylbenzene int. std. (6 —67.9)) Solvent CDCls.
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Figure S3-19. ’F NMR of the F4 fraction from method 1. The two compounds present are
C70FHF-1 and 2 based on the chemical shifts. The ratio between the two compounds is
approximately 1:1 based on the ratio of the integrals of the CF; fluorines. (1,4-

trifluoromethylbenzene int. std. (6 —67.9)) Solvent CDCls.
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Figure S3-20. HPLC chromatogram of the crude material from the reaction of F2 from method 1

with proton sponge. Toluene used as the eluent on buckyprep semiprep stationary phase. Flow rate
5 mL min~', 300 nm. F2F1 fraction tr = 5-9 min, F2F2 fraction fr = 9-9.8 min, and F2F3fraction

frr = 10-11.5 min.
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Figure S3-21. ’F NMR spectra of the three fractions collected from the reaction of F2 from
method 1 with proton sponge. The separation of these compounds is shown in S-13. F2F1 shows
a mixture of unidentified FHF compounds. F2F2 is predominantly C70FHF-3. F2F3 is a mixture
of C70FHF-1 and 2. (1,4-trifluoromethylbenzene int. std. (6 —67.9)) Solvent 60/40 CS2/CDCls.
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Figure S3-22. Comparison of the effect of changing solvent on product distribution using method
2. (Top) HPLC chromatogram of a crude product mixture from a method 2 reaction using
chlorobenzene as the solvent. (Bottom) HPLC chromatogram of a crude product mixture from a
method 2 reaction using o-DCB as the solvent. Both reactions were performed at 145 °C to control
for temperature.
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Figure S3-23. Drawings of the two independent molecules in the structure of 25,8-C7o(CF2(2'-
C6F4))-0.5 CS2 (50% probability ellipsoids).
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Figure S3-24. Two views of the packing of C70FHF-1 molecules within the planar hexagonal
arrays (see Figure 3-17 and 3-18 in the main text).
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Figure S3-26. UV-vis spectrum of Ceo(PFB)H recorded in toluene.
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Figure S3-27. UV-vis spectrum of CeoPFF recorded in toluene.
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Figure S3-28. HPLC chromatograms showing CeoPFF is stable to sublimation. Stationary phase
1s Cosmosil Bucky-M semi-preparative column, eluent is 100% toluene, and excitation wavelength
is 300 nm. Sublimation occurred rapidly at 350 °C. Minimal residue from Cgo is present in all three
traces apparently as contamination from the initial separation.
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Table S4-1. Comparison of electron mobilities of Cso and C70 OFET devices.

e (cm? V1s™h) Ceo

te (cm?V1is™h Cro

pristine?!
PCBM"?
PCBM"
ICMA®

BBF®

0.08
0.21
0.104
0.04
0.012

2x107°
0.1
0.066
0.01
0.008

# underivatized fullerene

® phenyl[fullerene]butyric acid methyl ester
¢ indene[fullerene]mono adduct
d1,7-bis-4-methoxybenzyl fullerene
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Figure S4-1. (Left) Air-tight vessel for thermal cycling of OPV active layers. The glass tube shows
the arrangement of the slides inside the chamber. (Right) Low temperature chamber, —78 °C. High
temperature chamber, 100 °C, was a lab grade oven.
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Figure S4-2. 450 W high-pressure mercury-arc lamp for UV radiation exposure tests. The films
were placed along the aluminum wrapped lead brick to minimize the variation in exposure based
on position for the films.

435



80 78 76 74 72 70 30 28 26 24 22

ppm ppm
'H NMR
CS,:CDCl,
9:1

10 8 6 4 2 0
PPM

Figure S4-3. Proton NMR of PCBM used to make films in a mixture of 9/1 v/v CS2/CDCls.
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Figure S4-4. HPLC chromatogram of PCBM sample in 100% toluene on the Cosmosil Buckyprep
semiprep column at a flow rate of 5 mL min'. The inset shows a 100x magnification of the
chromatogram showing no observable impurities. The peak at 3 minutes is due to residual solvent
in the sample.
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Figure S4-5. Mass spectrum of the PCBM sample in toluene, electrospray ionization source in
negative ion mode. In addition to the m/z 910 signal for the molecular ion of PCBM, there are
detectable signals at m/z 926 and 720 due to oxide of PCBM and parent fullerene, Ceo, respectively.
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Figure S4-6. Positive-ion field desorption mass spectra related to Ox-PCBM characterization. The
mass spectrum (Left) shows the PCBM starting material used in the Ox-PCBM synthesis. (Right)

shows the mass spectrum of the resulting crude mixture, Ox-PCBM.
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7,7'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b']dithiophene-2,6-diyl) bis(b-fluoro-4-(5'-
hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole)

Figure S4-7. Molecular structure and ITUPAC name for the small molecule donor referred to as
monofluoro.
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Figure S4-8. (Left) Device architecture for SMD/PCBM devices. (Right) Mock-up of active
layers.
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Figure S4-9. Degradation results from PC70BM studies. The air exposed films (Left) are clearly
more severely degraded than the argon films (Right). The reference spectrum for PC7;0BM is
shown (Bottom). The two small singlets at 3.7 and 3.5 are due to the two other PC70BM isomers
which are present as virtually inseparable biproducts in most syntheses of PC70BM.
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Figure S4-10. HPLC chromatograms showing the results of the degradation studies on PC70BM.
All separations were performed on a Buckyprep semipreparative column in 100% toluene with a
5 mL min ! flow rate. In both aged samples there is evidence of a new compound which is not
present in the reference sample (Bottom). Attempts to characterize this fraction were unsuccessful
which may mean it is a residual solvent impurity which evaporated over time. Once again, the air
aged films (Left) are more degraded than the argon aged films (Right).
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2-(2-Methoxyphenyl)-1,3-dimethyl-1H-benzoimidazol-3-ium iodide

Figure S4-11. Structure and IUPAC name for 0-MeO-DMBI-I, n-type dopant used in contact
materials either as a bulk layer or co-deposited with Ceo.
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