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ABSTRACT

SYNTHESIS AND EVALUATION OF FLUOROUS POLYCYCLIC AROMATIC
HYDROCARBON DERIVATIVES FOR ORGANIC ELECTRONICS

Advances in the performance of electron acceptor materials for organic electronics
critically depend on the efficiency of synthetic routes for new materials and fundamental
understanding of the correlation between molecular structure and electronic and solid-state
properties. The research presented here endeavors to address both of these needs, by developing
original methods for synthesis of new organic electron acceptor materials, and by characterizing
relevant properties of the resulting materials. In total, synthesis and analysis of more than 60 new
molecules is presented in this work.

These molecules are derivatives of polycyclic aromatic hydrocarbons (PAHs) and hetero-
PAHs functionalized with fluorous moieties, synthesized via development of substrate-specific
efficient, single-step direct-substitution methods. Investigation of solid-state and electronic
properties focused upon effects of structural motifs including (i) the type, number, and position of
electron withdrawing fluorous substituents (ii) the size and shape of aromatic m systems, and (iii)
presence of hetero atoms within the aromatic core.

The first chapter of this work details the development and optimization of a gas-phase
radical reaction between the perfluoroalkyl diiodide 1,4-C4Fsl> and the PAH triphenylene (TRPH).
The perfluoroalkyl diiodide, with two C—I bonds, one at either end, has the unique ability to bind
to vicinal C atoms, forming a 6-membered ring. A family of TRPH derivatives functionalized with
such rings was synthesized, and the reaction was optimized. Additionally, reductive partial
defluorination of the perfluoroalkyl ring was achieved, leading to aromatization of the fluorous

substituent (RD/A). The extension of the n-system, as well as the effect of fluorine atoms bound



directly to the aromatic system, was examined with respect to solid-state packing and electronic
levels.

In Chapter 2, results of screening of 13 new PAH and n-hetero PAH substrates with respect
to their reactivity towards 1,4-C4Fslz are described. Pure compounds derived from these reactions
are presented, adding several new families to the library of fluorous PAH derivatives. Unique
reactivities and interesting potential applications are discussed for several of these families. Solid-
state packing and electronic properties are analyzed for selected derivatives.

A particularly promising family of fluorous acceptors is presented and analyzed in greater
depth in Chapter 3. It is based on the substrate phenazine (PHNZ). This family of molecules is
notable because several derivatives exhibit enhanced acceptor strength and linearly-fused
molecular structures resembling the acene class of PAHs, a high performing class of materials
widely used in organic electronics. Results suggest that the molecules investigated in this chapter
would be suitable for applications as air-stable n-type semiconductors in electronic devices.

Finally, in Chapter 4, the characterization of a family of trifluromethylated acridine
(ACRD) derivates is described. This investigation yields new insights into the reactivity of ACRD.
Furthermore, detailed structural, spectroscopic and electronic property analysis combined with
computational data revealed that not only the number of substituents, but also the position of
substituents affects electronic energy levels. This finding not only expands basic understanding of
how molecular structure affects electronic properties of PAHs, but also provides a valuable new

tool for molecular design of acceptors with desirable properties.
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INTRODUCTION

I.1. BACKGROUND AND MOTIVATION

Organic electronic materials have unique properties, including flexibility and tunable
absorption/emission, allowing them to be used for unprecedented applications. Despite recent
commercial success of organic semiconductor-based electronics, development of n-type (electron
transporting) organic semiconductor materials continues to lag well behind development of p-type
materials.!* Rectifying this imbalance would have profound impacts on the performance of
organic electronic devices, including organic light emitting diodes (OLEDs), organic photovoltaic
(OPVs) devices, and organic field effect transistors (OFETs). Given the wide array of applications
for such devices, their facile, energy efficient, inexpensive processing, and their unique material
properties, the potential impact of improvement of n-type organic semiconductors is far-reaching. !
(see appx D.i.1 for examples of uses of electron acceptor materials in these technologies) However,

before these impacts can be realized, synthetic routes must be opened up for new materials, and

Examples of fluorous moieties
discussed in this work:

‘&

C,Fgrings % "o

han b _ Cy4Fqrings

C4F5H rings Y .
= 4 W | * CF; groups

"l - <

Figure i-1. This work focuses on synthesis and evaluation families of PAH and hetero-PAH derivatives,
primarily functionalized the four types of fluorous moieties shown above. The hetero-PAHs phenazine (PHNZ)
and acridine (ACRD) are used as arbitrary example substrates for the purpose of this illustration. Not pictured
are C4FgH, C4F¢l, and C,F5 moieties, fluorous alkyl chain substituents which were also observed in the course
of this work. In total, over 60 new molecules functionalized with these groups are presented.
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Figure i-2. Simplified energy diagrams illustrating the relationship between the band structure of inorganic
semiconductors and the molecular orbitals of organic semiconductors. In a general sense, the band gap of an
morganic semiconductor and the HOMO/LUMO gap of an inorganic semiconductor are analogous. Notably, the
HOMO and LUMO levels of organic materials can be tuned synthetically, using method such as substitution
with electron withdrawing groups. This is an important advantage of organic semiconductors, and a focus of
this work.
fundamental research into the correlation between molecular structure and physiochemical
properties must be conducted. This work endeavors to address both of these needs, by developing
methodologies for synthesis of new organic electron acceptor materials and by characterizing
relevant material properties of families of these molecules.

Functionalization of aromatic systems with electron withdrawing groups has emerged as
the most viable route toward creating n-type semiconductors.> In light of this, the molecules
targeted by this research are all derivatives of polycyclic aromatic hydrocarbons (PAHs) or hetero-
PAHs (PAHs contain hetero-atoms in their aromatic core) functionalized with fluorine or
fluorinated substituents. Several such molecules are shown in Figure i-1, exemplifying the types
of molecules that will be discussed in this work.

The rationale behind the focus on PAHs and hetero-PAHs functionalized with electron
withdrawing groups is twofold. The first reason is best understood through examination of the
basic physical principles underlying the function of organic semiconductors. In the more familiar

case of inorganic semiconductors, a valence band and a conduction band are separated by a band

gap, within which falls the Fermi level. The analogous situation in organic electronic materials



Figure i-3. There exists a correlation between the size of the 7 system of a PAH and the HOMO/LUMO gap.
Shown above is a qualitative series of HOMO/LUMO gaps for PAHs with very similar shapes and peripheries
to illustrate the shrinking HOMO/LUMO gap for larger PAHs, and the effect of this change upon PAH color
(absorption in the visible spectrum).

involves the molecular orbitals of aromatic systems. The highest occupied molecular orbitals
(HOMOs), which are the = orbitals, are analogous to the valence band. The lowest unoccupied
molecular orbitals (LUMOs), which are n* orbitals, are analogous to the conduction band. The gap
between these so-called frontier orbitals may be thought of as similar to the band gap. See Figure
i-2 for an illustration of this analogy.

Of course, the analogy is not perfect. Inorganic bands, containing a continuum and
multiplicity of states, are quite distinct from molecular orbitals, which are localized on single
molecules. Although this distinction presents challenges, one of which is discussed below, it also
endows organic electronic materials with uniquely tunable properties unrivaled by inorganic
semiconductors.

This is because energy levels of organic electronic materials can be tuned incrementally
through strategic molecular design. Features that can be manipulated include (i) the size and shape
of the aromatic 7 system, (i1) the presence or absence of hetero atoms in the aromatic ring, and (iii)
the presence or absence of electron withdrawing substituents all affect the energy levels of frontier
orbitals. An example (i) is shown in Figure i-3, illustrating that larger aromatic systems tend to

have smaller HOMO/LUMO gaps.!® As a general trend, larger m systems have the ability to
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Figure i-4. The PAH anthracene (ANTH) and the hetero-PAH phenazine (PHNZ) both have aromatic systems
composed of three linearly fused benzenoid rings. However, they have substantially different energy levels, as
illustrate by their EA values. The presence of a hetero atom increases the EA. Also shown here, the EA of these
substrates can be tuned in a linear, incremental fashion by addition of trifluoromethyl groups. Values from
reference 11.

delocalize electron density across a greater number of C atoms, and therefore have lower
HOMO/LUMO gaps, though other factors, such as the shape and periphery of the m system also
have an effect on energy levels.!” This shrinking gap is evidenced by the fact that naphthene, the
second PAH in this series which has a relatively large HOMO/LUMO gap, is white, while
tetracene, the fourth PAH in this series with a smaller HOMO/LUMO gap, absorbs within the
visible range of light, is highly therefore colored. Examples of (ii) and (iii) are shown in Figure i-
4, illustrating that electron affinity values (EA), which are correlated to frontier energy levels as
shown, are altered by hetero atoms and substituents.!!"!'> This phenomenon results from the
removal of electron density from the aromatic system, tuning energy levels to more readily accept
electrons. In addition to improving electron acceptor performance, higher EA values have been
correlated to higher air-stability in devices. !

A second important justification for the focus on PAHs and hetero-PAHs functionalized

with electron withdrawing groups is their unique packing in the solid state. In the case of inorganic



semiconductors, free carriers move with very high mobility through the crystalline or semi-
crystalline lattices of the extended solids. However, in organic materials, the charge carriers must
move from molecule to molecule. The exact mechanism of charge transport in organic
semiconductors is a subject of intensive research.'* 17 ¥ However, it is agreed upon that the
overlap of the aromatic systems favors better charge transport.'* It has also been shown that
fluoroalkylation of PAHs improves their —r interactions and often causes them to transition from
a herringbone stacking configuration, with little m-overlap, to columns of =-stacked
molecules,'® 2 These stacks have great promise as high-mobility materials for organic electronics.

Therefore, the primary motivation for the studies presented here are to tune electronic and

solid-state packing properties of PAHs via substitution with fluorous groups.

1.2. OVERVIEW OF RESEARCH PRESENTED HERE

As motivated by the discussion above, the work presented here explores the effects of
hetero-atoms, fluorous substituents, and alteration of m-system size and shape on electronic
properties and solid-state packing of PAHs. It builds on synthetic work conducted by previous
Strauss-Boltalina Research Group members, especially Dr. Igor V. Kuvychko and Dr. Karlee P.
Castro, who developed a single-step gas-phase reaction of PAHs with Rre radicals, produced by
thermal decomposition of perfluoroalkyl iodides.?!"* This method allows for synthesis of families
of molecules of the formula PAH(CF3),, which can be separated by high pressure liquid
chromatography (HPLC).¢

The first goal of this work, presented in Chapter 1, was to develop a synthetic method
utilizing the perfluoroalkyl iodide C4Fsl> and the highly symmetric PAH triphenylene (TRPH).
This PAH was chosen as a model system due in part to the many applications of TRPH, especially
in liquid crystalline devices,?”! but also due to the fact that high symmetry precludes formation
of an abundance of isomers. The perfluoroalkyl iodide was chosen because its two C-I bonds, one
at either end, gives this reagent the unique ability to bind to vicinal C atoms, forming a 6-membered

ring.’> A family of TRPH derivatives functionalized with such rings was synthesized, and the



reaction was optimized. Additionally, reductive partial defluorination of the perfluoroalkyl ring
was achieved, leading to aromatization of the substituent (RD/A). The extension of the n-system,
as well as the effect of fluorine atoms bound directly to the aromatic system as opposed to
perfluoroalkyl substituents, was examined particularly with respect to electronic levels and
packing behavior.

In Chapter 2, the synthetic method developed in chapter 1 is employed using a number of
different PAH and hetero-PAH substrates. In total, the results of screening 12 additional substrates
are presented. Pure compounds derived from these substrates are presented, adding several new
families to the library of fluorous PAH derivatives. Unique reactivities and interesting potential
applications are discussed for several of these families. For a selection of molecules, packing and
electronic levels are analyzed.

A particularly promising family of compounds is presented and analyzed in greater depth
in Chapter 3, based on the substrate phenazine (PHNZ). This family of molecules is notable
because several derivatives have promising electronic properties, indicating that they could
function as electron acceptor materials in devices. Additionally, the linear PHNZ n-system is
similar to the linearly fused n-system of the acene family of PAHs, which are champion performers
among p-type organic semiconductors.>?

Finally, in Chapter 4, a family of trifluoromethylated acridine (ACRD) derivates is
presented. In the case of this unique hetero-PAH, it is found that not only number of substituents,
but position of substituents affects energy levels. This is the first report of such a finding, expands
understanding of how structure affects electronic properties of PAHs. Additionally, an
understanding of the reactivity of ACRD is useful for applications extending beyond organic

electronics, including medicinal applications.3*

1[.3. METHODS COMMONLY UTILIZED IN THIS WORK
For most compounds presented in the work, purification was achieved by HPLC using a

specialized COSMOSIL Buckyprep column with a variety of different eluents. Structural



characterization was primarily accomplished via 'H and '°F NMR spectroscopy. In certain cases,
the single crystal X-ray structure was required to resolve ambiguities in the NMR assignments.

As discussed above, a major motivation for this work is to create a library of compounds
with incrementally tuned electron acceptor properties. Therefore, methodologies for assessment of
electron acceptor properties were necessary. In this work, this is most commonly accomplished
via assessment of gas phase electron affinity (EA), and electrochemical reduction potential in
solution (E;»2). These parameters yield insight into the energy levels of frontier orbitals, which, as
discussed above, are of paramount importance for organic electronic materials. Values of EA
correlate to LUMO energies, as shown in Figure I-4. Values of EA were obtained at Pacific
Northwest National Lab, utilizing low temperature photoelectron spectroscopy (PES, appx 4.4.8.),
under the supervision of Dr. Xue-Bin Wang with assistance from Dr. Gao-Lei Hou.*> The PES
samples were solutions of the one-electron-reduced anions. Values of E1, were obtained by the
author at Colorado State University (CSU), or by the author with assistance from Dr. Peter
Machata and Ilka Vincon at IFW (Leibniz Institute for Solid State and Materials Research),
utilizing a three-electrode electrochemical cell (appx 4.4.4.).

In some cases, supplementary methods were used to further investigate electronic levels.
In chapters 3 and 4, spectroelectrochemical experiments, conducted with Dr. Machata and Ms.
Vincon at [FW, allowed for simultaneous monitoring of electron spin resonance (ESR) spectra and
vis-NIR absorption spectra during electrochemical reduction allowed study of reduced species. In
chapter 3, the complementary techniques of photoluminescence (PL) and time-resolved
microwave conductivity (TRMC), conducted at Macquarie University under the supervision of Dr.
Nikos Kopidakis, were employed to confirm that molecules behave as electron acceptors in thin
films with Poly(3-hexylthiophene-2,5-diyl)(P3HT) as a donor. In chapters 1 and 4,
computationally predicted relative stabilities were used to analyze reaction characteristics. In
chapter 4, additional calculation including DFT-predicted EA and E;2 values, and frontier orbital

levels were obtained to address questions concerning substitution-pattern related variance in



experimentally measured physiochemical properties.” **3® Computations were performed by Dr.
Alexey Popov and Ms. Vincon at [FW.

In all chapters, solid state properties including stacking and planarity were investigated
through analysis of single crystal X-ray structures, primarily obtained at Argonne National
Laboratory at the Advanced Photon Source, sector 15 ChemMatCARS, with Dr. Yu-Sheng Chen.

In most cases, structures were solved by Nicholas J. DeWeerd.
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CHAPTER 1. SYTHESIS AND ANALYSIS OF FLUOROUS TRIPHENYLENE
DERIVATIVES

1.1. CHAPTER 1 INTRODUCTION

Triphenylene (TRPH) is a planar, fully benzenoid polycyclic aromatic hydrocarbon (PAH)
with Dsn symmetry, shown in Figure 1-1.! While TRPH itself crystalizes preferentially in a
herringbone configuration, TRPH derivatives have an intrinsic propensity to form columnar stacks
in the solid state, with a high degree of m-m interaction between neighboring molecules.” * These
stacks exhibit one-dimensional charge transport and excellent liquid-crystalline properties, first
noted in the seminal report of the highly-conductive columnar phase of 2,3,6,7,10,11-
hexahexylthiotriphenylene 25 years ago.* > Since that time, intensive research efforts have been
devoted to the discovery of new TRPH derivatives, with hundreds of compounds synthesized to
date.>”

In particular, significant focus has been devoted to the synthesis of triphenylenes with
fluorous substituents, as they exhibit remarkable improvements in liquid-crystal properties
compared to hydrocarbon analogs.”” Replacing hydrogen atoms with highly electronegative
fluorine atoms results in dramatic changes in molecular structure and alterations to many physical

properties including polarity and thermal stability. Importantly, intermolecular interactions in

Figure 1-1. Structure of TRPH, with numbering scheme and ‘bay’ and ‘peninsula’ position indicated (left), and
single crystal x-ray structure of unsubstituted TRPH showing herringbone stacking.
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fluorinated materials result in better self-organizing and ordering, and the stability of columnar
mesophase is enhanced as a result of these interactions.® ' ! For example, studies of fluorinated
triphenylenes  showed improved charge transport characteristics compared to
hexa(alkoxy)triphenylenes, presumably due to more cohesive columnar structures.!! Theoretical
studies of fluorinated triphenylenes have substantiated these conclusions and observations.'?

Therefore, there is great demand for the development of new fluorous TRPH derivatives.
Overwhelmingly, the most common method for production of such derivatives in the literature is
a ‘bottom up’ approach, in which building blocks bearing functional groups undergo condensation
reactions. These reactions include cyclization of terphenyl, coupling (cycloaddition) of an aromatic
precursor linked by a biaryl bond, addition of two peripheral rings to a naphthalene moiety,
synthesis from phenanthrene, trimerization of six-membered rings, and one-pot cyclizations of a
specific precursors that are themselves made in multiple steps.!* Utilizing these methods, simple
fluorinated derivatives (excluding liquid-crystalline compounds containing fluorous chains) that
have been prepare include: TRPH(F), (n=1-4, 6, 12),'41¢ 1-TRPH(CF3), and 2-TRPH(CF5).!7- 18

Notwithstanding the prevalence of ‘bottom up’ synthetic approaches in the literature,
TRPH itself is commercially available at a low cost. It was first intentionally synthesized from
cyclohexanone, with an 8% yield, over a century ago.'? Currently, it is produced by one of several
1-3 step reaction pathways with 40-90% yields.!? Therefore, TRPH is readily available as a
substrate for substitution. This possibility was explored by Kuvychko et al., who found that,
despite TRPH’s relatively low reactivity compared to other PAHs,?® direct CFse radical
substitution in a high temperature reaction of TRPH and CF3] yielded TRPH(CF3).2! As is usual
for Ree high-temperature radical reactions of PAHs and perfluoroalkyl iodide reagents, this
reactions exhibited low selectivity and produced many additional products (which were not
isolated).?!>* Despite this, the success of the reaction and the availability of other
perfluoroalkyliodide reagents provided impetus for the work reported here.

In this work, the gas-phase radical reaction of TRPH and 1,4-diiodooctoflurobutane (1,4-

C4Fslz) was investigated and optimized, and the resulting fluorous TRPH derivatives were
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Figure 1-2. Molecular structure of all fluorous triphenylenes prepared in this work. Many have been
characterized by single crystal X-ray crystallography, as indicated. For details of synthesis and purification, see
sections 1.2.1. and appx. B.1. For details of structural characterization, see section 1.2.2. and appx C.1.

analyzed. Products functionalized with four types of fluorous substituent were identified, including
C4FsH, C4Fs, Cs4F4, and C4FsH. The latter three moieties substitute for vicinal H-atoms on the
TRPH core to form 6-membered rings. In the case of C4F4 and C4F3H, these rings are aromatic,
the result of a novel Cu-promoted reductive defluorination/aromatization (RD/A) of alkyl C4Fg
moieties.?> The products resulting from this RD/A are partially fluorinated fully aromatic PAHs,
with larger cores than triphenylene. More correctly, they are benzotriphenylenes. However, in this
work, for convenience and consistency, these larger PAH molecules are informally referred to as
triphenylene derivatives bearing C4F4 substituents rather than partially fluorinated
benzotriphenylenes. For brevity, compounds are referred to in this work with a 4-letter
abbreviation of the PAH substrate name followed by an abbreviation for the fluorous moiety. For
example, 10,11,12,13-tetrafluorobenzo[f]tetraphene is called 2,3-TRPH(C4F4).

While few closely related examples of the Cu-promoted RD/A reaction reported here exist

in the literature, precedent for the reaction of 1,4-C4Fgl> (without Cu) to form six- and seven-
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membered rings includes reactions with the following arenes: benzene,”® p-xylene,*
tris(perfluorophenyl)corrole,?’ corannulene,”® and tetraphenylporphyrin.?-3° In addition, Vicic and
co-workers have reported a series of arene(C4Fs) derivatives from reactions of o-diiodoarenes with
organometallic complexes.’!* 32 Concerning RD/A, the most closely related examples in the
literature that could be found is the treatment of Zn(TPP(C4Fs)) with Na>S>04 and NaHCO3 in
DMSO/CH:Cl; to form Zn(TPP(C4F4)).?

In this work, regiospecificity, selectivity, and high yield were achieved for the products
2,3-TRPH(C4Fsg) and 2,3;5,6;11,12-TRPH(C4Fg)3, a noteworthy improvement over previous work
on direct (poly)substitution of perfluoroalkyl (Rr) groups. In total, 15 TRPH derivatives are
presented. For 10 of these compounds, single crystal X-ray strictures have been obtained.?>3* This
family of molecules is illustrated in full in Figure 1-2.

Aside from developing a new synthetic route for TRPH derivatives, this family of
molecules afforded a remarkable opportunity to study, with detail and precision, the effects of
incremental structural alterations upon packing in the solid state. Theoretical studies have
suggested that for TRPH derivatives, even small fluctuations in twist angle, lateral slide, out-of-
plane distortion, or increased intermolecular distance between aromatic cores may have significant
detrimental effects on charge transport.** These fluorinated triphenylenes do not contain long
alkyl-(fluoroalkyl) chains in their structures and are not expected to possess liquid-crystalline
properties. However, their analysis contributes, at the molecular level, to an understanding of the
effects of substituents attached to the aromatic core on columnar self-organization in the solid
state, which is important for the rational design of highly conducting materials based on TRPH.

Finally, this family of compounds facilitated study of the impact of the 3 novel types of
annulated substituents upon frontier orbital energies. This investigation was conducted primarily
through evaluation of gas phase electron affinity (EA). This family of molecules is not anticipated
to have exceptional electron acceptor properties due to that fact that, compared to other PAHs,

TRPH has an exceptionally large HOMO-LUMO gap and low EA.?° Despite this, a fundamental
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insight into the relationship between substituent structure and its impact of frontier energy levels

is very useful for the advancement of organic electronic materials.

1.2. RESULTS AND DISCUSSION

1.2.1. Development of synthetic method and optimization
1.2.1.a. Synthesis, including targeted syntheses for TRPH(C4Fs),’s in high yield
Reactions of TRPH and 1,4-C4Fsl> were conducted at elevated temperature, resulting in
synthesis of products bearing the substituents C4Fs, C4FsH, C4Fs4, and C4F3H. Five optimized
reactions (1.1-1.5) are reported here, the important features of which are noted in scheme 1-1.

Additionally, two reactions (1.6 and 1.7) yielding large distributions of isolable products are

2,3-TRPH(C,Fs)
53%®
2,3-TRPH(C,F;H)

F2
C.
er,
CFy

F;C/
f ()
Fe 3 2 2,3-TRPH(C,Fy)

FC O ] 63%°
2,3-TRPH(C,F,) O

by 3
: «»‘?
)
g 2,3:6 ?-TRPH(C4FB)2
“300°C, 6o
a4CH,
%
6’@ Y
("

2,3;6,7;10,11-TRPH(C,Fy);
76%°

20%>
1,2-TRPH(C,Fy)

Scheme 1-1. Optimized reactions to produce major products discussed in this chapter. a= isolated mol % yield.
b =mol % yield based on integration of 'H NMR spectrum. For discussion of these reactions, see section 1.2.1.
For details of reactions, see appx B.1.1-B.1.5.
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reported, for the purpose of expanding the library of TRPH derivatives. For generalized
experimental procedures, see appx A.l. For details of specific experiments, see appx B.1.1-B.1.7.

Reactions 1.1, 1.2, and 1.3 were conducted to target specific compounds 2,3-C4Fs, 2,3;6,7-
(C4F3g)2, and 2,3;6,7;10,11-(C4F3); respectively. They demonstrate unprecedented regioselectivity,
as the formation of products with peninsular C4Fs moieties is favored. Historically, it has been
extremely difficult to target specific products when performing high temperature radical reactions
with PAHs.?! At best, partial thermodynamic control of product distribution achieved. For
example, the most thermodynamically stable isomers (predicted by DFT calculations) are isolated
in these reaction of CF3I and CORA.* In contrast, “bottom-up” syntheses result in the least stable
isomers of CORA(CF3)234.>5 However, for PAHs with lower molecular symmetry than Cs,-
corannulene, the number of possible stable isomers of poly(trifluoromethyl) PAHs is far larger,
marginalizing the benefit of partial thermodynamic control. For these PAHs, high temperature
radical reactions result in a complex product mixture, which requires laborious HPLC separation

in order to isolate individual pure PAH(CF3), derivatives.?!

As noted above, Kuvychko et al.’
previously reported work on the trifluoromethylation, which, in spite of the Dsn symmetry of the
core, showed low selectivity. Multiple isomers with compositions TRPH(CF3),, n=5-7, were
formed in the 360 °C reaction with excess CFsl, and only one pure compound, an isomer of
TRPH(CF3)s, was isolated.?!

Through optimization of reaction conditions, this work achieves much higher selectivity.
Three primary strategies were identified for control of product distribution. (i) Stoichiometric ratio
of TRPH substrate to 1,4-C4Fsl> has a dramatic effect upon product distribution. For every CsFs
group appended to the TRPH core, two equivalents 1,4-C4Fsl are required, (discussed below in
section /.2.1.c.) For example, use of two equivalents favors formation of TRPH(C4Fs)’s, and four
equivalents favors TRPH(C4F3g)2’s. In order to favor the maximum possible number of annulated
substations, which is 3, using an even higher ratio of 1:8 yields ideal results. (ii.) Use of Cu-

powder, which was intended to promote radical formation through formation of Cul, also precludes

formation of bay-substituted products (i.e. 1,2-TRPH(C4Fs), limiting product distribution to
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Table 1-1. Optimized reactions of triphenylene and 1,4-C4Fsl2 at 300 °C.?

reaction equiv. crude product recovered, targeted % vyield of
1,4-CsFslz mg [wt % yield based on TRPH] product targeted product
1.1 2 34[136] 2,3-TRPH(C4Fs) 63
1.2 4 52[208] 2,3;6,7-TRPH(CaFs)2 42
1.3 8 55[220] 2,3;6,7;10,11-TRPH(C4Fs)3 76

a - Experimental conditions: 25 mg TRPH, at 300 °C, 750 mg Cu, ca. 50 mL glass ampoules (or Monel reactors) under vacuum
for 2 h. For further details. see appx. A.1.1-A.1.3.

compounds bearing peninsular C4Fg groups. For further discussion of this phenomenon, see section
1.2.1.c. (ii1)) The moieties C4F4 and CsF3H, RD/A products, are only observed at higher
temperatures, (360 °C), so limiting reaction temperature to 300 °C limits the total number of
possible products.

Table 1-1 lists selected optimized reaction conditions reactions 1.1, 1.2, and 1.3, for the
synthesis of the three compounds: 2,3-C4Fs, 2,3;6,7-(C4Fs)2, and 2,3;6,7;10,11-(C4Fs)3. Figure 1-
3 shows corresponding '°F NMR spectra. For detailed discussion of NMR chemical shifts of these
compounds, see section /.2.2.b, below.

The highest selectivity and isolated yield were achieved in reaction 1.3 (appx B.1.3). The
recovered product mixture gave 2,3;6,7;10,11-(C4Fs)3 with 76% isolated yield, the highest value
among analogous high-temperature perfluoroalkylations of PAHs reported to date. In the NMR
spectra of the product of reaction 1.3, the only significant peaks are due to 2,3;6,7;10,11-(C4Fs)3,
consistent with the high selectivity of this reaction. Relatively low solubility of 2,3;6,7;10,11-
(C4Fs)3, likely due to its low polarity (attributed to its high symmetry), made its extraction with
dichloromethane more difficult than the other analogs and resulted in some losses of the material.
If this problem is overcome, either by finding a better solvent for extraction or an alternative

isolation method, the NMR spectra suggests that the isolated yield may improve still further.
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Reaction 1.1 (appx B.1.1), utilizing 2 equivalents of 1,4-C4Fsl, produced 2,3-C4Fs with a
63% isolated yield. In contrast to the spectra for reaction 1.3, several compounds can be clearly
identified in the NMR spectra of the product: unreacted TRPH evidenced by multiplets at 6=7.65
and 6=8.6 in the 1H NMR spectrum, and products bearing C4FsH moieties. which give four
characteristic multiplets in the '°F NMR spectrum. Formation of the latter product may be due to
insufficient excess of 1,4-C4F3gly, increasing stoichiometry on product distribution. Attempts to
increase conversion of starting material and suppress formation of products bearing C4FsH

moieties through variation of reaction duration and temperature were unsuccessful.
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Figure 1-3. '°F NMR spectra of products of optimized reactions 1.1, 1.2, and 1.3. For reaction 1.1, the major
product is 2,3-TRPH(C,F;), although smaller amounts of 2,3;6,7-TRPH(C,Fg), and products bearing C,FgH
moieties are also formed. For reaction 2.2, 22.3:6,7-TRPH(C,Fg), forms, but significant amount of 2.3-
TRPH(C,Fy) is are also observed, as well as products bearing C,FgH moieties. Reaction 1.3 is the cleanest
reaction of the three, producing 2,3:6,7;10,11-TRPH(C,Fg); with only trace amounts of other products. Peaks
corresponding to residual 1,4-C,F¢l, and 1.4-C,FgH,, a byproduct of the reaction, are observed in all spectra.
Solvent is CDCl;. Spectra are referenced to hexafluorobenzene (6 -164.9, not shown).
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Reaction 1.2 (appx B.1.2), which was designed to produce maximal yield of 2,3;6,7-
(C4Fs)2, showed the lowest selectivity of the three reactions targeting specific C4Fs-functionalized
products. Inevitably, there was appreciable presence of 2,3-(C4Fs). Although the isolated yield for
2,3;6,7-(C4F3)> is the lowest of the three compounds reported here, it is still higher than in the most
reported reactions with PAHs under analogous conditions. It is also worth noting that a similar
reaction, reaction 1.9 performed in a Monel reactor and discussed below, produced a 60% yield of
2,3-6,7-TRPH(C4Fs)2 by integration of NMR spectra.

In contrast to the three reactions discussed above, reaction 1.4 (appx B.1.4) was performed
in order to target products substituted at bay positions. Therefore, Cu powder was not used. Both
1,2-TRPH(C4Fs) and 2,3-TRPH(C4Fs) were formed in 20% and 25% yield respectively (by 'H
NMR integration). This indicates a slight bias for peninsular substitution even without Cu powder.
Statistically, if substitution was equally likely at both types of position, a 3:1 ration of 1,2-
TRPH(C4F3):2,3-TRPH(C4Fg) would be expected. Initial substitution would occur on bay and
peninsular C atoms an equal amount of the time, but bay substitutions would always result in the
formation of 1,2-TRPH(C4Fg) upon annulation, whereas peninsular would produce both products
in equal amount.

Reaction 1.5 (appx B.1.5) was conducted in order to target RD/A products. Conditions
favoring products bearing only one moiety were selected, to limit the number of products formed.
Despite extensive optimization attempts, higher yields have not been achieved for RD/A products.
These attempts included (i) modification of Cu powder type, method of Cu powder mixing, and
increase of Cu-powered (ii) variation of reaction time and temperature, and (iii) reductive
defluorination via a variety of other methods, including use of sodium napthalenide, Birch
reduction, or sodium metal (appx D.1.1). Marginal success was achieved in a two-step RD/A
procedure, involving RD/A of purified 2,3-TRPH(C4Fs), which produced a 25% yield of 2,3-
TRPH(C4F4), illustrated in Figure 1-4. Optimization difficulties notwithstanding, the RD/A
process remains an intriguing chemical process, discussed at length in section /.2.1.c, below.

Additionally, in this reaction, the product 2,3-TRPH(C4F3sH) was formed.
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Figure 1-4. F NMR spectra of pure 2,3-TRPH(C,F;) before (top) and after being heated to 360 °C in the
presence of Cu powder. The formation of the RD/A product 2,3-TRPH(C,F,) is observed in 25% yield. Solvent
is CDCl;. Spectra are referenced to hexafluorobenzene (6 -164.9, not shown).

Aside from the six products shown in scheme 1-1 and formed as major products of
optimized reactions 1.1-1.5, nine additional TRPH derivatives are reported in this chapter. These
products were isolated from reaction 1.6 (appx B.1.6.), conducted to obtain products with multiple
aliphatic substituents, and reaction 1.7 (appx B.1.7), conducted to obtain RD/A products with
multiple substituents. The conditions utilized for these reactions did not favor high selectivity.

Rather, they were designed to produce a wide range of new compounds for study.

1.2.1.b. Development of synthetic strategies

Four reactions, 1.8-1.11 (appx D.1.2), were conducted to investigate the possibility of
utilizing a novel reaction vessel. As noted above, reaction 1.9 was performed in a Monel reactor
under an inert atmosphere of Na(g). With respect to selectivity and yield, this reaction is
comparable to, and, in fact, slightly more efficient than reaction 1.2, performed under similar
conditions in a glass ampoule. Comparability between reactions in Monel reactors and in glass
ampoules holds true under a variety of conditions. Reactions 1.8-1.11 were similar to reactions
1.1-1.4 except conducted in different vessel types, to show that similar product yields and

distributions are possible in flame sealed glass ampoules and Monel vessels. For example,
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synthesis of 2,3-TRPH(C4Fs) in reactions 1.8 and 1.1 yielded 60% and 63% of isolated product in
Monel and in a glass ampoule, respectively.

This is the first time this vessel has been utilized for perfluoroalkylation of PAHs. As an
alternative reactor type to glass ampoules, it is useful for several reasons. First, flame-sealed glass
ampoules present a potential safety concern, especially in the academic lab environment. These
ampoules can explode at high temperatures due to the internal pressure build-up if the seal has
imperfections. Therefore, preparation and handling of such glassware requires supervision,
training and experience. Monel reactors, on the other hand, are robust, safe and are rated to
withstand significantly higher pressures than glass vessels. Second, while it is much more
challenging to produce large glass ampoules than small glass ampoules, reaction scale-up is
straightforward for the Monel vessels, simply requiring selection of a larger vessel. Third, glass
ampoules are not reusable, so inevitable variations in glass ampoule volumes may be detrimental
to reproducibility of results, whereas Monel reactor is constant from synthesis to synthesis.

One caveat concerning the use of Monel reactors is that only reactions promoted by Cu are
possible in them. The Monel alloy itself contains Cu. Even without addition of Cu powder,
reactions in Monel reactors would not be truly Cu free, and furthermore, failing to add Cu powder
as an I> scavenger would result in corrosion of the Monel alloy by > at reaction temperatures.

Aside from the investigation of effects of stoichiometric ratios and reaction vessel type, a
number of other parameters were explored in the course of this work. Targeting of specific product
distributions was accomplished via variation of reaction parameters reaction duration and the use
of Cu powder. Additionally, the effects of temperature were explored extensively. The reported
reactions represent the culmination of research efforts exploring the effects of these parameters.
Notes on the observed effects of each of these parameters are elaborated upon below.

Reaction temperatures between 280 °C and 420 °C were investigated in increments of 15
°C. Reactions below 300 °C give low conversion. Reductive defluorination products (products
bearing C4F4 and C4F3H moieties) are first observed at 345 °C in low yield (<5% total product

based on 'H NMR integration). Maximum yield of reductive defluorination products is observed
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at 360 °C. At higher temperatures, both total product recovery and yield of reductive defluorination
products decreases. At 420 °C, approximately half as much crude product was recovered as was
at 360 °C, and no reductive defluorination products was observed.

With Cu powder (both in Monel reactor and in glass ampoules), 2 h was a sufficient length
of time for all starting materials to react. Reactions shorter than 2 h contained unreacted C4Fsh
and TRPH. Without Cu (in glass ampoules), 3 h were required for all staring materials to react.
However, increasing reaction duration beyond these lengths, up to 48 h, was not found to have a
significant impact upon yield or product distribution. Notably, for reactions at higher temperatures,
decreasing reaction duration did not mitigate product decomposition. For example, significant
product decomposition was observed for a 1 h long reaction at 420 °C.

As discussed above when Cu metal was not used in glass-ampoule reactions, abundant
formation of bay-substituted products was observed (i.e. in the case of reaction 1.4). For reactions
with Cu, a large excess of Cu was always utilized. Variation of the scale of this excess, between
0.5 and 20 g, did not impact product yield or distribution. Different methods of mixing of the Cu
powder and TRPH starting material, (including stirring Cu powder and TRPH together prior to
reaction, mixing Cu powder with a solution of TRPH in dichloromethane and drying, and mixing
TRPH and Cu powder in a small open-ended glass insert within the reaction vessel to ensure
contact between TRPH and Cu) did not impact product yield or distribution. Various types of Cu,
including Cu filings and Cu mesh, produced results similar to Cu powder. Agitation of reaction
vessel during reaction (ca. every 15 min) to expose fresh Cu surface did not impact product yield

or distribution. Use of Cul in place of Cu produced results similar to a reaction with no Cu powder.

1.2.1.c. Discussion of plausible reaction pathways
Reaction of TRPH and 1,4-C4Fsl> was likely initiated by the homolytic cleavage of C-I
bonds to form Rge radicals. Previous work has shown that formation of radicals occurs rapidly at
temperatures of 300 °C and higher.3®3° Byproducts of this reaction included Cul or I, which

were formed when the reaction was performed with and without a Cu metal promoter, respectively.
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Scheme 1-2. Plausible sequence of steps for reaction of TRPH and 1,4-C,Fgl, at 300 °C.

Without Cu powder, 1> was observed as a purple gas forming during the reaction, which condensed
to dark purple I> crystals upon cooling. These crystals dissolved in the dichloromethane used to
recover products but were easily removed from the resultant purple solution by washing with
saturated sodium thiosulfate, leaving a light-yellow solution of crude TRPH-derivative product
mixture. For reactions in which Cu metal was utilized, Cul rather than I, was formed. This yellow
solid did not dissolve in dichloromethane and was removed via filtration.

Scheme 1-2 shows a likely sequence of steps for the formation of fluoroalkyl species. The
Rre radicals likely played a dual role in this reaction. In some cases, they reacted with TRPH,
forming substituents, while in other cases, they acted as acceptors for the H atoms displaced from

TRPH upon substitution. In support of this, 1,4-C4FsH> has been identified by NMR as a byproduct
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of this reaction. This is analogous to previously reported trifluoromethylation of PAHs, in which
CF;H and I, are identified as byproducts. 2! A notable distinction from work with CFsl is the fact
that, in the case of the diiodo compounds used here, it is possible for a single fluoroalkyl moiety
to act as both substituent and H atom acceptor. For this reason, stoichiometry is less
straightforward here than is the case for trifluromethylation reactions. Rather than 2 of them acting
as substituents and the other 2 as acceptors, some fraction of them form Cs4FsH moieties, which
have been identified in product mixture as minor side products.

When Cu metal was not used in glass-ampoule reactions, abundant formation of bay-
substituted products was observed (reaction 1.4). As far as the observed Cu-promoted
regiospecificity is concerned, note that both 1,2-C4Fs and 2,3-C4Fg can be formed from the
common intermediate 2-TRPH(C4Fsl), whereas the intermediate 1-TRPH(C4Fsl) can only produce
1,2-C4Fg. The DFT calculated relative energies for 2,3-C4Fg and 1,2-C4Fg are 0.0 and 53.3 kJmol
! respectively. Because it is unlikely that Cu isomerizes 1,2-C4Fs to 2,3-C4Fs,the regiospecificity
is likely kinetic in origin, and may be related to the high-energy twist of the TRPH core necessary
for the formation of 1,2-C4F ,which is due in part to F---C(sp?) repulsion. In contrast, the aromatic
C(sp2)core of 2,3-C4Fg is remarkably planar. Furthermore, the difference in DFT energies for
intermediates 2- TRPH-(C4FsI) (0.0 kJmol™!) and 1-TRPH-(C4FsI) (65.4 kJmol™!) is even larger.
Because PAHs like TRPH are known to be strongly physisorbed to metal surfaces, including Cu,*”
#l'jt is possible that TRPH is bound to Cu as it reacts with IC4Fge radicals in these reactions. The
facile formation of planar-core, Cu-bound 2-C4F3 relative to severely-nonplanar-core, Cu-bound
1-C4Fsl, may preclude the formation of any bay substituted products.

In the reactions performed at 360 °C in the presence of Cu powder, reductive defluorination
occurred, leading to the formation of products bearing CsF4 moieties (reactions 1.5, 1.7).
Interestingly, the compound 2,3-C4F3H was also isolated, in which one F atom is substituted for
H atom compared to 2,3-C4F4. Formation of this compound is indicative of the possibility of

complete defluorination of TRPH(C4Fs)x molecules, potentially facilitating access to rare partially-

25



and non-fluorinated PAH structures that are not accessible by other means, if optimal conditions
are discovered.

Cu-promoted RD/A of CsFs groups to CsFs4 groups most likely occurred when the
compounds were physisorbed to the Cu surface. This is supported by a direct-conversion control
experiment and two literature precedents for C-F activation unambiguously attributable to Cu.*?
In the control experiment, an HPLC-purified sample of 2,3-C4Fg was cleanly converted to 2,3-
C4F4 by exposure to Cu at 360 °C under vacuum for 1 h. See Figure 1-4. The conversion was 25
mol % under these conditions. Similar reductive defluorination reactions with purified 2,3;6,7-
(C4Fg)2 and 2,3;6,7;10,11-(C4F3)3 were less productive. Only 5% conversion was achieved.

In literature precedents, defluorination occurred while the species were surface bound.
Specifically, perfluoropentacene was absorbed to, and defluorinated by, Cu(111 ),* and surface-
bound Cu(111)-CFj3 species (formed by dissociative chemisorption of CF3I) were shown to readily
form surface-bound Cu(111)-CF species.?® Note that these examples are distinct from the work
reported here in that no molecular species were desorbed, let alone isolated, in either case. In both

cases carbon films were ultimately formed.

1.2.1.d. Related synthesis with CF3l and 1,2-C2F4I>

Following the significant improvements in the selectivity and regiospecificity of the Cu-
promoted perfluoroannulation of TRPH achieved in this work, the possibility of similar positive
effects on TRPH trifluoromethylation was investigated. (appx D.1.3, reactions 1R-4R) An initial
study of high-temperature trifluoromethylation of TRPH in a glass ampoule in the absence of Cu
metal showed low selectivity, and only one compound was isolated in pure form, TRPH(CF5)e.?!
Its X-ray structure revealed that CF; substitutions occurred in both bay and peninsula positions.
Here, a new reaction was carried out at 300 °C with Cu powder. However, analysis of the product
mixture showed no improvement in the selectivity due to the presence of Cu metal: at least 5
isomers of TRPH(CF3)s were identified, and a new isomer of TRPH(CF3)s with C3; symmetry was

isolated and spectroscopically characterized. In the new molecule, 1,3,5,7,9,11-TRPH(CF3)s-2,
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three CF3 groups are located in the bay positions and three — in the peninsula positions. Variation
of the reaction stoichiometry from 3 to 24 equivalents of CF3l did not result in the improved
selectivity either.

A reaction between TRPH and 18 equivalents of CoFsI at 300 °C in the glass ampoule was
performed by a lab mate Dr. Kuvychko to determine if increased bulkiness of the Rr moiety would
lead to fewer products, each bearing fewer substituents than trifluromethylation reactions. Indeed,
a mass spectrometry analysis showed that only species with 4 and 5 CoFs groups formed. The
intensity of the latter species is likely over-represented due to a higher ionization efficiency in the
negative mode. A major product was isolated, a non-symmetric TRPH(C:Fs)4, with ca. 30% yield,
its structure cannot be definitively elucidated from the NMR data at this time. Because of the steric
hindrance, substitutions in ortho-positions are not likely to occur, and therefore improved
selectivity is observed in this case. This result shows that this or similar methodologies can be
applied to access other highly substituted TRPH(RF),, with n = 1-5, using HPLC separation as
described in this work for purification. Derivatives with longer-chain Rr groups prepared by this
approach may possess interesting liquid-crystal properties.

Perfluoroannulation upon bay positions of TRPH with 1,2-C2F4l> was also attempted (appx
D.1.3, reaction 5SR) However, the primary products, identified by NMR spectroscopy, appeared

to bear C2F4H substituents, and no evidence for annulation was observed.

1.2.2. Isolation and structural characterization of pure compounds
1.2.2.a. Development of HPLC separation method
High performance liquid chromatography (HPLC) was utilized to isolate pure molecules.
This technique has previously proved extremely useful for purification of otherwise inseparable
very similar molecules.?! The unique ability to separate these similar isomers is attributable to the
specialized stationary phase utilized in the work reported here. This stationary phase is composed
of silica gel beads with modified surfaces, functionalized with 3-(1-pyrenyl)propyl (appx figure

A-3). For separation, a mixture of crude product mixture dissolved in a selected eluent was injected
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into the system. For PAH-based analytes, affinity for the stationary phase is likely affected by
several factors such as m system shape, degree of planarity, polarity, and the steric bulk of
substituents. Separation was achieved with eluents including acetonitrile, toluene, methanol,
isopropyl alcohol, and combinations thereof (appx B.1). The HPLC is equipped with a UV-vis
detector. The TRPH derivatives discussed here have absorption maxima below 300 nm (appx
D.1.4, figure D-14). However, as molar absorption coefficients are not identical, HPLC cannot be

utilized for quantitative assessment of product distribution.

1.2.2.b. Structural elucidation via '°F and 'H NMR spectra

The 'H and '°F NMR of the four different types of substituents discussed in this chapter
exhibit consistent features and trends which can be reliably utilized to assign molecular structures.
Confidence in this method of structural assignment is bolstered by the good agreement between
NMR spectroscopy-predicted structures and single crystal X-ray structures.

'H NMR resonances for this family of TRPH derivatives appear in the region between 5.5
and 9.3 ppm. Generally, peaks corresponding to H atoms on bay positions appear further downfield
than peaks arising from H atoms on peninsular positions. Furthermore, proximity to the electron-
withdrawing fluorous substituents results in peaks that are shifted downfield. The H atoms bound
to functionalized TRPH core rings give rise to doublet and singlets, whereas the H atoms bound to
unsubstituted TRPH core rings appear as complex multiplets, likely due to long range coupling
facilitated by the 7 system.

As a rule, The F atoms of fluoroalkyl moieties give rise to °F NMR peaks between —95
and —140 ppm. As distance from the TRPH core increases, F atoms give rise to more negative
resonances within this region. For F atoms bound to aromatic rings, resonances appear between
—135 and —165 ppm. For 'F peaks, broadening and unresolved coupling are frequently observed,
suggesting interactions between neighboring F atoms, but coupling constants could not be

obtained. This is attributed to both complex coupling patterns and insufficient spectral resolution.
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Figure 1-5. 'H and "°F NMR spectra of TRPH derivatives bearing each of the four different substituent types
discussed in this work, as well as the ‘H NMR spectrum of TRPH. Solvent is CDCl;. Spectra are referenced to
bistrifluromethylbenzene (‘H, 8 -66.4 (°), '°F, 8 -66.4, not shown). Residual unreacted TRPH (*)observed in the
'H NMR spectra of 2,3-TRPH(C,Fy).

The 'H resonances for TRPH derivatives bearing C4Fs moieties appear in the region
between 7.60 and 9.15 ppm (Figure 1-5, 2,3-TRPH(C4Fs), right, second spectrum from top). For
comparison, the '"H NMR spectrum of unsubstituted TRPH is composed of two complex multiplets
with equal integration intensities (Figure 1-5, right, top). The first peak of the C4Fs-functionalized
derivative appears at 7.66-7.70 ppm and arises from the H atoms on the bay positions of TRPH.
The second, at 8.66-8.70 ppm, arises from H atoms on the peninsular positions. The H atoms
bonded to unsubstituted benzenoid rings of CsFs-bearing TRPH’s resemble the peaks of
unsubstituted TRPH in that they are complex multiplets, and in that peaks attributed to peninsular
H atoms appear further downfield than peaks attributed to H atoms. For example, see peaks B-En
the spectrum of 2,3-TRPH(CsFg) in Figure 1-5. In contrast, upon TRPH rings bearing CsFg
substituents, the remaining H atoms are shifted further downfield due to their proximity to the

electron withdrawing moiety. For peninsular substitutions, broad singlets are from approximately
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8.8-9.15 ppm. As an example, see peak A in the spectrum of 2,3-TRPH(C4F3) in Figure 1-5. When
bay substituted C4Fg groups are present, doublets are observed. As may be expected, the bay H
atom gives rise to a doublet that is further downfield than the doublet arising from the peninsular
H atom. Doublets arising from both bay and peninsular H atoms are shifted further downfield than
peaks corresponding to counterpart H atoms upon unsubstituted TRPH rings, again due to
proximity to an electron withdrawing moiety.

For C4Fs moieties, '°F resonances can be expected in two distinct regions: —100 to —105
ppm and —135 to —140 ppm (see Figure 1-5, 2,3-TRPH(C4Fs), left, top). For the four F atoms
bonded to the C atoms closest to the aromatic TRPH core (C atoms 1 and 4), '°F NMR peaks are
observed between —95 and —110 ppm. For the four F atoms bonded to the C atoms further from
the aromatic TRPH core (C atoms 2 and 3), '’F NMR peaks appear in the region from —125 to
—135 ppm. For example, see peaks a and b in the spectrum of 2,3-TRPH(C4Fs) in Figure 1-5. Due
to the high symmetry of 2,3-TRPH(C4Fs), only one peak appears in each of these two regions, of
equal integration intensity. However, asymmetry arising from substitution at different positions
and/or from the presence of multiple substituents can lead to multiple peaks appearing in each
region. As an example of the former case, the '°F NMR spectrum of 1,2-TRPH(C4Fs) displays two
peaks in each region, for a total of four peaks of equal integration intensities (appx figure C-3). As
an example of the latter case, the 9F NMR spectrum of 1,2;6,7-TRPH(C4Fs)> exhibits two peaks
in the region from —95 to —110 ppm, each integrating to 'z the area of the single peak appearing at
—137.1 ppm (appx figure C-7). The greater sensitivity of the chemical shifts of F atoms bonded
directly to the TRPH core to the presence of other substituents on the TRPH core is a consistent
trend and is perhaps due to the fact that these F atoms are closer to the TRPH core and to other
substituents.

The most recognizable feature of 'H NMR spectra arising from CsFsH substitution is a
triplet of multiplets appearing around 6.2 ppm. (Figure 1-5, 2,3;6-TRPH(C4Fs)(C4FsH), right, third
spectrum from top). This multiplet arises from the terminal H atom on the fluoroalkyl butane

moiety, and therefore integrates to an area corresponding to 1 H atom. It has a characteristic 52
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Hz J-value, matching the J-value of a doublet of multiplets appearing in the corresponding '°F
spectrum, indicating F-H coupling. As an example, see the peak labeled J in Figure 1-5 in the
spectrum of 2,3;6-TRPH(C4Fg)(C4FgH). Other features of these NMR spectra include a singlet and
a pair of doublets arising from the H atoms bonded to the substituted TRPH ring, integrating 1:1:1
and all shifted downfield as compared to peaks arising from H atoms on unsubstituted TRPH rings.
For example, see the peaks labeled B, C, and Din Figure 1-5 in the spectrum of 2,3;6-
TRPH(C4Fs)(CsFsH).

In "’F NMR spectra, C4FsH moieties give rise to 4 peaks integrating 1:1:1:1. (Figure 1-5,
TRPH(C4F3)(CsFgH), left, second spectrum from top). Three of these peaks are complex multiplets
between —100 and —135 ppm, as exemplified by peaks a, b, and c in Figure 1-5 in the spectrum of
2,3;6-TRPH(C4Fg)(C4FsH). These peaks correspond to F atoms bonded to C atoms 1-3 on the
C4FgH moiety. The more negative the resonance, the further from the TRPH core the F atoms is,
so peak a corresponds to F atoms on the C atom bound directly to the TRPH core. The fourth peak
appears around —140 ppm and corresponds to the F atoms bound to C atom 4, the outermost C
atom of the C4FgH moiety. This C atom also bears an H atom. This peak is a doublet of multiplets,
with the characteristic 52 Hz coupling constant seen in peak J in the '"H NMR spectrum of 2,3;6-
TRPH(C4F3)(CsFgH), indicating F-H coupling.

Effects of C4F4 moieties upon '"H NMR spectra are very similar to the effects of C4Fs
moieties, with two noteworthy exceptions. (Figure 1-5, 2,3-TRPH(C4F4), right, second spectrum
from bottom). First, the 'H peaks arising from H atoms near C4Fs moieties are shifted further
downfield than those adjacent to C4Fs moieties. This is illustrated by comparison of peak A in the
spectrum of 2,3-TRPH(C4F4) to peak A in the 2,3-TRPH(C4F5g). Second, differences in chemical
shifts of bay H atoms on unsubstituted TRPH rings are impacted more by proximity to TRPH rings
functionalized with CsF4 moieties than TRPH rings functionalized with C4Fg moieties. For
example, compare the multiplet labeled B, E in Figure 1-5in the spectrum of 2,3-TRPH(C4Fs), to
the multiplets labeled B and E in the spectrum of 2,3-TRPH(C4F4). In the latter case, H atoms have

discernably different chemical shifts, whereas in the former case, one multiplet is observed. This
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distinction can be attributed to increased sensitivity of H atoms to the electron-withdrawing
fluorine atoms when positioned near a C4Fs moiety, due to sharing the same delocalized =
electrons.

In contrast to the "H NMR spectrum, '°F NMR spectra of C4F4 moieties are very obviously
distinct from the '°F NMR spectra of C4Fs moieties. (Figure 1-5, 2,3-TRPH(C4Fa), left, second
spectrum from bottom). It is possible to distinguish these substituents at a glance because peaks
arising from C4F4 appear in a much more negative region, from —140 to —165 ppm. See peaks a
and b in the spectrum of 2,3-TRPH(C4F4). These peaks are multiplets. They are better resolved
than peaks arising from C4Fs moieties, likely due to larger J-values due to coupling through the
aromatic system. However, complexity of coupling still precludes elucidation of J-values.

The most immediately discernable hallmark of C4F3H substitutions is a triplet of multiplets
in the '"H NMR spectrum with the characteristic shape of peak K in in the spectrum of 2,3-
TRPH(C4F3H). (Figure 1-5, 2,3-TRPH(C4F3H), left, bottom). It arises from the H atom of the
C4FsH moiety. While the characteristic shape makes it immediately identifiable, its chemical shift
varies greatly in the presence of other substituents, such that it can appear almost anywhere in the
region associated with this family of molecules. The fact that it is directly bonded to the aromatic
core, and therefore can interact with adjacent substituent through the delocalized m system may
contribute to this. Additionally, it is possible that the chemical shifts of the H atoms on these
substituents varies because the position of the H within the C4F3;H moiety may vary . The structure
in Figure 1-5, with the H atom bonded to a C atom close to the TRPH core, was confirmed by
single crystal X-ray crystallography. However, with NMR spectroscopy alone, it would be
impossible to determine if the H was bound to this C atom, or to one of the two C atoms further
from the TRPH core. For other molecules bearing a C4F3;H substituent, it is possible that the H
atom is in the second type of position. Therefore, while C4F3H moieties may be immediately
discernable upon analysis by NMR spectroscopy, structures cannot be fully assigned without

further investigation.
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In the '°F NMR spectra of molecules bearing C4FsH moieties, three peaks with integrated
areas of intensity 1:1:1 appear between —130 and —165 ppm. (Figure 1-5, 2,3-TRPH(C4F3H), right,
bottom). These peaks are similar to peaks in the '’F NMR spectrum of C4F4 moieties, in that they
are complex multiplets suggesting relatively large but not measurable J values. Consistent with
trends observed for other groups, F atoms bound to the C atoms further from the TRPH core appear
at more negative resonances. However, the regions in which they appear are not sufficiently well
defined as to provide a method for determining the position of the H atom. For the example shown,
in combination with the X-ray structure, this trend is useful to identify peak c in the spectrum of
2,3-TRPH(C4F3H). However, which of the other two peaks arises from which of the two outermost

F atoms remains ambiguous.

1.2.3. Effect of fluorous substituents upon solid-state packing
1.2.3.a. General comments on single crystal X-ray structures presented in this work

In the course of this work single-crystal X-ray structures were obtained for the ten
compounds 1,2-TRPH(C4Fs), 2,3-TRPH(C4Fs), 2,3-TRPH(C4F4) 2,3-TRPH(CsHF3), 2,3:6-
TRPH(C4Fs)(C4FsH), 1,2:10,11-TRPH(C4Fs)a, 2,3:6,7-TRPH(C4Fs)a, 1,2:5,6:10-
TRPH(C4Fs)2(CsFsH), 1,2:5,6:10,11-TRPH(C4Fg);, and 2,3:6,7:10,11-TRPH(C4Fs);. Data
collection and refinement parameters for these seven structures are listed in appx D.1.5. Thermal
ellipsoid drawings of a single molecule in each of the ten structures are shown in Figure 1-6.
Discussion of particularly important aspects of these structures is given below, in sections /.2.3.b
and /.2.3.c. For extended analysis beyond this, see appx D.1.6.

Collection of these crystal structure allowed analysis of the effects of fluorous substituents
of TRPH induce upon solid-state packing motifs. Such analysis is useful to the field of crystal
engineering, providing direction for the strategic incorporation of substituents into structures in
order to influence packing, and thereby charge transport or other properties. Here, the effects of
substituents are analyzed in terms of motifs such as the polarity of the TRPH core, intermolecular

n-n overlap, and the evolution of columnar stacking, including intermolecular distances.
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1,2; -TRPH(C,Fg)

Figure 1-6. Thermal ellipsoid drawings of the ten compounds structurally characterized in this
work (50% ellipsoids for nine of the seven structures; 35% ellipsoids for 2.3:6,7:10.11-
TRPH(C,Fy);: all H atoms shown as spheres of arbitrary size).Compounds with substituents on
bay C atoms (i.e., C1, C4, C5, etc.) result in more significant distortions of the TRPH core from
planarity than compounds only substituted on peninsular C atoms. Several of the structures
exhibited disorder of the C and F atoms in the C,Fg moieties. Only the major part of the
disordered portion(s) of those molecules are shown.
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Pure samples of ca. 95% purity by NMR were obtained in 0.5-5 mg quantity by HPLC purification
as described above. These samples were dissolved in an excess (0.5-1 mL) of dichloromethane,
which was allowed to slowly evaporate through a pinhole over the course of several days. During
evaporation, the compounds discussed here formed small, colorless, needle-like crystals. The
shape of these crystals likely reflects the underlying columnar crystal structure. The diameter of
single crystal needles was on the order of tens of microns. Therefore, the advanced photon source
(APS) at Argonne national lab was utilized to collect single crystal X-ray data sets. Use of a
synchrotron source was necessitated by the small size of the crystals (appx D.1.6, figure D-25)
Data sets were collected by the author and colleagues under the supervision of Dr. Yu-Sheng Chen.

See appendix A.2.3 and A.4.9. for details of data collection.

1.2.3.b. Planarity of TRPH core and relative stability

The degree of PAH planarity can greatly influence solid-state stacking and packing, n—n
overlap, chromatographic retention times on various stationary phases, and the degree to which
various PAH environmental contaminants can be extracted. The compounds with substituents on
bay region C atoms display more significant distortions of the TRPH core from planarity than
TRPH itself or the compounds without substituents on bay-region C(sp?) atoms. This is also true
for the compounds 2,3:6,7:10,11-TRPH(OH)s,** 1-TRPH(CH3),* 1,3,6,7,10,11-TRPH(CF3)s,!
1,4,5,8,9,12-TRPH(CH3)s,* TRPH(F)12,* and TRPH(Cl)2.4’

Distortion from planarity parameters for the fluorous TRPH derivatives discussed here are
listed in Table 1-2, including (i) the average displacement and (ii) the sum of the maximum
displacements of the TRPH core C(sp2) atoms from their least-squares plane (OOPay and XOOP max,
respectively) and (iii) the "thickness" of the TRPH core,** *° which can be defined as the sum of
the maximum out-of-plane displacements (OOPs) plus twice the van der Waals radius of a C atom,
3.60 A% The eight compounds with no substituents on bay C(sp?) atoms, with up to six
substituents on the other TRPH C(sp?) atoms, have OOPav and OOPmax values with ranges of

0.02-0.08 A and 0.07-0.29 A, respectively. The four compounds with one substituent on a bay
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Table 1-2. Distortion from planarity parameters for TRPH(X), compounds®

compd # bay C(sp")-X av. OOP L max. OOP thickness
substitutions® displacement. A¢ displacements. A° of core. A?
TRPH* 0 0.03 0.12 3.72
2.3-TRPH(CsFa) 0 0.02 0.07 367
2.3-TRPH(CsF3H) 0 0.04 0.15 3.75
2.3-TRPH(CFs) 0 0.03 0.15 3.75
1.2:6-TRPH(CsFg)(CsFsH) 0 0.03 0.11 3.71
2.3:6.7-TRPH(CsFs)2 0 0.08¢ 0.29¢ 3.89¢
2.3:6,7:10.11-TRPH(CFs); 0 0.07 0.28 3.88
1.2:6.7:10-TRPH(CF3)o(CsFsH) 0 0.06 027 387
2.3:6.7:10.11-TRPH(OH)¢* 0 0.05% 0.25% 3850
1-TRPH(CH:)' 1 0.16 0.58 4.18
1.2-TRPH(C:Fs)f 1 0.17 0.73 4.33
1.2:10.11-TRPH(C4Fs)> 1 0.14 0.56 4.16
1.3.6.7.10.1 1-TRPH(CF3)6* 1 0.18 0.85 445
1.2:5.6:10.1 1-TRPH(C4Fs): 2 0.31 1.37 497
1.4.5.8.9.12-TRPH(CH3)¢' 6 0.40 2.06 5.66
TRPH(F)1,® 6 0.33 1.58 5.18
TRPH(Cl)1»® 6 0.42 2.08 5.68

* All results from this work unless otherwise indicated. ® The bay C(sp®) atoms of TRPH are C1. C4. C5. C8. C9. and C12. © OOP = out-of-plane. ¢
The thickness is given by the sum of maximum OOP displacements plus 3.60 A. which is two times the van der Waals radius of a C(sp®) atom (see
Ref. 50). ® Ref.52. f Ref.25. ¥ These are the lowest values for the four independent molecules. The average values for all four molecules are 0.14,
0.37.and 3.97. * Ref 44: average values for two similar structures. ' Ref.45. ! Average values for the two independent molecules. ¥ Ref.21." Ref.70.
™ Ref.46. " Ref.47.

C(sp2) atom, with up to five substituents on the other C(sp2) atoms, have OOPay and OOPmax
values with ranges of 0.14-0.18 A and 0.56-0.85 A, respectively. The compound with substituents
on two bay C(sp?) atoms (1,2:5,6:10,11-TRPH(C4Fs)3) has OOP,, and OOPmax values of 0.31
and 1.37 A, respectively. Finally, the three compounds with substituents on all six of the bay C(sp?)
atoms have OOP,y and OOPnax values with ranges of 0.33-0.42 A and 1.58-2.08 A, respectively.
Given the different types, sizes, and shapes of the substituents on the compounds listed in table 1-
2 (e.g., OH, F, CH3, CF3, C4F4, C4Fs, Cl), it is significant that the ranges of the distortion-from-
planarity figures of merit do not overlap.

There are three pairs of TRPH(C4F3), isomers, with significant differences in their degree
of TRPH core planarity, for which we can compare relative energies. For n = 1, the DFT-predicted
relative energies of planar-core 2,3-TRPH(C4Fs) (OOPay 0.03 A) and 1,2-TRPH(C4Fs) (OOP,y
0.17 A) are 0 and 54.1 kJ mol !. For n = 2, the relative energies of 2,3:6,7-TRPH(C4Fs)2 (OOP4y
0.08 A) and 1,2:10,11-TRPH(C4Fs), (OOP, 0.14 A) are 0 and 51.6 k] mol'. For n = 3, the relative
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Figure 1-7. Parallel projections of neighboring molecules stacked together in the structures of 2,3:6-
TRPH(C,Fg)(C,F:H) (right) and 2,3- TRPH(C,F;) (left). The amount of m—m overlap is similar in the two
structures, but the perpendicular distances to the least-squares planes of neighboring molecules are shorter in
2,3-TRPH(C,Fg) (3.30-3.40 A; av. 3.34 A) than in 2,3:6-TRPH(C,Fg)(0-C,FsH) (3.37 to 3.44 A; av. 3.40 A).

energies of 2,3:6,7:10,11-TRPH(C4Fs)3 (OOP, 0.07 A) and 1,2:5,6:10,11-TRPH(C4Fs)3 (OOPa4y
0.31 A) are 0 and 98.6 k] mol'. Note that a single bay substitution, in either 1,2-TRPH(C4Fs) or
1,2:10,11-TRPH(C4Fg)a, raises the energy of each compound relative to its corresponding no-bay
isomer by the same amount, ca. 50 kJ mol™!, and two bay substitutions, as in 1,2:5,6:10,11-
TRPH(C4F3)s raises the energy relative to the no-bay isomer by twice this amount, ca. 100 kJ
mol .

The degree of planarity also affected the distances between the © clouds of neighboring
molecules, although it did not significantly affect the amount of n—m overlap of neighboring
molecules. Eight C(sp?) atoms of each planar 2,3-TRPH(C4Fs) molecule overlap the © systems of
neighboring molecules in infinite stacks of parallel molecules, with perpendicular distances to the
least-squares planes of neighboring molecules that range from 3.30 to 3.40 A and average 3.34 A.
For non-planar 1,2-TRPH(C4Fs), the perpendicular distances to the least-squares planes of

neighboring molecules range from 3.37 to 3.63 A and average 3.55 A. For planar 2,3:6,7-
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TRPH(C4Fs)2, the perpendicular distances to the least-squares planes of neighboring molecules
range from 3.38 to 3.62 A and average 3.51 A. Finally, for non-planar 1,2:10,11-TRPH(C4Fs)s,
the perpendicular distances to the least-squares planes of neighboring molecules range from 3.48
to 3.74 A and average 3.62 A. Significantly, for these two pairs of isomers, and for relatively planar
2,3:6,7:10,11-TRPH(C4Fs); and distinctly non-planar 1,2:5,6:10,11-TRPH(C4Fs)3;, the more
planar isomer had an HPLC retention time longer than for the non-planar isomer. This is consistent
with the chromatographic behavior of other planar vs. non-planar PAHs.*-3!

The TRPH C(sp?) core of 2,3:6-TRPH(C4Fs)(C4FsH), like that of 2,3-TRPH(C4Fs), is
relatively planar. The perpendicular distances to the least-squares planes of neighboring 2,3:6-
TRPH(C4Fs)(C4FsH) molecules range from 3.37 to 3.44 A and average 3.40 A. The degree of n—
n overlap is similar in the two structures, as shown in Figure 1-7, although the molecules are closer

together in 2,3-TRPH(C4Fs) (3.30-3.40 A; av. 3.34 A) than in 2,3:6-TRPH(C4Fs)(C4FsH).

Figure 1-8. Comparison of the amounts of m—r overlap between neighboring parallel molecules in stacks in the
structures of 2,3-TRPH(C,F,), 2,3-TRPH(C,F;H), and 2,3-TRPH(C,Fy).
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1.2.3.c. Trends in - overlap and intermolecular distance

The influences on PAH derivative crystal packing and n—m overlap by fluorinated
substituents, which are generally attributed to a combination of steric effects, dipole-dipole
orientations, and C-F--H, C-F---w, and F---F interactions, have been widely discussed in the
literature,'% 30 46: 52-58 T inear n-perfluorobutyl groups, which are virtually isostructural to the
C4FsH substituents in 2,3:6-TRPH(C4Fs)(CsFsH) and 2,3:6,7:10-TRPH(C4Fs)2(C4FsH), have been
found to be particularly effective in promoting lamellar stacking with short m—r distances in
structures of PAH(n-C4Fo)x derivatives.>> %

The n—m overlap in the structures of 2,3-TRPH(C4F3H), 2,3-TRPH(C4F4), and 2,3-
TRPH(C4Fs)® are compared in Figure 1-8. The m—m overlap is extensive and many of the
perpendicular distances between overlapped C(sp?) atoms in one molecule and the least-squares
plane of the closest neighboring molecule are less than 3.40 A. This is expected based on the
tendency of arenes and perfluoroarenes, as well as aromatic molecules with arene and
perfluoroarene moieties, to form parallel-stacked structures. An earlier example of the latter is the
structures of the partially fluorinated PAH 1,2,3 4-tetrafluoroanthracene.>*

In spite of the similar structures, the amount of n—r overlap is significant greater in 2,3-
TRPH(C4F4) than in 2,3-TRPH(C4F3H). It is not clear at this time why such similar molecules
crystallize into hexagonal arrays of stacks of parallel molecules with such different amounts of n—
n overlap between neighboring molecules. It may be related to the number and strength of C—
H---F-C, C—F---F—C, and C—F---m interactions, the different magnitudes and directions of molecular
dipole moments, differences in electrostatic potential distributions, differences in molecular
quadrupole interactions, or some combination of these factors.? 3% 5234 36.59-70 perhaps additional
comparisons of PAH(C4F4) and PAH(C4F3H) structures, when they become available, along with
a theoretical study of their solid-state packing, will allow these various factors to be deconvoluted.

Finally, the molecular structure of the symmetric molecule 2,3:6,7:10,11-TRPH(C4Fs); can
be compared with the equally-precise 150 K structure of unsubstituted TRPH’! to demonstrate that

the presence of six strong electron withdrawing groups does not affect the core C—C bond distances
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to within +o,. Our DFT calculations confirm this observation based on the X-ray structures. The
TRPH core C-C distances are virtually indistinguishable in 2,3:6,7:10,11-TRPH(C4Fs); and

unsubstituted TRPH.

1.2.4. Electronic properties of selected TRPH derivatives
1.2.4.a. TRPH derivative electronic properties compared to literature compounds
Part of the justification for this work is to prepare electron acceptors that are stronger than

their underivatized counterparts for various applications in molecular electronics,’*’* including

the formation of donor/acceptor co-crystals® 3% 71 75

possibly with separate donor stacks and
acceptor stacks.”® To gauge the effect that each six membered ring has on the electron affinity
(EA) of a planar PAH, the gas-phase EAs of several of the compounds were measured using low-
temperature photoelectron spectroscopy.”® Kuvychko et al. previously showed that the (non-
regiospecific) addition of three C4Fs groups to CORA increased its EA by 2.2 eV (from 0.5(1) eV
for CORA to 2.25(2) eV for CORA(C4Fs)3).22 Additionally, the electronic properties of TRPH-6-
1 have been previously measured.?!

Comparison of the values associated with these previous molecules and the fluorous TRPH
family reported here is interesting for several reasons. First, the impact of an annulated fluoroalkyl
group compared to, for example, trifluoromethyl groups and fluoroalkyl groups substituted at
single positions on PAHs, has not previously been investigated. Furthermore, the effect of the C4F4
groups as compared to the C4Fg groups is of interest, as there are competing factors at play. Larger
aromatic systems are generally better electron acceptors,”’ but for planar PAHs,
perfluoroalkylation generally increases electron acceptor properties more than direct fluorination

on the C(sp?) carbons of the m-system, due to F atom lone pairs donating electron density to the 7-

system.
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Figure 1-9. Gas phase EA of flurous TRPHs. The C,Fg moieties have a consistently larger impact on the EA
compared to products of RD/A.

1.2.4.b. Gas phase EA measurements of fluorous TRPHs

The author performed gas phase electron affinity measurements in collaboration with and
under the supervision of Xue-Bin Wang at Pacific Northwest National Laboratory. The resulting
values are summarized in Figure 1-9. For further details of gas phase EA measurements, see appx
A.4.8. and appx D.1.7. for selected PES spectra.

As can be seen in Figure 1-9, the effect of addition of C4Fg moieties is roughly linear. The
perfluoroalkyl C4Fs moieties have a larger impact upon EA values than the RD/A products,
consistently. This seems to indicate, in terms of creating a better electron acceptor, that the negative
effects of F atom lone pair donation of electron density into the w system dominate the positive
effect of extending the n-system. As expected, the molecule bearing a C4F3H moiety, with one F
atom less than its counterpart C4F4 substituted product, had the lowest impact upon EA values.

Noteworthy, the bay substituted product 1,2-TRPH(C4Fs) had a lower EA than the peninsula
substituted product 2,3-TRPH(C4Fg). This suggests that the bending of the TRPH core may reduce
electron acceptor ability.

Compared to trifluoromethylation, it seems that the groups reported here, particularly the

C4Fs groups, have a slightly larger impact upon EA values. Comparing a molecule substituted at
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the same number of positions (i.e. 6 CF3 groups compared to 3 C4Fs groups), the effect of the C4F3
ring is slightly larger than the effect of 2 CF3 groups (ca. 0.6 eV per C4Fg group vs. ca. 0.25 +0.25
=0.5 eV for per 2 CF; groups).2! This could be attributed to the higher number of F-atoms present
(8 vs, 6), despite the fact that fewer C atoms (2 rather than 3) are bonded to the C-atom directly
substituted on the TRPH core. This result is distinct from previous reports by San ef al., in which
length of a variety of perfluoroalkyl chains did not substantially alter the incremental effect of their

substitution upon the PAH naphthalene.**

1.2.4.c. Electrochemical behavior of fluorous TRPHs
Attempts to perform cyclic voltammetry upon fluorous TRPHs did not meet with success.
Reversibility was not achieved, (appx. D.1.8) even with scan rates up to 500 V/s, and a white film
deposited onto the electrode during every scan, requiring flame-cleaning before the electrode could
be used again. Perhaps the tendency of PAHs such as TRPH to physisorb to metal surfaces, noted

above in section /.2.1.c. has some bearing upon this phenomenon. %!

1.3. SUMMARY AND CONCLUSIONS

In this work, judicious selection of reaction conditions led to relatively high selectivity and
yields in the high-temperature reaction of triphenylene and 1,4-C4Fslo. Through modification of
reaction conditions, a degree of control over product distribution was achieved. This result
demonstrates, for the first time, that direct one-step perfluoroalkylations of PAH substrates can be
as effective as the more conventional multistep bottom-up syntheses. It also indicates that, even at
the relatively high reaction temperatures, the lowest energy isomers of polysubstituted products
form predominantly. Specifically, the lowest energy structures (within 0-15 kJ/mol) are formed as
predominant products, as shown in this study and in previous work on CORA(CF3), by Kuvychko
et al®> 3% This provides a clear distinction of these emerging families of polyperfluoroalkylated
PAHs as thermodynamically stable compounds (in contrast to kinetic isomers typically formed in

bottom-up syntheses).
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Cu powder was utilized in perfluoroannulation of TRPH not only due to its already known
role as a promoter of Rr radical formation, but also because it helped to significantly improve
selectivity of the reaction. When Cu powder was present, no products with bay substitutions were
formed, when Cu was absent, the reaction was non-selective and contained products with bay and
peninsula substitutions. This approach has not worked, however, for CF3 substitutions of TRPH,
which produced similarly complex mixtures of TRPH(CF3), isomers both with and without Cu
powder. Further mechanistic studies are therefore necessary.

Overall, as a result of the studies of structures of ten fluorous TRPH derivatives, it has been
demonstrated, in much greater detail than it was possible prior to this work, that fluorination
(perfluoroalkylation) of TRPH induces dramatic changes of solid-state packing motifs including
planarity of the TRPH core, n—r overlaps and the evolution of columnar stacking. Knowledge of
these newly observed trends can be strategically applied to advanced crystal engineering of TRPH-
based functional materials.

Finally, preliminary studies of the electronic effect of the three annulated groups discussed
here, namely CsFs, C4F4, and CsF3H groups, have been conducted. The substrate TRPH has
relatively poor electron accepting properties, but introduction of the above fluorous groups results

in incremental increase in EA, up to 2.3 eV, in the case TRPH(C4Fs)3
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CHAPTER 2. APPLICATION OF PERFLUROANNULATION AND RD/A
SYNTHETIC TECHNIQUE TO A BROAD RANGE OF PAH AND HETERO-PAH
SUBSTRATES

2.1. INTRODUCTION

The properties of PAH and hetero-PAHs vary substantially based upon their size, shape,
and atomic composition.!* This is particularly true with respect to their electronic properties, as
illustrated in Figure 2-1 using EA as a metric. Of particular interest, the inclusion of an N-atom in
an aromatic system substantially increases its EA, as has been demonstrated both experimentally
and through computational studies.>!® This increase makes this class of materials particularly
promising as electron acceptors in organic electronics, the primary application targeted by the
research reported here.'! 12 Functionalized PAHs and hetero-PAHs have additional applications as
components in organic electronics, including as ligands for emitters in OLEDs and as dyes for

LCD-based devices.!3** Additionally, they are useful in other fields such as medicine,?%’

29, 30

spectroscopy,?® astrophysics, as ligands for organometallic complexes with a wide variety of

15, 31

applications, and for organic synthesis.*? In particular, fluorous derivatives of PAHs are in

demand.?? Further details of uses of individual substrates are discussed below in section 2.2.1.
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Figure 2-1. Electronic properties of different PAHs and hetero-PAHs vary substantially based on size, shape,
and atom type, as illustrated here by a series of gas phase EAs.122 Of particular note here is the gas phase EA of
acridine(ACRD), the hetero-atom containing analog of anthracene. Note that the presence of a single N atom
dramatically increases EA, by almost 0.5 eV.

49



In the work reported in this chapter, reactions of 13 different substrates with 1,4-C4Fgl»
were investigated , utilizing the synthetic method developed by the author and described in chapter
1. These substrates are shown in Figure 2-2. For seven of the substrates (Figure 2-2 top), reactions
led to the fluorous products from which six new compounds were isolable by HPLC. These
products were functionalized with three fluorous moieties , namely C4Fs C4F4, C4F3H. Notably,

the conditions under which the latter two RD/A moieties formed were found to be substrate

1,10-phenanthroline 4,7-phenanthroline S-pheanthridine
1,10-PHEN 4,7-PHEN 5-PHRD e
A:ndme

Reaction with 1,4-C,F,l, produced isolable products

ACRD pen,dene
Pyrene PERY 9,10- d|phenylanthracene
PYRN 9,10-ANTH(Ph),
e et L L LT
Rea'ft.rfn u:ith 4 4{‘&‘ + ! Reaction with 1,4-C,F,l, produced a complex
4 L i - mixture of products which could not be separated
1
I
N N I
\\\ % :
]
I
| neocuproine :
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]
1
]
|
' H !
N |
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Figure 2-2. The thirteen substrates above were reacted with 1,4-C,Fgl, using the synthetic method discussed in
chapter 1 (appx A.1). For seven substrates, (top) these reactions produced isolable compounds bearing C,Fg
substituents, and in some cases, RD/A products. For details of these reactions, see section 2.2.1 and appx B.2.
For three substrates, (bottom right) NMR spectroscopy of crude product mixtures indicated that reaction had
produced mixtures of derivatized compounds, but attempts to develop purification methods were unsuccessfil
(appx D.2.1). Finally, for two substrates (bottom right), reaction produced no soluble, material that gave rise to
a signal by °F NMR spectroscopy, indicating that no products formed. (appx D.2.1) In both cases, significant
amounts of char were observed.
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dependent. Analysis of NMR spectra of crude product mixtures indicates that products bearing the
fourth type of moiety, C4FgH, also formed. However, these compounds tended to elute from the
HPLC column very quickly with poor separation. Therefore, no pure products bearing C4FsH were
isolated. Additionally, a new type of substituent, C4F7H, was observed, contributing new insight
to RD/A reaction steps.

For three additional substrates (Figure 2-2 bottom right), crude product mixture was
recovered that, by NMR spectroscopy, appeared to contain products functionalized with the four
target groups. However, suitable purification methods were not discovered.

For the final three substrates, reaction resulted in decomposition (Figure 2-2 bottom left).
However, this result may be explained by structural features of these three substrates (discussed in
section 2.2.1.h). With the exception of these substrates, this reaction method appears to be
applicable for many PAHs and hetero-PAHs containing N atoms.

With one exception, optimization of reactions conditions with respect to overall yield or
product selectivity has not been carried out for the substrates shown in Figure 2-2. The goal of the
work reported in this chapter was rather to demonstrate that the functionalization method discussed
in chapter 1 is suitable for a wide range of substrates, particularly with regard to the novel RD/A
process, and to isolate a limited number of pure fluorous PAH and hetero-PAH derivatives for
analysis of solid-state packing and electronic properties. To this end, ten compounds were analyzed

by single crystal X-ray crystallography, yielding eight structures and two preliminary structures.

2.2. RESULTS AND DISCUSSION
2.2.1. Synthesis, isolation, and structural characterization of pure compounds
2.2.1.a. General comments on syntheses
A general scheme for synthesis of the products discussed in this chapter is shown in scheme
2-1. The experimental procedure was analogous to the procedure reported in chapter 1 and
discussed generally in appx A.1.>*3% In this method, the PAH or hetero-PAH substrate was heated

with 1,4-C4Fslz, and the gas-phase radical reaction resulted in the formation of products bearing
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C4Fg, C4F4, or C4F3H rings. NMR spectra indicate that products bearing C4FsH moieties were also
formed, but none were isolated in high purity.

For 4,7-PHEN, PYRN, and PERY, Cu powder was used as a promoter, forming Cul.
However, for the reaction of 9,10-ANTH(Ph), and reactions of hetero-PAHs at the temperature
of 350 °C, Cu powder was not used because Cu powder caused substrate decomposition. In
general, glass ampoule or Monel reaction vessels were used interchangeably, the notable exception
being reactions for which Cu could not be used. All reactions were conducted at a temperature of
350 °C in order to favor formation of RD/A products, except in the case of 4,7-PHEN. For 4,7-
PHEN, the reported reactions were conducted at 200 °C, due to the unusual selectivity observed
at this temperature. For details of specific reactions, see appx B.2. For characterization of pure

isolated products, see appx C.2.

2.2.1.b. Compounds derived from 4,7-PHEN
The hetero-PAH 4,7-Phenanthroline (4,7-PHEN) was prepared in 1947 by Haskelberg et
al.*® Its original synthesis by a double Skraup reaction has been modified such that yields of up to
75% are readily achievable.’” Although less widely utilized than 1,10-phenathroline, there is
interest in its derivatives, particularly with respect to medicinal and biological chemistry, as well

as chromatography.®® 3° Despite its more limited range of applications, 4,7-phenanthroline is

4,7-PHEN Derivatives

X-ray preliminary X-ray

FiC—CF; F.C—CF: I
FC—CF; FoC—CF; FiC CFy : FC—CF
P, F P, F 1 Fc'? \\CF
N N 1
1
N i N N FC—
1 N N
4 % 4 A F,C " 3 1 4 3
— — —_ — F,C—CF; F;\C—CF; F&—CF2 : — —
5,6-(4,7-PHEN)(C,F,H) 5,6-(4,7-PHEN)(C,F,) 2,3;5,6-{4,7-PHEN)(C,F,), 2,3;5,6;8,9-(4,7-PHEN)(C,F;), : 5,6-(4,7-PHEN)(C.F.)
I
I
I

with C,Fssubstituents with RD/A substituents

Figure 2-3. All 4,7-PHEN derivatives isolated in this work. For details of synthesis, see section 2.2.1.b. and
appx B.2.1. and B.2.2. For full structural characterization of molecules, see appx. C.2.1-C.2.5.
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interesting due to the fact that its reactivity is distinct from 1,10-phenanthroline. For example,
1,10-PHEN is subject to reduction preferentially upon the rings containing N atoms, reduction of
4,7-PHEN proceeds equally at all positions.’” In the work reported here, the unique reactivity of
4,7-PHEN proved to be of great interest. Despite the relatively low symmetry of the molecule
allowing for the possibility of three distinct isomers of 4,7-PHEN(C4F3), the reaction appears to
be selective for substitution at the 5,6-position.

The 4,7-PHEN derivatives reported here were isolated from two reactions, reactions 2.1
and 2.2. They are shown in Figure 2-3. For details of these reactions, see appx B.2.1 and B.2.2.
For full characterization of compounds, see appx C.2.1-C.2.5. These reactions were conducted at
200 °C, near the lower limit of homolytic cleavage of the C-I bond to form radicals, because it was
noted that the unusually high selectivity was observed preferentially at these temperatures.
Reaction 2.1 was conducted on a larger scale for isolation of a greater number of products.
Interestingly, products bearing multiple substituents were prevalent despite the use of only 2 equiv.
1,4-C4Fsho. It is possible that this resulted from partial decomposition of the starting material
(resulting in an actual ratio of 1,4-C4Fsl2:4,7-PHEN greater than 2:1). This is consistent with the
recovery of only 64 mg soluble product, despite using 100 mg 4,7-PHEN starting material.
Reaction 2.2 was conducted on a smaller scale for isolated yield of 5,6-(4,7-PHEN)(C4Fsg), with
only one equiv. 1,4-C4Fgl>. Nearly half (45%) of the recovered product was 5,6-(4,7-PHEN)(C4F3).
The second most abundant product, 2,3;5,6-(4,7-PHEN)(C4Fs)2, is apparently a product of further
reaction of 5,6-(4,7-PHEN)(C4Fsg). Notably, monosubstituted product 2,3-(4,7-PHEN)(C4Fg) was
not formed. The NMR spectra of the crude product mixture of reaction 2.2 is shown in Figure 2-
4.

The observed selectivity is not consistent with the product distribution that would result
from each C-H bond being equally likely to undergo radical substitution. Indeed, the 1,2 and 2,3
positions would statistically dominate in this case. Substitution at the 5 or 6 position would occur
Y4 of the time. Initial substitution at the 1,2 and 2,3 positions would occur % of the time. However,

not only do these substation positions not dominate, but the products 2,3-(4,7-PHEN)(C4Fs) and
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* 5,6-(4,7-PHEN)(C,F,), 45% isolated yield
©2,3;5,6-(4,7-PHEN)(C,F,), 18% isolated yield
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Figure 2-4. NMR spectra of product mixture resulting from reaction 2.2. 'H NMR spectrum (top) referenced to
CHCI; (8 = 7.26, denoted *). F NMR spectrum (bottom) referenced to perfluorobenzene (6 = —164.9, not
shown).

1,2-(4,7-PHEN)(C4F3) have not been observed at all. Therefore, it is likely that there is a directing
effect toward substitution on the 5,6-positon.

Notably, it is not a directing effect caused by the lack of a heteroatom in the benzenoid
ring. If the presence of an N atom disfavored substitution, the same trend toward substitution on
the 5,6 position would hold for 1,10-PHEN, and it does not, as is shown below in section 2.2.1/.c.
Therefore, it is likely that there is a specific preference for radical substitution upon C atoms across
a fissure from N atoms. This is consistent with trends observed for the trifluoromethylation of
PHNZ, in which the 1, 4, 6, and 9 positions, those across a fissure from an N atom are the most
reactive.> *

At present, a satisfactory explanation for this phenomenon is not forthcoming. Reactivities
of various positions on PAHs and hetero-PAHs are the subject of intensive study.*! Often,
reactivity is highly nuanced based on structure. For example, susceptibility toward various
different types of reactions (i.e. nucleophilic vs. electrophilic) has been shown to be extremely

positionally dependent in the case of some hetero-PAHs.**** Generally, radicals of organic species
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bearing strongly electron withdrawing groups are electrophilic in nature (although not to the extent
that, for example, an Fe would be.) It is therefore likely that radical addition occurs preferentially
at sites more prone to electrophilic substitution.> *!- 4% In keeping with this, there is evidence in
the literature to suggest that positions across a fissure from an N atom are active toward such
electrophilic substitution.**: >® However, this explanation is not definitive, as fluoroalkyl radicals
are not exclusively electrophilic. For example, perfluorobenzyl and trifluoromethyl radicals have
both electrophilic and nucleophilic indices that fall in the mid-range compared to other radical
species.*” Further studies, such as computational studies of relative stabilities of different isomers,
could help elucidate underlying reasons for the observed selectivity.

Another interesting facet of this reaction is the observation of a product functionalized with
a C4F7H moiety. This is possibly a first reductive defluorination step in the process that would
eventually lead to aromatization. The possibility that this moiety could result from a 1,4-C4F7HD
impurity in the starting material was considered. However, NMR spectra of the starting material
did not indicate the presence of such an impurity (appx D.2.1).

In accordance with the prevalence of 5,6-(4,7-PHEN)(C4F3g), the only RD/A product
present in a large enough amount to isolate was 5,6-(4,7-PHEN)(C4F4). Attempts to optimize
yields of this product through modification of reaction time, temperature, and amount of Cu
powder were unsuccessful. However, it is noteworthy that RD/A occurred at the low temperature
of 200 °C in the presence of Cu powder, much lower than RD/A was observed for TRPH. This is
possibly due to the ease of reduction of this hetero-PAH, attributable to the presence of N-atoms.'°

For reactions 2.1 and 2.2, acetonitrile was a suitable eluent for purification of crude
material on a Cosmosil Buckyprep column. Although methanol results in greater product
separation for hetero-PAHs,(albeit with longer retention times) the selectivity of this reaction
resulted in only a few products, so that the somewhat smaller degree of separation afforded by
acetonitrile was sufficient for purification.

General NMR spectroscopic trends for the different types of fluorous groups, discussed in

chapter 1 hold true for most 4,7-PHEN derivatives with respect to chemical shifts and coupling.
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The spectrum of 5,6-(4,7-PHEN)(C4F7H) is notable for the interesting ‘peak doubling’ observed,
as a result of broken symmetry. Also, for this compound, a peak is present in the '°F spectrum that
is far more shielded than any peaks observed previously, likely due to the fact that is bound to a C
atom which is neither part of an aromatic system, nor bound to other F atoms. (appx C.2.5).
Additionally, a unique feature of hetero-PAH °F NMR spectra of some compounds,
including several of the 4,7-PHEN derivatives, is that when F atoms are attached to C atoms vicinal
to N atoms, broad signals are observed. An example is shown in Figure 2-5, for the compound
2,3;5,6-(4,7-PHEN)(C4Fs). It is possible that the peak broadening is due to indirect quadripolar
scalar relaxation between the '°F and '*N nuclei, analogous to quadripolar '*C and '*N coupling,’"
52 but no reports of such were found in the literature. Another possibility is that it is simply broad

unresolved coupling. Further spectroscopic studies could resolve this question.
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Figure 2-5. "F NMR spectrum of 2.3:5,6-(4,7-PHEN)(C,Fs),. illustrating the unique observed peak

broadening for substituents at the 5,6 position.

2.2.1.c. Compounds derived from 1,10-PHEN
1,10-Phenananthroline (1,10-PHEN), is a classic ligand in coordination chemistry, with a
broad range of applications due to the versatility of its metal ion binding and interesting properties,
of its complexes.'>37 With regard to organic electronic applications, it has luminescent properties,
making it interesting for development of OLED materials.!® 2% 2% 24 Similar to 4,7-PHEN, it is
synthesized by heating o-phenylenediamine or 8-aminoquinoline with glycerol, H>SO4, and

nitrobenzene, and is readily commercially available.’’
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1,10-PHEN Derivatives
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Figure 2-6. All 1,10-PHEN derivatives isolated in this work. For details of synthesis, see section 2.2.1.c. and
appx B.2.3. For full structural characterization of molecules, see appx. C.2.6-C.2.11.

The reaction to generate 1,10-PHEN derivatives, reaction 2.3, did not display a similarly
high selectivity to the 4,7-PHEN reaction, despite the similarities in their structures and use of
similar conditions. Therefore, a larger number of products were identified and isolated in lower
yield. They are shown in Figure 2-6. For full characterization, see appx C.2.6-C.2.11.

Possibly due to the large number of products and low yield of each product, no pure RD/A
products could be isolated from this reaction. Assuming a low yield of RD/A from every C4Fs
compound formed compounding the already low yields, it is reasonable to expect that amounts of
any given RD/A product would be only trace amounts, and therefore not isolable. Additionally,
the presence of many products complicated HPLC separation, such that even if RD/A products
were formed, they may not be readily isolated in pure form. Were such products desired, it would
perhaps be advisable to synthesize and purify multi-milligram quantities of pure C4Fs products and
heat them, causing them to undergo RD/A in a second step.

Due to the larger number of products produced by this reaction, using acetonitrile as an
eluent alone was not sufficient for separation of pure compounds. methanol:acetonitrile mixtures

worked well. A 1:2 methanol:acetonitrile mixed eluent increased retention times sufficiently to
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allow isolation of most compounds. A 1:1 mixture of methanol:toluene also gave good separation
but did not yield as many pure products as the methanol-acetonitrile mixture. It did, however,
allow isolation of one product that the primary method did not, namely 2,3;8,9-(1,10-
PHEN)(C4F53)s.

Similar to the 4,7-PHEN derivatives, !°F NMR spectra showed peak broadening in some
cases. However, the phenomenon was not consistent. For example, 2,3;5,6-(1,10-PHEN)(C4Fs)>
gives broad !°F peaks, but 2,3-(1,10-PHEN)(C4Fs) does not.

Due to the large body of literature concerning the use of 1,10-PHEN as a ligand in

19-22.53 preliminary attempts were made to

coordination chemistry, particularly in OLED devices,
synthesize Cu-metal based complexes with the pure 1,10-PHEN derivatives isolated in this
research via ligand exchange. A color change was observed from yellow to strawberry pink, and a
weak absorption band at ca. 500 nm (appx D.2.2). indicated at least partial formation of compound.
However, analysis by NMR was inconclusive due to low amounts of material. Additionally, for
asymmetric substrates such as 2,3;5,6-(4,7-PHEN)(C4Fs)2, multiple stereoisomers are possible,
further complicating analysis. However, if reaction conditions were optimized and compounds

became available in larger amounts, preliminary results indicate that complex formation could be

an interesting topic for further study.
2.2.1.d. Compounds derived from for 5-PHRD

The compound 5-phenanthridine (5-PHRD) is synthesized through a variety of cyclization-

based methods.>* It is most widely utilized in biological applications, for its ability to intercalate
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into DNA.>®> Reaction 2.4, the reaction of 5-PHRD and 1,4-C4Fsl, produced, as expected based on
the low symmetry of the substrate, a large number of products.’® Due to the complex product

mixture, yields of purified compounds were low and separation was difficult. However, moderate

5-PHRD Derivative

7,8-(5-PHRD)(C,Fy)
X-ray

Figure 2-7. One 5-PHRD derivative was isolated and definitively structurally characterized in this work. A
second isomer was also isolated in high purity but its structure could not be definitively elucidated. For details
of synthesis, see section 2.2.1.d. and appx B.2.4. For full structural characterization of 5-PHRD derivatives, see
appx. C.2.12-C.2.13.

separation was achieved in acetonitrile. An alternative eluent, methanol was tested also, and a peak
resolution was achieved, but at the expense of longer retention times. However, this would be a
viable method to explore further if particular derivatives from the crude product are desired in pure
form.

Given the limitations of purification, only two pure products were identified. One is shown
in Figure 2-7, which was confirmed by single crystal X-ray crystallography. For the other pure

compound, a structure could not be definitively assigned by on NMR spectra alone.

2.2.1.e. Compounds derived from ACRD
Acridine is a linear fused N-hetero-PAH. It is analogous to the PAH anthracene (ANTH)
with an N-atom in the 10 position. It is commonly synthesized through a number of convenient
coupling reactions, and as a substrate, its reactivity has been widely explored.’”>*® ACRD is used
for a variety of applications including dyes and as an antiseptic.?” ** %3760 Among the substrates
investigated in this chapter, ACRD was one of three compounds for which EA studies could be

found in the literature (the other two being pyrene, 2.2.1.g, and perylene, 2.2.1.h). According to
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these studies ACRD has an EA of 0.91 eV.%! The presence of single heteroatom therefore gives
the EA of ACRD a substantial increase over the EA of ANTH, 0.53 eV, making it of interest for
the electron accepting applications targeted in this work.%?

Given the observed propensity of PHNZ* and 4,7-PHEN (2.2.1.a) to undergo radical
substitution on the position across a fissure from an N atom it was predicted that the reaction of
ACRD and 1,4-C4Fgl> would show some selectivity for substitution at the 3,4 and 5,6 positions.
However, the reaction, reaction 2.5, was not selective. By NMR spectroscopy it appeared that the
crude product mixture contained only a few isomers. (appx figure B-23). However, upon HPLC
separation using and eluent of 2:1 methanol:acetonitrile, six different pure ACRD derivatives were
isolated, and other fractions containing mixtures of many other ACRD derivatives were observed.
It is likely that substantial peak overlap and poor baseline resolution of the NMR spectra precluded
observation of the true number of products in the NMR spectra of the crude product mixture.

Of the six pure ACRD derivatives isolated, the structures of only three of them were
definitively elucidated, shown in Figure 2-9. Interestingly, the RD/A moiety is present upon two
pure compounds, 1,2-ACRD(C4F;H) and ACRD(C4F3H)-B, despite the fact that no C4F4 moieties

are observed. As product distribution of high temperature reaction is often thermodynamic, it is

ACRD Derivatives
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Figure 2-9. All ACRD derivatives isolated in this work that could be definitively structurally characterized.
For details of synthesis, see section 2.2.1.e and appx B.2.5. For full structural characterization of these
molecules, as well as other compounds for which definitive structures have not been assigned, see appx.
C214-C2109.
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9,10-ANTH(Ph,) Derivatives

FoCo

2,3-(9,10-ANTH(Ph),)(C,Fg) 2,3;7,8-(9,10-ANTH(Ph),)(C,F5),
preliminary X-ray

Figure 2-10. All 9,10-ANTH(Ph), derivatives isolated in this work. For details of synthesis, see section 2.2.1.f
and appx B.2.6. For full structural characterization of these molecules, see appx. C.2.20-C.2.2].

possible based on this result that the C4F3H moiety is particularly stable, although DFT studies
would be necessary to further investigate this possibility. >

Also noteworthy among the products in this family is 2,3-ACRD(C4F3). Substitution at this
position is particularly interesting, because the RD/A product substituted at this position, (which
could presumably be obtained by treatment of pure 2,3-ACRD(CsFg) with Cu powder at high
temperature despite the fact that it was not itself isolated in this reaction) would be a N-
heteroacene, partially fluorinated tetracene analog. Tetracene is a champion p-type material for
organic electronics.® ®* %* These modifications would make it an n-type material, while still likely

exhibiting favorable properties such as good charge transport.®

2.2.1.f. Compounds derived from 9,10-ANTH(Ph):

The compound 9,10-diphenylantrhacene (9,10-ANTH(Ph),), which can be readily
synthesized from anthraquinone, demonstrates high electron (ca. 13 cm? Vs ') and hole transport
(ca.3.7 cm: Vs+) in organic semiconductor crystals, and has photophysical properties that make it
a promising building block for fluorescent applications in organic electronics.®>%® However, it is
generally regarded as an electron donor, so modifying its properties to make it electron accepting

could lead to the n-type semiconducting material.®’
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PERY Derivatives
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Figure 2-11. All PERY derivatives isolated in this work. For details of synthesis, see section 2.2.1.g and appx
B.2.7. For full structural characterization of these molecules, see appx. C.2.22-C.2.23.

As a substrate for the reaction of interest here, 9,10-ANTH(Ph), was unique due to its two
phenyl rings on the 9 and 10 positions. It was predicted that (i) the phenyl rings would be bulky
enough to preclude substitution at the 1,4,5, and 8 positions, and (ii) substitution would occur
preferentially upon the ANTH core rather than on the phenyl group themselves, due to their smaller
conjugated systems.* These predictions were validated by the experimental results. The '’F NMR
spectrum of the crude product mixture (appx figure B-25) of reaction 2.6, the reaction of 9,10-
ANTH(Ph), and 1,4-C4Fsl> shows that a limited number of cyclic products formed, though it also
shows evidence of additional products bearing C4FgsH functionalized species. However, products
bearing C4FsH compounds have sufficiently distinct properties to be readily separated from cyclic
products by HPLC, and separation of these species proved readily achievable using an eluent of
2:1 methanol:acetonitrile. The resulting two products, shown in Figure 2-10, are the products
predicted based upon (i) and (ii). No products of RD/A were identified. It is possible that the use
of Cu powder would promote formation of RD/A products, although it was avoided in reaction 2.6

due to stability concerns.®

2.2.1.g. Compounds derived from PERY
The PAH perylene (PERY), which demonstrates excellent fluorescent properties, has a
wide range of applications in organic electronics.’”’ It is particularly useful as a dye and a

photoconductor.'® %7076 It has an EA of 0.97, which is high for an all-C atom PAH."™

62



Reaction of this substrate with 1,4-C4Fgl, reaction 2.8 (appx B.2.8) appeared to yield two
main products based on NMR spectroscopy of the crude reaction product. Indeed, upon separation
by HPLC in 2:1 methanol:acetonitrile, two pure products were identified, shown in Figure 2-11.
These products both demonstrated strong orange/yellow fluorescence, even fluorescing visibly in
direct sunlight, which is promising for fluorescence-based applications. Isolated yields were not
obtained, as separation focused on purity rather than maximum product recovered. When half of
the crude product mixture (half of 65 mg, ca. 32 mg) was separated, the products were each
obtained in mutlimilligram amounts (5 and 8 mg). Therefore, it seems that obtaining these products
in relatively large amounts would be facile.

The NMR spectra of these products were difficult to interpret until single crystal X-ray
structure were obtained, revealing that for the first time on a planar PAH substrate, 7-membered
rings had formed. Seven-membered ring formation by substitution of C4Fg across a fissure on
corannulene, a bowl shaped PAH, was previously reported by Kuvychko et al.*® . Due to the bond
angle associated with this bowl shape, 7-membered rings do not induce as much strain on
corannulene as they would on a planar system. In the case of PERY derivatives, this strain can
induce a twist to the PERY core, which is evident in the crystal structure of 3,4-9,10-PERY (C4Fs)2,
analyzed below in section 2.2.2.

Aside from the surprising formation of 7-membered rings on a planar PAH, the
predominance of these two reaction products is not surprising. The 3, 4, 9, and 10 positions are
known to the be most reactive positions, and must be functionalized to create sufficiently stable
materials for commercial applications, as exemplified by the widespread use of perylene
diimides.”” Functionalization of these reactive positions with fluorous groups not only increases
stability, but has the additional advantage of altering the electronic properties of the substrate,

making the compounds reported promising for a wide variety of applications.
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PYRN Derivative

4,5-PYRN(C,F5)
X-ray

Figure 2-12. One PYRN derivative was isolated in this work. For details of synthesis, see section 2.2.1.h and
appx B.2.8. For structural characterization, see appx. C.2.24

2.2.1.h. Compound derived from PYRN
The compound pyrene (PYRN) has an EA of 0.46, and is therefore not a particularly
promising candidate as an electron acceptor material.”® Due to its photophysical and electronic
properties, this PAH substrate is useful for electronic applications such as OFETs, OLED, and
supramolecular photosensors.” It is also valuable for biological chemistry.!> 7 However, its
applications have historically been limited by the relatively narrow range of methods and outcomes
for methods for direct substitution and complexity of indirect methods for substitution.% 7> 78-82
The reaction 4.7 (appx B.2.7) with the substrate PYRN produced, many compounds
substituted with C4FsH moieties, as
well as other products, based on NMR spectroscopy of the crude product mixture. However, a
suitable HPLC method was not found to give products of high purity. This difficulty

notwithstanding, a pure single crystal crystallized out of an impure solution, and therefore one

PYRN derivative, shown in Figure 2-12, was isolated.

2.2.1.i. Substrates which yielded no isolable products
Three additional substrates were investigated which yielded soluble crude product that,
when analyzed by NMR spectroscopy, appeared to contain products functionalized with fluorous
moieties. These results are shown in appx. D.2.3. For anthracene (ANTH), C4FsH moieties

appeared to dominate, consistent with reaction primarily at the 9 and 10 positions, which cannot
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annulate to form 6 membered rings. For rubrene (RUBR) and bathophenanthroline, despite the
apparent formation of a relatively small number of products which appeared to bear C4Fs rings,
HPLC separation was unsuccessful due to excessive streaking of products on the column.

For the final three substrates evaluated in this work, decompositions occurred. In the case
of neocuprouine (NECU), this decomposition is likely due to the sp® hybridized C atoms on the
methyl groups decomposing under reaction conditions. For phenothiazine (PTNZ), the unique
nature of the central ring, bearing an S atom and a protonated N atom is the likely reason for
decomposition. After reaction, a char that smelled strongly of sulfur was observed. The final
substrate, TCNQ, is not technically polycyclic, although it has a widely delocalized m-system.

However, it is likely that, like phenyl groups, it is not prone to radical substitution.

2.2.2. Single crystal X-ray structures
2.2.2.a. General comments on single crystal X-ray structures.

In the course of this work, 8 new crystal structures were obtained, shown in Figure 2-13.
Details of these structures can be found in appx D.2.4. Additionally, two preliminary structures,
pictured in Figure 2-14, were obtained.

Analysis of these crystal structures yielded several interesting insights. Most compounds
crystallized into stacks demonstrate increased m overlap as compared to the herringbone pattern of
unfunctionalized PAHs. These stacks were generally arranged in a hexagonal array, with the
molecules of adjacent stacks usually tilted with respect to one another, sometimes by more than
70 °, but also sometimes coplanar. The intermolecular for molecules within the same stack (OOP.y)
ranged from an average of 3.37 in the case of the fully aromatic 1,2-ACRD(C4FsH) to over 4 A
in the case of 2,3;6,7-ANTH(Ph)2(C4Fg) with its bulky phenyl groups.
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1,2-ACRD(C,4Fs)

Figure 2-13. Thermal ellipsoid drawings of the eight single crystal x-ray structures obtained in the course ofthis
work (thermal ellipsoids shown at the 50% probability level; all H atoms shown as spheres of arbitrary size).
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Figure 2-14. Drawings of the two compounds reported in this work for which preliminary single crystal X-ray
structures were obtained.

An interesting comparison may be drawn between the behavior of TRPH derivatives
functionalized with C4Fs vs C4F3H moieties, reported in the last chapter, and ACRD derivatives
functionalized with these same substituents. As can be observed in Figure 2.15, the same patterns
are observed. Overlap of the fluorous moiety is observed in the fully aromatic case, whereas in the
case of C4Fg groups, only the substrate cores overlap.

Analysis of the 9,10-ANTH(Ph), derivative is also interesting, as it manages to pack with
good alignment of the aromatic core despite large intermolecular distances necessitated by the
bulky substituents. The quality of the structure is not sufficient to establish packing distances to a
high degree of accuracy, but it is clear the distances are over 4 A, so it is surprising that the

interaction was still sufficient to result in columnar, rather than herringbone stacking.
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Figure 2-15. Drawings of the overlap of the m systems (overlap highlighted) of both TRPH and ACRD
derivatives bearing C,Fg and C,F;H moieties. Note that in both cases, C,Fg moieties do not overlap the ©
systems of adjacent molecules, but C,F;H moieties do.

Figure 2-16. Despite the bulky phenyl groups on the 9.10-ANTH(Ph), derivative, it still stacks in columns with
ANTH aromatic cores aligned with one another (left). However, intermolecular distances are large (well over 4
A), and columns are tilted with respect to one another (right).
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2,3;9,10-PERY(C,Fy),

Figure 2-17. Upon substitution at the 3,4 and 9,10 positions of PERY, significant twisting of the aromatic core
is observed (right). This is not the case for substitution at the 2,3 and 9,10 positions, as the aromatic core
remains planar.

Finally, analysis of the single crystal X-ray structures of PERY derivatives is interesting,
primarily in terms of core planarity. Figure 2-17 depicts a side-on view of the 2 single crystal
structures of PERY derivatives. It clearly illustrates that in the case of 2,4;9,10-PERY(C4Fs)2,
which has two 7-membered rings formed by the C4Fs substitutions across fissures, a substantial
bend to the PAH core is necessitated. This does not hold true in the case of 2,3;9,10-PERY (c4F5)2,

despite the fact that it also bears a 7 membered ring.

2.2.3. Gas phase EA of selected compounds
2.2.3.a. General comments EA values
In order to probe the effect of these substituents on the electronic levels of a variety of
substrates, gas phase EA studies were carried out on a selection of the compounds here, as they
were for TRPH derivatives in chapter 1.

Measurements were performed by Dr. Xue-Bin Wang at Pacific Northwest National
Laboratory. An illustration of the PES spectra obtained for one family of compounds, 1,10-PHEN
derivatives, is shown in Figure 2-18. The values for all compounds studied are summarized in
Figure 2-19. For further details of gas phase EA measurements, see appx 4.4.8. and appx D.2.5
for additional PES spectra.

As can be seen in Figure 2-18 and 2-19, the effect of addition of C4Fs moieties is roughly
linear and incremental. Interestingly, the perfluoroalkyl C4Fs moieties have a larger impact upon

EA values of these substrates than they did upon TRPH derivatives reported in chapter 1.

69



2,3-(1,10-PHEN)(CF,)

SR S L S B B LA BULBLLS B R |

0 1 2 3 4

2,3;5,6-(1,10-PHEN)(C,F;),

2,3;7,8-(1,10-PHEN)(C,Fg),

L e L B R B I R L

i 1 2 3 4

2,3;5,6;8,9-(1,10-PHEN)(C,F4),
T T T T

3 4

[=]
N

Figure 2-18. Low-temperature photoelectron spectra (20 K, 266 nm) for a series of 1,10-PHEN derivatives. A
substantial shift of c.a. 0.75 eV per C,Fgmoiety is observed.
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Figure 2-19. Gas phase EA data for selected compounds reported in this work. Interestingly, the effect of each
C,Fg moiety appears to be greater for these substrates (0.73 eV per group for ACRD to 0.85 eV per group for
4,7-PHEN) than for TRPH. ACRD EA from ref [1].

Therefore, for the substrates reported here, there is an even more substantial increase per
fluorous substituent as compared to trifluoromethyl groups reported in the literature.®® In fact, a
single substituent seems to have the impact of three to four trifluoromethyl groups.

Figure 2-19 additionally illustrates that the incremental effect of each C4Fs substituent is
somewhat substrate dependent for the compound investigated here For example, the incremental
increase per C4Fs group is significantly greater for 4,7-PHEN derivatives, which exhibit an average
increase of 0.85 eV per additional group, than for ACRD and 1,10-PHEN derivatives, for which

the average incremental increases are 0.73 eV and 0.74 eV, respectively.
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2.3. SUMMARY AND CONCLUSIONS

The results described here demonstrate the synthetic method developed in this work (see
chapter 1), coupled with individualized HPLC purification methods, can be used with a wide
variety of PAH and N-hetero-PAH substrates. These compounds demonstrate interesting physical
properties and are useful in fundamental studies of the correlations between molecular
composition/structure and physicochemical properties. Many of these reactions could be further
optimized to generate sufficient material for a wide variety of organic electronic applications not
limited to organic electron acceptor materials. For example, 1,10-PHEN derivatives have been
shown through preliminary studies to have potential as air stable emitters for OLED devices,!>%!"
31'and PERY derivatives could be used to make highly stable fluorescent dyes and dyes for LCD
based electronics'#.!* Other compounds discussed here also have potential applications in the fields

of biology, medicine, and organic synthesis.!> 314353
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CHAPTER 3. STUDY OF THE PHYSICAL PROPERTIES OF FLUOROUS PHENAZINE
DERIATIVES WITH PROMISE AS ELECTRON ACCEPTOR MATERIALS

3.1. CHAPTER 3 INTRODUCTION

Phenazine (PHNZ) is an N-hetero-PAH analogous to anthracene (ANTH), shown in Figure
3-1. Many PHNZ derivatives have been identified as natural products.! Commercially, PHNZ is
commonly used for pharmaceuticals, dyes, sensors, light emitting diodes.!® However, it is
particularly promising as an organic semiconductor, an application for which it has been under-
exploited.”!* The presence of the two N atoms result in PHNZ having an EA of 1.3+/- 0.1 eV,
more than twice the EA of ANTH.!* !> With the addition of electron withdrawing groups to the
core, its EA has been shown to surpass that of commonly used electron acceptor materials Ceo and
F4-TCNQ.'®!” Additionally, it has a linear structure, making it analogous to the high-performance
acene family of PAHs (anthracene, tetracene, pentacene, etc.). Such linear materials generally
demonstrate high mobilities and good device performance.”!% % 2922 For this work, it is a
particularly promising substrate, as RD/A moieties (C4F4 and C4F3H) bound to the peninsular

positions would create fluorous, N-hetero tetracene and pentacene derivatives.

fissure
N 4
4 s £ beninsula
8
|
\\s N/

Figure 3-1. Molecular structure of PHNZ. Numbering is indicated, as are positions referred to
as ‘fissure,” (C atoms 1, 4. 6, and 9) and “peninsula’ {(C atoms 2, 3, 7, and 8). For simplicity,
annulations ocewrring across a fissure and a peninsular C atom (ie. in the 1,2 position) will be
referred to as annulations in the fissure position. Annulations occurring solely upon peninsular
C atoms (1e. in the 2.3 position) will be referred to as peninsular.
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Previously, a variety of fluorous PHNZ derivatives have been reported. *-** However,
only one example of synthesis of fluorous PHNZ derivatives by direct substitution is known: the
synthesis of family of trifluoromethyl derivatives by the author’s lab mate Dr. Karlee Castro,'
work with which the author assisted. In the work reported here, a family of PHNZ derivatives
bearing C4Fs, C4F4, and C4FsH was synthesized via the gas-phase radical reaction developed in the
previous chapters. Additionally, new experimental conditions are reported, involving a reaction of
1,4-C4Fgl, and PHNZ in ortho-dichlorobenzene (o-DCB). In addition to producing products
bearing C4Fs moieties, the milder conditions of this solution-based reaction allowed isolation, for
the first time, of compounds bearing C4Fsl moieties. These molecules are not only of interest as
they assist in understanding reaction pathways, but also as precursors for new chemical syntheses.
In total, eleven fluorous PHNZ derivatives are reported, ten of which have been definitively
structurally characterized. These are shown in Figure 3-2.

Isolation and purification of these molecules was achieved via HPLC. Single crystal X-ray
structures were obtained for five compounds. Additionally, preliminary X-ray structures were
obtained for two more. This allowed analysis of solid-state packing of these derivatives.

Similar to work reported in preceding chapters, the EA of a selection of these compounds
was obtained through low-temperature PES at PNNL, by Dr. Xue-Bin Wang. The results indicate
that compounds bearing two substituents, especially substituted in the peninsular position, do
indeed surpass 2.8 eV, which has been established as a threshold for air stable electron acceptor
materials. !° Additionally, unlike TRPH derivatives reported in the previous chapter, a number of
these molecules yielded quasi-reversible cyclic voltammograms (CVs). Therefore, a variety of
electrochemical and spectroelectrochemical techniques were employed to complement EA studies.

Finally, photoluminescence measurements (PL) and preliminary time resolved microwave
conductivity (TRMC) studies were performed on donor/acceptor blends of a selection of PHNZ
derivatives with the donor P3HT. These measurements were conducted at Macquarie University,
with the instruction of Dr. Nikos Kopidakis. The results confirm that these molecules act as

electron acceptors.
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PHNZ derivatives discussed in this work:

with C,F,l with C,F, with RD/A
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Figure 3-2. Molecular structures of all fluorous PHNZs prepared in this work. Many have been characterized by single crystal x-
ray crystallography, as indicated. For the remaining molecules, structural assignment was accomplished via analysis of 'H and '°F
NMR spectra. For full characterization of each molecule, see appx C.3.1-C.3.11.
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3.2. RESULTS AND DISCUSSION
3.2.1. Synthesis of pure compounds
3.2.1.a. General comments on PHNZ derivative synthesis

In the course of the work reported here, ten fluorous PHNZ derivatives have been
synthesized, purified, and definitively structurally characterized. These molecules, all shown in
Figure 3-2, were isolated from a series of gas-phase radical reactions, illustrated in scheme 3-1 and
discussed in sections 3.2./a. and 3.2.1.b, and from a liquid-phase radical reaction carried out in o-
DCB. shown in scheme 3-3 and discussed in section 3.2./.c. Purification was achieved by HPLC

(discussed in 3.2.2a.) For further details of syntheses, see appx B.3.1-B.3.5.

3.2.1.b. Reactions for PHNZ(C4Fs), products

Gas-phase radical reactions were conducted utilizing a methodology analogous to gas-phase
radical reaction method developed by Kuvychko et al., 3* which are also discussed for TRPH and
other PAH and hetero-PAH substrates in chapters 1 and 2. For the reactions reported here, the
substrate PHNZ and 1,4-C4Fsl> were placed together in either a flame-sealed glass ampoule or a
Monel reactor. They were then heated until homolytic cleavage of the C-I bond initiated radical
reaction. Substitution of I-Re radicals upon PHNZ substrates followed by homolytic cleavage of
the remaining C-I bond which produced annulated PHNZ(C4Fs), products. This process is outlined
in Scheme 3-2. Parameters such as reaction temperature, duration, stoichiometric ratios of starting
materials, and the use of a Cu promoter varied for each reaction, as specified in appx B.3.

In total, five products bearing only C4Fs moieties were synthesized. Two of these, 1,2-
PHNZ(C4Fg) and 2,3-PHNZ(C4F5g) bear only one substituent, while the remaining three, 1,2;6,7-
PHNZ(C4F5g)2, 1,2;7,8-PHNZ(C4F3)2, and 1,2;8,9-PHNZ(C4Fs)2 bear two substituents. As shown
in scheme 3-1, these products were isolated from reactions 3.1 and 3.2. They were also produced

by reactions 3.3-3.5, though they were not the targeted products of these reactions.
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Scheme 3-1. Gas-phase radical reactions to produce major products discussed in this chapter.
Products shown in this scheme are not the only products produced by a reaction but are the
targeted products. For reaction 3.1, yields given in the scheme are isolated yields. For complete
details of reactions, see appendix B.3. reactions 3.1-3.4.
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In agreement with the work discussed in chapters 1 and 2, stoichiometric ratios of starting
materials had the largest effect upon product distribution of any parameter investigated. Reaction
3.1 utilizes a 1:1 ratio of 1,4-C4Fgl> to PHNZ, resulting in a 20% isolated yield of 1,2-PHNZ(C4Fs)
and a 9% isolated yield of 2,3-PHNZ(C4F3).

One reason that these yields could not be increased lies in the fact that substitution does not
seem to occur preferentially upon unreacted PHNZ substrate over PHNZ substrates already
bearing a fluorous substituent. Even with the low amount of perfluoroalkyl iodide present in
reaction 3.1, a 15% isolated yield of 1,2;6,7-PHNZ(C4F3), was recovered. Analysis of the NMR
spectra of the crude product indicates that other two PHNZ(C4F3)2 products are also present in
relatively high yield. As would be expected given that much of the perfluoroalkyl iodide reagent
was consumed producing PHNZ(C4F3g), products, a 22% isolated yield of PHNZ starting material
was also recovered for reaction 3.1.

Utilization of high stoichiometric ratios of 1,4-C4Fgl, to PHNZ resulted in PHNZ(C4Fsg)>
products being favored. In reaction 3.2, the ratio was 10:1. No PHNZ(C4F3g) products were isolated
from this reaction. However, yields of the three PHNZ(C4F3)> products remained relatively low (a
maximum of 5-15% by NMR spectrum integration). This is likely attributable to formation of
products bearing C4FgH moieties similar to those discussed in preceding chapters. Although no
such compounds were isolated in high purity, there is evidence for them in the NMR spectra,
particularly in the form of peaks between -105 and -135 ppm in the '°F spectra.

Interestingly, products bearing peninsular annulations are produced in much lower quantity
than products bearing fissure annulations for all reactions. Indeed, 2,3-PHNZ(C4F3) and 1,2;7,8-
PHNZ(C4Fs)> are produced in much lower yield than the other three products bearing C4Fs
moieties, and 2,3;7,8-PHNZ(C4F3g)2 was never isolated despite numerous attempts.

The reason for this is likely twofold. First, even if initial substitution of the [-Rre radical is
equally likely upon both the fissure and peninsular positions, those that add to fissure positions
must always form fissure annulations, whereas those that initially add to peninsular positions

would give fissure annulations half of the time, and peninsular substitution the other half. This is
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illustrated in scheme 3-2. It would result in a 3:1 ratio of fissure annulations over peninsular
annulations.

Additionally, there is likely some directing effect toward the fissure positions, similar to
the phenomenon observed for 4,7-PHEN in chapter 2. This effect is likely due to the common
structural motif of and N atom across a fissure from a substation position. Such enhanced
reactivity also agrees with work on the trifluoromethylation of PHNZ, which was primarily
conducted by Dr. Karlee Castro, with assistance from the author of this work. Trifluoromethyl
derivatives substituted at the fissure positions were most frequently observed.'*

Reaction duration did not observably affect distribution of products bearing C4Fg moieties.
However, longer reaction duration did result in decomposition. Reactions of up to 24 h were
attempted, at which point no soluble fluorous product was recovered. Shorter reaction times
generally yielded higher product recovery. However, reactions shorter than 2 h generally yielded
incomplete reaction of perfluoroalkyl iodide reagents.

Similar to the work reported in previous chapters, there was no discernable difference in
product distribution resulting from the use of a Monel reactor or flame-sealed glass ampoule for
reactions utilizing Cu powder under the same conditions. Reactions in the Monel reactor were

slightly favorable due to its more consistent size, ability to be reused, and higher degree of safety.

3.2.1.c. Reactions for PHNZ RD/A products

Reactions 3.3 and 3.4 were undertaken to target RD/A products. Notably, RD/A products
were observed under relatively mild reaction conditions for PHNZ substrate. In contrast, for
TRPH, temperature of at least 345 °C and Cu powder were required for RD/A. For PHNZ, RD/A
was seen at a temperature as low as 200 °C in the presence of Cu powder (reaction 3.3). Even
without Cu powder, product of reaction 3.2 contained trace amounts of RD/A products, as

evidenced by the ’F NMR spectrum, although the amounts were so slight, they could not be
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Scheme 3-2. Plausible sequence of steps for formation of PHINZ derivatives bearing single C4Fg
moieties. Substitution at fissure position is observed more often than at peninsular positions. If
both positions are equall v reactive, this substitution would be observed 75% of the time, as 100%
of additions to fissure C atoms would result in fissure annulations, as would 50% of additions to

peninsular C atoms.
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isolated. The mild conditions under which RD/A is observed for PHNZ are likely correlated to the
lower reduction potential of PHNZ (i.e., PHNZ is much more readily reduced that TRPH, and has
a much higher EA due to the presence of a heteroatom).

Attempts to substantially increase yields of RD/A products were unsuccessful. Reactions
at low temperatures, such as reaction 3.3, yielded the greatest amount of the product bearing C4F4
groups, but even in this case, the amount of the product bearing C4Fg moieties was far higher.

This is possibly attributable to RD/A being followed by further rapid reductive
defluorination to C4F3H moieties and then to fully defluorinated products . Evidence in support of
this comes from the analysis of reaction 3.4. This reaction was conducted at a relatively high
temperature, 350 °C, and in the presence of Cu. It yielded a far higher percentage of RD/A product
than any other reaction, but interestingly, most of this product was 2,3-PHNZ(CsF3;H). Also, the
overall amount of soluble product recovered was extremely low compared to reactions performed
at lower temperatures. Achieving a balance of conditions to favor RD/A while maintaining high

product yield appeared to be non-trivial.

3.2.1.d. Reaction in o-DCB

In addition to the gas-phase radical reactions that were similar to reactions reported in
previous chapters, reaction 3.5, the reaction of PHNZ and 1,4-C4Fslz in 0-DCB proved possible.
This reaction is shown in scheme 3-3. The solvent 0-DCB was selected as its high dipole moment
could help stabilize radicals in solution and it has high boiling point.

For reaction 3.5, PHNZ, Cu powder, and 1,4-C4Fs were loaded with a minimal volume (ca.
5 mL) of dry, distilled o-DCB into a Schenck flask within a dinitrogen glovebox. The flask was
then closed, removed from the glovebox, and freeze-pump-thawed to removed dinitrogen. It was
then submersed in a constant temperature hot oil bath to the solvent level for the duration of the
reaction. Following the reaction, diethyl ether was added in order to form an azeotrope with o-

DCB which was removed by rotary evaporation.
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Scheme 3-3. Reaction of PHNZ and 1.4-CyF3ly in 0-DCB with Cu promoter. Unlike gas phase
radical reactions. under these conditions, intermediate products bearing CsF3l groups are isolable.
Notably, products bearing C4Fsl groups were observed, along with the products bearing
C4Fs moieties. Overall, this reaction in the oDCB solution produced fewer compounds, with
higher yields and nearly quantitative conversion of PHNZ substrate. Notably, no decomposition
was observed either, making these reaction conditions advantageous for the reactive PAH

substrates.

3.2.2. Isolation and structural characterization of pure compounds
3.2.2.a. HPLC separation

Separation of PHNZ products bearing CsFg groups was achieved on a Buckyprep
Semipreparative column at a flow rate of 5 ml/min utilizing acetonitrile and methanol as eluents.
In both eluents, a complex mixture of products that appeared by NMR spectroscopy to bear C4FsH
moieties eluted first, followed by products bearing one C4Fg moieties. Retention times were longer
in methanol, giving more separation between products. Acetonitrile gave sufficient separation for
reaction 3.1, in which products bearing only one C4Fg moiety were the primary target. However,
to separate the products bearing two C4Fg moieties, it was necessary to add 50% methanol. HPLC

separations can be seen in appx B.3.1.-B.3.5.
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Figure 3-3. HPLC trace of reaction 3.5. the reaction of PHNZ and 1.4-CyFglz in 0-DCB with a
Cu promoter.

Crude product mixtures were separated on a Cosmosil Buckyprep Semipreparative column
with a flow rate of 5 ml/min. Both acetonitrile and a mixture of toluene and isopropyl alcohol were
suitable eluents for separation of RD/A products. RD/A products have longer retention times than
other products, likely due to the extended m system’s increased interaction with the pyrene-
derivatized Buckyprep stationary phase. Therefore, these eluents were suitable, whereas methanol,
gave unreasonably long retention times and resulted in product smearing on the column and
broadening of the peaks.

Separation of products from reaction 3.5 was achieved on a Cosmosil Buckyprep
semipreparative column using a 2:1 mixture of methanol to acetonitrile. This eluent was necessary
in order to separate the C4Fsl products, which all have relatively short retention times. This reaction
produced fewer unidentified decomposition products that gas-phase radical reactions, as is
evidenced by the HPLC trace shown in Figure 3-3. All major peaks are identified, in contrast to

the HPLC traces shown in appx B for reactions 3.1-3.4.
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3.2.2.b. Structural elucidation via °F and 'H NMR spectra of PHNZ(C4Fs), compounds

Generally speaking, chemical shifts of C4Fg and RD/A products follow the trends discussed
in chapter 1 for substitution of these moieties on TRPH substrates. Notably, they do not show
significant peak broadening in the ”F NMR spectra, unlike some of the hetero-PAHs discussed in
chapter 2.

Compounds with C4Fsl substituents have distinctive '’F NMR spectra. The '’F NMR
muliplet signal arising from the terminal F atoms, on the C atom bearing an I atom, appear at
around -65 ppm, similar to the F atoms bonded to the 1 and 4 C atoms of 1,4-C4Fsl>. In addition
to this peak, three multiplets appear in the region where C4Fs shifts are expected, i.e., in the region

between -95 and -145 ppm.

3.2.2.c. Structural elucidation via single crystal x-ray crystallography

Five single crystal X-ray structure have been deposited with the CCDC as a part of this
work. They include 1,2-PHNZ(C4F3H), 1,2-PHNZ(C4F4), 1,2-PHNZ(C4F3), 2,3-PHNZ(C4Fsg), and
a cocrystal of 1,2:8,9-PHNZ(C4Fg), and ANTH in a 2:1 ratio. These are shown in Figure 3-4.
Additionally, three preliminary structures, sufficient for structural characterization but of
insufficient quality for depositing with the CCDC, have been obtained. They are 1,2:6,7-
PHNZ(C4Fg)2, 1,2:6,7-PHNZ(C4F4)(C4Fg), illustrated in Figure 3-5, as well as an additional
cocrystal of 1,2:8,9-PHNZ(C4Fg)> and ANTH, this time in a 1:1 ratio. In four cases, the X-ray
structures simply confirm the structures predicted by NMR spectroscopy. These are those 1,2-
PHNZ(C4F4), 1,2-PHNZ(C4Fs), 2,3-PHNZ(C4Fs), and 1,2:6,7-PHNZ(C4F4)(C4Fs). However, for
1,2-PHNZ(C4F3H),  1,2:6,7-PHNZ(C4Fs)2,  1,2:8,9-PHNZ(C4F3)2,  definitive  structural
characterization by NMR spectroscopy was not possible, so the single crystal structures were
necessary for structural characterization. For 1,2-PHNZ(C4F3H), the position of the H atom in the
CF3H group could not be determined by NMR spectroscopy. The single crystal structure confirm
that it is on the C atom bonded to C1 of the PHNZ core. In the case of 1,2:6,7-PHNZ(C4F3)2,

1,2:8,9-PHNZ(C4Fs)2, symmetry precludes differentiation by NMR, as is evidenced by
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Figure 3-4. Drawings of the single crystal X-ray structures obtamed in this work. (50% thermal
ellipsoids except for H atoms which are shown as spheres of arbitrary size).
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Figure 3-5. Drawings of the preliminary structures of the compounds 1,2:6,7-PHNZ(C,Fs), and
1,2:6,7-PHNZ(C4F,)(CFy).

their extremely similar NMR spectra, shown in Figure 3-6. This is also the case for PHNZ(C4F3l)2-

A, for which a definitive structure cannot be assigned, since no X-ray structure was obtained.

3.2.3. Single crystal X-ray analysis

3.2.2.a. General comments single crystal structures

The compounds discussed here formed small needle-like crystals. The elongated shape of
these crystals reflects the underlying columnar crystal structure. The diameter of single crystal
needles was on the order of tens of microns. Therefore, the advanced photon source (APS) at
Argonne national lab was utilized to collect single crystal x-ray data sets. Data sets were collected
by the author and colleagues under the supervision of Dr. Yu-Sheng Chen and solved with
assistance from Nicholas DeWeerd. See data collection and refinement parameters listed in appx

D.3.1 for details of collection and D.3.2 for additional analysis of structures.
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Figure 3-6. It is not possible to distinguish between 1,2:6,7-PHNZ(C,Fg), and 1.2:8.9-
PHNZ(C,Fg), by NMR spectroscopy alone, due to the similar spectra resulting from symmetry.
Therefore, smgle crystal X-ray structures were necessary.

The compounds 1,2-PHNZ(C4Fg) and 2,3-PHNZ(C4Fs) have the same molecular formula

and nearly the same crystal density (the density of 2,3-PHNZ(C4Fs) is 1.4° higher). Both form

hexagonal arrays of infinite head-to-tail stacks of parallel molecules with significant n—n overlap,

as shown in Figures 3-7 and D-1. The central hexagon centroids are aligned along the

crystallographic a and b axes, respectively, for 1,2-PHNZ(C4Fs) and 2,3-PHNZ(C4F5g). In both

structures the least-squares planes of adjacent molecules in a stack are rigorously parallel. The
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Figure 3-7. Overlap drawings of adjacent molecules in stacks in the structures of 1,2-PHNZ(C4Fs)
(top) and 1.2-PHNZ({C4Fg) (bottom; N and F atoms shaded blue and yellow, respectively).

perpendicular distances of N and C(sp?) atoms of one molecule that overlap the m system of
adjacent molecules in the stacks 3.37-3.46 A (six overlaps; ave. 3.41 A) for 1,2-PHNZ(C4Fs) and
3.92 A (six overlaps) for 2,3-PHNZ(C4Fs).

The compounds 1,2-PHNZ(C4FsH) and 1,2-PHNZ(C4F4) formally tri- and tetrafluoro
derivatives of benzo[a]phenazine, are essentially planar. The deviations from the least squares
plane of all non-hydrogen atoms for the trifluoro derivative range from —0.091 to 0.093 A and
average 0.038 A; for the tetrafluoro compound the deviations range from —0.078 to 0.047 A and
average 0.022 A. The molecules in both structures are arranged in stacks of parallel molecules
with significant m—n overlap, as shown in Figure 3-8. The head-to-tail alignment of adjacent
molecules in each stack allows for overlap of the aromatic ring containing the F atoms with the
other end of alternate molecule. This was not the case in any of the aforementioned structures in

which the F atoms were attached to rings of C(sp?) atoms.
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Figure 3-8. Overlap drawings of adjacent molecules in stacks in structures of products bearing
RD/A substituents.

The range perpendicular n—r overlap distances in stacks of 1,2-PHNZ(C4F;H) is 3.31-3.46
A (eight overlap atoms, including two C—F C(sp?) atoms; ave. 3.40 A; the n—m overlaps on both
sides of the molecule are the same). The ranges for the different sides of each 1,2-PHNZ(C4F4)
molecule in the stack are 3.26-3.35 A (eight overlap atoms; ave. 3.30 A) and 3.36-3.40 A (eight
overlap atoms; ave. 3.39 A). The structure of 1,2,3,4-ANTH(F)4 also exhibits parallel head-to-tail
stacks with average perpendicular - overlap distances of 3.37 and 3.43 A.2! The n—n overlaps
in 1,2-PHNZ(C4F4) and ANTH(F)4 are shown in figure D.3-2. The hexagonal arrays of stacks in

1,2-PHNZ(C4HF3), 1,2-PHNZ(C4F4), and ANTH(F)4 are shown in Figure D.3-3.
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Figure 3-9. Overlap drawings of adjacent molecules in stacks of parallel head-to-tail molecules in
the structure of 1,2:6.7-PHNZ(CyF g CsF4) (N and F atoms shaded blue and yellow, respectivelv).

The average perpendicular distances of N and C(sp®) atoms from the least-squares planes of the
aromatic core of neighboring moleculesin the stack are 3.47 A (upper drawing) and 3.42 A (lower
drawing).

In the preliminary structure of 1,2:6,7-PHNZ(C4Fs)(C4F4), the fact that the C4F4 substituent
is co-planar with the PHNZ core also results in substantial n—m overlap, although the perpendicular
distances are greater than in 1,2-PHNZ(C4sF3H) and 1,2-PHNZ(C4F3), as shown in Figure 3-9. The
ranges for the different sides of each 1,2:6,7-PHNZ(C4F3)(C4F4) molecule in the stacks of head-
to-tail parallel molecules are 3.42-3.52 A (seven overlap atoms; ave. 3.47 A) and 3.24-3.52 A (six
overlap atoms; ave. 3.42 A). Drawings of the stacks of head-to-tail parallel molecules and the

hexagonal array of stacks in the structure of 1,2:6,7-PHNZ(C4Fg)(C4F4) are shown in figure D.3.4.
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Figure 3-10. Stacking of ANTH donors and 1.2:8.9-PHNZ(C4Fg)> acceptors along the
crystallographic & axes in the co-crystal structures of ANTH/1.2:8.9-PHNZ(CyFy) (top: b = 14.70
A)yand ANTH/[1.2:8.9-PHNZ(C4Fs)2]z (bottom: 5 = 10.50 A: N atoms shaded and H atoms omitted
for clarity). The dashed lines connect the centroids of the central hexagon of each molecule. The
drawings are to scale.

3.2.2.b. D/A cocrystals

The structures of ANTH/1,2:8,9-PHNZ(C4Fs), and ANTH/[1,2:8,9-PHNZ(C4F5s)2]> consist
of infinite A/D/A/D and D/A/A/D/A/A stacks of ANTH donors and ANTH/1,2:8,9-PHNZ(C4Fs)>
and ANTH/[1,2:8,9-PHNZ(C4Fs)2]> acceptors (A), respectively, aligned along the respective
crystallographic b axes, as shown in Figure 3-10. In addition to the difference in donor/acceptor
stoichiometry, an important difference is that the perpendicular distances of N and/or C(sp?) atoms
of the acceptor that overlap the least-square plane of the 7 system of the donor are 3.44-3.58 A for
ANTH/1,2:8,9-PHNZ(C4Fs): (five overlaps; ave. 3.52 A) but are significantly shorter, 3.27-3.42
A (five overlaps; ave. 3.34 A), for ANTH/[1,2:8,9-PHNZ(C4Fs):]>. Drawings showing the D/A
and A/A overlap in ANTH/[1,2:8,9-PHNZ(CsFg)2]> are shown in Figure 3-11 (the A/A

perpendicular n—m overlaps, at 3.41-3.45 A (six overlaps; ave. 3.43 A), are ca. 0.1 A larger than
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Figure 3-11. Overlap drawings of the ANTH donor and 1,2:8,9-PHNZ(C4Fs)2 acceptors in the
structure of ANTH/[1.2:8.9-PHNZ(C4Fg )2]2(N and F atoms shaded blue and vellow. respectively).
In both drawings the least-squares planes of the N and C(sp®) atoms in the upper molecules are in
the plane of the page. The ANTH major axis is rotated 23,27 from the 1,2:8,9-PHNZ(C4F3)2 major
axis. The least-squares plane of the ANTH donor is tilted 3.4° from the plane of the acceptor. In
the lower drawing, the least-squares planes of the two acceptors are rigorously parallel.

the D/A overlaps in this compound). The D/A overlap drawings for ANTH/1,2:8,9-PHNZ(CsFs)2
are shown in figure D.3-5. Except for the nearly 0.2 A difference in D/A n—x separation, they are
similar in appearance to the D/A overlap drawing for ANTH/[1,2:8,9-PHNZ(C4Fs):]2 in Figure 3-
11 (i.e., similar regions of overlap, similar D/A major axis rotation). The distorted hexagonal array

of stacks in ANTH/[1,2:8,9-PHNZ(C4Fs)2]2 is shown in figure D.3-6.
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Figure 3-12. Low-temperature photoelectron spectra (20 K, 266 nm) for a series of PHNZ(C,Fy), derivatives.
Compounds bearing 2 groups approach, and, in the case of 1,2;7.8-PHNZ(C,F3),, surpass, the 2.8 eV threshold
for air stable electron acceptor materials.
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Table 3-1. £, 2(0/-) values and electron affinities (EAs) for PHNZ(CsFs), compounds

compound Ei1n. V vs. Fe(Cp)y™® gas-phase E4, eV
1,2-PHNZ(C,Fs) -1.17(1) 2.12(2)
2.3-PHNZ(C4Fs) -1.12(1) 2.21(1)
1,2:6,7-PHNZ(C4Fs), -0.81(1) 2.81(1)
1,2;7.8-PHNZ(C4Fs), -0.73(1) 2.89(1)
1,2;8.9-PHNZ(C4Fs), -0.80(1) 2.77(1)

3.2.4. PHNZ derivatives as electron acceptor materials
3.2.3.a. Gas phase EA

Low temperature PES of the five PHNZ(C4Fs), compounds were recorded, shown in Figure
3-12. The E1»(0/—) values and electron-affinities (£A4s) derived from the LT-PES of all five
PHNZ(C4Fg)1,2, compounds are listed in table 3-1. As in previous chapters, this data was collected
at PNNL by Dr. Xue-Bin Wang using the method described in appx A.4.8.'%

Analysis of the values of EA for these five compounds reveals that for compounds bearing
two C4Fs substituents, the threshold for air stable electron acceptor materials, of c.a. 2.8 eV,% is
met, and, in the case of the compound bearing a peninsular substitution, 1,2;7,8-PHNZ(C4F5g)a, is
exceeded.

The average incremental increase in EA value per C4Fs group, calculated using the
literature value of 1.3 eV for unsubstituted PHNZ,'* is 0.84 eV. This value is similar to the large
incremental increase observed for the various PAH and hetero-PAH substrates reported in chapter
2. Again, the increase is much larger than would be expected for 2 fluoroalkyl substituents, which

each increase EA by c.a. 0.25 eV, depending upon the PAH substrate.
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Figure 3-13. Cyclic voltammograms of a series of PHNZ(C,Fy),, derivatives, illustrating the substantial shift in
E,,, as induced by C,Fs groups. Measured vs Fe(Cp),™, 0.1 M TBAPF, solution in acetonitrile, 100 mV sec!.
Normalized to maximum current value.

3.2.3.b. Cyclic voltammetry

In contrast to the irreversible behavior of TRPH(C4F3g), derivatives, PHNZ(C4Fs)s,
derivatives showed unexpected quasi-reversible CVs, shown in Figure 3-13. A plot of the £1,2(0/—)
vs gas-phase EAs for PHNZ3* seven PHNZ(CF3), compounds (n = 2-6),%° and the five
PHNZ(C4Fg)1,2 compounds studied in this work is shown in Figure 3-14. The plot shows a linear
correlation with a slope of 0.62(3) V/eV, showing that differences in the gas-phase energy changes
upon reduction are attenuation in solution. This appears to be a general phenomenon, at least for
PAHs and PAH derivatives with perfluorocarbyl substituents. A similar linear plot for pyrene
(PYRN) and three PYRN(CF3)s6 derivatives, shown in figure D.3-11, has a slope of 0.70(2) V/eV.

This experimental evidence is particularly significant as it is rare to find experimental EAs

and the corresponding experimental E1,(0/—) values for the same set of PAHs and/or PAH
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Figure 3-14. Plot of E,,(0/-) values vs electron affinities for phenazine (PHNZ), seven PHNZ(CF;),
derivatives (n = 2-6), and the five PHNZ(C,F5); , compounds (red circles) studied in this work. Note that the
lengths and ranges of values on both axes are equal (i.e., these are square plots), to show unambiguously that
the slope of the linear least-squares fit to the data is significantly less than unity.

derivatives, and it is rarer still to find sets of data that were measured with the same instrumentation
and under the same conditions in the same laboratories. Therefore, calculated EAs and either
calculated or "corrected" experimental E1,2(0/—) values are often used to make Ei2(0/—) vs EA
plots, and it is not uncommon to find plots with slopes of 0.9-1.0 V/eV.**! However, a recent
paper by Calbo, Aragd, et al. reported calculated EAs for a variety of aromatic molecules and
strong electron acceptors, and a plot (prepared for this work) of their G3(MP2) EAs vs.
experimental E12(0/—) values has a slope of 0.75(4) V/eV, as shown in appx. D.3.3., although
neither the plot nor the magnitude of the slope of the linear correlation was included or discussed

in their paper.*?
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Figure 3-15. Example of the spectroelectrochemical study of 2,3-PHNZ(C,Fg). Absorption spectra (right)
monitored during reduction (left) for spectroelectrochemical experiments.

3.2.3.c. Spectroelectrochemical studies

The author performed spectroelectrochemical experiments with Dr. Peter Machata and Ilka
Vincon at the Leibnitz Institute (IFW) Dresden, under the supervision of Dr. Alexey Popov.
Optical and electrochemical properties of were investigated by in-situ ESR and UV-Vis
spectroscopy while reversibly reducing and oxidizing the sample via cyclic voltammetry, A sweep
is illustrated in Figure 3-15(a). The changes in absorbance and the ESR-response have been
measured at 0.05 V intervals. Studies were performed on the five PHNZ(C4Fg), compounds for
which EA and E;; values were obtained. For clarity, the discussion in this section pertains to a
single compound, 2,3-PHNZ(C4Fg), but the finding was also observed for the other four
compounds. Difference absorption spectra obtained at the marked potentials are shown in Figure
3-15.

At approximately -0.98 V vs. E;»(Fc*?), the reduction of the neutral compound sets in with
an increase in the absorption signal until the switch potential of -1.33 V is reached. The formed
anionic species is characterized by a strong absorbance band in the UV-range at about 300 nm and
a broad absorption in the visible range. The absorption in the visible region causes a color shift
from a yellow-brown solution for the neutral compound to an intensely reddish color after

reduction to the anion. The intensity of the optical signal is directly proportional to the
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Figure 3-16. Example of the spectroelectrochemical study of 2,3-PHNZ(C,Fg). ESR signal and absorption
monitored during reduction (right), and charge and spin number during reduction (left).

concentration of the anionic species. Thus, the growth in signal intensity in Figure 3-15 implies an
increase in concentration until a maximum is reached at the switch potential. A similar behavior
is found for the simultaneously monitored ESR-signal, shown in Figure 3-16, green trace. The
integrated intensity of the EPR signal is directly proportional to the number of spins generated in
solution.

An identical signal evolution for several absorption bands and the ESR-response suggest
that no follow-up processes occur, and the paramagnetic species formed by reduction is identical
to the one monitored by the optical changes. The chemical reversibility of the reduction is
confirmed by the return of the signal intensities to zero after completion of the sweep.

For further confirmation, the charge transferred during the potential sweep has been
compared to the number of spins produced, as seen in Figure 3-16. The potential dependency
during the forward scan is identical. The ratio between the difference in number of charges and
number of spins at adjacent potential values is close to one. This implies that for each transferred
charge, one radical is formed which confirms that the radical is stable on the time-scale of the scan.

Such behavior was observed for all PHNZ derivatives investigated. The deviation at the
beginning of the scan can be attributed to non-faradaic currents when recharging the diffusion
layer. During the backward scan, the spin number decreases more rapidly. In a simple picture, this

implies that a larger number of electrons is released by oxidation of the anionic radicals than
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transferred to the electrode. However, such a behavior is generally indicative for unstable radicals
and the forward scan showed no signs for side reactions.

A possible explanation is partial diffusion of radical molecules out of the sensitive ESR-
region in front of the electrode during the scan conducted at a low scan rate of only 2.5mV/s. Since
only a part of the radical formed in the beginning can be reduced again, the charge signal does not
fully return but converges to a non-zero value. Such a trend depending on the applied scan rate has

been observed by Dunsch et al.*?

with an opposing deviation noticed for large scan rates. Thus, by
choice of a faster scan rate, the deviation could be diminished.

In summary, a spectroelectrochemical analysis revealed that compounds are reduced by a
single electron transfer to a paramagnetic, anionic species which is stable on the time scale of the
experiment and can be reversibly oxidized. The anionic form is characterized by a strong
absorption in the UV-range at approximately 300 nm and a broad absorption in the visible range
inducing a color change from a yellowish to a red solution.

All reduced species show a major absorbance in the UV-range at about 300nm and broad
absorption signal in the visible range with a maximum at about 600 nm. However, slightly different
were observed for each reduced species. (appx D.3.4). These slight differences mirror the

differences in reduction potential and EA, in that molecules containing peninsular substitutions are

slightly different than those that do not.

3.2.3.d. ESR hyperfine structure and DFT computational studies
In order to explore the positional effects of CsFs substituents on the PHNZ core, ESR
hyperfine structure was both stimulated and investigated experimentally, and spin density
distributions were calculated.
In order to obtain high resolution ESR signals for analysis of hyperfine structure, a large
amount of radical was generated at a fixed potential (appx A.4.5). Since light elements like carbon
and nitrogen only possess small spin orbit couplings * the deviation from the g-factor of the free

electron is generally small and comparable for different aromatic systems. However, in this case,
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Figure 3-17. ESR signals with resolved hyper-fine splitting for a series of PHNZ(C,Fy),, derivatives.

the spectra, shown in Figure 3-17, are significantly broader than expected compared to comparable
systems, and the width of the spectra vary greatly between different PHNZ derivatives.* Of
particular note, the width of the spectrum of 2,3-PHNZ(C4F5g) is almost half that of the other
compounds. This implies that the radical electron in the PHNZ core interacts strongly with some
nuclei, most likely the fluorine atoms in the substituents, and that the interaction is different for
substituents at different positions

This assumption is confirmed by theoretical determination of ESR-coupling constants for
the energetically most favorable structure, which predicts by far the largest values for the fluorine
nuclei with coupling constants in the range of 20-80 MHz, while coupling constants for N and H
nuclei are only between 2-10 MHz . Especially large values are predicted for fluorine atoms
attached to fissure-position C-atoms. This explains the fact that the narrowest spectrum is that
obtained for the single compound investigated here which did not bear a fissure-position

substituent.
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Figure 3-18. Spin density distribution for 1,2-PHNZ(C,Fy) (right) and 2,3-PHNZ(C,F;) (left), showing that in
the former case, more spin density is localized on the C atoms bearing the C,Fg substituent.

Study of the spin density distribution further clarified this trend. Figure 2-18 shows the
spin density distribution associated with substitution at fissure vs peninsular positions. As can be
seen, there is much more density on C atoms bearing a fluorous substituent in the case of fissure
substitution.

As a final confirmation ESR spectra were simulated and compared to experimental results.
These results are shown in Figure 3-19. However, the match was not good using a theoretically
predicted geometry. However, upon assuming a flexible C4Fs ring, and therefore treating the two

different F atoms on each C atom as chemically equivalent, the match improved. This meant that

4F, 4F, 2H, 2N, 2H, 2H
[14.913.013.39.0 4.4 3.8] MHz

exp.

2F, 2F, 2F, 2H, 2N, 2H, 2H

[28.024.04.98.88.7 4.5 1.7)

X T " T ! T ¥ T " T

3440 3460 3480 3500 3520
Magnetic Field / G

Figure 3-19. Experimental (black, middle) and simulated ESR spectra of 2,3-PHNZ(C,F;) assuming fixed ring
configuration (green, bottom), and flexible ring (red, top). Better agreement is seen between the experimental
spectrum and the simulated spectrum assuming a flexible ring.
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Figure 3-20. PL spectra films of P3HT (red, highest PL intensity) and films of P3HT/PHNZ derivative blends.
PL in blended films, indicating PHNZ derivatives are behaving as acceptors. 1,2-PHNZ(C,Fg) blend has the
second highest PL, followed by 2.3-PHNZ(C,F;) blend, then the two bends containing PHNZ(C,Fy), isomers.
Therefore, PL decreases for films with compounds with higher EAs, as expected.

for the peninsular substation, the molecule was modeled as having quasi-C>, symmetry containing
only 2 distinct types of F atom. With this approach, good agreement between simulated and

experimental results was obtained.

3.2.3.e. PL spectra
Having confirmed the electronic properties of PHNZ derivatives made them good
candidates for electron acceptor materials, thin films were prepared with the donor polymer P3HT,
and evaluated by photoluminescence spectroscopy. The donor P3HT was chosen due to its good
energy alignment with the HOMO/LUMO levels of the PHNZ derivatives, estimated from the EA
and CV data discussed above.*® Films were prepared by the author in the laboratory of Dr. Nikos
Kopidakis at Macquarie university, and experiments were performed by the author in the

laboratory of Dr. Koushik Venkatesan at Macquarie University. (appx A.4.6) Films were ca. 10
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wt % PHNZ derivative, 90 wt % P3HT (for details see table D.3.x), and PL spectra were collected
by the author in the laboratory of Dr. Koushik Venkatesan at Macquarie University in Sydney,
Australia.

For neat films of P3HT, signal was observed, which was significantly quenched for
donor/acceptor (D/A) blend films. The degree of quenching conforms to trends based on analysis
above. For the compounds with two C4Fg groups and consequently higher EA values, the most
quenching is observed as shown in Figure 3-20. For the compounds bearing only one C4Fg group,

better quenching is observed for peninsular substitution over bay substitution.

3.2.3.f. Microwave conductivity measurements

Microwave conductivity measurements were made by the author in the laboratory of Dr.
Nikos Kopidakis at Macquarie University in Sydney, Australia. The same films were used as used
for photoluminescence measurements.

This technique allows ns-us timescale measurements of dynamics of photo-induced
charge-carriers.*’ Free charge carriers are generated by laser illumination, in a microwave
chamber. The free charge carriers absorb microwave energy, allowing the quantum yield of charge
carriers and the sum of their mobilities to be calculated.

Figure 3-21 shows the ®Zp figure of merit for the thin film samples. High values indicate
efficient free-charge carrier generation, which is expected to be much higher in the presence of an
electron acceptor than in a neat P3Ht film. (Intensity is ®@Zp = AG/BqcFalo where Bis the ratio of
the waveguide cross section dimensions (2.2 for the instrument used), qe is the charge of an
electron, Iy is the incident photon flux, and Fa is. the fraction absorbed by the sample (1 for the
samples here). Specific photon flux for each film is listed in appx D.3.5)

Based on these results, it can be concluded that PHNZ derivatives studied in these chapters

function as electron acceptors. The films doped with PHNZ derivatives show evidence of
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Figure 3-21. Transient profile decay curves over 450 ns for neat P3HT film and films with 7-9 wt % PHNZ
derivatives/P3HT blends. All blends behave as acceptors, with higher ®Zu values, corresponding to higher AG
values than the P3HT reference film (red trace, bottom).

significantly more free charge carrier generation than neat P3HT. However, no strong correlations
between microwave conductivity and structure are apparent.

At higher optical density (i.e. lower photon flux) no signal was observed. Material
limitations prevented films of over 10 wt % from being made. However, TRMC is relatively
insensitive to concentration, as charges need not migrate to electrodes. Therefore, it is not likely

that much improvement would be seen with more material.

3.3. SUMMARY AND CONCLUSIONS

In summary, a family of PHNZ derivatives has been synthesized and investigated as
electron acceptor materials. A family of molecules was synthesized utilizing the gas-phase radical
reaction developed in the preceding chapters of this work. A new, solution-based synthetic

technique allowed isolation of hitherto-unobserved C4Fsl moieties bound to the hetero-PAH core.
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A number of single crystal X-ray structures, including donor/acceptor complexes, were
obtained. The formation of D/A complexes shows promise that these materials function as electron
acceptor materials.

Extensive analysis of electronic properties of PHNZ(C4Fs),’s by low temperature PES,
electrochemistry, spectroelectrochemistry, and computational results was carried out. As a result,
it was determined that compounds bearing at least two Cs4Fs groups have suitable properties to
function as electron acceptors. Properties were found to be dependent upon substitution position.
For fissure substitutions, spin-density of the reduced species was located much nearer to the
fluorous substituent, resulting in a reduced effect upon electron acceptor properties. Peninsular
substitution is therefore preferred.

The predictions of these studies were validated by PL spectroscopy and TRMC
measurements, confirming that PHNZ(C4F3),’s function as electron acceptors. In particular, PL
spectroscopy revealed trends aligning with expected results. Compounds with peninsular
substitutions are better electron acceptors than compounds with fissure substitutions.

Further studies of electronic properties of RD/A products would be revealing, as the fully
aromatic systems, especially those with acene-like character resulting from RD/A of peninsular
substituents, are expected to be excellent acceptors. However, further synthetic optimization to
yield higher amounts of RD/A product would be necessary to generate sufficient amounts of

materials for these studies.
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CHAPTER 4. TUNING ELECTRONIC AND OPTICAL PROPERTIES OF ACRIDINE VIA
TRIFLUOROMETHYLATION

4.1. CHAPTER 4 INTRODUCTION

In this chapter, the properties of a family of trifluromethylated ACRD derivatives are
presented. Similar to the fluorous groups discussed in previous chapters, trifluoromethyl groups
dramatically increase the electron accepting properties of PAHs and hetero-PAHs. Previously,
Strauss-Boltalina research group members have reported the trifluoromethylation of a large library
of PAH substrates', and Castro et al.” has reported a family of trifluoromethylated derivatives of
the hetero-PAH PHNZ, which is structurally similar to ACRD.

The compound ACRD was first identified in 1870 as an impurity in crude ANTH isolated
from coal tar. Its name, which derives from the Latin word for sharp, was chosen due to its irritating
effect on skin. It is air stable, basic, hetero-PAH that has a tendency to crystallize in to a variety
of polymorphs which have been the subject of extensive study.®® Despite its irritating effect,
ACRD is not among the PAHs, which pose acute health or environmental risks, making it a useful
PAH for a number of applications including dyes, antiseptics, antimalarials, and antibacterials,
fluorescence-based sensors, and more recently, OLED and OPV technologies.”!* As a
heterocyclic PAH, its interesting physical properties including basicity, its m-system, and its
frontier orbital levels have been the subject of numerous calculations.’

Acridine and its derivatives are synthetically accessible via several routes, making it a
widely available and accessible compound. Bottom-up synthetic pathways generally involve ring
closures.” '*16 Substitution reactions are also viable synthetic routes, but often give a mixture of
regioisomers.!'> Rearrangements or oxidation and reduction of acridanes or acridones have also

been reported. '
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Figure 4-1. Molecular structures of all ACRD derivatives prepared from reaction 4.1. Numbering scheme
shown on derivative in upper left. Not pictured 1s ACRD(CF;);-A, a pure compound for which the substitution
pattern has not been definitively identified. For the remaming molecules, structural assignment was
accomplished via analysis of '"H and '°F NMR spectra. Many of the compounds have also been characterized by
single crystal x-ray crystallography, as indicated. For synthesis and purification of these molecules. see sections
42 1aand 4.2.1.b. and appx B.4. For structural characterization of molecules, see 4.2./.c. and 4.2.1.d. and
appx C 4.

The work reported here employed the synthetic method developed by Kuvychko ez al,.”” a
route not previously attempted with the substrate ACRD. In this method, , thermal decomposition
of CFsl initiates a gas-phase radical reaction, allowing introduction of CF; to the perimeter of PAH
cores by substitution of hydrogen atoms. In general, selective formation of specific isomers is not
expected for these reactions. Rather, a range of compositions is obtained, with several isomers of
each composition. However, as these reactions proceed at high temperatures, the product
distribution is close to thermodynamic control.'* Thus, product distribution is not random, and
calculation of relative energies of different isomers allows prediction of possible products.

In this case, the reaction led to isolation of a series of ACRD(CF3), derivatives, with n
ranging from 3 to 5. The compounds for which definitive structural elucidation was possible are
shown in Figure 4-1. An isomer of ACRD(CF3); (ACRD(CF3)3-A) was also isolated but has not

been definitively characterized with respect to substitution pattern. In addition to
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trifluromethylated ACRDs, two unusual structures were identified, including a
hydroacridine(hydroACRD) derivative resulting from addition, rather than substitution of CF3 at
the 9 position, and a compound bearing a perfluoroethyl group.

Ten single crystal X-ray structures and one preliminary X-ray structure have been obtained,
and an analysis of structural properties and solid-state packing is given. Electrochemical,
spectroelectrochemical, and computational studies have been carried out on selected compounds.
This has led to identification of unique physiochemical trends; of particular interest, a substitution-
pattern dependence has been observed for reduction potential and frontier orbital level shifts
associated with trifluoromethylation of ACRD. This phenomenon is unprecedented among other
trifluromethylated PAHs and hetero-PAHs, even the structurally similar family of
trifluromethylated PHNZs. For example, for previously investigated substrates, functionalization
induces positive shifts in reduction potential of ca. 0.25 V per CF3 group. The shift is independent
of substitution pattern, although its exact increment is dependent on the size, shape, and
composition of the PAH core. In the case of ACRD, the reduction potentials of isomers with the
same number of substituents but different substitution patterns can vary by as much as 0.20 V, a

shift rivaling the incremental effects of substituent number.

4.2. RESULTS AND DISCUSSION
4.2.1. Synthesis and isolation of pure compounds
4.2.1.a. Reaction to produce ACRD(CF3),’s

The reaction to produce the material discussed in this chapter was performed by Dr. Igor
V. Kuvychko. ACRD (179 mg, 1 mmol) was placed into a 300 mL glass ampoule. The ampoule
was evacuated using a vacuum line equipped with a pressure gauge and a calibrated volume (268
mL). Using the calibrated volume and the pressure gauge CFzlgas was measured (9 mmol, 9.0
equiv). The CF3l was condensed into the ampoule using liquid nitrogen, and the ampoule was
flame-sealed. It was then placed in a furnace and heated to 330 °C. This temperature was held for

8.5 h, at which point the ampoule was removed and cooled to room temperature. It was then
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opened, allowing any gaseous contents to evaporate. The ampoule was rinsed with
dichloromethane to retrieve soluble products, forming a dark purple solution. The dichloromethane
solution was filtered to remove any insoluble material and washed with a saturated sodium
thiosulfate solution (aq) to remove I. Upon washing, the dichloromethane solution changed from
dark purple to yellow. The dichloromethane was allowed to evaporate, leaving 278 mg of crude
product, a relatively high recovery for a gas-phase radical reaction with 179 mg of substrate
starting material. Details of this reaction are also given in Appx B.4. For 'H and 'F NMR

spectroscopic characterization of the crude product mixture see Appx figure B-44.

4.2.1.b. Multi-stage HPLC purification

Although members of our laboratory have recently reported unprecedented success
isolating various trifluoromethylated PAHs, separation of multiple isomers with similar properties
and structures is often extremely complex.!” In the case of ACRD(CF3)x , lowering core symmetry
by introducing N atom exacerbates the problem significantly. Separation of the product of reaction
4.1 required a multi-stage separation with up to four HPLC injections to obtain pure compounds.
This separation of ACRD(CF3), derivatives was carried out on a COSMOSIL Buckyprep column,
eluent flow rate 5 mL min™' (with one exception in the case of 2,4,6,9-ACRD(CF3)4, noted below).
This column was shown to be useful for separation of similar compounds, notably PHNZ(CF3),
derivatives, which differ from ACRD by only by one N atom. As in the case of PHNZ(CF3),
derivatives, separation was complicated by the similarity of isomers. In this case, separation was
further complicated by the lower symmetry of ACRD (PHNZ has a mirror plane along the long
axis of the hetero-acene core; ACRD does not), leading to a higher number of isomers.

Despite this, separation was achieved via a complex multi-step process that was conducted
by the combined efforts of Dr. Long K. San, and the author of this work. The following description

of this separation concerns only the purification routes which ultimately led to pure products. Many
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Figure 4-2. HPLC separation of reaction 4.1. Unless otherwise indicated, all separation was conducted on a
COSMOSIL Buckyprep semi-preparative column with a flow rate of 5 mL min-!. See section 4.2.7.5. and Appx
B.4. for details of synthesis.

more fractions were isolated, which did not yield pure products. In total, this purification yielded
13 pure products in 1-10 mg amounts from the 278 mg crude product recovered. For details of this
separation, see Figure 4-2. (Appx figure B-45).

Stage 1 separation was performed using an acetonitrile eluent. Fractions eluting at 5.0 min
(F1), 6.0 min(F2), 7.0 min(F3), and 7.6 min(F4) were collected for further purification.

Fraction F1 was further separated in a second stage, using a 1:3 toluene:heptane eluent.
Fractions eluting at 4.3 min(F1F1), 6.2 min, and 7 min were collected. The fraction eluting at 6.2
min was pure 1,4,5,7-ACRD-(CF3)4(Appx C.4.4). The fraction eluting at 7.0 min was pure ACRD-
(CF3)3-A (Appx C.4.1). Fraction F1F1 was further separated in a third stage with a heptane eluent.
One fraction, eluting at 5.5 min, was pure 1,4,5,8,9-H,-ACRD(CF3)s (Appx C.4.12). Another
fraction, eluting at 8.2 min, was pure 4-C2Fs.2,5,7,9-ACRD(CF3)4 (Appx C.4.13).

118



Fraction F2 further separated in a second stage, using a 1:3 toluene:heptane eluent. A
fraction was collected, eluting at 4.2 minutes, which was pure 2,4,5,9-ACRD(CF3)4 (Appx C.4.2).
A fraction eluting at 5.0 minutes was also collected, which was 2,4,5,7,9-ACRD(CF3)s (Appx
C.4.7).

From fraction F3, a solid was observed to precipitate. This solid was obtained by filtration,
and was pure 1,4,5,8-ACRD(CF3)4 (Appx C.4.5). The filtrate of F3 was further separated in a
second stage HPLC separation, using a 1:3 toluene:heptane eluent. Fractions were collected that
eluted at 4.4 min(F3F1), 5.0 min(F3F2), 6.0 min(F3F3), and 7.0 min. The fraction which eluted at
7.0 min was pure 2,4,5,6,9-ACRD(CF3)s (Appx C.4.11.).

Fraction F3F1 was further purified in a third stage using a heptane eluent. A fraction was
collected, at 6.2 min(F3F1F1). This fraction was further purified in a fourth stage separations using
the Fluoroflash (Fluorous Technologies Inc. USA) analytical column, acetonitrile at 1.0 mL min
!, This fraction was pure 2,4,6,9-ACRD(CF3)4 (Appx C.4.3).

Fraction F3F2 was further purified in a third stage using a heptane eluent. A fraction was

collected at 9.8 minutes which was pure 1,4,6,8-ACRD(CF3)4 (Appx C.4.3).

Fraction F4 was further separated in a second stage using a 1:3 toluene:heptane eluent. A
fraction eluting at 5.3 min was pure 1,3,5,7,9-ACRD(CF3)s(Appx C.4.8). A fraction eluting at 8.6
min was pure 3,4,5,6,9-ACRD(CF3)s(Appx C.4.9).

4.2.1.c. DFT-calculated effects of trifluoromethylation at different substitution positions

The product distributions of gas phase radical trifluromethylation of PAHs has been
previously shown to be predominantly under thermodynamic control. Therefore, calculations were
performed to analyze whether there was any thermodynamic control of product distribution in this
case. On the ACRD core, there are nine C-H bonds at which CF3 radical substitution may occur.
A systematic theoretical study of various possible substitution patterns was undertaken by Ilka

Vincon, with assistance from the author of this work. The following systematic approach was
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Table 4-1. The relative energies of ACRD(CF;), ,’s.

Theoretical Eyel
structure (k)/mal)
ACRD
" 1-ACRD(CF3) ¢ 817
2-ACRD(CF3) 0.00
3-ACRD(CF3) 1.11
4-ACRD(CF3) 11.77
__SACRD(CE) 410
2,7-ACRD(CF3)2 0.0
2.6-ACRD(CF3)2 1.14
2.5-ACRD(CF3)2 11.39
4.5-ACRD(CF3): 25.95
3,4-ACRD(CF3)2 60.23
2.4-ACRD(CF3)2 14.09
1.4-ACRD(CF3): 22.89
4.9-ACRD(CF3)2 5424
2.9-ACRD(CF3)2 43.37
1.9-ACRD(CF3)2 98.33

utilized: A series of theoretical molecules with one CF3 substituent each was analyzed, such that
the energy differences associated with substitution in each possible position was elucidated.
Additionally, a series of theoretical compounds bearing two CF; substituents each were analyzed,
to understand energy differences associated with substituent interactions. From this, relative
energies of compounds with higher substitution degree can be predicted using energy increments
of structural fragments within +5 kJ/mol, the relative energies of each fragment are additive.’

The results of these calculations are summarized in table 4-1. Substitution at the 2 position
is found to be the most thermodynamically favored, taken as the zero-energy isomer for relative
comparisons. By far, the highest energy single-substituent isomer is 9-ACRD(CF3), with an Eye of
41.20 kJ/mol. Taken in isolation, this result seems to be at odds with the observed product
distribution of reaction 4.1, as substitution at this position is observed on approximately half of the
isolated compounds. However, consideration of the data for isomers bearing two substituents
clarifies this point. Mono substitution at the 9 position is more favorable than, for example, placing
two groups adjacent to each other at the 3 and 4 positions (60.23 kJ/mol). Therefore, substitution

at the 9 position is expected given the excess of trifluoromethyl iodide reagent utilized in this
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Table 4-2. Computational results describing the relative energies of a selection of ACRD(CF;),’s with n = 4 and
5 as well as 4-(C,F5)-2,5,7,9-ACRD(CF;), both calculated for complete molecules and for energetics of
structural fragements taken from data in table 4-1.

Era Eret prea

Structure thecredcal feretical

(kJ/mol) (kJ/mol)
1,3,5,8-ACRD(CF3)s 0.0 0
1,4,5,7-ACRD(CF3)s 27 3
2,4,59-ACRD(CFs)s 37.7 33
1,2,4,5,.8-ACRD(CF;)s 204 20
4-(C:Fs)-2,5,7,9-ACRD(CF: )« -- -
2.4.5,7.9-ACRD(CF;); 0.0 0.0
3,4,5,6,9-ACRD(CF;): 88.1 92
2,3,5,7.9-ACRD(CF;)s -- -
1,3,5,7.9-ACRD(CF:)s, thace 40.1 45

reaction, as trifluoromethyl groups could not indefinitely preferentially add to the lower energy
positions 1-8 without eventually incurring unfavorable substituent-substituent interactions to a
degree that substitution at the 9 position is no longer less favored.

Additionally, reactivity at this position may be unique compared to the other positions, as
it was reported in the literature that addition, rather than substitution, to the ACRD core often
occurs at the 9 position, breaking aromaticity. This is usually, but not always, followed by
spontaneous re-aromatization.'® The isolation of 1,4,5,8,9-H,-ACRD(CF3)s from this reaction is
evidence in favor of this reaction pathway occurring in this case.

Mono substitution at the remaining 3 positions has a relatively narrow range of Er values,
ranging from 1.11-11.77 kJ/mol. All three of these positions lie on the outermost ring of the ACRD
molecule rather than the central ring. Interestingly, of these positions, the position 4 is the least
favored, with a relative energy of 11.77 kJ/mol. However, upon the 12 structurally characterized
ACRD derivatives presented in this work, substitution has occurred at the positions 4 and
symmetrically related 5 twenty-one times. In only 3 cases is this position not substituted, making
it the most frequently observed substitution position. Of course, not all synthesized products could
be isolated, given limitations of HPLC separation. Therefore, it is possible that the observed
prevalence of products substituted at this position is due to a bias for facile isolation of such
products. However, if this is not the case, the reactivity of this position may truly be higher for

another reason, likely related to the same underlying phenomena that caused the selectivity toward
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substitution at a C-H bond across a fissure from an N atom was observed for 4,7-PHEN and PHNZ
in chapters 2 and 3 in this work. It has been documented that this position on ACRD is subject to
electrophilic substitution.!” Radicals bearing strongly electron-withdrawing groups tend to be
electrophilic. The trifluoromethyl radical has a sufficiently high electrophilicity index that it is
possible it favors substation at this position, despite the higher relative energy of substitution at

this postion.!8-2°

4.2.2. Structural characterization of pure compounds
4.2.2.a. Structural elucidation via °F and 'H NMR spectra

In the '"H NMR spectra, of ACRD(CF3), compounds, the chemical shifts appear in the
region of 7.5 to 9.7 ppm. The most distinctive feature of the 'H NMR spectra is that when an H
atom is present on the 9 position, a very deshielded singlet appears, around 9.5 ppm. As an

example, see the spectrum of 1,3,5,8-ACRD(CF3)4, Figure 4-3.
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Figure 4-3. Example NMR spectra of 1,3.5,8-ACRD(CF;), with probable peak assignments. The 'H NMR
spectrum (top) is referenced to CHCly; (8 = 7.26). The F NMR spectrum (bottom) is referenced to
perfluorobenzene (6 =—164.9).
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The second most deshielded H atoms are in the 4 and 5 positions, next to an N atom.
However, H atoms in these positions are only present upon 3 of the 12 structures for which
structures have been definitively assigned.

On positions 1-3 and 6-8, H atoms give rise to resonances in the mid-range of the 'H NMR
spectra of these compounds, appearing anywhere from 7.9 to 9.1 ppm. Proximity to CF3
substituents, rather than position relative to N atom, appears to dominate the trends of chemical
shifts of H atoms in these positions. However, it can be generally stated that positions closer to the
N atom, that is, for example, in positions 3 and 6, are more deshielded. For example, in the case
of 1,3,5,8-ACRD(CF3)4 shown in Figure 4-3, the peak corresponding to the H atom bound to
position 6 is further to the left than the peak arising from the H atom bound to position 7.

An interesting case is the 'H NMR spectrum of hydroACRD 1,4,5,8,9-H>-ACRD(CF3)s,
(figure C-120), in which the H atom bound to the 9 position is the most shielded, giving rise to a
signal at 5.8 ppm. However, this is expected, as this hydrogen is attached to sp3 carbon in this
case, and no longer bound directly to the aromatic core. In this compound the H atom bound to N
is the most deshielded, appearing as a broad singlet at 8.1 ppm.

Coupling, within the resolution of the NMR spectrometer utilized, appears limited to H
atoms bound to vicinal C atoms. When isolated by CF3 substitution on adjacent C atoms, H atoms
give rise to broad singlets. Adjacent H atoms appear as doublets, with J values between 7.0 and
10.5 Hz. Only in the case of 2,4,5,9-ACRD(CF3)4, in which three consecutive C atoms (positions
6, 7, and 8) bear H atoms, higher order coupling is observed, appearing as a triplet (figure C-99).

In "FNMR spectra, the chemical shifts appear in the region of -50 to -75 ppm. This is
comparable to the regions observed for CF; substitution on other PAHs and hetero-PAHs,
notable PHNZ(CF3),’s. Shifts and peak characteristics are affected by both the position on the
core and the proximity of other CF3 groups. Again, the most immediately recognizable feature is
a peak appearing further downfield than any other features, at around -52 to -56 ppm, arising
when CFj3 substitutions are present on the 9 position. Trifluoromethyl groups bound to the 4 and

5 positions give rise to peaks that are also relatively deshielded, in the region from -57 to -65. Of
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Figure 4-4. Drawings of the structures ACRD derivatives isolated in this work. Thermal ellipsoids shown at the
50% probability level.
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Figure 4-5. Preliminary X-ray structure of 2.4,5,9-ACRD(CF;),.

the 1-3 and 6-8 positions, 2 and 7 are generally the most shielded, and 3 and 6 are
generally the most deshielded, but, as in the case of H atoms in these positions, proximity to
substituents is the dominant effect. When bound to adjacent C atoms, coupling is observed,

leading to complex multiplets. In all other cases, singlets are observed.

4.2.3. Single crystal X-ray analysis
4.2.3.a. Structures obtained via crystal X-ray crystallography

Single crystal structures were obtained for ten of the 13 compounds presented in this
chapter. (appx D.4.1) These structures are shown in Figure 4-4. Additionally, a preliminary data
set, sufficient for structural determination but of insufficient quality to deposit with the CCDC,

was obtained for of 2,4,5,9-ACRD(CF3)4. This is shown in Figure 4-5.

Crystals were grown by Dr. Long K. San by slow evaporation from solvent. Data sets were
collected by the author of this work, Tyler Clikeman and Nicholas J. DeWeerd at Advanced Photon
Source synchrotron facility at Argonne National Laboratory, Argonne IL, on beamline 15ID-B,
employing a diamond 111 monochromator and Bruker D8 goniometer. Crystal structures were
solved collaboratively by the author and Nicholas J. DeWeerd. Unit cell parameters were obtained
from least-squares fits to the angular coordinates of all reflections, and intensities were integrated
from a series of frames (w and f rotation) covering more than a hemisphere of reciprocal space.
Absorption and other corrections were applied using SCALE. The structure was solved using

direct methods and refined (on F2, using all data) by a full-matrix, weighted least-squares process.
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Standard Bruker control and integration software (APEX II) was employed, and Bruker SHELXTL

software was used with OLEX structure solution, refinement, and molecular graphics.

Crystals of trifluoromethylated acridine compounds suitable for diffraction were grown by
slow evaporation of dichloromethane or methanol solutions. Diffraction data were collected at the
Advanced Photon Source at Argonne National Laboratory on beamline 151D-B, using a diamond
111 monochromator, at X-ray wavelengths of 0.40651 or 0.41328 A, and 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
APEX 111 software?! 22, and the structures were solved using SHELXTL/OLEX 2 software.?® The
structure of 1,4,5,7-ACRD(CF3)4 has one identifiable twin which modeled using the twin law, -1,
0,0,0,1,0,0,0, -1, with a BASF value of 0.321. The structure of 4-C2Fs-2,5,7,9-ACRD(CF3)4
suffers from severe rotational disorder about the CF3 group at C3 and C23. It has been modeled as
a 3-part disorder with fixed occupancies for the three parts. Further there is residual density outside
the normal bond length distances for the C-F bond. This density likely represents flexing of the
CF3 group in addition to the rotational disorder resulting in positional disorder as well. However,
attempts to model the rotational disorder as a two-part positional disorder were unsuccessful. The
three-part rotational disorder appears to be the best fit for the data. Further the thermal ellipsoids
on the fluorine atoms associated with the three-part disorders are elongated as a result of the
disorder. The structure of 2,4,5,6,9-ACRD(CF3)s has a rotationally disordered trifluoromethyl
group on the C7 carbon. This disorder was modeled as a three-part rotational disorder with fixed
fluorine occupancies.

The structure of 2,4,5,9-ACRD(CF3) is shown here as a preliminary structure. The data is
of enough quality to confidently assign the structure, but the figures of merit are outside
publishable standard. Better data sets are being collected on higher quality crystals, and

publishable quality structures will be submitted to the CCDC in conjunction with a full paper.
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4.2.3.b. Substitution-induced deviations from planarity

A crystallographic steric figure of merit for ACRD derivatives with n-RF and/or CF;
groups on C9 and C10 is the aromatic core bend angle 6. It is the angle that the two halves of the
aromatic core have been bent away from planarity at the ACRD C9---N hinge. A recent review of
literature structures by lab mate Nicholas DeWeerd et al.* literature structures and showed that
for ANTH derivatives this angle can vary from 0.0° (e.g., 2,6-bis(4-methoxyphenyl)ethynyl)-9,10-
ANTH(CF3)2) to 7.4° (e.g., 2,3,6,7,9,10-ANTH(CF3)6) to 18.0° (e.g., 9,10-ANTH(n-CsF13)(CF3))
depending on whether the n-Rr and/or CF3 groups on C9 and C10 are staggered (6 = 0.0°) or
eclipsed (0 = 13.5-18.0°). The ANTH core can be significantly bent even if there is only one bulky
tripodal substituent on C9 (e.g., 6 = 17.3° for 9-ANTH(t-Bu)).

The 6 angle for 2,4,5,7,9-ACRD(CF3)s is 3.1°. The 6 angles for the two independent
molecules in the structure of 4-CyFs-2,5,7,9-ACRD(CF3)4 are 4.2° and 4.3°. For references, the
literature compound 1,3,6,8,10-ANTH(CF3)s (ANTH-5-1) has the same substitution pattern as
2,4,5,7,9-ACRD(CF3)s, and the angles for the two independent molecules in the structure of
ANTH-5-1 are 4.2° and 6.1°.%

In contrast, the aromatic core of 1,4,5,8-ACRD(CF3)4, with no 9-postion substitution, is
planar, with 0 constrained to be 0° by the crystallographic symmetry imposed by the N/C9
disorder. Adding a CF; group to C9 and an H atom to N results in the dihydroacridine derivative

1,4,5,8,9-(9,10-HACRD)(CF3)s, in which C9 and N are sp3 hybridized. The three-ring core of the

Table 4-3. Computational and experimental results describing the EA, E,,,, and frontier energy levels of a
selection of ACRD(CF;),’s withn=4 and 5 as well as 4-(C,F)-2,5,7,9-ACRD(CF;),.

EA E.s Ess A HOMO A HOMOs— A HOMOes—

S ) LUMO LUMOe— LUMO+1e-
tructure '.r.eo!e';!ul theoretical expe::::.ﬂ.'-!l —— st o
xS ) ™) P e pe
1,3,5,.8-ACRD(CF:)+ 2.32 0.05 0.05 3.76 2.52 289
1,4,5,7-ACRD(CF:)s 2.32 0.00 0.00 3.77 2.54 2.87
2,4,5,9-ACRD(CF:)4 2.44 0.16 0.16 3.62 2.90 314
1,2.4.5.8-ACRD(CF:): 2.67 031 0.27 3.69 2.44 3.00
44C:Fs)-2,5,7,9-ACRD(CE: s = = 0.37 £ = i
2,4.5,7.9-ACRD(CF:)s 2.78 038 - 3.66 2.79 3:17
3.4,5,6,9-ACRD(CF:)s 278 0.42 0.37 3.51 2.79 3.17
23,5,7.9-ACRD(CF)s = s 037 s ; 2
1,3,5.7.9-ACRD(CF;)s. thace 284 0.47 - 3.56 291 3.04
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dihydro derivative is significantly bent, with 6 = 30.2°. This is ca. 6° larger than the 25.3 and 24.5°

literature values of 0 for 9,10-H,ACRD and 9-i-Pr-9,10-H,ACRD, respectively.®’

4.2.4. Electron acceptor properties of ACRD upon trifluoromethylation
4.2.4.a. Electrochemical analysis

In this work, the most effective and precise way of assessing electron acceptor properties
of ACRD(CF3),’s is based on the evaluation of EA and E1/; values in. However, for this family of
compounds, it was not possible to obtain EA values as decomposition was observed under
experimental conditions (appx D.4.2). Despite this, the compounds did prove stable enough upon
reduction in solution to obtain E1, values for all compounds for which sufficient material for
analysis by CV was available.

The results of this study proved extremely interesting. In previous cases, E12 values varied

incrementally with number of substituents, but independent of substitution pattern. For examples,

I T T T T " r . .
4 |
T iy
<
=
=
€ 4F 9
4 o
5 grn e
o .
-8 i
-::' ' 214!519'ACRD(CFS)4
T A ) T Se— 1,4,5,7-ACRD(CF;),
".
12 M NS e 1,3,5,8-ACRD(CF;),
1 A 1 N L . ; ) :

14 1.2 -1.0 08 06
Potential E vs. E, ,(Cp,Fe"") / V

Figure 4-6. Cyclic volatammograms showing different reduction potentials of 3 different isomers of
ACRD(CF;),. The difference in the E;,, values are unusually high for derivatives of the same PAH with the
same number of functional groups. In particular, the reduction potential of the isomer with a CF; at the 9
position, 2,4,5,9-ACRD(CF)., is shifted to a significantly more positive potential compared to the other two,
which deviate by a much smaller amount. Measured vs Fe(Cp),™, 0.1 M TBAPF, solution in acetonitrile, 500
mV sec.
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in all reported previously studies of PAH(CF3)n, such as CORA(CF3)n, PERY(CF3)s> -2+ linear
incremental increase in E12 with n(CF3) was observed, regardless of the substitution patterns in
the isomers. For example, for PERY(CF3)s isomers, the E1» values were virtually the same, within
experimental uncertainty of 0.01 eV.?

For trifluoromethylated ACRD’s, this was not the case. As is shown in Figure 4-6 for three
representative compounds, E12 values varied substantially for isomers with the same number of
substituents but different substitution patterns.

A complete list of the experimentally obtained E;» values can be found in table 4-3.
Consistently, the E12 values are substantially more positive for isomers substituted at the 9
position, as illustrated in Figure 4-6 with 2,4,5,9-ACRD(CF3)4. Overall, the range of E1» values
for isomers of the same chemical composition is so large that it exceeds the incremental change
observed upon addition of another trifluoromethyl substituent.

This can be clearly observed when the reduction potential is graphed vs. the number of
trifluoromethyl groups, shown in Figure 4-7. Also shown in Figure 4-7 is a similar graph for
derivatives of trifluoromethylated PHNZs. PHNZ, as the most structurally similar
trifluromethylated substrate previously examined, can be reasonably expected to have similar
behavior to ACRD. However, like all other previously examined PAHs, PHNZ(CF3)n has
reduction potential that is largely a function of substituent number. While 0.05 mV variations of
E\» values (amongst isomers of the same composition are observed, they are small with respect to

the effects of substituent number (i.e., 0.2 mV per CF3 group). This is not the case for ACRD.

4.2.4.b. Spectroelectrochemical analysis
In order to further investigate this trend, spectroelectrochemical studies were performed on
compounds available in sufficient quantity, utilizing spectroelectrochemistry techniques utilized
by Dr. Popov at IFW (Dresden, Germany) and previously employed by Strauss-Boltalina research

group members to study perfluoroalkylated aromatic systems.*’
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Figure 4-7. E,;,; as a function of the number of trifluromethyl groups for ACRD and PHNZ. Trendline is a
visual guide for the eye. The values for trifluromethylated ACRDs are spread over a range of nearly 0.2 V. This
is comparable to the increase that has been reported per CF; group for other trifluromethylated PAHs, but
reduction potentials are generally independent of substitution pattern. PHNZ behaves more typically, deviating
from the trend line by less than 0.05 V.

In this technique, a slow CV scan is performed while the ESR signal and vis-NIR
absorption are simultaneously monitored in real time. Examples of the data collected during these
experiments is shown in Figure 4-8. In the case of this family of ACRD derivatives, at the onset
of reduction, the formation of paramagnetic species with complex ESR signals was observed. The
appearance of this signal indicates the formation of a relatively stable radical anion. However, ESR
spectroscopy detects only paramagnetic species, so any diamagnetic compounds forming upon
reduction are not observed. However, these diamagnetic species do give rise to vis-NIR
absorptions.

The vis-NIR absorptions of reduced species in this case were particularly interesting.
Consistently for isomers substituted at the 9 position, a substantial blue shift of vis-NIR absorption
is observed compared to isomers not substituted at this position. This is shown in Figure 4-9 for

2,4,5,9-ACRD(CF3)s. This shift implies that the © system of the reduced species is greatly altered

compared to the neutral species, likely contributing to the notable differences in E12 values.
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Figure 4-8. Spectroelectrochemical results of two representative compounds with (left) and without (right)
substitution at the 9 position. Results indicate formation of a stable, ESR active radical anion in both cases.
However, in the case of derivative substituted at the 9 position, the vis-NIR absorption indicates that an ESR
silent species with an absorption around 603 nm is growing in and remaining upon the back scan
(reoxidization), suggesting a possible chemical change.

A second noteworthy trend in the vis-NIR data associated with substitution at the 9 position
was the observation of a feature with an absorption maximum around 603 nm, which grows in
upon reduction but does not disappear upon reoxidation. This implies that the species giving rise
to this feature is distinct from the reduced species of the molecule, as it would otherwise disappear
along with the ESR signal during the back scan. Therefore, it is likely that in the case of the isomers
substituted at the 9 position, a chemical change is possible. Though it is not a dominant process,
as indicated by the fact that the CVs are quasi-reversible, it implies that the reduced species of
molecules substituted at the 9 position do behave distinctly from the reduced species of isomers

not substituted at this position.
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Figure 4-9. There is a significant variation in absorption maxima for the reduced species of trifluromethylated
ACRDs. The spectra of the isomer with a substitution at the 9 position, 2.4,5,9-ACRD(CF,),, differs much more
substantially, with a blue-shift of over 150 nm compared to the other isomers. This trend correlates to the
different reductions potentials illustrated in figure 4-x.

4.2.4.c. Computational analysis

Computational data were used to elucidate the distinctions among reduced species of
isomers with and without 9 position substitution. Computations undertaken included theoretical
E\p values, EA values, and frontier orbital energy levels. Of these three parameters, the latter are
the simplest to obtain computationally from the relaxed structures of the neutral molecules. In this
case, due to pertinence of reduction to the trend under investigation, frontier energy calculations
were also performed on the compounds in their anionic states. EA values similarly require
optimization of the molecule in both the neutral and anionic state. Of the three parameters, E1/
values are the most computationally demanding, as they also require analysis of solvation energies.

The same systematic approach was utilized in this computational analysis as was used
above, when studying relative energies of different isomers. First, energies of simplified
ACRD(CF3) and ACRD(CF3). isomers were calculated, to probe effects of position and substituent
interactions. The results of these calculations are shown in table 4-4.

Data presented in table 4-4 are visualized graphically in Figure 4-10. Values of

HOMO/LUMO gaps are plotted orthogonal to EA values. This highlights the distinct clustering of
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Table 4-4. Computational results describing the EA and frontier energy levels of ACRD derivatives.

A HOMO/ A HOMOe—
Theoretical EA HOMO LUMO LUMO HOMOe—  LUMOe— LUMOe—
structure (eV) (eV) (eV) (eV) (eV) (eV) (eV)
ACRD 0.76 -5.93 -2.24 -3.69 0.71 3.50 2.79
" 1-ACRD(CF3) L 630 262 - 368 022 297 275
2-ACRD(CF3) 12 -6.34 -2.63 -3.71 0.21 2.79 -2.58
3-ACRD(CF3) 1.20 -6.33 -2.63 -3.70 0.21 2.80 -2.59
4-ACRD(CF3) 1.19 -6.30 -2.62 -3.69 023 3.02 -2.79
(L SACRD(CE) 138 627 AWM .. S s U 310 .30 __.
2,7-ACRD(CFz)2 1.62 -6.74 -299 -3.75 -0.29 219 -2.48
2,6-ACRD(CF3)2 1.63 -6.73 -3.00 -3.73 0.31 2.31 -2.62
2 5-ACRD(CFz)2 1.60 -6.72 -2.98 -374 024 235 -2.59
4,5-ACRD(CF:): 1.56 -6.68 -2.95 -3.73 0.17 2.49 -2.66
3,4-ACRD(CFz)2 1.64 -6.59 -3.01 -3.58 0.29 242 -2.71
2.4-ACRD(CFz)2 1.62 -6.67 -3.98 -3.69 0.29 242 -2.71
1,4-ACRD(CF3); 1.63 -6.62 -3.00 -3.62 027 242 -2.70
4,9-ACRD(CF3): 1.72 -6.63 -3.09 -3.54 0.38 272 -3.10
2,9-ACRD(CF3)2 1.75 -6.66 -3.10 -3.55 0.42 2.47 -2.90
1,9-ACRD(CF:)2 1.78 -6.58 -3.14 3.4 043 2.63 -3.06
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Figure 4-10. Data visualization of values from table 4-4, showing EA and HOMO/LUMO gaps plotted
together. When visualized n this way, two distinct clusters can be seen, differentiated by substitution at the 9
position. This illustrates that both properties have consistent trends associated with substitution at the 9
position. EA values are consistently higher upon 9-position substitution, as are HOMO/LUMO gaps
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neutral state DFT optimized structures

Figure 4-11. DFT optimized relaxed structure show that substitution at the 9 position results in a deviation from
planarity in the reduced form (bottom), whereas substitution at other positions (here, position 2), does not.

molecules into two unique groups with respect to both of these two variables. The distinction
between these two groups is very whether or not there is substitution at the 9 position, consistent
with trends observed in experimental data. Other factors, such as variations in substitution at other
positions and, for the ACRD(CF3), isomers, variations in substitution pattern, have a less
substantial impact.

The reason for the unique behavior of isomers substituted at the 9 position becomes clear

upon analysis of the optimized relaxed structures of the neutral and anionic species of these
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Figure 4-12. Bend angle for reduced form of a selection of experimentally obtained structures as well as
theoretical structures with one substituent. Note that only compounds bearing substituents at the 9 position bend
upon reduction.
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Figure 4-13. Molecular orbitals for the spin-up electron of the relaxed anionic states for selected compounds.
Faded lines for compounds with substitution at the 9 position indicate energies calculated using the planar,
neutral state rather than the bent reduced species.

simplified ACRD(CF3) and ACRD(CF3), isomers. As shown in figures 4-11, species substituted
at the 9-position bend significantly upon reduction, altering the n-system. Those not substituted at
the 9 position remain planar.

To verify that this trend can also be true for compounds with a greater number of species,
calculations were undertaken for polysubstituted molecules, which had been experimentally
investigated. The results of these calculations are presented in table 4-4. Observed trends agree
well with experimental results. As shown in Figure 4-12, a distinct bend is observed upon
reduction for isomers substituted at the 9 position. This bend is only observed for the isomers with
substitution at the 9 position. This is similar to the trend observed in X-ray structures and correlates
with the variation in HOMO/LUMO levels. Figure 4-13 shows a series of computed HOMO and

LUMO levels. Clearly, variation is significant for those isomers substituted at the 9 position.
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Figure 4-14. Geometry of the relaxed neutral (left) and reduced (right) states of 2.4,5.9-ACRD(CF;),, with the
spin density distribution of the radical anion shown. Bond lengths are given in angstroms. A clear blend of the
ACRD core is observed for the anionic species.

To correlate the bending of the ACRD core to the observed difference in energy levels,
calculations were performed for the reduced species using the planar structure resulting from
optimization of the neutral species. The resulting energy levels were very similar to the values

obtained for species not substituted at the 9 position. This is illustrated in Figure 4-15. Differences
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Figure 4-15. HOMO/LUMO and HOMO/LUMO+1 gap for a selection of experimentally obtained compounds
as well as the theoretical structures with one substituent. Compounds with bent reduced states have
significantly larger gaps. For these compounds, calculations using the planar form of the reduced structure
yielded gaps similar to compounds with no substitution at the 9 position.
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in frontier energy level gaps for the optimized neutral and anionic species of a range of compounds
are shown graphically. However, also indicated on the same graph are the calculated values using
planar species in place of bent anionic species, which have approximately the same value as the

gaps for the compounds not substituted at the 9 position.

4.3. SUMMARY AND CONCLUSIONS

In this chapter, a family of fluorous ACRD derivatives were synthesized via a gas-phase radical
reaction of CF3l and ACRD and isolated via a multi-step HPLC separation. While this reaction did not
demonstrate selectivity or produce thermodynamic products, it yielded a family of compounds for which
analysis of solid-state packing and electronic properties proved extremely interesting.

In particular, the effect of substitution at the 9-postion was explored. Analysis of the solid-state
structure via single crystal X-ray crystallography was conducted, showing that substitution at this position
induced a bending of the aromatic core of several degrees. This effect is analogous to the bending of acenes
upon substitution. In the case of acenes, bending was strongly correlated to conformations of CF3 groups
across the PAH core from one another, and serves to lower the overall relative energy of the molecule
relative to its hypothetical planar structure.”* However, in the case of ACRD, the position across the
aromatic core is not another C atom available for substitution, but rather, an N atom. Therefore, in this case,
the bend is possibly related to interaction of the CF3; group with N-atom orbitals.

Additionally, substitution at the 9 position was investigated via electrochemical,
spectroelectrochemical, and computational methods. Similar to the conclusion reached by analysis of solid-
state packing, major changes in electron affinities, £1/2 values, frontier orbital energy levels, and absorption
spectra for acridines substituted at the 9-position were observed. These methodologies showed that not only
was the neutral species bent several degrees, as revealed by the single crystal X-ray structures, but reduced
species were substantially bent, by up to almost 10°. This bend was shown to lower the energy of orbitals
near the Fermi-level, especially affecting the energy level of the spin-up electron of the HOMO, explaining

the altered electronic levels. The altered absorption spectra are explained by the fact that absorption in the
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visible range is dominated by transitions between the HOMO orbital and the LUMO and LUMO+1, so
upon lowering the HOMO energy, a blue shift is observed.

This work therefore comprises the first known report of substitution patterns significantly affecting
the incremental effects of increasing numbers of electron withdrawing substituents upon a PAH core. The
incremental effect of trifluoromethyl groups upon PAH EA is usually c.a. 0.25 eV, independent of
substitution pattern.>?” In this work, incremental increases associated with a higher number of substituents
occur similarly, but differences of up to almost 0.20 eV are associated with substitution at the 9 position.
Therefore, the effect of the substitution pattern in this case rivals the effect of the number of substituents,

opening up a new avenue for synthetic modulation of PAH energy levels.
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CONCLUSION

c.1. SUMMARY AND REVIEW
c.1.1. Overview of research discussed in this work

The work presented here is a step toward improvement of electron acceptor (n-type)
materials for organic electronics. The performance of such materials lags behind that of p-type
materials, even as demand for organic electronic technologies such as OLEDs, OPVs, and OFETs
increases."*? This work took a multi-tiered approach toward rectification of this issue. First, new
synthetic techniques were developed (and in some cases optimized), facilitating expansion of the
library of available electron acceptor materials. Second, families of these molecules, with
incremental structural variations, were studied, in order to better understand correlations between
molecular structure, electronic properties, and solid-state properties. Finally, two families of
compounds were selected for in-depth studies, including a family of ACRD derivatives exhibiting
an unexpected correlation between substitution pattern and reduction potential, and a family of

PHNZ derivatives with promisingly high EA values.

c.1.2. Synthetic advances

A gas-phase, radical reaction utilizing 1,4-C4F3l, was developed and shown to be general
for a large number of PAH and hetero-PAH substrates. An overview of this reaction is shown in
Figure C-1. It allows for addition of novel fluorous moieties to the aromatic core of PAH
substrates. First, homolytic cleavage of C—I bonds results in formation of R radicals, which
substitute for H atoms on substrate cores. This results in the formation of molecules bearing C4FsH
alkyl chains and/or products bearing annulated C4Fg substituents.

While low yields and large product distributions are common for gas-phase radical
fluroalkylations,™ * this work reported here is unique in that optimization of reaction conditions
facilitated relatively high yields of specific, targeted products. For example, in the most successful

case, an isolated yield of 76% 2,3;6,7;10,11-TRPH(C4Fs); was achieved, as shown in Figure C-2.
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Product distribution was primarily achieved via manipulation of stochiometric ratios of starting
materials. However, parameters such as reaction temperature and the use of Cu powder as a
promoter were also investigated. Additionally, the molecular structure of starting materials were
found to greatly influence product distribution. Unsurprisingly, high symmetry PAHs such as
TRPH gave rise to the fewest number of products. Additionally, the inclusion of hetero-atoms in
the PAH core in some cases appeared to have a directing effect. In particular, substitution across
a fissure from an N-atom appears to be preferred. This is consistent with previous reports of
enhanced reactivity toward electrophilic substitution at such positions.’

As is also shown in Figure C-1, under certain conditions (varying by substrate) reductive
defluorination/aromatization (RD/A) of CsFg rings to C4Fs or C4F3H moieties is achieved. This
can be achieved in a single reaction producing products with both fluoroalkyl and RD/A products
or can be achieved by heating PAH(C4Fsg), derivatives to elevated temperatures, especially in the
presence of Cu metal. This is a valuable synthetic tool as it provides a viable route to aromatic
systems with novel shapes. It also allows for partial fluorination of PAH substrates, which is
difficult to achieve selectively via other routes.'

PAH or hetero-PAH
substrate + 1,4-C4Fgl,

derivatives
with C,Fg
groups

.u—

\l—-\:/ {(FJ (‘g _9

\ _ RD/A
& ox derivatives
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Figure C-1. The synthetic method pioneered in this work involves the reaction of PAH or hetero-PAH
substrates with 1,4-C,Fgl,. Fluoroalkyl radicals, formed via homolytic cleavage of C—I bonds, substitute for
H atoms on PAH or hetero-PAH’s. This yields products bearing C,Fg rings and/or C,FgH alkyl chains (not
shown). Reductive defluorination/aromatization (RD/A) of C,Fg rings (either in a single reaction or in a
second reaction utilizing products bearing C,F groups as starting material) leads to fully aromatic, partially
fluorinated products bearing C,F, and/or C,F;H moieties (not shown.) Reaction conditions mcluding
stoichiometry, temperature, and the use of a Cu powder can be adjusted to target specific products.
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Figure C-2. Optimization of reaction conditions facilitated unusually high yields of specific products as
compared to other gas-phase radical fluroalkylation reactions. Shown above, optimization of the reaction of
TRPH with 8 equiv. 1.4-C,Fl, gave a 76% isolated yield of 2.3:6,7;10,11-TRPH(C,Fg);. This exemplary
reaction is reported in chapter 1 (reaction 1.3). *F NMR referenced to CgFg(8 =-164.9, not shown).

Finally, a reaction solvated in 0-DCB, rather than in the gas phase, was also successfully
developed for the substrate PHNZ. The relatively mild conditions of this reaction allowed isolation

of an intermediates bearing C4Fgl moieties.

c.1.3. Correlations between molecular structure and electronic properties

Creation of so large a library of fluorous aromatic products with incrementally varied
structures has given unprecedented opportunity to study the effect of small structural variation
upon electronic properties. Thus, the electronic properties of many families of compounds were
evaluated, primarily by assessment of EA values via low-temperature PES and/or cyclic
voltammetry.

Previously, it was reported that for fluoroalkylated PAHs, electronic acceptor properties
varied incrementally with the number of fluoroalkyl substituents. An increase of about 0.25 eV for
each H atom substituted by a fluoroalkyl group was reported, and relatively little dependence upon
substitution pattern and/or type of fluoroalkyl group was observed.* ® In contrast, notable
differences were observed for the compounds studied here. As shown by the slopes of the dotted
lines in Figure C-3, the effect of C4Fs substitution varies based on PAH substrate. In all cases, it

has a slightly greater effect upon EA than two CF3 groups.
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Furthermore, the four different types of fluorous moieties discussed here had distinctly
different effects upon reduction potentials, as shown in Figure C-4. The group with the largest
number of F-atoms, C4F3, yields the largest increase per groups. Note that if a group is appended
to a position which causes a twist to the PAH core, it has a slightly smaller effect. The effect of
RD/A groups was smaller than C4Fs groups, though only slightly. Despite the lower number of
electron-withdrawing F-atoms, these compounds have larger aromatic systems, which is correlated

to lower HOMO-LUMO gaps, and thus, lower LUMOs and easier reduction.

34 &
Families of PAH(C,Fg), derivatives o

29 = PYRN(CF;), derivatives r >

EA (eV)

0 2 4 6

# of H atoms substituted for R group

Figure C-3. According to previous reports, the effect of trifluoromethylation upon the EA of PAHs is ca.
0.25 eV per CF; group, as shown above for PYRN(CF;),, derivatives (solid line). Interestingly, the effect of
C,Fg groups upon EA varies based upon the PAH core, as illustrated by the varying slopes of the dashed
lines above (these lines represent families of 1,10-PHEN(C,Fjg),, 4,7-PHEN(C,F;), and PYRN(C,Fy),
derivatives). However, in all cases, the effect of substitution with a C,Fg groups is slightly larger than the
effect of two CF; groups, as shown by the higher slope of the dashed lines. (For the chart above, each C,Fg
group is counted as 2 substitutions, as 2 H atoms are displaced to form one C,Fs ring. This provides a more
direct comparison with trifluoromethylation).

c.1.4. Effects of molecular structure on solid state packing
Fluoalkylation of PAHs is known to induce crystalline packing with a higher degree of =-
stacking, which is more favorable for charge transport properties.’” This is observed in the case of

the molecules reported here. In general, PAHs pack in a herringbone motif. However, most of the

144



Series illustrating effects of fluorous moieties on EA values

—a, 2 oo
- gl o 2_3"‘ - Wi 2 ﬁq.\ u

( > - P .-.: 0 > — \\_‘J,- \f: 9 > H‘? { ‘(:’ -(t")—

2,3-TRPH(C.Fy) ‘[ flu 1,2; -TRPH(C, F,: P 2,3-TRPH(C,F.) 23 IRPH[(‘F!H’ P “©
Higher EA Lower EA

Figure C-4. Electronic properties are affected by not only the number, but also the position and type of
fluorous moieties resulting from reaction of 1,4-C,Fgl, with PAH and hetero-PAH substrates. This is
illustrated above for TRPH derivatives. C4Fg groups, with the largest number of F atoms, have the greatest
effect upon EA, while RD/A products, despite having larger m systems, result in a smaller increase of EA.
Also, substitution patterns that result in bending of the aromatic core have different effects upon EA.

crystalline structures of fluorous PAH and hetero-PAH derivatives reported here packed into
hexagonal-close packed columns of m-stacked molecules. This is shown using a derivative of
TRPH as an example in figure C-5.

Interestingly, the intermolecular distances within the stacks and the degree of overlap of
the n-systems of adjacent molecules varied significantly for different isomers, even those with
only small variations in structure. Thus the effect of small variations in structure upon solid state
packing have been extensively analyzed, primarily by evaluation of single-crystal X-ray structures.
For example, for the series of TRPH derivatives reported here, it was possible to study structures
that differed by as little as a single F atom, yet had remarkably different packing in the solid state.

As can be clearly seen in Figure C-6, alteration of a single H or F atom can have profound impact
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Figure C-5. Substitution of PAH and hetero-PAH substrates with fluorous moieties had a dramatic effect
upon solid state packing. As exemplified above in the case of TRPH, above right, unfunctionalized PAHs
tend to pack in a herringbone configuration with little m-overlap. However, in most cases, the crystals
reported in this work demonstrate columnar stacking in hexagonally packed stacks, with intermolecular
distances similar to graphite packing distances in some cases. This type of packing is illustrated above left,
with 2,3-TRPH(C,Fg). Orthogonal renderings of crystalline packing are shown. For simplicity, molecules are
rendered as ball and stick drawings.
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Figure C-6. Properties such as m-system overlap affect charge transport properties, so understanding the
effect of structure on solid state packing is important for the development of organic electronics. The large
number of compounds isolated in the course of this work allowed analysis the effects of slight and
incremental variations in molecular structure upon solid state packing. For example, shown above,
substituting a single F atom for an H atom results in a dramatic lateral slip along the major axis of crystalline
packing.

upon crystalline packing. An understanding of these dramatic differences is key for crystal
engineering, a field which may have a profound impact upon many technologies. It is particularly

relevant with respect to charge transfer and charge mobility.

c.1.5. Effects of trifluoromethylation at the 9-position in ACRD(CF3)n derivatives

Among the families of compounds investigated in this work, a family of ACRD(CF3),
derivatives warranted in-depth analysis due to unique effects of substitution at the 9-postion. As
has been mentioned, the reduction potentials of trifluormethylated PAHs generally increase in
increments of ca.-0.25 V per CF3 group, independent of substitution pattern. However,
ACRD(CF3), derivatives substituted at the 9-position had £ values up to 0.16 V more positive
than isomers not substituted at the 9 position with the same number of substituents.
Spectroelectrochemical studies revealed that absorption maxima of the reduced species of
compounds substituted at the 9-position also shifted compared to isomers not substituted at this
position.

Examination of the solid-state structures of these compounds via single crystal X-ray
crystallography revealed that substitution at this position induced a bending of the aromatic core
of several degrees. DFT calculations were used to determine that the reduced species of

compounds substituted at the 9 position had a bend even greater than that observed in the crystal
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structures of the neutral compounds, of approximately 12°. This resulted in a significantly larger
calculated HOMO-LUMO gap for these isomers, explaining the different reduction potentials and
absorption maxima.

This effect may be analogous to the previously reported bending of acenes upon
trifluoromethylation. In the case of acenes, bending was strongly correlated to conformations of
CFj; groups across the PAH core from one another, and serves to lower the overall relative energy
of the molecule relative to its hypothetical planar structure.® In the case of ACRD(CF3),
derivatives, similar interactions may be occurring, but between a trifluoromethyl group and N atom

lone pairs rather than between two trifluoromethyl groups.

c.1.6. Evaluation of PHNZ derivatives with promise as electron acceptors

Among the many compounds synthesized in this work, PHNZ(C4Fg), derivates were
identified as particularly promising candidates for use in organic electronic devices. When
substituted with 2 C4Fg groups, they demonstrated high EA and E1/> values. The values are higher
for compounds with substitution at peninsular (rather than fissure) positions of PHNZ. This is
consistent with analysis of EPR spectra and DFT calculations, which revealed that in the case of
fissure substation, spin density of the reduced species is localized nearer to the fluorous substituent.
Therefore, the compound 1,2;7,8-PHNZ(C4Fs)2, with two C4Fs groups and a peninsular substation,
had the highest EA, of 2.89 eV. This is significant, as 2.8 eV has been identified as the threshold
for application in air-stable devices.> ° One other compound, 1,2;6,7-PHNZ(C4Fs),, also
demonstrated an EA value exceeding this threshold, of 2.81 eV. Therefore, further analysis was
conducted with this family of molecules. Thin films were prepared with P3HT polymer acceptors,
chosen due to good alignment of frontier orbital energy levels. Analysis by PL and TRMC
confirmed that these compounds act as electron acceptors and may be valuable compounds for

work in air-stable devices.
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c.2. FUTURE DIRECTIONS
¢.2.1. Mechanistic studies and improved optimization

Synthetic optimization leading to an isolated yield of 76% of a targeted single compound
was achieved for the substrate TRPH. Extension of optimization work to other substrates could
lead to similarly high isolated yields. Not all substrates will yield such results, as substrate
symmetry, steric considerations, thermodynamics, and reactivity of various C—H bonds affect
product distribution. However, on the basis of the work reported here, several substrates can be
identified as promising. These include 4,7-PHEN, PHNZ, 1,10-ANTH(Ph)>, and PERY. The first
two substrates, 4,7-PHEN and PHNZ, are promising because the results reported here indicate that
there may be a directing effect toward substitution across a fissure from an N-atom. The unusually
high yield of 5,6-(4,7-PHEN)(C4F5) particularly suggests this, as does the prevalence of fissure-
substituted PHNZ derivatives. Better understanding of this apparent directing affect could allow
manipulation of reaction conditions for high yield reactions. The latter two compounds, 1,10-
ANTH(Ph), and PERY, are promising substrates because it appears that few derivatives were
formed. In the case of 1,10-ANTH(Ph); this is attributed to steric considerations, as all positions
except peninsular positions are blocked by the bulky phenyl group. In the case of PERY, this is
attributed to the higher reactivity of the 3,4,9, and 10 positions.!” For these two substrates,

optimization of recovery and purification techniques would likely lead to high isolated yields.

CF, CF,
£ N ¢
F(|:|/ X X

\\\
FC CF
\(F:/ . E%
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CFs CF,
Figure C-7. Drawing of a hypothetical molecule that could be targeted as an result of the methodologies and

results reported here. Based upon reported results, synthesis of this molecule would be possible via a two-
step method, and it is predicted to have a very high EA and good charge transport properties.
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¢.2.2. Targeting specific compounds

Correlation of structural motifs with electronic and solid-state properties allows prediction
of theoretical molecules which have yet to be isolated, but which would likely have exceptional
properties. In particular, synthesis of hetero-acene derivatives is advisable. For example, the work
reported here has shown that PHNZ derivatives substituted with two fluorous moieties at
peninsular positions, such as 2,3;7,8-PHNZ(C4F3g)>, 2,3;7,8-PHNZ(C4F3s)(C4F4), and 2,3;7,8-
PHNZ(C4F4)> would be exceptionally promising molecules. Not only would these compounds
have high EA values, but also, these RD/A products would be n-type analogs of tetracene and
pentacene (champion p-type materials for organic electronics) and may demonstrate exceptional
solid-state packing leading to high mobilities.'

Although substitution at peninsular positions is not favored, one proposed method for
synthesis of acene analogs based on PHNZ is a two-step reaction, in which a trifluoromethylation
is followed by reaction with 1,4-C4Fglb. Preliminary research has shown that, using Cu-powder, it
is possible to synthesize 1,4,6,9-PHNZ(CF3)s in relatively high yield. This material could then be
used as a starting material with an excess of 1,4-C4Fslo. Due to the placement of the CF3 groups,
C4Fg groups could only add at the desired positions, yielding the molecule shown in figure C-7.

The CF; groups would further increase EA to reach the estimated value of up to 3.9 eV.

300 400 500 600

wavelength, nm

Figure C-8. As an extension of the work reported here, organometallic complexes of 1,10-PHEN derivatives
could be synthesized. These compounds would be interesting for a variety of applications, especially OLED
devices. Preliminary attempts to form this such complexes show some coordination likely occured, as
evidenced by a probable ligand-metal charge transfer band in the UV-Vis spectrum, which is not present in
the spectrum of the ligand alone.
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The most likely route for synthesis of other n-type acene analogs, including those based on
anthracene, involves use of bulky groups blocking substitution at fissure positions, as peninsular
position substitution of such molecules is generally less favored. The reaction conducted with the
substrate 9,10-ANTH(Ph); in chapter 2 of this work suggests that this route may be feasible.

Finally, synthesis of fluorous derivatives of phenothiazine, a molecule with a high EA,
would likely be valuable. Reaction of phenothiazine and 1,4-C4Fgl> in 0-DCB has shown formation

of a low yield of product bearing annulated species, although the data is still preliminary.

C.2.3. Formation of organometallic complexes with n-hetero-PAH derivatives

For OLEDs and other applications, as there is a demand for electron-withdrawing
phenanthroline-based ligands.!! Among the substrates investigated here, 1,10-PHEN derivatives
coordinated to Cu(II) may be particularly promising.'? Preliminary investigation was conducted,
in which Cu(I) triflate toluene was used as copper source. Ligand exchange lead to coordination
of 1,10-PHEN(C4F3), derivatives, evidenced by a weak metal-ligand charge transfer band around
500 nm. This is shown in Figure C-8. These complexes were not air-stable, and the exchange did

not appear to go to completion, but these preliminary results encourage further investigation.

c.2.4. Scale-up and fabrication of devices

In the research here, it has been demonstrated via testing of thin film donor/acceptor blends
that some of the molecules presented here (PHNZ derivatives) function as electron acceptors. A
logical next step, therefore, is to fabricate devices, a common method that has been used to evaluate
other electron acceptors.> A number of different device types and architectures could be analyzed.
For example, PHNZ derivatives could be used as electron acceptors in bulk heterojunction OPVs.
Not only would this allow direct comparison of PHNZ with other commonly used acceptors, it
would yield further information about frontier orbital energies though analysis of open circuit

voltage(Voc), and transport via short-circuit current (Jsc).
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C.2.5. Applications beyond organic electronics

A final avenue for further research is the investigation of the 60+ compounds synthesized
here for applications other than organic electron acceptors. As an example, PERY derivatives are
often utilized as dyes.!” These materials demonstrate strong fluorescence, even under ambient
light, and therefore could be exceedingly useful as fluorescent dyes. As another example, there is
a wide range of possible applications for these molecules in biomedicals fields.'* In particular,
similar ACRD and PHNZ derivatives have been shown to have widespread uses, with applications

ranging from antibacterial to antipsychotics.*
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A.1. GENERALIZED SYNTHETIC TECHNIQUES
A.1.1. General method for reactions in Monel vessel

This section broadly describes the method utilized for reactions conducted in a Monel
vessel. For experimental details specific to individual reactions, such as amounts of reagents used,
temperature, and duration of reaction, refer to appendix B.

For reactions conducted in a Monel vessel, a 300 mL Monel autoclave, shown in figure A-
1, and a glass tube (3 inches long, 0.27 inches in diameter 0.27, sealed at one end) was utilized. In
the glove box, reagents including PAH substrate, 1,4-C4Fsl>, and Cu powder (when applicable),
were placed in glass tube, which was placed upright within the Monel vessel. The Monel vessel
was then closed and removed from the glove box. It was placed in a preheated furnace for the
duration of the reaction. Throughout the reaction, the vessel propped upright such that the
substrate, which is in the liquid state at reaction temperature under N2(g), remained in the glass
vessel. To stop the reaction, the Monel autoclave was removed from the furnace with tongs and
cooled immediately under a flow of water. The Monel autoclave was opened, and the glass tube
was removed. Soluble product was retrieved from the glass insert with ca. 50 mL of a 1:1 mixture
of warm toluene and dichloromethane. This solution was filtered to removed insoluble
decomposition product and/or residual Cu powder. The toluene and dichloromethane were

evaporated under a stream of N», leaving a solid product.

A.1.2. General method for reactions in flame sealed glass ampoules
This section broadly describes the method utilized for reactions conducted in glass
ampoules. For experimental details specific to individual reactions, such as amounts of reagent

used, ampoule volume, temperature, and duration of reaction, refer to appendix B.

154



Figure A-1. The 300 mL Monel autoclave utilized in this work. Vessel was closed by tightening
screws on either end to hand tight. Teflon tape was utilized to prevent seizing. Subsequent to each
reaction, vessel was rinsed with refluxing dichloromethane. It was stored in an oven warmed to
110 °C to prevent condensation of water. Immediately prior to use, while warm, it was pumped
into a dinitrogen filled glovebox.

For reactions conducted in flame sealed glass ampoules, an ampoule was prepared for
connection to a Schlenk line by fitting it with either a Cajon fitting, shown in figure A-2(B), or a
side arm Teflon valve, shown in figure A-2(B). In a dinitrogen filled glove box, reagents, excluding
CFsl, were placed in the ampoule. The ampoule was then removed from the glove box and attached
to a Schlenk line. Contents of the vessel were freeze-pump-thawed three times. For reactions using
CFsl, calibrated volumes filled to specific pressures were utilized to introduce a calculated amount
of CFsl to the vessel, which was condensed with liquid nitrogen. For all reactions in glass
ampoules, including using CFzl or other perfluoroalkyl reagents, the ampoule was then flame
sealed under dynamic vacuum while at liquid nitrogen temperature. It was allowed to warm to
room temperature, then placed in a preheated furnace for the duration of the reaction.

DANGER! High pressure can be generated within glass ampoules, leading to explosive
ampoule failure. The maximum pressure inside the ampoule at high temperature must be calculated
using ideal gas law. Depending on the size and wall thickness of the ampoule the maximum
allowable pressure changes, so a conservative limit of 2-3 bar must be set. The burst pressure for
the glass ampoule is largely determined by the quality of the seal, so care must be taken during the
sealing step. Use shields and personal protection at all times. Only experienced personnel must

perform these operations.
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Figure A-2. The glass ampoules utilized in this work. A) Glass ampoule prepared for attachment
to Schlenk line via Cajon fitting. B) Glass ampoule prepared for attachment to Schlenk line via
side arm Teflon valve. C) Flame sealed ampoule, containing a reaction with Cu powder, as it
appears both before and after reaction. D) Flame sealed ampoule, containing a reaction without Cu
powder, as it appears prior to reaction. E) Flame sealed ampoule, containing a reaction without Cu
powder, as it appears after reaction, before cooling. Note the presence of purple I (g), which
condenses into dark crystals upon cooling to room temperature.

The reaction was stopped by removing the ampoule from the furnace and allowing it to
cool to room temperature. The seal was then broken, and soluble product was retrieved from the
glass insert with ca. 50 mL of a 1:1 mixture of warm toluene and dichloromethane. This solution

was filtered to remove insoluble decomposed material and/or residual Cu powder. In these cases,

the solution was light yellow to orange. When Cu powder was not utilized, the solution was purple,
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and a saturated sodium thiosulfate wash was used to extract Iz, resulting in a light yellow to orange
solution. The toluene and dichloromethane were then evaporated under a stream of N», leaving a

while to orange solid product.

A.2. GENERALIZED PURIFICATION AND CHARACTERIZATION
A.2.1. Purification by HPLC

High performance liquid chromatography (HPLC) was utilized to isolate pure molecules.
A mobile phase is pumped at high pressure through a column filled with a stationary phase. For
information of mobile phase utilized to purify specific reactions, refer to the eluents specified in
appendix 2. For all work reported here, the stationary phase was composed of silica gel beads with
modified surfaces, functionalized with 3-(1-pyrenyl)propyl groups as shown in figure A-3. For
separation, a mixture of analytes is injected into the system. The analytes partition the mobile and
stationary phase. With suitable mobile phases, differences in the interaction of the stationary phase
with the differently functionalized PAHs results in separation of these PAHs. In a static system,
interactions would result in an equilibrium, with some analyte in solution and some interacting
with the stationary phase. However, due to the high-pressure flow of the mobile phase, the system

is constantly perturbed. The analyte therefore moves along the length of the column. Compounds
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Figure A-3. The stationary phase of Buckyprep is silica functionalized with 3-(1-pyrenyl)propyl
groups.
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with a higher affinity for the stationary phase are retained on the column longer. For the analytes
discussed here, affinity for the stationary phase is likely affected by several factors such as «

system shape and size, degree of planarity, polarity, and the steric bulk of substituents.

A.2.2. Characterization by NMR spectroscopy
Structural characterization was achieved, when possible, by 'H (400 MHz) and '°F (376
MHz) NMR spectroscopy. For details of characterization and NMR trends, see NMR spectroscopy

sections of chapters 1, 2, 3, and 4.

A.2.3. Characterization by single crystal X-ray structures

Single crystal x-ray structures were obtained in all cases where pure materials yielded
single crystals of sufficient quality. Due to the small size and relatively low atomic scattering factor
of F and C atoms, structures were primarily collected at sector 15 of APS at Argonne National
Labs. Structures were collected by the author and other group members during their visits
toChemMatCARS of the University of Chicago in collaboration with and under the supervision of
Dr. Yu-Sheng Chen. Single crystal x-ray structures were used to confirm/elucidate molecular
structures, as well as analyze relevant solid-state properties such as planarity of molecules,

interatomic distances, m-overlap, and packing.

A.2.4. Characterization by mass spectrometry

In some cases, characterization by mass spectrometry was possible. It was primarily
utilized as a tool for analysis of crude reaction mixtures, as other techniques such as NMR
spectroscopy and single crystal x-ray structures yielded more structural information (number and
position of substituents) for pure compounds that mass spectrometry (only number of substituents).
This technique was of limited use for characterization of compounds with weak acceptor
properties, e.g., TRPH derivatives. Only TRPH derivatives with 3 annulated substituents were

observed by MS, possibly due to ion suppression effects.
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A.3. REAGENTS AND SOLVENTS
A.3.1. Reagents

Acridine (Aldrich, 97%), anthracene (TCI, 94%), bathophenanthroline (Alfa Aesar 98+%)),
calcium hydride (Sigma Aldrich, 95%), naphthalene (Acros Organics, 99%) neocuproine (Acros
Organics, 99%), perylene (Alfa Aesar, 98+%), phenazine (Aldrich, 98%), phenothiazine (Aldrich,
98%), pyrene (Alfa Aesar, 98%), rubrene (Acros Organics 99%), sodium thiosulfate (Fisher
Scientific, >98%) tetracyanoquinodimethane (Aldrich, 98%), triphenylene (Acros Organics, 98%),
1,10-phenanthroline (Acros Organics, 98%), 4,7-phenanthroline (Acros Organics, 98%), 5-
phenanthridine (Aldrich, 99%), and 9,10-diphenylanthracene (Aldrich, 97%) were used as
received. 1,2-diiodotetrafluoroethane (Fisher Scientific 98%), 1,3-diiodohexafluoropropane
(Fisher Scientific, 98%, stabilized with Cu), 1,4-diiodooctafluorobutane (CsFsly, Fisher Scientific,
98%) was freeze-pump-thawed and stored in a purified dinitrogen-filled glovebox prior to use.
Copper powder (Alfa Aesar) was heated in a glass tube to ca. 250 °C under a flow of dihydrogen
to remove any oxide coating, evacuated to remove all traces of H>O, and stored in a purified
dinitrogen-filled glovebox. Sodium metal was stored in mineral oil and was sliced to expose fresh

surface immediately prior to use. Distilled deionized water had a resistance of 18 MQ or higher.

A.3.2. Solvents and standards

Acetonitrile (Fisher Scientific, ACS grade), chloroform-d (Cambridge Isotope
Laboratories, IMC., 99.8%), dichloromethane (DCM, Fisher Scientific, ACS grade), heptane
(Fisher Scientific, ACS grade), hexafluorobenzene (Oakwood Products, Inc.), isopropyl alcohol
(Fisher Scientific, ACS grade), methanol (Fisher Scientific, ACS grade), toluene (Fisher Scientific,
ACS grade), and 1,4-bis-(trifluoromethyl)benzene (Central Glass Co., LTD., 99%) were used as

received.
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A.4. INSTRUMENTATION
A4.1. HPLC
HPLC separations were performed with a Cosmosil Buckyprep
(Nacalai Tesque) semi-preparative column (250 x 10 mm i.d.) on an HPLC Prominence system
(Shimadzu) comprised of LC-6AD pump, 2 mL sample loop, equipped with SPD-20A UV-vis

detector, SPD-M20A diode array detector, and CBM-20A communications bus module.

A.4.2. NMR spectroscopy

NMR spectra were recorded in CDCl; using a Varian INOVA 400 NMR spectrometer. The
'H and F frequencies were 400 and 376 MHz, respectively. The '°F chemical shifts were
determined using either hexafluorobenzene or 1,4-bis-(trifluoromethyl) benzene as an internal
standard (8 —164.9 or & —66.4, respectively). The 'H chemical shifts were determined using the

resonance for the residual CHCls in CDCIs as an internal standard (5 7.26).

A.4.3. UV/vis spectrometry
UV/vis spectra were collected using a UV-Vis-NIR - Shimadzu UV 3101PC instrument
with UVProbe 2.33 software.

A.4.4. Cyclic voltammetry

Cyclic voltammetry measurements were performed in a dinitrogen filled glovebox, in a
cell with a volume of ca. 0.1 mL. A three-electrode set up was utilized, shown in figure A-4. The
working electrode and counter electrodes were platinum wire. Isolation of the electrodes was
achieved by fusing the platinum wires into glass capillaries. The reference electrode was an

Ag/Ag+ pseudo reference electrode. It was prepared by stripping the end of a Teflon-coated silver
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wire to expose Au surface then dipping it into a solution of 3M KCI saturated with silver chloride
while applying a short positive voltage pulse, forming coating of AgCl. As the potential of the
pseudo reference electrode is unknown, ferrocene was added as an internal standard, and potentials
have been referenced to the ferrocene/ferrocenium couple. Electrolyte solutions was 0.1 M
tetrabutylammonium hexafluorophosphate solution. Electrolyte concentration was several orders
of magnitude higher than the concentration of analyte to ensure that diffusion was the only
observed transport process. A PARSTAT 4000 (Princeton Applied Research, AMETEK)

potentiostat operated via VersaStudio software was utilized.

A.4.5. EPR hyperfine structure

For measurement of EPR hyperfine structure, the same cell was used that was used for
spectroelectrochemistry, described below (appx 4.4.10.) and in figure A-4. However, it was used
with a two-electrode set-up comprised of a platinum mesh with a larger surface exposed (to
increase the active area for reduction) and a platinum wire counter electrode. A higher
concentration of electrolyte was utilized (to facilitate current flow). The production of radical
species was monitored by simultaneous UV-Vis spectroscopic measurements. In some cases,

chemical reduction with cobaltocene was utilized in place of electrochemical reduction,

Figure A-4. Electrode for cyclic voltammetry (left) and spectroelectrochemical cell (right), both with
working(W), counter(C), and reference(R) electrodes indicated.
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particularly in the cases where available analyte quantity was low. In these cases, an NMR tube

was utilized as a cell for EPR.

A.4.6. Photoluminescence spectra
PL spectra were recorded on an Edinburgh FLS920 spectrophotometer using a 450 W
xenon lamp by exciting at the longest-wavelength absorption maxima with an excitation slit width

of 3—5 nm and an emission slit width of 5-10 nm.

A.4.7. Mass spectrometry
The electrospray ionization mass spectrum was recorded on a 2000 Finnigan LC-DUO
mass spectrometer (acetonitrile carrier solvent, 0.3 mL min—1 flow rate, samples injected as

solutions in acetonitrile).

A.4.8. Photoelectron spectroscopy (PES)

PES experiments were performed with a low-temperature apparatus that couples an
electrospray ionization source and a temperature-controlled ion trap to a magnetic-bottle time-of-
flight photoelectron spectrometer previously described in detail. The electron affinity of each
compound was directly measured from the 0-0 transition in the corresponding photoelectron

spectrum. See figure A-5.

A.4.9. Single crystal X-ray structures

Crystals were grown by slow evaporation of a solution of dichloromethane. Data sets were
obtained at the Advanced Photon Source synchrotron instrument on beamline 15ID-B at Argonne
National Laboratory, a diamond 111 monochromator, and a Bruker D8 goniometer. Unit cell
parameters were obtained from a least-squares fit to the angular coordinates of all reflections.

Intensities were integrated from a series of frames from ® and ¢ rotation scans. Absorption and
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Figure A-5. Photograph of instrument wused for low temperature PES ( top), and schematic of
instrum entation (bottom).

other corrections were applied using TWINABS. Standard Bruker control and integration software
(APEX II) was employed, and Bruker SHELXTL software was used with Olex 2 for the structure

solution, refinement, and molecular graphics.

A.4.10. Spectroelectrochemistry

A flat cell (0.6 mm® x 8 mm?® x 50 mm?®) with a three-electrode set up was utilized. See
figure A-4. A platinum and a silver wire were utilized as the counter and reference electrodes as
described above. A fine platinum mesh (wire 60um diameter, pore size 0.25mm) was utilized as

the working electrode. This mesh was laminated such that only a circle (diameter ca. 0.5 cm) was
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exposed. Working and counter electrodes were positioned with at least 1 cm of space between
them to prevent products of the counter electrode from disturbing measurements. The reference
electrode was positioned close to working electrode to reduce the influence of non-faradaic
currents.

Sample solutions were degassed using a flow of dinitrogen gas, and samples were
prepared in a dinitrogen filled glovebox and sealed with Teflon tape to exclude oxygen. To avoid
line broadening by spin-spin interactions, analyte concentration was in the range of 10°-107°
mol/L. Electrolyte solutions was 0.1 M tetrabutylammonium hexafluorophosphate. ESR/UV-Vis-
NIR spectroelectrochemical measurements were conducted using a Bruker ER 41040R optical
ESR cavity.

The ESR-signal was measured with a Bruker EMXmicroTM CW spectrometer or an
EMXplusTM CW-spectrometer with a X-band microwave bridge (EMXpremiumX) to excite the
sample. The magnetic field scale was calibrated utilizing a Bruker NMR ER036TM teslameter and
data were processed with the Xenon-software. The power of the microwave bridge and receiver
gain have been tuned until an optimal signal has been obtained with a sufficient signal-to-noise
ratio, without reaching the saturation limit. In order to detect small changes in the amount of the
paramagnetic species, the ESR-signal has been over-modulated with modulation amplitudes
between (5-8)G, and therefore the hyperfine structure has not been resolved.

An AVALight-HAL-S or AVALight-DH-S-BAL lamp (Avantes, Netherlands) coupled to
the cavity via a FC-UV/IR600-2-SR lightguide (Avantes) was used for UV Vis-NIR spectrometry.
UVVis-NIR spectra were recorded with an AVS-Rackmount-USB2-unit by Avantes containing
two spectrometers: an AvaSpec-2048x14-USB2 spectrometer with a CCD-detector for the UV and
Vis region ((200-1160)nm) and an AvaSpec-NIR256-2.2 spectrometer with an InGaAs detector
for the NIR-light ((1150-2130)nm). Data were processed with the AvaSoft 7.7 software package.

Voltage was applied using a Heka PG390 potentiostat, connected to the UV-Vis-NIR and

ESR spectrometer. This facilitated triggering via the software package PotMaster v2x80 (HEKA
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Electronic). Triggering was tuned such that UV-Vis-measurement (several milliseconds) took
place at the center of each magnetic field sweep of an ESR-measurement (several seconds).
A.4.11. Time Resolved Microwave Conductivity (TRMC)

Samples for TRMC were blended films of analyte and rr-P3HT, prepared by drop casting
from chloroform solutions onto 1 x 2 cm quartz substrates. Neat P3HT films were prepared in the
same way. The samples were placed in the resonance cavity at one end of a ca. 9 GHz X-band
microwave waveguide. The films were exposed through the quartz substrate to 5 ns pulses of 500
nm photons using a Continuum Panther optical parametric oscillator pumped by the 355 nm
harmonic of a Continuum Powerlite Q-switched Nd:YAG laser. The transient change in
photoconductance (AG(t)) was measured by monitoring changes in the microwave power in the
cavity (AP(t)) due to absorption of microwave photons by photogenerated electrons and holes in
the thin film according to the equation: AG(t) = —(K(AP(t)/P)! where K is a experimentally-
determined calibration factor that depends on the microwave cavity resonance characteristics and
the dielectric properties of the sample. The peak photoconductance, AGpeak, is used to determine
the yield of free carriers (i.e., electron and holes), ¢, times the sum of the free carrier mobilities,
> 1, according to the equation: AGpeak = BqeloFa@) 1 where B is the ratio of the dimensions of the
cross-section of the waveguide (2.2 in this instrument), qe is the charge on an electron, Io is the

incident photon flux, and Fa is the fraction of laser pump photons absorbed by the sample.
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A.5. COMPUTATIONAL DETAILS
A.5.1. ORCA

For precise calculations, ORCA was used. Electron and exchange correlation were
modeled by the hybrid functional B3LYP [42—45] with an unrestricted Kohn-Sham DFT-
approach. For the numerical integration, tight options (Grid 5: Lebedev-434, Integration Accuracy
7.0 , no Final Grid) were used during geometry optimization and even more refined (Grid 6:
Lebedev-590, Integration Accuracy 8.0 , no Final Grid) for calculations of ESR-parameters. An
Ahlrichs-TZVP basis set was used for geometry optimization. Optimizations were performed
using the quasi-newton method until energy changes were smaller than 1-10—6 Eh and the
maximum gradient smaller than 1-10—4 Eh/bohr. Within each SCF-cycle, energies were converged
up to 1-10—8 Eh. To account for solvent effects and estimate halfwave potentials, COSMO
solvation model has been applied. Calculations of ESR-parameters were performed with a def2-
TZVP basis set for atoms without any coupling to the radical electron (C, O). The EPR-III basis
set with extended core region was applied for all other atoms (H, F, N), for which the isotropic
part of the coupling tensor was subsequently calculated. Absorption spectra were calculated using
time dependent (TD) DFT. The functional was changed to CAM-B3LYP[48] and the level of basis
set was reduced to the Ahlrichs-VDZ basis set. The computational effort was further reduced using

the RICOSX approximation.

A.5.2. Priroda Structures

Simulations with Priroda Structures were pre-optimized with Priroda using density
functional theory (DFT). A PBE functional with a TZVP basis set was used. For the energy
optimization run, the cutoff was set to 4-10—8 Eh and optimizations were performed with a

tolerance level of 4-10—6 Eh.
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A.5.3. Simulation of EPR spectra
EPR spectra were simulated and fit to experimental data using EasySpin. DFT-computed

coupling constants were used as starting parameters for the fitting procedure.

Figure A-6. Goniometer head and image of single crystal illustrating instrumentation used at APS
(A.4.9.).

A.6. CRYSTALLOGRAPHIC DETAILS

Crystallographic data for structures have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publications. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, fax: +441223 336033 or e-mail:

deposit@ccdc.cam.ac.uk.
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APPENDIX B
DETAILS OF REACTIONS FROM WHICH PURE COPOUNDS WERE ISOLATED
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B.1.1. Reaction 1.1 optimized for 2,3-TRPH(C4Fs)

Table B-1. Synthetic details for reaction 1.1.

Vessel Crude
Reactants T time Product Products Isolated
Type
Recovered
-25 mg (0.11 mmol) TRPH flame-
-40 pL (0.22 mmol) sealed glass 0 63% 2,3-TRPH(C4F
1.4-CaFyls ampoule, 300 °C 2h 34 mg , (C4Fy)

-750 mg (excess) Cu powder ca. 60 mL

9.2 8.8 8.4 8.0 7.6 y 6.8 6.4 6.0
ppm

4L h | il e A

T T T T T T T T
-105 -110 -115 -120 -125 -130 -135 -140
ppm
Figure B-1. NMR spectra of product mixture resulting from reaction 1.1. 'H NMR spectrum
(top) referenced to CHCl; (8 = 7.26, denoted *). '’F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).

2,3-TRPH(C,F,)
1
I

4:1 acetonitrile:toluene

e —

0 1 2 3 4 5 6 7 8 9 10
retention time, min

Figure B-2. HPLC separation of reaction 1.1. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Due to column condition at time of separation, peak shape is not sharp, but
separation was nonetheless good.
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B.1.2. Reaction 1.2 optimized for 2,3;6,7-TRPH(C4Fs)2

Table B-2. Synthetic details for reaction 1.2.

Vessel Crude
Reactants T time Product Products Isolated
Type
Recovered
-25 mg (0.11 mmol) TRPH flame-
-80 pL (0.44 mmol) sealed glass o 429% 2.3:6.7-TRPH(C.F
1,4-C4F3l, ampoule, 300°C 2h 52 mg %2330, (CaFe)e
-750 mg (excess) Cu powder ca. 60 mL
*
T, W
T T T T T T | T T 1 T T T | ¥ | —
9.2 8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0

Ppm

i | P ¥ e A

T i T T T i T T
-105 -110 -115 -120 -125 -130 -135 -140

ppm
Figure B-3. NMR spectra of product mixture resulting from reaction 1.2. 'H NMR spectrum

(top) referenced to CHCl; (8 = 7.26, denoted *). '’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown).

2,3;6,7-TRPH(C,F,),
I

1
\ 1
L 1 I
4:1 acetonitrile:toluene | |
| 1
|
T

T T T ¥ T ¥ T Y T ¥ T ¥ T
0 2 4 6 8 10 12
retention time, min

Figure B-4. HPLC separation of reaction 1.2. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Due to column condition at time of separation, peak shape is not sharp, but
separation was nonetheless good.
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B.1.3. Reaction 1.3 optimized for 2,3;6,7;10,11-TRPH(C4Fs)3

Table B-3. Synthetic details for reaction 1.3.

Vessel Crude
Reactants time Product Products Isolated
Type
Recovered
-25 mg (0.11 mmol) TRPH flame-
-161 pL (0.88 mmol) sealed glass o 76% 2,3;6,7;10,11-
1,4-CyFsl> ampoule, 00°C  2h 35 mg TRPH(CaFs);
-750 mg (excess) Cu powder ca. 60 mL
T T T ¥ T ¥ T T T ¥ T T
9.4 9.2 9.0 8.8 8.6 8.4 8.2
ppm
i i ik i Y
T T T T T T T |
-105 -110 -115 -120 -125 -130 -135 -140
ppm

Figure B-5. NMR spectra of product mixture resulting from reaction 1.3. 'H NMR spectrum (top)
referenced to CHCl; (8§ = 7.26, not shown). "F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown).

2,3;6,6;10,11-TRPH(C,Fy);
1 |

I
I
4:1 acetonitrile:toluene :
1
T T1n rr 1 1 1 v 1 v 1. v 1. 1 71T
0 2 4 6 8 10 12 14 16 18 20
retention time, min
Figure B-6. HPLC separation of reaction 1.3. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Due to column condition at time of separation and tendancy of compound to
streak on column, peak shape is not sharp, but separation was nonetheless good.

7
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B.1.4. Reaction 1.4 for 1,2-TRPH(C4Fs) and 2,3-TRPH(C4Fs)

Table B-4. Synthetic details for reaction 1.4.

Vessel Crude
Reactants T time Product Products Isolated
Type
Recovered
flame-
-50 mg (0.22 mmol) TRPH
sealed glass o 25% 2,3- TRPH(C4F3)
'810 4”(L: (FO'I44 mmol) ampoule, 00°C  2h 25 mg 20% 1,2- TRPH(C4Fs)
STTA8R ca. 60 mL
—NA A
T T T Y | T T T | ¥ | T T T 1 T
9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6
ppm
-100 -105 -110 -115 -120 -125 -130 -135
ppm

Figure B-7. NMR spectra of product mixture resulting from reaction 1.4. '"H NMR spectrum (top)
referenced to CHCl3 (8 = 7.26, not shown). 'F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown).

TRPH

2,3-TRPH(C,Fy)

| |
| |
e 1,2-TRPH(C,F
acetonitrile 1 1 : {Ia 8
I I
Y N

T T T y T T T T T T i T T T
0 2 4 6 8 10 12
retention time, min
Figure B-8. HPLC separation of reaction 1.4. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution.
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B.1.5. Reaction 1.5 for RD/A products

Table B-5. Synthetic details for reaction 1.5.

Vessel Crude
Reactants T time Product Products Isolated
Type Recovered
-50 mg (0.22 mmol) TRPH flame- 53‘:)/0 2,3- TRPH(C4Fs)
-97 uL (0.53 mmol) sealed glass 10% 2,3-TRPH(C4F4)
1 4MC Fel ampoule 360 °C 4h 110 mg 26% 2,3;6,7- TRPH(C4Fx)2
900 o ¢ i 5% 2,3- TRPH(C4F3H
- 5000 mg Cu powder ca. 60 mL <% (C4F3H)
- I L I L] l Ll I L} I L] r L] I L] I L I L]
9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6

ppm

e L DL L B T . B
-110 -120 -130 -140 -150 -160
ppm
Figure B-9. NMR spectra of product mixture resulting from reaction 1.5. '"H NMR spectrum (top)
referenced to CHCl; (8§ = 7.26, not shown). "F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).

2,3-TRPH(C,Fy)
2,3-TRPH(C,F.H)
2,3-TRPH(C,F,)
2,3;6,7-TRPH(C,F;),

toluene

retention time, min
Figure B-10. HPLC separation of reaction 1.5. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. . 2,3:5,6;10- TRPH(C4Fz)2(C4FsH)
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B.1.6. Reaction 1.6 for minor products bearing CsFs moieties

Table B-6. Synthetic details for reaction 1.6.
Vessel Crude Product

Reactants T time Products Isolated
Type Recovered
) flame- <5% 2,3:6- TRPH(C4Fs)(CsFsH)
STORr;%(O'ZZ mmol) - led <5% 1,2:6,7- TRPH(C4Fs)2
20 uL (0.44 | glass 300 °C 2h 25 mg <5% 1,2;10,11- TRPH(C4Fs)2
-80 pL. (044 mmol) e, <5% 1,2:6,7:10,11- TRPH(CF)3
1,4-CaFsly ca. 60 mL <5% 1,2:5,6;10,11- TRPH(CF)3
B
|| 1 || 1 1 | 1 ||
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0
ppm

O N

1 1 1 1 1 1 I 1 1 1
-95 -100 -105 -110 -115 -120 -125 -130 -135 -140
ppm
Figure B-11. NMR spectra of product mixture resulting from reaction 1.6. '"H NMR spectrum
(top) referenced to CHCl3 (8 = 7.26). '’F NMR spectrum (bottom) referenced to perfluorobenzene

(0 =—164.9, not shown).

1,2;5,6;10,11-TRPH(C,Fy);
1,2;6,7-TRPH(C,F,),
2,3;6-TRPH(C,F5)(C,FgH)
1,2;10,11-TRPH(C,Fy),
1,2:6,7:10,11-TRPH(C,Fy);

ahawbE

acetonitrile

|| 1 | || 1 | 1 1
0 2 4 6 8 10 12 14 16 188 20 22 24
retention time, min

Figure B-12. HPLC separation of reaction 1.6. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution.
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B.1.7. Reaction 1.7 for minor RD/A products

Table B-7. Synthetic details for reaction 1.7.

Vessel Crude
Reactants T time Product Products Isolated
Type
Recovered
-50 mg (0.22 mmol) flame- <5% 2,3;6,7- TRPH(C4Fa4)2
TRPH sealed glass o <5% 2,3;6,7;10,11- TRPH(C4Fs)2(C4F4)
-80 pL (0.44 mmol) ampoule, 300°C 2h 25 mg <5% 2,3- TRPH(C4F4)
1,4-C4Fsls ca. 60 mL <5% 2,3:5,6;10- TRPH(C4Fs)>(C4FsH)

9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6
pPpm

i . A

Y T Y T T T T T ¥ T Y T Y
-110 -120 -130 -140 -150 -160
ppm
Figure B-13. NMR spectra of product mixture resulting from reaction 1.7. 'H NMR spectrum
(top) referenced to CHCIlz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).

2,3;6,7-TRPH(C,F,),
2,3;6,7-TRPH(C,F,)(C,F,)
2,3;6,7-TRPH(C,Fy),(C,FaH)
4. 2,3;6,7;10,11-TRPH(C,F,),(C,F,)

Ll

1:1 toluene:isopropyl alcohol

T ' T ' T ' T ' T T
12 16 20 24 28
retention time, min
Figure B-14. HPLC separation of reaction 1.7. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution.
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B.2. CHAPTER 2 REACTIONS
B.2.1. Reaction 2.1 for 4,7-PHEN derivatives

Table B-8. Synthetic details for reaction 2.1.

Vessel Crude
Reactants Tvpe T time Product Products Isolated
yp Recovered
-100 mg (0.55 mmol) fAame- 5,6-(4,7-PHEN)(C:Fs)
4,7-PHEN sealed olass 2,3;5,7-(4,7-PHEN)(C4Fs)2
-200 pL (1.1 mmol) 5o 200°C  2h 64mg  2,3:5.6;8.9-(4,7-PHEN)(C4Fs)s
1,4-C4Fsl, P 5.6-(4,7-PHEN)(C4F4)
_250 mg (excess) Cu powder ca. m 5,6-(4,7-PHEN)(C4F8)(C4F4)

96 94 92 90 88 86 84 82 80 78 76 74
ppm

L 1 : 1 > 1 " I L 1 L 1
-110 -120 -130 -140 -150 -160
ppm
Figure B-15. NMR spectra of product mixture resulting from reaction 2.1. '"H NMR spectrum
(top) referenced to CHCls (8 = 7.26, not shown). °F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).
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1. 5,6-(4,7-PHEN)(C,Fg)
2. 2,3;5,6-(4,7-PHEN)(C,Fy),
3.  2,3;5,6;8,94,7-PHEN)(C,Fy),
1 2 4.  5,6-(4,7-PHEN)(C,F,), 5,6-(4,7-PHEN)(C,F,H) impurity
11 I I
N S
! I 2:1 methanol:acetonitrile
b §
T T T 1 T — T T 1
0 10 15 20 25 30 35 40
retention time, min
acetonitrile
T T T T
0 5 10 15 20 25 30 35 40

retention time, min

Figure B-16. HPLC separation of reaction 2.1. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products.
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B.2.2. Reaction 2.2 optimized for 5,6-(4,7-PHEN)(C4Fs)

Table B-9. Synthetic details for reaction 2.2.

Vessel Crude
Reactants T time Product Products Isolated
Type
Recovered
-25 mg (0.14 mmol) flame-
4,7-PHEN sealed glass 45% 5,6-(4,7-PHEN)(C4Fs)
0 0 2,0-F, /- 48
'215 4“1(; (FO'I14 mmol) ampoule, ~ 200°C  4h 19 mg 18% 2,3:5,7-(4,7-PHEN)(C4Fs)
, 1= 40812
-250 mg (excess) Cu powder ca. 60 mL
%
[ ]
o
T = T T T T
8.5 8.0 7.5 7.0 6.5 6.0
ppm
09
o
[ ]
L.“J. Jﬂ Al i el |
T T T T T T T L | T T T
-100 -110 -120 -130 -140 -150 -160

ppm
Figure B-17. NMR spectra of product mixture resulting from reaction 2.2. 'H NMR spectrum

(top) referenced to CHCl; (5§ = 7.26, denoted *). "F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). Major products of this reaction are 5,6-(4,7-
PHNZ)(C4F3), denoted e and 2,3;5,6-(4,7-PHNZ)(C4F5)>, denoted .

1. 5,6-(4,7-PHEN)(C,Fy)
2. 2,3;5,6-(4,7-PHEN)(C,FJ), 1 2

acetonitrile

1 2 3

retention time, min
Figure B-18. HPLC separation of reaction 2.2. Detection wavelength 300 nm. Molar absorbances

for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products.
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B.2.3. Reaction 2.3 for 1,10-PHEN derivatives

Table B-10. Synthetic details for reaction 2.3.

Vessel Crude
Reactants T time Product Products Isolated
Type
Recovered
2,3-(1,10-PHEN)(C4F5s)
-100 mg (0.55 mmol) flame- 3,4-(1,10-PHEN)(C4Fs)
1,10-PHEN sealed glass o 2,3;5,6-(1,10-PHEN)(C4Fs)>
200 pL (1.1 mmol) ampoule, >0 C I'h 95 mg 2,3;7,8-(1,10-PHEN)(C4Fs)2
1 4-C4Fsl, ca. 60 mL 2,3;8,9(1,10-(PHEN)(C4Fs)2

2,3:5,6:8,9(1,10-PHEN)(C4Fs)3

10.0 9.6 9.2 8.8 84 8.0 7.6 T2 6.8

+ ppm
Ll L
T T T T T T L | ¥ ] ¥ 1
-110 -120 -130 -140 -150 -160
PPmM

Figure B-19. NMR spectra of crude product mixture recovered from reaction 2.3. 'H NMR
spectrum (top) referenced to CHCI; (5 = 7.26, denoted *). '°F NMR spectrum (bottom) referenced
to perfluorobenzene (6 = —164.9, not shown). Residual unreacted C4F3l, present, denoted +.
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2,3-(1,10-PHEN)(C,F5)
2,3;5,6:8,9-(1,10-PHEN)(C,F4);
2,3;5,6-(1,10-PHEN)(C,Fy),
2,3;7,8-(1, 10-PHEN){C,F ),
3,4-(1,10-PHEN)(C,F5)
2,3:8,9-(1,10-PHEN)(C,F,),

gitn B P

2:1 methanol:acetonitrile

1 | B R
30 35 40

1:1 methanol:toluene

] " 1 ¥ 1 " : - " 1 L 1 L __I ¥ 1 " 1 . 1 L 1
0 2 4 6 8 10 12 14 16 18 20
retention time, min

Figure B-20. HPLC separation of reaction 2.3. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products. For the 1:1
methanol:toluene was a less effective method than 2:1 methanol:acetonitrile, but yielded one
compound that was not isolated in the 2:1 methanol:acetonitrile separation.
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B.2.4. Reaction 2.4 for 5-PHRD derivatives

Table B-11. Synthetic details for reaction 2.4.

Reactants Vessel T time Products Isolated
Type
-100 mg (0.55 mmol) flame-
5-PHRD sealed glass 350 °C oh 7,8~(5-PHRD)(CaFs)®
-100 pL (0.55 mmol) ampoule, 5-PHRD(C4Fs)-B
1,4—C4F812 ca. 60 mL
*
T ’ T 4 T Y T Y T Y T ¥ T ¥ T
10.0 9.6 9.2 8.8 8.4 8.0 7.6 7.2

ppm

= eIt u—.“-'- _MU*

1 i 1 1 I I I I 1
-100 -105 -110 -115 -120 -125 -130 -135 -140
ppm
Figure B-21. NMR spectra of product mixture resulting from reaction 2.4. 'H NMR spectrum
(top) referenced to CHCIl; (§ = 7.26, denoted *). "F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).

| 2, 1. (5-PHRD)(C,Fg)-B
| 2. 7,8-(5-PHRD)(C,F;)
: : acetonitrile
1 1.4 .
1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

retention time, min
Figure B-22. HPLC separation of reaction 2.4. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products.
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B.2.5. Reaction 2.5 for ACRD derivatives

Table B-12. Synthetic details for reaction 2.5.

Reactants Vessel T time Products Isolated
Type
2,3-ACRD(C4Fs)
i flame- ACRD(C4Fg)2-A
100 mg ((())'20 mmlol) ACRD sealed glass 350 °C h ACRD(C4Fs)2-B
-111 pL (0.6 mmol) ampoule, > ACRD(CiFs)-C
1,4-C4Fsl» ca. 60 mL 1,2-ACRD(C4HF3)

ACRD(CsHF3)-B

PPmM

T T T T T T T
-105 -110 -115 -120 -125 -130 ~136
ppm

Figure B-23. NMR spectra of product mixture resulting from reaction 2.5. 'H NMR spectrum
(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown).

2,3-ACRD(C,Fg)
ACRD(C,Fg)-A
ACRD(C,F;H)-B
ACRD(C,Fg),-C
1,2-ACRD(C,F;H)
ACRD(C,Fg),-B

oML wNE

2:1 methanol:acetonitrile
12 3 4 5 6

I
I
I
|
— = -9 L
1 L 1 L 1 ® 1 " 1 > " 1 " 1 " 1
0 4 8 12 16 20 24 28 32
retention time, min
Figure B-24. HPLC separation of reaction 2.5. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of

product distribution. Other peaks were complex mixtures of impure products.
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B.2.6. Reaction 2.6 for 9,10-ANTH(Ph): derivatives

Table B-13. Synthetic details for reaction 2.6.

Vessel Crude
Reactants Tvpe T time Product Products Isolated
M Recovered

-50 mg (0.20 mmol flame-sealed

ol Ong(NTH(Ph)Z ) plass 2,3-(9,10-ANTH(Ph})Iz)(C4Fs)

> ° 2,3;6,7-(9,10-ANTH(P -(C4F

=72 pL (1.1 mmol) ampoule, ca. 350°C  zh 81 mg 3670, (PR)2)-(CeFs)2

1,4—C4F812 60 mL

8.4 8.2 8.0 7.8 7.6 7.4 7.2 682 6.0
ppm

-7t T I T T T T T T 1
-1056 -110 -115 -120 -125 -130 -135 -140 -145 -150
ppm
Figure B-25. NMR spectra of product mixture resulting from reaction 2.6. 'H NMR spectrum
(top) referenced to CHCl; (5§ = 7.26, denoted *). "F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).

2,3;6,7-(9,10-ANTH(Ph),)-(G,F3),
2,3-(9,10-ANTH(Ph),)-(C,F5)

2:1 methanol:acetonitrile

AN L AN DN RENL BN BN
0 2 4 6 8 10 12 14 16 18 20
retention time, min
Figure B-26. HPLC separation of reaction 2.6. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products.
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B.2.7. Reaction 2.7 for PERY derivatives

Table B-14. Synthetic details for reaction 2.7.

Crude
Reactants Vessel Type T time Product Products Isolated
Recovered

-50 mg (0.20 mmol)

T2 AL 040l inMondl 259 I0PERYCIR)
) : ° 3,4;9,10-PERY(C4F

1,4-C4Fsl, autoclave, 350°C > 65 mg U (CaFs)e
-2000 mg (excess) Cu Na(g)
powder

L] I L] ' L] I L] I Ll ' L] l L] I Ll l
8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4

PPmM

I 1 1 1 1 1 1 1
-105 -110 -115 -120 -125 -130 -135 -140
Ppm
Figure B-27. NMR spectra of product mixture resulting from reaction 2.7. '"H NMR spectrum
(top) referenced to CHCIlz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).

) 1. 2,3;9,10-PERY(C,F,),
2. 3,4;9,10-PERY(C,Fy),

I
I
I
| 2:1 methanol:acetonitrile
|
1

0 2 4 6 8 10 12 14 16 18 20
retention time, min

Figure B-28. HPLC separation of reaction 2.7. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products.
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B.2.8. Reaction 2.8 for PYRN derivatives

Table B-15. Synthetic details for reaction 2.8.

Vessel Crude
Reactants T time Product Product Isolated
Type
Recovered
-50 mg (0.25 mmol)
PYRN Glass insert
-45 uL (0.25 mmol) in Monel o i
1.4-CaFyls autoclave, 350 °C 5h 81 mg 4,5-PYRN(C4F5)
-2000 mg (excess) Cu Na(g)
powder
T T T T 7 1 T
9.5 9.0 8.5 8.0 6.5 6.0

ppm

I 1 1 1 1 1 1 1 1
-100 -105 -110 -115 -120 -125 -130 -135 -140
ppm
Figure B-29. NMR spectra of product mixture resulting from reaction 2.8. 'H NMR spectrum
(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).
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B.3. CHAPTER 3 REACTIONS
B.3.1. Reaction 3.1 for PHNZ(C4Fs)’s

Table B-16. Synthetic details for reaction 3.1.

Crude
Reactants Vessel Type T time Product Product Isolated
Recovered

-50 mg (0.27 mmol)

PHNZ i i

50 uL. (0.27 mmol Glai\slllr:elrt mn 20% 1,2-PHNZ(CsF)
=30 pL (0.27 mmol) one 300°C 2h 45 mg 9% 2,3-PHNZ(CsFs)

1,4-CaFsl> autoclave, 15% 1,2;6,7-PHNZ(C4Fs)
-2000 mg (excess) Cu Na(g)
powder

9.2 8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0
ppm
.Ni i | e, .!.Il_j-;'l_‘h
T T T T T T T T | B | T
-100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150
ppm

Figure B-30. NMR spectra of product mixture resulting from reaction 3.1. 'H NMR spectrum
(top) referenced to CHCI3 (6 = 7.26). Residual toluene from workup present, denoted *. The peaks
denoted ¢ primarily arise from unreacted PHNZ, although chemical shifts of desired products
overlap this region. ’F NMR spectrum (bottom) referenced to perfluorobenzene (8 = —164.9 not

shown).
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1. 1,2-PHNZ(C,FJ)
2. 1,2;6,7-PHNZ(C,Fy),
3. 2,3-PHNZ(C,Fg)

acetonitrile

1 L 1 b 1 B 1 L 4 1 . 1 L 1 L |
0 2 4 6 8 10 12 14
retention time, min

Figure B-31. HPLC separation of reaction 3.1. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products. The large peak at
5.7 minutes primarily contains unreacted PHNZ, and accounts for 22% of total recovered mass.

576

776

378

300 400 500 600 700 800 900
m/z

Figure B-32. Analysis of crude product mixture of Reaction 3.1 by mass spectrometry.
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B.3.2. Reaction 3.2 for PHNZ(C4Fs)2’s

Table B-17. Synthetic details for reaction 3.2.

Vessel Crude
Reactants T time Product Product Isolated
Type
Recovered
-50 mg (0.27 mmol) sealed glass
PHNZ ampoule, ca. 1,2;6,7-PHNZ(C4Fs)
60mL,  300°C 2h 45 mg 1,2;7,8-PHNZ(C4Fs)
-495 uL (2.7 mmol) under 1,2;8,9-PHNZ(C4Fs)
1,4-C4Fsl,
vacuum
[ ] . %
o]
o

- | | | | T T | | | T T |
90 88 86 84 82 80 78 76 74 72 70 6.8

ppm
[ * 2
L ] o .O o
AA‘JLLAL__I» A__AJL
1 1 1 . 1 - 1 1 1 1

-105 -110 -115 -120 -125 -130 -135 -140

ppm
Figure B-33. NMR spectra of product mixture resulting from Reaction 3.2. 'H NMR spectrum

(top) referenced to CHCl3 (§ = 7.26, denoted *). '’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). Chemical shifts of major products 1,2;6,7-
PHNZ(C4Fg)> and 1,2;8,9-PHNZ(C4Fs) denoted e and °, respectively. Also present is residual 1,4-
C4Fslp, denoted .
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1. 1,2;6,7-PHNZ(C,Fy),
2. 1,2;7,8-PHNZ(CFp),
3. 1,2;8,9-PHNZ(CFp),

1:1 methanol:acetonitrile

1 1 1 | 1 1 1 1
0 b 4 6 8 10 12 14 16
retention time, min

Figure B-34. HPLC separation of reaction 3.2. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products. The peak eluting at
7 minutes was not pure but primarily contained 1,2-PHNZ(C4F3g). The shoulder at 9 minutes was
also impure but primarily contained 2,3-PHNZ(C4Fs). Peaks eluting before 7 minutes were
complex mixtures of products but contained many products with C4FsH substituents.
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B.3.3. Reaction 3.3 200 °C reaction for PHNZ RD/A products

Table B-18. Synthetic details for reaction 3.3.

Vessel Crude
Reactants Tvpe T time Product Product Isolated
yp Recovered
50 mg (0.27 ) 1,2-PHNZ(C4Fs)
-50 mg (0.27 mmo . 2,3-PHNZ(C4Fs)
Glass insert

PHNZ in Monel . 1,2?6,7-PHNZ(C4F 8)
-50 uL (0.27 mmol) 200°C  1h 79 mg 1,2;7,8-PHNZ(C4Fs)
1.4-C4Fsl, autoclave, 1,2;8,9-PHNZ(C4Fs)

’ Na(g) 1,2-PHNZ(C4F4)

- 250 mg (excess) Cu
powder

90 88 86 84 82 80 78 76 T4 72 70 68
ppm

T T T T T T T T T 4-; T T
-110 -120 -130 -140 -150 -160
ppm
Figure B-35. NMR spectra of product mixture resulting from reaction 3.3. 'H NMR spectrum
(top) referenced to CHCl; (§ = 7.26, denoted *). '’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). Peaks in the region -143 to -164 are indicative of trace

products bearing C4F4 substituents.

1,2-PHNZ(C,Fy)
1,2;6,7-PHNZ(C,Fy),
2,3-PHNZ(C,Fy)
1,2;7,8-PHNZ(C,Fg),
1,2;8,9-PHNZ(C,Fy),
1,2-PHNZ(C,F,)

]
LU R

T T T T | L .
0 5 10 15 20 25 30 35
retention time, min

Figure B-36. HPLC separation of reaction 3.3. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products. Peaks eluting before
6 minutes were complex mixtures of products but contained many products with CsFsH
substituents.
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B.3.4. Reaction 3.4 350 °C reaction for PHNZ RD/A products

Table B-19. Synthetic details for reaction 3.4.

Vessel Crude
Reactants T time Product Product Isolated
Type
Recovered
_Sgﬁnﬁz(o'ﬂ mmol) Glass insert
in Monel o 1,2-PHNZ(C4F3H)
-50 pL (0.27 mmol) autoclave, 30 °C  5h 4 mg 12:6,7-PHNZ(C4Fs)(CaF:)
1,4-C4Fsl Nog)
- 2000 mg (excess) Cu A8
powder
Q
Py L N _|h Y PR P
T | T | T T T T T T T T T T T T
8.8 8.4 8.0 7.6 T2 6.8 6.4 6.0
ppm
o o} o]
J‘ A g FRRPTN P
T T ¥ T T | T - 1 T |
-110 -120 -130 -140 -150 -160
ppm

Figure B-37. NMR spectra of product mixture resulting from Reaction 3.4. '"H NMR spectrum
(top) referenced to CHCl; (§ = 7.26, denoted *). '’F NMR spectrum (bottom) referenced to
perfluorobenzene (& = —164.9, not shown). Several peaks characteristic of product 1,2-
PHNZ(C4F;H) are denoted °.

1. 1,2-PHNZ(C,FH)
2. 1,2;6,7-PHNZ(C,Fg)(C,F,)*

2:1 toluene:isopropyl alcohol

retention time, min
Figure B-38. HPLC separation of reaction 3.4. Detection wavelength 300 nm. Molar absorbances

for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products. *Peak 2 was an
impure fraction from which a pure compound, 1,2;6,7-PHNZ(C4Fs)(C4F4) crystallized.
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B.3.5. Reaction 3.5 reaction with PHNZ substrate in o-DCB

Table B-20. Synthetic details for reaction 3.5.

Crude
Reactants Vessel Type T time Product Product Isolated
Recovered

-50 mg (0.27 mmol) 1,2-PHNZ(C4Fy)

PHNZ Reaction 21’31;1;11;}\Z’Zécl;‘F 18)
200 uL (1.09 mmol) conductedin  160°C  6h 64 mg 2:PHNZEC2FEI;

1,4-C4Fsl 5mL 0-DCB PHNZ(C:Fsl)a-A
- 750 mg (excess) Cu
powder

o 7 T ) T ) T X T T 1 ) T J
8.4 8.0 7.6 7.2 6.8 6.4

ppm
(o]

o]
o

o
| I‘A 111

1 1 1 1 1 1 1 1 1 1
-60 -70 -80 -90 -100 -110 -120 -130 -140 -150
ppm
Figure B-39. NMR spectra of product mixture resulting from Reaction 3.5. '"H NMR spectrum
(top) referenced to CHCIl; (§ = 7.26, denoted *). "F NMR spectrum (bottom) referenced to
perfluorobenzene (& = —164.9, not shown). Peaks in '’F NMR spectra arising from C4Fsl groups
denoted °.

PHNZ(C,Fgl),-A
1-PHNZ(C,Fl)
2-PHNZ(C,Fyl)
1,2-PHNZ(C,Fy)
2,3-PHNZ(C,Fy)

npwNE

2:1 methanol:acetonitrile

)

I

I

|

]

0 2 4 6 8 10 12 14 16 18
retention time, min

Figure B-40. HPLC separation of reaction 3.5. Detection wavelength 300 nm. Molar absorbances
for different compounds at this wavelength vary, and therefore the trace is not representative of
product distribution. Other peaks were complex mixtures of impure products.
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B.4.1. Reaction 4.1 for ACRD(CF3),’s

Table B-21. Synthetic details for reaction 4.1.

Crude
Reactants Vessel Type T time Product Product Isolated
Recovered

1,3,5,9-ACRD(CF3)4

1,3,6,9-ACRD(CF3)s

1,4,6,8-ACRD(CFs)s

-179 mg (1 mmol) 300 mL flame 11§4§6§991CCR§D(?§£; S
ACRD sealed glass  330°C  8.5h 278 mg 1’3’57678-ACRD(CF3)5
-600 torr CFsl in 268 ampoule 1:2:52329- ACRD(CF3)s
mL (9 mmol) 1,3,4,6,9-ACRD(CF3)s
1,2,5,7,9-ACRD(CF3)s
1,4,5,6,9-ACRD(CF3)s

10.0 9.0 8.0 7.0 6.0 5.0
ppm

A MY W T SR

T Y T
-62 -56 -60 -64 -68 -72 -76
ppm
Figure B-41. NMR spectra of product mixture resulting from reaction 4.1. '"H NMR spectrum

(top) referenced to CHCl; (5§ = 7.26, denoted *). "F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown).

193



1,3,5,8-ACRD(CF),

2,4,6,9-ACRD(CF;)

1,4,5,8,9-(H,-ACRD)(CF;)s

I
I
I
: F3F1F1
i Acetonitrile 1 mL min? _— 1,2,4.5,8-ACRD(CF);
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Figure B-42. Multi-stage HPLC separation of reaction 4.1. To obtain traces, samples were dissolved in the indicated eluent and
injected onto a semi-preparative Buckyprep Column, 10.0 x 250 mm, using the indicated eluent with a flow rate 5 ml min™!, unless
otherwise indicated. Dashed vertical lines mark retention times of the fractions.
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APPENDIX C
CHARACTERIZATION OF PURE PRODUCTS
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C.1.1. CHARACTERIZATION OF 2,3-TRPH(C4Fs)
10,10,11,11,12,12,13,13-octafluoro-10,11,12,13-tetrahydrobenzo[f]tetraphene

HPLC method: Elutes at 5.2 min in 4:1 acetonitrile:toluene (appx B figure B-2)
Yield information: 63% isolated yield from reaction 1.1 (appx B.1.1)

N
A
cD
B,E
T 1 T 1 T 1 —T 1 T T T T
9.0 8.8 8.6 8.4 8.2 8.0 7.8
ppm
b
a
1 1 T ] 1 1 T i
-105 -110 -115 -120 -125 -130 -135 -140
ppm

Figure C-1. NMR spectra of 2,3-TRPH(C4Fg). Product > 90% pure, with TRPH impurity
(indicated TRPH). '"H NMR spectrum (top) referenced to CHCl; (8 = 7.26, not shown). ’F NMR
spectrum (bottom) referenced to 1,4-bistrifluromethyl benzene ( 19F & = —66.4, not shown, 1H &
=7.77, denoted ¢ ). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § = 7.80 (m, 4H), 8.72 (m, 4H), 9.13 (s, 2H)
19F NMR (CDCl; with C¢Fe): & = -104.7 (m, 4F), -137.1 (m, 4F)

F,C—CF,
Figure C-2. Drawing of 2,3-TRPH(C4F3), elucidated from NMR spectra and confirmed by single
crystal X-ray structure.
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C.1.2. CHARACTERIZATION OF 1,2-TRPH(C4Fs)
7,7,8,8,9,9,10,10-octafluoro-7,8,9,10-tetrahydrobenzo[ g]chrysene

HPLC method: Elutes at 10.9 min in acetonitrile (appx B figure B-8)
Yield information: 20% yield from reaction 1.4 (appx B.1.4)

e ¢-——DEH,I-—

pPpm

-100 -105 -110 -115 -120 -125 -130 -135
ppm

Figure C-3. NMR spectra of 1,2-TRPH(C4Fs). Product > 95% pure. 'H NMR spectrum (top)
referenced to CHCl; (8§ = 7.26, not shown). '’F NMR spectrum (bottom) referenced to 1,4-
bistrifluromethyl benzene ( 19F & = —66.4, not shown, 1H 6 = 7.77, denoted ¢ ). See figure below
for probable peak assignments.

1H NMR (CDCl3, 400 MHz): 6 = 7.70 (overlapping multiplets, 4H), 8.06 (d, J=9 Hz, 1H), 8.61
(overlapping multiplets, 4H), 8.98 (d, J=9 Hz, 1H)
19F NMR (CDCI; with CgFg): 8 =-100.7 (m, 2F), -101.9 (m, 2F), -134.04 (m, 2F), -137.5 (m, 2F)

Figure C-4. Drawing of 1,2-TRPH(C4F3), elucidated from NMR spectra and confirmed by single
crystal X-ray structure.
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C.1.3. CHARACTERIZATION OF 2,3;6,7-TRPH(C4Fs)2
1,1,2,2,3,3,4,4,11,11,12,12,13,13,14,14-hexadecafluoro-1,2,3,4,11,12,13,14-octahydrobenzo[ #]pentaphene

HPLC method: Elutes at 11.1 min in 4:1 acetonitrile:toluene (appx B figure B-4)
Yield information: 42% isolated yield from reaction 1.2 (appx B.1.2)

B A
M | |
I T i T i T T

9.2 9.0 8.8

1 1 T | T | ¥

8.6 8.4 8.2 8.0
ppm i
d
I
[ i T T T T T
-105 -110 -115 -120 -125 -130 -135
ppm

Figure C-5. NMR spectra of 2,3;6,7-TRPH(C4Fs),. '"H NMR spectrum (top) referenced to CHCl3
(8 = 7.26, not shown). 'F NMR spectrum (bottom) referenced to 1,4-bistrifluromethyl benzene (

19F & = —66.4, not shown, 1H 6 = 7.77, not shown). See figure below for probable peak
assignments.

1H NMR (CDCls, 400 MHz): § = 7.95 (m, 2H), 8.80 (m, 2H), 9.16 (s, 2H), 9.19 (s, 2H),
19F NMR (CDCl; with CFe): & = —104.8 (m, 4F), —105.2 (m, 4F), —137.1 (m, 8F).

F,C—CF, F,C—CF,
d

c

Figure C-6. Drawing of 2,3;6,7-TRPH(C4F3), , elucidated from NMR spectra and confirmed by
single crystal X-ray structure.
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C.1.4. CHARACTERIZATION OF 1,2;6,7-TRPH(C4Fs)2
1,1,2,2,3,3,4,4,10,10,11,11,12,12,13,13-hexadecafluoro-1,2,3,4,10,11,12,13-
octahydrodibenzo|[c,f]tetraphene

HPLC method: Elutes at 12 min in acetonitrile (appx B figure B-12)
Yield information: <5% yield reaction 1.6 (appx B.1.6)

T L -1« 1T _r _r °r _r°rn
-100 -105 -110 -115 -120 -125 -130 -135
ppm

Figure C-7. NMR spectra of 1,2;6,7-TRPH(C4Fs)2. 'H NMR spectrum (top) referenced to CHCl;
(8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to 1,4-bistrifluromethyl benzene (

19F 6 = -66.4, not shown, 1H 6 =7.77, denoted ¢ ). Impurity present, denoted °. See figure below
for probable peak assignments.

1H NMR (CDCls, 400 MHz): = 7.78 (m, 1H), 7.89 (m, 1H), 8.22 (d, J=9 Hz, 1H), 8.71 (m, 2H),
9.03 (s, 1H), 9.06 (d, J=9 Hz, 1H), 9.10 (s, 1H).

19F NMR (CDCl; with CeFs): & = —101.2 (m, 2F), —102.2 (m, 2F), —104.9 (m, 2F), —105.3 (m,
2F), —134.0 (m, 2F), ~137.2 (m, 4F), —137.4 (m, 2F).

F,C—CF,
f e
Figure C-8. Drawing of 1,2;6,7-TRPH(C4Fs)», elucidated from NMR spectra and confirmed by
single crystal X-ray structure.
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C.1.5. CHARACTERIZATION OF 1,2;10,11-TRPH(C4Fs)2
1,1,2,2,3,3,4,4,12,12,13,13,14,14,15,15-hexadecafluoro-1,2,3,4,12,13,14,15-octahydrodibenzo[ a f]tetraphene

HPLC method: Elutes at 14.9 min in acetonitrile (appx B figure B-12)
Yield information: <5% yield reaction 1.6 (appx B.1.6)

i G
& F o C A
| | |6 |
. T . T . ] . T
9.2 9.0 8.8 8.6

8.4 8.2 8.0

D,E

pPpm

-100 -105 -110 -115 -120 -125 -130 -135 -140
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Figure C-9. NMR spectra of 1,2;10,11-TRPH(C4Fs),. 'H NMR spectrum (top) referenced to
CHCI; (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced to hexafluorobenzene (8 =
—164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCl3, 400 MHz): 6 = 7.90 (m, 2H), 8.24 (d, J=9 Hz, 1H), 8.63 (m, 1H), 8.71(m, 1H),
9.04 (d, J=9 Hz, 1H overlapped with s, 1H), 9.23 (s, 1H).

19F NMR (CDCIl; with CgFs): & = —100.9 (m, 2F), —101.3 (m, 2F), —105.5 (m, 2F), —=105.6 (m,
2F), —134.5 (m, 2F), —137.1 (m, 4F), —137.6 (m, 2F).

D B A
Figure C-10. Drawing of 1,2;10,11-TRPH(C4F5)», elucidated from NMR spectra and confirmed
by single crystal X-ray structure.
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C.1.6. CHARACTERIZATION OF 2,3;6,7;10,11-TRPH(C4Fs)3
1,1,2,2,3,3,4,4,7,7,8,8,9,9,10,10,13,13,14,14,15,15,16,1 6-tetracosafluoro-1,2,3,4,7,8,9,10,13,14,15,16-
dodecahydrotrinaphthylene

HPLC method: Elutes at 17.0 min in 4:1 acetonitrile:toluene (appx B figure B-4)
Yield information: 76% isolated yield from reaction 1.3 (appx B.1.3)

A
¥ i ¥ T ¥ T ¥ T ¥ T v T v T
9.4 9.2 9.0 8.8 8.6 8.4 8.2
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T T T T T i T T
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Figure C-11. NMR spectra of 2,3;6,7;10,11-TRPH(C4Fs);. 'H NMR spectrum (top) referenced
to CHCI; (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to hexafluorobenzene (5
=—-164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § = 9.22 (s, 6H).
19F NMR (CDCl; with C¢Fs): 8 = —105.2 (m, 12F), —137.1 (m, 12F).

F,C—CF,

ik

a F,C CF,

F,C—CF, F,C—CF,
Figure C-12. Drawing of 2,3;6,7;10,11-TRPH(C4Fs)3, elucidated from NMR spectra and
confirmed by single crystal X-ray structure.
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C.1.7. CHARACTERIZATION OF 1,2;6,7;10,11-TRPH(C4Fs)3
1,1,2,2,3,3,4,4,6,6,7,7,8,8,9,9,12,12,13,13,14,14,15,15-tetracosafluoro-1,2,3,4,6,7,8,9,12,13,14,15-
dodecahydronaphtho[1,2-#]pentaphene

HPLC method: Elutes at 20.1 min in acetonitrile (appx B figure B-12).
Yield information: <5% yield reaction 1.6 (appx B.1.6).
D,E

9.3 9.2 9.1 9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3
Ppm

glf.’j!k

-100 -105 -110 -115 -120 -125 -130 -135
ppm

Figure C-13. NMR spectra of 1,2;6,7;10,11-TRPH(C4Fs);. 'H NMR spectrum (top) referenced
to CHCI; (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to hexafluorobenzene (5
=—-164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): & = 8.37 (d, J= 9 Hz, 1H), 9.09 (s, 2H), 9.13 (d, J=9 Hz, 1H), 9.15
(s, 1H), 9.31 (s, 1H).

19F NMR (CDCl; with CeFe): & = —101.4 (m, 4F), —101.5 (m, 4F), —105.3 (m, 8F), —134.3 (m,
4F),~137.1 (m, 8F),~137.6 (m, 4F).

F,C—CF,

f e
Figure C-14. Drawing of 1,2;6,7;10,11-TRPH(C4Fs)3, elucidated from NMR spectra and
confirmed by single crystal X-ray structure.
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C.1.8. CHARACTERIZATION OF 1,2;5,6;10,11-TRPH(C4Fs)3
1,1,2,2,3,3,4,4,7,7,8,8,9,9,10,10,12,12,13,13,14,14,15,15-tetracosafluoro-1,2,3,4,7,8,9,10,12,13,14,15-
dodecahydrobenzo[a]naphtho[ 1,2-f]tetraphene

HPLC method: Elutes at 7.5 min in acetonitrile (appx B figure B-12).
Yield information: <5% yield reaction 1.6 (appx B.1.6).

PPmM

il

ae
d,h b c fl g
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Figure C-15. NMR spectra of 1,2;5,6;10,11-TRPH(C4Fs);. 'H NMR spectrum (top) referenced
to CHCl3 (8 = 7.26, not shown). 'F NMR spectrum (bottom) referenced to hexafluorobenzene

(19F 6 = —66.4, not shown, 1H &6 = 7.77, denotede). See figure below for probable peak
assignments.

1H NMR (CDCl, 400 MHz): & = 8.27 (d, J= 9 Hz, 1H), 8.31 (d, J=9 Hz, 1H), 8.90 (s, 1H), 8.98
(d, J=9 Hz, 1H), 9.08 (d, J= 9 Hz, 1H), 9.27 (s, 1H)

19F NMR (CDCl; with CeFe): & = ~100.4 (m, 2F), ~101.6 (m, 2F), —101.8 (m, 2F), —102.0 (m,
2F), —105.7 (m, 2F), —108.0 (m, 2F), —133.2 (m, 2F), —135.7 (m, 2F), —136.7 (m, 2F), —137.2 (m,
4F), —137.8 (m, 2F)

h F,C CFye

\

F,Cc—CF,

g f
Figure C-16. Drawing of 1,2;5,6;10,11-TRPH(C4Fs)3, elucidated from NMR spectra and
confirmed by single crystal X-ray structure.
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C.1.9. CHARACTERIZATION OF 2,3;6-TRPH(C4Fs)(C4FsH)
10,10,11,11,12,12,13,13-octafluoro-2-(1,1,2,2,3,3,4,4-octafluorobutyl)-10,11,12,13-
tetrahydrobenzo[f]tetraphene

HPLC method: Elutes at 13.0 min in acetonitrile (appx B figure B-12).
Yield information: <5% yield reaction 1.6 (appx B.1.6.).

*

BC G,H
A El

-105 -110 -115 -120 -125 -130 -135 -140
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Figure C-17. NMR spectra of 2,3;10-TRPH(C4Fs)(C4FsH). Product > 80% pure. 'H NMR
spectrum (top) referenced to CHCls (8§ = 7.26, denoted *). '°F NMR spectrum (bottom) referenced
to perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § = 6.17 (m, J=52 Hz, 1H),7.85 (m, 2H); ), 7.97 (d, J=9 Hz, 1H),
8.72 (m, 2H), 8.81 (d, J=9 Hz, 1H), 8.84 (s, 1H), 9.06 (s, 1H), 9.13 (s, 1H).

19F NMR (CDCl; with CeFe): & = —104.8 (m, 2F), ~104.9 (m, 2F), —113.6 (m, 2F), —128.4 (m,
2F), —132.2 (m, 2F), —137.2 (m, 4F), —140.2 (m, J=52, 2F).

f F,c/ e d

f

h CF;
JHEc” B

Figure C-18. Drawing of 2,3;10-TRPH(C4Fs)(CsFsH), elucidated from NMR spectra and
confirmed by single crystal X-ray structure.
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C.1.10. CHARACTERIZATION OF 2,3;6,7;10-TRPH(C4Fs)2(C4FsH)
1,1,2,2,3,3,4,4,11,11,12,12,13,13,14,14-hexadecafluoro-7-(1,1,2,2,3,3,4,4-octafluorobutyl)-
1,2,3,4,11,12,13,14-octahydrobenzo[/]pentaphene

HPLC method: elutes at 15 minutes in acetonitrile (appx B figure B-12)
Yield information: <5% yield reaction 1.6 (appx B.1.6.).
*
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Figure C-19. NMR spectra of 2,3;6,7;10-TRPH(C4Fs)2(C4FsH). Product > 95% pure. 'H NMR
spectrum (top) referenced to CHCI; (5 = 7.26, denoted *) Residual toluene present in 'H NMR

spectrum (8 = 7.2 ppm). 'F NMR spectrum (bottom) referenced to 1,4-bistrifluromethyl benzene

(19F & = —66.4, not shown, 1H & = 7.77, denoted ¢). See figure below for probable peak

assignments.

1H NMR (CDCls, 400 MHz): § = 6.17 (m, J=52 Hz, 1H), 8.12 (d, J=9 Hz, 1H), 8.93 (s, 1H), 8.94

(d, J=9 Hz, 1H), 9.16 (s, 1H), 9.20 (s, 2H), 9.22 (s, 1H).

19F NMR (CDCl; with CeFe): : 6 =—104.9 (m, 4F), —105.1 (m, 4F), —113.8 (m, 2F), —126.1 (m,

2F), —131.8 (m, 2F), —137.0 (m, 8F), —~139.9 (m, J=52, 2F).

CFHH

MEc

F,C=——CF, F,C—CF,
e
f d

C

Figure C-20. Drawing of 2,3;6,7;10-TRPH(C4Fs)2(CsFsH), elucidated from NMR spectra and

confirmed by single crystal X-ray structure.
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C.1.11. CHARACTERIZATION OF 2,3-TRPH(C4F4)
10,11,12,13-tetrafluorobenzo[f]tetraphene

HPLC method: Elutes at 6.0 min in acetonitrile (appx B figure B-12).
Yield information: <5% yield reaction 1.5 (appx B.1.5.).
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Figure C-21. NMR spectra of 2,3-TRPH(C4F4). Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCl; (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced to 1,4-

bistrifluromethyl benzene ( 19F & = —66.4, not shown, 1H 6 =7.77, denoted ¢ ). See figure below
for probable peak assignments.

1H NMR (CDCls, 400 MHz): & = 7.72 (m, 4H), 8.61 (m, 2H), 8.78 (m, 2H), 9.27 (s, 2H).
19F NMR (CDCl; with CeFe): 8 = —153.9 (m, 2F), ~161.9 (m, 2F).

Figure C-22. Drawing of 2,3-TRPH(C4F4), elucidated from NMR spectra and confirmed by single
crystal X-ray structure.
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C.1.12. CHARACTERIZATION OF 2,3-TRPH(C4F3H)
10,11,12-trifluorobenzo(f]tetraphene

HPLC method: Elutes at 5.5 min in toluene (appx B figure B-10).
Yield information: <5% yield reaction 1.5 (appx B.1.5.).
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Figure C-23. NMR spectra of 2,3-TRPH(C4F3H). Product > 95% pure. "H NMR spectrum (top)
referenced to CHCl; (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced to 1,4-

bistrifluromethyl benzene ( 19F & = —66.4, not shown, 1H 6 = 7.77, denoted ¢ ). See figure below
for probable peak assignments.

1H NMR (CDCls, 400 MHz): § = 7.62 (m, 1H), 7.70 (m, 4H), 8.6 (m, 2H), 8.72 (m, 1H), 8.79 (m,
1H), 9.00 (s, 1H), 9.27 (s, 1H).
19F NMR (CDCl; with C¢Fe): & =—137.2 (m, 1F), —148.3 (m, 1F), ~163.9 (m, 1F).

Figure C-24. Drawing of 2,3-TRPH(C4F3H), elucidated from NMR spectra and confirmed by
single crystal X-ray structure.
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C.1.13. CHARACTERIZATION OF 2,3;6,7-TRPH(C4Fs)(C4F4)
1,1,2,2,3,3,4,4,11,12,13,14-dodecafluoro-1,2,3,4-tetrahydrobenzo[ #]pentaphene

HPLC method: Elutes at 5.0 min in 1:1 toluene:isopropyl alcohol (appx B figure B-14).
Yield information: <5% yield reaction 1.7 (appx B.1.7.).
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Figure C-25. NMR spectra of 2,3;6,7-TRPH(C4Fs)(C4F4). Product > 98% pure. 'H NMR spectrum
(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): & = 7.84 (m, 2H) ,8.67 (m, 1H), 8.82 (m, 1H), 9.06 (s, 1H), 9.19 (s,
1H), 9.32 (s, 2H).

19F NMR (CDCls with CsFe): & = —104.9 (s, 2F), —105.2 (s, 2F), —137.1 (s, 4F), —152.3 (m, 1F),
~152.9 (m, 1F), —159.0 (m, 1F), ~159.7 (m, 1F).

Figure C-26. Drawing of 2,3;6,7-TRPH(C4F3s)(C4F4), elucidated from NMR spectra and
confirmed by single crystal X-ray structure.
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C.1.14. CHARACTERIZATION OF 2,3;6,7- TRPH(C4Fs):2
1,2,3,4,11,12,13,14-octafluorobenzol #]pentaphene

HPLC method: Elutes at 4.0 min in 1:1 toluene:isopropyl alcohol (appx B figure B-14).
Yield information: <5% yield reaction 1.7 (appx B.1.7.).
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Figure C-27. NMR spectra of 2,3;6,7-TRPH(C4Fs)2. Product > 95% pure. '"H NMR spectrum
(top) referenced to CHCl3 (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to 1,4-
bistrifluromethyl benzene ( 19F & = —66.4, not shown, 1H 6 =7.77, denoted ¢ ). See figure below
for probable peak assignments.

1H NMR (CDCl3, 400 MHz): 6 = 7.76 (m, 2H), 8.72 (m, 2H), 9.21 (s, 2H), 9.36 (s, 2H).
19F NMR (CDCI3 with CgFg): 6 =—152.9 (m, 2F), —153.3 (m,2F), —160.4 (m, 2F), —160.7
(m, 2F).

Figure C-28. Drawing of 2,3;6,7-TRPH(C4Fs)2, elucidated from NMR spectra and confirmed by
single crystal X-ray structure.
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C.1.15. CHARACTERIZATION OF 2,3;6,7;10,11- TRPH(C4Fs)2(C4F4)
1,1,2,2,3,3,4,4,7,7,8,8,9,9,10,10,13,14,15,16-icosafluoro-1,2,3,4,7,8,9,10-octahydrotrinaphthylene

HPLC method: Elutes at 8.9 min in 1:1 toluene:isopropyl alcohol (appx B figure B-14).
Yield information: <5% yield reaction 1.7 (appx B.1.7.).
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Figure C-29. NMR spectra of 2,3;6,7;10,11-TRPH(C4Fs)s. Product > 85% pure. 'H NMR
spectrum (top) referenced to CHCls (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to 1,4-bistrifluromethyl benzene ( 19F & = —66.4, not shown, 1H 6 = 7.77, not shown ). See figure
below for probable peak assignments.

1H NMR (CDCl3, 400 MHz): 8 =9.09 (s, 2H), 9.24 (s, 2H), 9.39 (s, 2H).
19F NMR (CDCI3 with CgFs): 6 = —105.3 (m, 8F), —137.1 (m, 8F), —151.2 (m, 2F), —156.5
(m, 2F).

FC—CF

7\

Figure C-30. Drawing of 2,3;6,7;10,11-TRPH(C4Fs)3, elucidated from NMR spectra and
confirmed by single crystal X-ray structure.
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C.2.1. CHARACTERIZATION OF 5,6-(4,7-PHEN)(C4Fs)
9,9,10,10,11,11,12,12-octafluoro-9,10,11,12-tetrahydrobenzo[f][4,7]phenanthroline

HPLC method: Elutes at 12.5 minutes in 2:1 methanol:acetonitrile (appx B Figure B-16). Elutes
at 7.9 minutes is acetonitrile (appx B Figure B-18).

Yield information: Minor product of reaction 2.1; > 1 mg isolated (appx B.2.1). Major product
of reaction 2.2; 45% isolated yield (5 mg of 11 mg sample). (appx B.2.2)
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Figure C-31. NMR spectra of 5,6-(4,7-PHEN)(C4Fs). Product > 95% pure. 'H NMR spectrum

(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 8 9.26 (d, 2H, ] = 4.1), 8.99 (d, 2H, J = 8.7), 7.85 (dd, 2H, J; =
4.1,1,=8.7).
19F NMR (CDCls with CeFs): 8 —108.6 (br s, 4F), —138.1 (br s, 4F).

b b

Figure C-32: Single crystal x-ray structure of 5,6-(4,7-PHEN)(C4Fs). Thermal ellipsoids shown
at the 50% probability level.
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C.2.2. CHARACTERIZATION OF 2,3;5,6-(4,7-PHEN)(C4Fs)2

5,5,6,6,7,7,8,8,10,10,11,11,12,12,13,13-hexadecafluoro-5,6,7,8,10,11,12,13-
octahydrodibenzo[b,f][4,7 phenanthroline

HPLC method: Elutes at 23.0 minutes in 2:1 methanol:acetonitrile (appx B Figure B-16). Elutes
at 11.9 minutes is acetonitrile (appx B Figure B-18).
Yield information: Minor product of reaction 2.1; > 1 mg isolated (appx B.2.1). Major product
of reaction 2.2; 18% isolated yield (2 mg of 11 mg sample) (appx B.2.2).

A

BorD BorD C

| 1

= r 1 * 1 = &t 3 r F LT fT 7T *F ?
96 94 92 90 88 86 84 82 80 78
pPpm

aord aord b,c

e,h f.g

e PR

T T T T T T T T 1
-105 -110 -115 -120 -125 -130 -135 -140 -145

ppm
Figure C-33. NMR spectra of 2,3;5,6-(4,7-PHEN)(C4Fs),. Product > 95% pure. '"H NMR spectrum

(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.50 (s, 1H), 8.39 (m, 1H), 9.11 (m, 1H), 7.99 (m, 1 H).
19F NMR (CDCl; with CsFe):  —106.2 (s, 2F), —108.8 (br s, 2F), —=109.5 (br s, 2F), —112.9 (s,
2F), —136.9 (s, 2F), —137.2 (s, 2F), —138.2 (br s, 4F).
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F.C / B
/
c F,C I
\ A D C

F,C—CF,
b a

Figure C-34. Drawing of structure of 2,3;5,6-(4,7-PHEN)(C4F3)2, elucidated from NMR spectra
and comparison to NMR spectra and x-ray structures of other 4,7-PHEN derivatives.
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C.2.3. CHARACTERIZATION OF 2,3;5,6;8,9-(4,7-PHEN)(C4Fs)3

1,1,2,2,3,3,4,4,6,6,7,7,8,8,9,9,11,11,12,12,13,13,14,14-tetracosafluoro-1,2,3,4,6,7,8,9,11,12,13,14-
dodecahydrotribenzo[b.f,j][4,7]phenanthroline

HPLC method: Elutes at 10.0 minutes in acetonitrile. (appx B Figure B-16).
Yield information: Minor product of reaction 2.1; > 1 mg isolated (appx B.2.1).
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Figure C-35. NMR spectra of 2,3;5,6;8,9-(4,7-PHEN)(C4Fs);. Product > 98% pure. 'H NMR
spectrum (top) referenced to CHCls (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.59 (s, 2H).
19F NMR (CDCl5 with CeFs): & —106.2 (s, 2F), —108.8 (br s, 2F), —109.5 (br s, 2F), —~112.9 (s,
2F), —136.9 (s, 2F), —137.2 (s, 2F), —138.2 (br s, 4F).

%
F,C—CF, F,C—CF,
b a a b

Figure C-36. Drawing of structure of 2,3;5,6;8,9-(4,7-PHEN)(C4Fs)3, elucidated from NMR

spectra, steric considerations, and comparison to NMR spectra and x-ray structures of other 4,7-
PHEN derivatives.
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C.2.4. CHARACTERIZATION OF 5,6-(4,7-PHEN)(C4F4)
9,10,11,12-tetrafluorobenzo[f][4,7]phenanthroline

HPLC method: Elutes at 21.0 minutes in acetonitrile. (appx B Figure B-16).
Yield information: Minor product of reaction 2.1; > 1 mg isolated (appx B.2.1).
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Figure C-37. NMR spectra of 5,6-(4,7-PHEN)(C4F.). Product > 98% pure. 'H NMR spectrum

(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 9.13 (br s, 2H), 8.85 (d, 2H, J = 8.5), 7.71 (m, 2H).
19F NMR (CDCl; with CFe): & —139.8 (m, 2F), —156.6 (m, 2F).

Figure C-38. Single crystal x-ray structure of 5,6-(4,7-PHEN)(C4F4). Thermal ellipsoids shown
at the 50% probability level.
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C.2.4. CHARACTERIZATION OF 5,6-(4,7-PHEN)(C4F7H)

9,9,10,10,11,11-hexafluoro-10,11-dihydro-9H-1 222
benzo[f][4,7]phenanthroline hydrofluoride

HPLC method: Elutes at 21.0 minutes in acetonitrile (appx B Figure B-16).
Yield information: Minor product of reaction 2.1; > 1 mg isolated (appx B.2.1).
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Figure C-39. NMR spectra of 5,6-(4,7-PHEN)(C4F7H). Product > 98% pure. 'H NMR spectrum
(top) referenced to CHCl3 (8 = 7.26, denoted °). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, denoted *). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 9.13 (br s, 2H), 8.85 (d, 2H, J = 8.5), 7.71 (m, 2H).
19F NMR (CDCl; with CsFe): & —139.8 (m, 2F), ~156.6 (m, 2F).

Figure C-40. Drawing of structure of 5,6-(4,7-PHEN)(C4F7H), elucidated from NMR spectra
and confirmed by single crystal X-ray structure.

215



C.2.5. CHARACTERIZATION OF 2,3-(1,10-PHEN)(C4Fs)
8,8,9,9,10,10,11,11-octafluoro-8,9,10,11-tetrahydrobenzo[b][1,10]phenanthroline

HPLC method: Eluted at 7.8 minutes in 2:1 methanol:acetonitrile (appx B Figure B-20).
Amount isolated: Minor product of reaction 2.3; 4 mg isolated (appx B.2.3).
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Figure C-41. NMR spectra of 2,3-(1,10-PHEN)(C4Fs). Product > 95% pure. '"H NMR spectrum
(top) referenced to CHClz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 9.38 (br s, 1H), 8.86 (s, 1H), 8.37 (d, 1H, ] = 8.3 Hz), 8.07 (d,
1H, ] =8.9), 7.98 (d, 1H, ] =8.9), 7.92 (m, 1H).

19F NMR (CDCl; with CsFs, 376 MHz): § —105.4 (m, 2F), —111.2 (m, 2F), —136.9 (m, 2F),
~137.2 (m, 2F).

Figure C-42. Single crystal x-ray structure of 2,3-(1,10-PHEN)(C4Fs). Thermal ellipsoids shown
at the 50% probability level.
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C.2.6. CHARACTERIZATION OF 3,4-(1,10-PHEN)(C4Fs)
7,7,8,8,9,9,10,10-octafluoro-7,8,9,10-tetrahydrobenzo[c][1,10]phenanthroline

HPLC method: Eluted at 21.8 minutes in 2:1 methanol:acetonitrile(appx B Figure B-20).
Yield information: Minor product of reaction 2.3; 2 mg isolated (appx B.2.3).
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Figure C-43. NMR spectra of 3,4-(1,10-PHEN)(C4Fs). Product > 95% pure. 'H NMR spectrum

(top) referenced to CHCl5 (8 = 7.26, denoted *, '*C satallite peak also present). 'F NMR spectrum
(bottom) referenced to perfluorobenzene (6 = —164.9, not shown). See figure below for probable
peak assignments.

1H NMR (CDCls, 400 MHz): & 10.65 (br s, 1H), 8.85 (s, 1H), 7.96 (d, 1H, J =9.4), 7.92 (d, 1H,
J=28.9),7.78 (d, 1H, 8.9), 7.01 (d, 1H, ] =9.4).

19F NMR (CDCl; with C¢Fs, 376 MHz): 6 —105.5 (m, 2F), —111.6 (m, 2F), —136.9 (m, 2F), —137.3
(m, 2F).

Figure C-44. Drawing of structure of 2,3-(1,10-PHEN)(C4Fs) elucidated from NMR spectra.
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C.2.7. CHARACTERIZATION OF 2,3;5,6-(1,10-PHEN)(C4Fs):2
5,5,6,6,7,7,8,8,10,10,11,11,12,12,13,13-hexadecafluoro-5,6,7,8,10,11,12,13-
octahydrodibenzo[b.f][1,10]phenanthroline

HPLC method: Eluted at 6.8 minutes in 3:1 methanol:toluene; Eluted at 14.1 minutes in 2:1
methanol:acetonitrile(appx B Figure B-20).
Yield information: Product of reaction 2.3; 7 mg pure compound isolated (appx B.2.3).
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Figure C-45. NMR spectra of 2,3;5,6-(1,10-PHEN)(C4Fs). Product > 95% pure. 'H NMR

spectrum (top) referenced to CHCl; (§ = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 6 9.57 (d, 1H, J =3.7), 9.44 (s, 1H), 8.97 (d, 1H, J =9.0), 8.00 (dd,
1H,J1=3.7,],=9.0).

19F NMR (CDCI; with C¢Fg, 376 MHz): 6 —103.4 (br s, 2F), —104.8 (br s, 2F), —106.1 (m, 2F),
—112.4 (m, 2F), —136.9 (m, 2F), —131.7 (m, 2F), —137.9 (br s, 2F).

Figure C-46. Single crystal x-ray structure of 2,3;5,6-(1,10-PHEN)(C4Fs)2. Thermal ellipsoids
shown at the 50% probability level.
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C.2.8. CHARACTERIZATION OF 2,3;7,8-(1,10-PHEN)(C4Fs)2
1,1,2,2,3,3,4,4,8,8,9,9,10,10,11,11-hexadecafluoro-1,2,3,4,8,9,10,11-
octahydrodibenzo[b,i][1,10]phenanthroline

HPLC method: Eluted at 18.8 min in 2:1 methanol:acetonitrile(appx B Figure B-20).
Yield information: Minor product of reaction 2.3; <1 mg isolated (appx B.2.3).
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Figure C-47. NMR spectra of 2,3;7.8-(1,10-PHEN)(C4Fs). Product > 95% pure. 'H NMR
spectrum (top) referenced to CHCls (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.80 (s, 1H), 8.99 (s, 1H), 8.85 (d, 1H, J=9.5),8.28 (d, 1 H, J =
9.5).

19F NMR (CDCls with CFe): & —104.7 (m, 2F), —105.7 (m, 2F), —=107.3 (m, 2F), ~111.5 (m,
2F), —136.3 (m, 2F), —136.8 (m, 2F), —137.2 (m, 2F), —135.5 (m, 2F).

F.c—CF,
b a

Figure C-48. Drawing of structure of 2,3;7.8-(1,10-PHEN)(C4F3)>, elucidated from NMR
spectra.
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C.2.9. CHARACTERIZATION OF 2,3;8,9-(1,10-PHEN)(C4Fs)2
1,1,2,2,3,3,4,4,9,9,10,10,11,11,12,12-hexadecafluoro-1,2,3,4,9,10,11,12-
octahydrodibenzo[b,j][1,10]phenanthroline

HPLC method: eluted at 6.0 minutes in 1:1 methanol:toluene (appx B Figure B-20).
Yield information Minor product of reaction 2.3; <1 mg isolated (appx B.2.3).
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Figure C-49. NMR spectra of 2,3;8,9-(1,10-PHEN)(C4Fs). Product > 95% pure. 'H NMR

spectrum (top) referenced to CHCIs (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 8.94 (s, 2H), 8.21 (s, 2H).

19F NMR (CDCl; with CFe, 376 MHz): & —105.8 (m, 4F), —111.9 (m, 4F), —136.9 (m, 4F),
~137.2 (m, 4F).

F,C—CF, F,C—CF,
b a a b

Figure C-50. Drawing of structure of 2,3;8,9-(1,10-PHEN)(C4Fs), elucidated from NMR spectra
and comparison to NMR spectra and x-ray structures of other 1,10-PHEN derivatives.
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C.2.10. CHARACTERIZATION OF 2,3;5,6;8,9-(1,10-PHEN)(C4Fs)3
1,1,2,2,3,3,4,4,6,6,7,7,8,8,9,9,11,11,12,12,13,13,14,14-tetracosafluoro-1,2,3,4,6,7,8,9,11,12,13,14-
dodecahydrotribenzo[b,f,/][ 1,10]phenanthroline

HPLC method: eluted at 11.0 minutes in 2:1 methanol:acetonitrile(appx B Figure B-20).
Yield information: Minor product of reaction 2.3; <1 mg isolated (appx B.2.3).
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Figure C-51. NMR spectra of 2,3;5,6;8.9-(1,10-PHEN)(C4Fs)s. Product > 90% pure. 'H NMR

spectrum (top) referenced to CHCl; (§ = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.46 (s, 2H).
19F NMR (CDCl; with CeFe): 5 —104.1 (m, 4F), —106.2 (m, 4F), —112.8 (m, 4F), —136.9 (m, 8F),
~137.6 (m, 4F).

F,C—CF, F,C—CF,
b a a b

Figure C-52. Drawing of structure of 2,3;5,6;8.9-(1,10-PHEN)(C4F3)3, elucidated from NMR
spectra, steric considerations, and comparison to NMR spectra and x-ray structures of other 1,10-
PHEN derivatives.
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C.2.11. CHARACTERIZATION OF 7,8-(5-PHRD)(C4Fs)
1,1,2,2,3,3,4,4-octafluoro-1,2,3,4-tetrahydrobenzo[ i/]phenanthridine

HPLC method: Elutes at 12.4 minutes in acetonitrile(appx B Figure B-22).
Yield information: Product of reaction 2.4; <1 mg isolated (appx B.2.4).
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Figure C-53. NMR spectra of 7.8-(5-PHRD)(C4Fs). Product > 95% pure. '"H NMR spectrum (top)
referenced to CHCl; (8§ = 7.26, not shown). "F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCl3, 400 MHz): 6 9.08 (d, 1H, J = 8.8), 8.75 (br s, 1H), 8.40 (br s, 1H), 8.26 (d, 1H,
J=28.8), 7.95 (br s, 1H), 7.83 (t, 1H, J = 7.5). (missing proton is broad due to coupling and not
seen in spectrum)

19F NMR (CDCIl3 with CeFs): 6 —99.9 (m, 2F), —105.9 (m, 2F), —106.8 (m, 2F), —136.3 (m, 2F),
—136.3 (s, 2F), —138.6 (m, 2F).

Figure C-54. Single crystal x-ray structure of 5,6-(5-PHRD)(C4Fg). Thermal ellipsoids shown at
the 50% probability level.
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C.2.12. CHARACTERIZATION OF 5-PHRD(CsFs)-B

HPLC method: Elutes at 8.2 minutes in acetonitrile (appx B Figure B-22).
Yield information: Product of reaction 2.4; <1 mg isolated (appx B.2.4).
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Figure C-55. NMR spectra of(5-PHRD)(C4Fs)-B. Product > 95% pure. 'H NMR spectrum (top)

referenced to CHCIs (8§ = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown).

1H NMR (CDCls, 400 MHz): § 9.41 (s, 1H), 9.00 (d, 1H, J = 8.8), 8.59 (d, 1H, J = 8.8), 8.16 (d,
1H, J = 8.0), 7.95 (m, 1H), 7.88 (m, 1H).

19F NMR (CDCl; with CsFe): & —100.6 (m, 2F), —103.6 (m, 2F), ~136.7 (m, 2F), ~137.9 (m,
4F).

Figure C-56. Drawing of possible structures of 5-PHRD(C4Fs)-B, elucidated from NMR spectra
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C.2.13. CHARACTERIZATION OF 2,3-ACRD(C4Fs)
7,7,8,8,9,9,10,10-octafluoro-7,8,9,10-tetrahydrobenzo[ b]acridine

HPLC method: Elutes at 10.5 minutes in 2:1 methanol:acetonitrile(appx B Figure B-24).
Yield information: Minor product of reaction 2.5; <1 mg isolated (appx B.2.5).
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Figure C-57. NMR spectra of 2,3-ACRD(C4Fs). Product ca. 80% pure. 'H NMR spectrum (top)
referenced to CHCIs (8§ = 7.26, not shown). ’F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 9.03 (s, 1H), 8.89 (s, 1H), 8.68 (s, 1H), 8.33 (d, 1H, ] = 8.9),
8.12(d, 1H,J=8.9), 7.97 (t, IH, I =7.7), 7.72 (¢, 1H, T =7.7).
19F NMR (CDCl; with C¢Fe): & —104.1 (m, 2F), —105.2 (m, 2F), —137.1 (m, 4F).

Ez A B C
|
b FoC =
~c N F
F2 G F

Figure C-58. Drawing of structure of 2,3-ACRD(C4Fs), elucidated from NMR spectra.
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C.2.14. CHARACTERIZATION OF 1,2;5,6-ACRD(C4Fs)2
7,7,8,8,9,9,10,10-octafluoro-7,8,9,10-tetrahydrobenzo[ b]acridine

HPLC method: Elutes at 12.0 minutes in 2:1 methanol:acetonitrile (appx B Figure B-24).
Yield information: Minor product of reaction 2.5; <1 mg isolated (appx B.2.5).
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Figure C-59. NMR spectra of ACRD(C4Fs)2-A. Product > 90% pure. 'H NMR spectrum (top)
referenced to CHCl; (8§ = 7.26, not shown). "F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.56 (s, 1H), 8.77 (d, 1H J = 9.0), 8.53 (d, 1H, ] =9.0), 8.19 (d,
1H, J = 9.0), 8.00 (d, 1H, ] = 9.0).

19F NMR (CDCl; with C¢Fe): & —103.2 (m, 2F), —107.6 (m, 4F), —108.2 (m, 2F), ~136.5 (m,
2F), —136.8 (m, 2F), ~138.4 (m, 4F).

Figure C-60. Drawing of structure of 1,2;5,6-ACRD(C4F3)2, elucidated from NMR spectra.
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C.2.15. CHARACTERIZATION OF ACRD(C4Fs):-B

HPLC method: Elutes at 32.0 minutes in 2:1 methanol:acetonitrile(appx B Figure B-24).
Yield information: Minor product of reaction 2.5; <1 mg isolated (appx B.2.5).
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Figure C-61. NMR spectra of ACRD(C4Fs):-B. Product ca. 80% pure. 'H NMR spectrum (top)
referenced to CHCIs (8§ = 7.26, not shown). ’F NMR spectrum (bottom) referenced to

perfluorobenzene (6 = —164.9, not shown).
1H NMR (CDCl3, 400 MHz): 6 10.18 (s, 1H), 8.67 (d, IHJ =9.5), 8.21 (d, 1H, J =9.5).

19F NMR (CDCl; with CeFs): 5 —103.2 (m, 4F), —107.5 (m, 4F), —136.5 (m, 4F), —134.4 (m,
4F).
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Figure C-62. Drawing of possible structures of 2,3-ACRD(C4F3), elucidated from NMR spectra

|
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C.2.16. CHARACTERIZATION OF ACRD-(C4Fs)2-C

HPLC method: Elutes at 20.0 minutes in 2:1 methanol:acetonitrile(appx B Figure B-24).
Yield information: Minor product of reaction 2.5; <l mg isolated (appx B.2.5).
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Figure C-63. NMR spectra of ACRD(C4Fs),-C. Product ca. 80% pure. 'H NMR spectrum (top)
referenced to CHCl3 (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown).

1H NMR (CDCls, 400 MHz): § 9.70 (m, 1H), 8.93 (s, 1H), 8.84 (s, 1H), 8.69 (d, 1H,J =9.2), 8.20
(d, 1H,7=9.2).

19F NMR (CDCls with CsFe): & —103.2 (m, 2F), —104.5 (m, 2F), —105.6 (m, 2F), —107.3 (m, 2F),
~136.4 (m, 2F), —137.1 (m, 4F), —138.3 (m, 2F).
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Figure C-64. Drawing of possible structures of 2,3-ACRD(C4F3), elucidated from NMR spectra
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C.2.17. CHARACTERIZATION OF 1,2-ACRD(CsHF?3)

2,3,4-trifluorobenzo[a]acridine

HPLC method: Elutes at 26.0 minutes in 2:1 methanol:acetonitrile(appx B Figure B-24).
Yield information: Minor product of reaction 2.5; <1 mg isolated (appx B.2.5).
A, B,C,D *

*
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Figure C-65. NMR spectra of 1,2-(ACRD)(C4FsH). Product > 90% pure. '"H NMR spectrum (top)
referenced to CHCl3 (8 = 7.26, denoted *). '"F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). Unidentified impurity denoted #. See figure below for
probable peak assignments.

1H NMR (CDCls, 400 MHz): & 9.84 (s, 1H), 8.26 (m, 2H), 8.16 (t, 2H, J = 9.7), 7.90 (t, 1H, J =
7.5),7.69 (t, 1H, T =7.5), 7.69 (t, 1H, J = 7.5), 7.36 (m, 1H).
19F NMR (CDCls with CeFe): 8 —114.2 (m, 1F), —138.4 (m, 1F), —153.4 (m, 1F).

Figure C-66. Single crystal x-ray structure of 1,2-(ACRD)(C4F3H). Thermal ellipsoids shown at
the 50% probability level.
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C.2.18. CHARACTERIZATION OF 3,4-ACRD(CsHF?3)

HPLC method: Elutes at 17.0 minutes in 2:1 methanol:acetonitrile(appx B Figure B-24).
Yield information: Minor product of reaction 2.5; <1 mg isolated(appx B.2.5).
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Figure C-67. NMR spectra of ACRD(C4F3H)-B. Product > 90% pure. 'H NMR spectrum (top)
referenced to CHCI; (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 9.12 (m, 1H), 8.73 (s, 1H), 8.37 (d, 1H, ] = 8.4), 8.08 (d, 1H, J =
8.4), 7.89 (m, 3H), 7.66 (m, 1H).
19F NMR (CDCl; with C¢Fe): & —136.7 (m, 1F), ~146.7 (m, 1F), ~161.9 (m, 1F).

B C D
A N E
= F
N
G

Figure C-68. Drawing of structure of 1,2-ACRD(C4F3H), elucidated from NMR spectra.
Location of H atom on C4F3H moiety not definitively assigned.
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C.2.19. CHARACTERIZATION OF 2,3-(9,10-ANTH(Ph)2)(C4Fs)
1,1,2,2,3,3,4,4-octafluoro-6,11-diphenyl-1,2,3,4-
tetrahydrotetracene

HPLC method: Elutes at 6.2 minutes in 2:1 methanol:acetonitrile(appx B Figure B-26).
Yield information: Product of reaction 2.6; <1 mg isolated (appx B.2.6).
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Figure C-69. NMR spectra of 2,3-(9,10-ANTH(Ph),)(C4Fs). Product ca. 80% pure. '"H NMR

spectrum (top) referenced to CHCl; (8 = 7.26, not shown). 'F NMR spectrum (bottom)
referenced to perfluorobenzene (6 = —164.9, not shown).

1H NMR (CDCls, 400 MHz): 5 8.31 (s, 2H), 7.79 (m, 2H), 7.66 (m, 6H), 7.48 (m, 6H).
19F NMR (CDCls with CsFe): & —104.8 (m, 4H), —137.3 (m, 4F).

Figure C-70. Drawing of 2,3-(9,10-ANTH(Ph).)(C4Fs), elucidated from NMR spectra.
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C.2.20. CHARACTERIZATION OF 2,3;6,7-(9,10-ANTH(Ph)2)(C4Fs)2
1,1,2,2,3,3,4,4-octafluoro-6,11-diphenyl-1,2,3,4-
tetrahydrotetracene

HPLC method: Elutes at 4.5 minutes in 2:1 methanol:acetonitrile(appx B Figure B-26).
Yield information: Product of reaction 2.6; <1 mg isolated (appx B.2.6).
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Figure C-71. NMR spectra of 2,3;6,7-(9,10-ANTH(Ph),)-(C4Fs)2 Product ca. 80% pure. 'H NMR
spectrum (top) referenced to CHCls (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 8.37 (s, 4H), 7.72 (m, 4H), 7.66 (m, 2H), 7.48 (m, 4H).
19F NMR (CDCl; with C¢F): & —105.2 (m, 8F), —137.3 (m, 8F).

Figure C-72. Drawing of structure of 2,3;6,7-(9,10-PHEN(Ph).)(C4Fs)2, elucidated from NMR
spectra. Confirmed by preliminary single crystal X-ray structure.
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C.2.21. CHARACTERIZATION OF 2,3;9,10-PERY(C4Fs)2
1,1,2,2,3,3,4,4,10,10,11,11,12,12,13,13-hexadecafluoro-1,2,3,4,10,11,12,13-
octahydrobenzo[b]cyclohepta[/m]perylene

HPLC method: Elutes at 3.0 minutes in 2:1 methanol:acetonitrile(appx B Figure B-28).
Yield information: Product of reaction 2.7; ca. 5 mg isolated (appx B.2.7).
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Figure C-73. NMR spectra of 2,3;9,10-PERY(C4Fs).. Product > 90% pure. 'H NMR spectrum

(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): & 8.54 (m, 4H), 8.45 (d, 1H, J = 8.0), 8.25 (m, 2H), 7.87 (d, 1H, J =
8.0), 8.25 (m, 2H), 7.87 (m, 1H).

19F NMR (CDCl5 with CeFs): & —104.8 (m, 2F), —106.4 (br s, 4F), —~106.8 (m, 2F), —130.9 (m,
4F), —136.5 (s, 2F), —138.6 (m, 2F).

Figure C-74. Single crystal x-ray structure of 2,3;9,10-PERY(C4Fs).. Thermal ellipsoids shown
at the 50% probability level.
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C.2.22. CHARACTERIZATION OF 3,4;9,10-PERY(C4Fs)2
1,1,2,2,3,3,4,4,9,9,10,10,11,11,12,12-hexadecafluoro-1,2,3,4,9,10,11,12-
octahydrodicyclohepta[cd,/m|perylene

HPLC method: Elutes at 7 minutes in 2:1 methanol:acetonitrile(appx B Figure B-28).
Yield information: Major product of reaction 2.7; ca. 8 mg isolated (appx B.2.7).
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Figure C-75. NMR spectra of 3,4;9,10-PERY(C4Fs).. Product > 90% pure. 'H NMR spectrum

(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 8.50 (d, 4H, J = 8.1), 8.26 (d, 1H, ] =8.1).
19F NMR (CDCl; with C¢Fe): & —106.4 (br s, 8F), —130.9 (br s, 8F).

Figure C-76: Single crystal x-ray structure of 3,4;9,10-PERY (C4Fs)2. Thermal ellipsoids shown
at the 50% probability level.
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C.2.23. CHARACTERIZATION OF 4,5-PYRN(C4Fs)
9,9,10,10,11,11,12,12-octafluoro-3,5,9,10,11,12-hexahydrobenzo[e]pyrene

crystallized from impure mixture from reaction 2.8.

Figure C-77. Single crystal x-ray structure of 4,5-PYRN(C4Fs). Thermal ellipsoids shown at the
50% probability
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C.3.1. CHARACTERIZATION OF 1,2-PHNZ(C4Fs)
1,1,2,2,3,3,4,4-octafluoro-1,2,3,4-tetrahydrobenzo[ a]phenazine

HPLC method: Eluted at 6.8 minutes in acetonitrile (appx B Figure B-31).
Yield information: Major product of reactions 3.1 and 3.5. From reaction 1, 9 mg isolated >95%
pure by 'H and '°F NMR spectroscopy, for a 20% isolated yield (appx B.3.1 and B.3.5).

B,C
E F
-—W \M
1 1 1 1 1 IA" ‘:I - 1 1
8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9
a ppm
b
c d
e e e e e e ~U—-
1 1 | 1 1 1 1 1
-105 -110 -115 -120 -125 -130 -135 -140
ppm

Figure C-78. NMR spectra of 1,2-PHNZ(C4Fs). Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCl3 (8 = 7.26, not shown). 'F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCl3, 400 MHz): 6 8.64 (d, J=8.5 Hz, 1H), 8.40 (m, 1H), 8.30 (m, 1H), 8.12 (d, J=8.5
Hz, 1H), 8.00 (m, 2H).

19F NMR (CDCl; with C¢Fs, 376 MHz): 6 —106.6 (m, 2F), —107.6 (m, 2F), —136.7 (m, 2F), —138.3
(m, 2F).

Figure C-79. Single crystal x-ray structure of 1,2-PHNZ(C4Fs). Thermal ellipsoids shown at the
50% probability level.
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C.3.2. CHARACTERIZATION OF 2,3-PHNZ(C4Fs)
1,1,2,2,3,3,4,4-octafluoro-1,2,3,4-tetrahydrobenzo[ a]phenazine

HPLC method: Eluted at 8.2 minutes in acetonitrile(appx B Figure B-31).
Yield information: Major product of reactions 3.1 and 3.5. From reaction 1, 4 mg isolated
>95% pure by 'H and '°F NMR spectroscopy, for a 9% isolated yield(appx B.3.1 and B.3.5).
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Figure C-80. NMR spectra of 1,2-PHNZ(C4Fs). Product > 98% pure. 'H NMR spectrum (top)

referenced to CHCl3 (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): & 8.92 (s, 2H), 8.33 (m, 2H), 8.01 (m, 2H).
19F NMR (CDCl; with C¢Fe, 376 MHz): & —104.9 (m, 4F), —137.0 (m, 4F).

Figure C-81. Single crystal x-ray structure of 2,3-PHNZ(C4F3g). Thermal ellipsoids shown at the
50% probability level.
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C.3.3. CHARACTERIZATION OF 1,2;6,7-PHNZ(C4Fs)2
1,1,2,2,3,3,4,4,8,8,9,9,10,10,11,11-hexadecafluoro-1,2,3,4,8,9,10,1 1-octahydrodibenzo[ a,#]phenazine

HPLC method: Eluted at 7.5 minutes in acetonitrile(appx B Figure B-31).
Yield information: Major product of reactions 3.1 and 3.2. From reaction 1, 7 mg isolated
>95% pure by 'H and '°F NMR spectroscopy, for a 15% isolated yield(appx B.3.1 and B.3.2).
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Figure C-82. NMR spectra of 1,2;6,7-PHNZ(C4Fs),. Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCl3 (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDClIs, 400 MHz): ¢ 8.79 (d, J=10.0 Hz, 2H), 8.26 (d, J=10.0 Hz, 2H).
19F NMR (CDCl; with Cg¢Fs, 376 MHz): 6 —106.7 (m, 2F), —108.2 (m, 2F), —136.7 (m, 2F), —138.2
(m, 2F).

Figure C-83. Single crystal x-ray structure of 1,2;6,7-PHNZ(C4Fs).. Thermal ellipsoids shown at
the 50% probability level.
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C.3.4. CHARACTERIZATION OF 1,2;7,8-PHNZ(C4Fs)2
1,1,2,2,3,3,4,4,9,9,10,10,11,11,12,12-hexadecafluoro-1,2,3,4,9,10,11,12-
octahydrodibenzo[a,i]phenazine

HPLC method: eluted at 18 minutes in 1:1 methanol:acetonitrile (appx B Figure B-31).
Yield information: Product of reaction 3.2. From a representative sample, ca. 5 mg isolated
>95% pure by 'H and '°F NMR spectroscopy (appx B.3.2).
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Figure C-84. NMR spectra of 1,2;7,8-PHNZ(C4Fs),. Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCl; (8§ = 7.26, not shown). "F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 8 9.07 (s, 1H), 8.96 (s, 1H), 8.71 (d, J=9.0 Hz, 2H), 8.25 (d, J = 9.0,
1H).

19F NMR (CDCl; with C¢Fe, 376 MHz): § —105.2 (m, 2F), —105.3 (m, 2F), —106.8 (m, 2F), ~106.8
(m, 2F), —108.4 (m, 2F), —136.7 (m, 2F), —136.9 (m, 4F), —138.2 (m, 2F).
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Figure C-85. Drawing of structure of 1,2;7,8-PHNZ(C4Fs)2, elucidated from NMR spectra.
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C.3.5. CHARACTERIZATION OF 1,2;8.9-PHNZ(C4Fs):2
1,1,2,2,3,3,4,4,10,10,11,11,12,12,13,13-hexadecafluoro-1,2,3,4,10,11,12,13-
octahydrodibenzo[a,j]phenazine

HPLC method: eluted at 19 minutes in 1:1 methanol:acetonitrile (appx B Figure B-34).
Yield information: Major product of reactions 3.2. From reaction 3.1, ca. 7 mg isolated >95%
pure by 'H and '°F NMR spectroscopy (appx B.3.2).
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Figure C-86. NMR spectra of 1,2;8,9-PHNZ(C4Fs),. Product > 98% pure. 'H NMR spectrum
(top) referenced to CHCl; (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 6 8.69 (d, J=9.5 Hz, 2H), 8.28 (d, ] = 9.5, 2H).
19F NMR (CDCI; with CeFg, 376 MHz): 6 —107.3 (m, 4F), —=108.3 (m, 4F), —136.7 (m, 4F), —138.3
(m, 4F).

Figure C-87. Single crystal x-ray structure of 1,2;8.9-PHNZ(C4Fs)2. Thermal ellipsoids shown at
the 50% probability level.
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C.3.6. CHARACTERIZATION OF 1,2-PHNZ(C4F4)
1,2,3,4-tetrafluorobenzo[a]phenazine

HPLC method: eluted at 25 minutes in acetonitrile (appx B Figure B-36).
Yield information: Isolated from reaction 3.3. From a representative sample, <l mg isolated
(appx B.3.3).
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Figure C-88. NMR spectra of 1,2-PHNZ(C4F4). Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCls (8§ = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzee (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): & 8.42 (m, 1H), 8.31 (m, 1H), 8.24 (d, J=10, 1H), 8.11 (d, J=10,
1H), 7.96 (m, 2H).

19F NMR (CDCl; with CeFs, 376 MHz): & —138.6 (m, 1F), =150.2 (m, 1F), —=156.2 (m, 1F),
~154.8 (m, 1F).

Figure C-89. Single crystal x-ray structure of 1,2-PHNZ(C4F4). Thermal ellipsoids shown at the
50% probability level.
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C.3.7. CHARACTERIZATION OF 1,2-PHNZ(C4F3H)
2,3,4-trifluorobenzo[a]phenazine

HPLC method: Eluted at 6 minutes in 2:1 toluene: isopropyl alcohol(appx B Figure B-38).
Yield information: Isolated from reaction 3.4. From this reaction, <1 mg isolated (appx B.3.4).
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Figure C-90. NMR spectra of 1,2-PHNZ(C4F3H). Product > 98% pure. "H NMR spectrum (top)
referenced to CHCI; (8 = 7.26, not shown). °F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.04 (m, 1H), 8.37 (m, 1H), 8.33 (m, 1H), 8.24 (d, J=10, 1H), 8.08
(d, J=10, 1H), 7.94 (m, 2H).
19F NMR (CDCls with CsFe, 376 MHz): & —133.4 (m, 1F), —143.9 (m, 1F), —153.6 (m, IF).

Figure C-91. Single crystal x-ray structure of 1,2-PHNZ(C4F;H). Thermal ellipsoids shown at
the 50% probability level.
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C.3.8. CHARACTERIZATION OF 1,2;7,8-PHNZ(C4F3)(C4F4)
1,1,2,2,3,3,4,4,9,10,11-undecafluoro-1,2,3,4-tetrahydrodibenzo[ a,# ]phenazine

HPLC method: Crystallized from an impure fraction eluting at 9.2 minutes.
Yield information: Isolated from reaction 3.4 (appx B.3.4).

]
"y

Figure C-92. Single crystal x-ray structure of 1,2-PHNZ(C4sF3;H). Thermal ellipsoids shown at
the 50% probability level.
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C.3.9. CHARACTERIZATION OF 1-PHNZ/(C4Fsl)
1-(1,1,2,2,3,3,4,4-octafluoro-4-iodobutyl)phenazine

HPLC method: Eluted at 7.1 min in methanol(appx B Figure B-40).
Yield information: From a representative sample of reaction 3.5, <1 mg isolated(appx B.3.5).
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Figure C-93. NMR spectra of 1-PHNZ(C4Fsl). Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCIs (8§ = 7.26, not shown). °F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCl3, 400 MHz): & 8.48 (d, J=10 Hz, 1H), 8.32 (m, 1H), 8.26 (m, 1H), 8.19 (d, J=10,
1H), 7.91 (m, 3H).

19F NMR (CDCl; with CsFg, 376 MHz): 6 —60.2 (m, 1F), —107.8 (m, 1F), —115.5 (m, 1F),—121.9
(m, 1F).
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Figure C-94. Drawing of structure of 1-PHNZ(C4Fsl), elucidated from NMR spectra.
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Figure C-95. Mass spectrum of 1-PHNZ(C4Fsl). Peak at 506 m/z.
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C.3.10. CHARACTERIZATION OF 2-PHNZ/(C4Fsl)
2-(1,1,2,2,3,3,4,4-octafluoro-4-iodobutyl)phenazine

HPLC method: Eluted at 4.7 min in methanol(appx B Figure B-40).
Yield information: From a representative sample of reaction 3.5, <1 mg isolated(appx B.3.5).
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Figure C-96. NMR spectra of 2-PHNZ(C4Fsl). Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCls (8§ = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). Unknown impurity denoted *. See figure below for
probable peak assignments.

1H NMR (CDClI3, 400 MHz): 6 8.47 (d, J=8, 1H), 8.31 (m, 1H), 8.19 (d, J=8, 1H), 7.91 (m, 3H).
19F NMR (CDCl; with CsFg, 376 MHz): 6 —60.6 (m, 2F), —=107.9 (m, 2F), —115.6 (m, 1F), —121.3
(m, 2F).
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Figure C-97. Drawing of structure of 2-PHNZ(C4F3l), elucidated from NMR spectra.
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C.3.11. CHARACTERIZATION OF PHNZ(C4Fsl2)-A

HPLC method: Eluted at 4.1 min in methanol(appx B Figure B-40).
Yield information: From a representative sample of reaction 3.5, <1 mg isolated(appx B.3.5).
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Figure C-98. NMR spectra of PHNZ(C4Fsl2)-A. Product > 98% pure. 'H NMR spectrum (top)
referenced to CHCl3 (8 = 7.26, not shown). 'F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 6 7.69 (s, 2H), 7.61 (d J-8, 2H), 7.44 (d, J=8, 2H).
19F NMR (CDCls with C¢Fs, 376 MHz): 6 —61.7 (m, 4F), —113.9 (m, 4F), —115.5 (m, 4F), —123.9
(m, 4F).
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Figure C-99. Possible structures of PHNZ(C4Fsl2)-A elucidated from NMR spectra,
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C.4.1. CHARACTERIZATION OF ACRD(CF3)3-A

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 5.0 min (F1).
Stage 2: 1:3 toluene:heptane, 5.0 min (pure compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; <5 mg pure compound isolated(appx B.4.1).
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Figure C-100. NMR spectra of ACRD(CF3)s-A. Product ca. 85% pure. 'H NMR spectrum (top)
referenced to CHCl3 (8 = 7.26, not shown). 'F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for possible structural assignments.

1H NMR (CDCls, 400 MHz): § 9.21(s, 1H), 8.30(s, 1H), 8.28(s, 1H), 8.27 (d, J=8.1 Hz, 1H),
8.05(d, J=6.2 Hz, 1H), 7.74 (m, 1H).
19F NMR (CDCl; with CsFs, 376 MHz): & —53.2(s, 1CF3), —64.5(s, 1CF3), —64.9(s, 1CF3).
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Figure C-101. Drawing of possible structures of ACRD(CF3)s-A , elucidated from NMR spectra
and reaction trends (rare for positions next to N atom not to undergo substitution).
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C.4.2. CHARACTERIZATION OF 2.4,5,9-ACRD(CF3)4
2,4,5,9-tetrakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 6.0 min (F2).
Stage 2: 1:3 toluene:heptane, 4.2 min (pure compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; ca. 5 mg pure compound isolated(appx B.4.1).
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Figure C-102. NMR spectra of 2,4,5,9-ACRD(CF3)4. Product > 95% pure. 'H NMR spectrum
(top) referenced to CHClz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (& = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.04 (s, 1H), 8.73 (d, J=9.6 Hz, 1H), 8.40 (s, 1H), 8.36 (d, J=7.3
Hz, 1H), 7.87 (m, 1H).

19F NMR (CDCl; with CeFs, 376 MHz): & —52.6(s, 1CF3), —64.3(s, 1CFs), —64.6(s, 1CF3),
~66.5(s, 1CF3).
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Figure C-103. Preliminary single crystal x-ray structure of 2,4,5,9-ACRD(CF3)a.
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C.4.3. CHARACTERIZATION OF 2,4,6,9-ACRD(CF3)4
2,4,6,9-tetrakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation; Stages 1, 2, and 3 on COSMOSIL Buckyprep semi-
preparative column Flow rate 5 mL min! in indicated eluent.; Stage 4 on Fluroflash analytical
column, 1 mL min? (Figure 4-2/B-45). Stage 1: acetonitrile, 7.0 min (F3). Stage 2: 1:3
toluene:heptane, 4.5 min (F3F1). Stage 3: heptane, 8.0 min. Stage 4: acetonitrile, 6.1 min (pure
compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; <5 mg pure compound isolated(appx B.4.1).
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Figure C-104. NMR spectra of 2,4,6,9-ACRD(CF3)4. Product > 95% pure. 'H NMR spectrum
(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.04(s, 1H), 8.76(s, 1H), 8.67(d, J=10.3 Hz, 1H), 8.40(s, 1H),
7.95(d, J=10.3 Hz, 1H).

19F NMR (CDCl; with CeFs, 376 MHz): & —52.8(s, 1CF3), —64.1(s, 1CFs), —66.6(s, 1CF3),
~67.1(s, 1CFs).
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Figure C-105. Single crystal x-ray structure of 2,4,6,9-ACRD(CF3)4. Thermal ellipsoids shown at
the 50% probability level.
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C.4.4. CHARACTERIZATION OF 14,5, 7-ACRD(CF3)4
1,4,5,7-tetrakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 5.0 min (F1).
Stage 2: 1:3 toluene:heptane, 7.0 min (pure compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; ca. 5 mg pure compound isolated(appx B.4.1).
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Figure C-106. NMR spectra of 1,4,5,7-ACRD(CF3)4. Product > 98% pure. 'H NMR spectrum
(top) referenced to CHClz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): & 9.36(s, 1H), 8.65(s, 1H), 8.40(s, 1H), 8.34(d, J=7.0 Hz, 1H), 8.12
(d, J=7.0 Hz, 1H).

19F NMR (CDCl; with CeFs, 376 MHz): & —63.1(s, 1CF3), —64.8(s, 1CF3), —64.9(s, 1CF3),
~66.3(s, 1CF3).
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Figure C-107. Single crystal x-ray structure of 1,4,5,7-ACRD(CF3)4. Thermal ellipsoids shown at
the 50% probability level.
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C.4.5. CHARACTERIZATION OF 1,4,5,8-ACRD(CF3)4
1,4,5,8-tetrakis(trifluoromethyl)acridine

HPLC method: Isolated on COSMOSIL Buckyprep semi-preparative column (Figure 4-2/B-45).
Flow rate 5 mL min™ in acetonitrile, 7.0 min (F3). Pure compound did not dissolve when F3 was
placed in 3:1 toluene:heptane and was collected by filtration, (appx B Figure B-42).

Yield information: Product of reaction 4.1; <5 mg pure compound isolated(appx B.4.1).
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Figure C-108. NMR spectra of 1,4,6,9-ACRD(CF3)4. Product > 98% pure. 'H NMR spectrum
(top) referenced to CHClz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 3 9.58 (s, 1H), 8.32 (d, J=7.3 Hz, 2H), 8.13 (d, J=7.3 Hz, 2H).
19F NMR (CDCls with CeFs, 376 MHz): 8 —63.2 (s, 2CF3), —64.9 (s, 2CF3).

Figure C-109. Single crystal structure of 1,4,5,8-ACRD(CF3)4. Thermal ellipsoids shown at the
50% probability level.
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C.4.6. CHARACTERIZATION OF 1,3,5,8-ACRD(CF3)4
1,3,5,8-tetrakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 7.0 min (F3).
Stage 2: 1:3 toluene:heptane, 5.0 min (F3F2). Stage 3: heptane, 9.8 min (pure compound), (appx
B Figure B-42).

Yield information: Product of reaction 4.1; ca. 5 mg pure compound isolated(appx B.4.1).

9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0

ppm
da b

-63.0 635 -640 645 -650 -655 -66.0 -66.5
pPpPmM
Figure C-110. NMR spectra of 1,3,5,8-ACRD(CF3)4. Product > 95% pure. '"H NMR spectrum
(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (8 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.57(s, 1H), 8.86(s, 1H), 8.32(d, J=7.3 Hz, 1H), 8.20(s, 1H),
8.14(d, J=7.3 Hz, 1H).

19F NMR (CDCl; with CeFs, 376 MHz): & —63.2(s, 1CF3), —63.3(s, 1CFs), —64.4(s, 1CF3),
~66.7(s, 1CF3).
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Figure C-111. Single crystal x-ray structure of 1,3,5,8-ACRD(CF3)4. Thermal ellipsoids shown
at the 50% probability level.
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C.4.7. CHARACTERIZATION OF 24,5,7,9-ACRD(CF3)s
2.,4,5,7,9-pentakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 6.0 min (F2).
Stage 2: 1:3 toluene:heptane, 5.0 min (pure compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; ca. 10 mg pure compound isolated(appx B.4.1).
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Figure C-112. NMR spectra of 2,4,5,7,9 -ACRD(CF3)4. Product > 95% pure. 'H NMR spectrum
(top) referenced to CHCI; (8 = 7.26, not shown). ’F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.06(s, 2H), 8.48(s, 2H).
19F NMR (CDCl; with CsFs, 376 MHz): § —52.4 (s, 1CF3), —64.6 (s, 2CF3), —66.7 (s, 2CF3).

Figure C-113. Drawing of structure of 2,4,5,7,9 -ACRD(CF3)a, elucidated from NMR spectra.
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C.4.8. CHARACTERIZATION OF 2,3,5,7,9-ACRD(CF3)s
1,3,5,7,9-pentakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 7.6 min (F4).
Stage 2: 1:3 toluene:heptane, 5.3 min (pure compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; >5 mg pure compound isolated(appx B.4.1).
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Figure C-114. NMR spectra of 2,3,5,7,9-ACRD(CF3)s. Product > 98% pure. 'H NMR spectrum
(top) referenced to CHClz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): 5 9.11 (s, 1H); 9.06 (s, 1H); 8.97 (s, 1H); 8.47 (s, 1H).
19F NMR (CDCl; with CFe, 376 MHz): 8 —52.7 (s, 1CF3); —63.0 (d, J=13 Hz, 1CF3); —63.5 (d,
J=13 Hz, 1CF3); —64.1 (s, 1CF3); —66.8 (s, 1CF3).

Figure C-115. Drawing of structure of 2,3,5,7,9-ACRD(CF3)s, elucidated from NMR spectra.
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C.4.9. CHARACTERIZATION OF 3,4,5,6,9-ACRD(CF3)s
3,4,5,6,9-pentakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 7.6 min (F4).
Stage 2: 1:3 toluene:heptane, 8.6 min (pure compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; >5 mg pure compound isolated(appx B.4.1).
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Figure C-116. NMR spectra of 3,4,5,6,9-ACRD(CF3)s. Product > 98% pure. 'H NMR spectrum
(top) referenced to CHClz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.06 (s, 2H), 8.48 (s, 2H).
19F NMR (CDCl; with C¢Fs, 376 MHz): § —52.4 (s, 1CF3), —64.6 (m, 2CF3), —66.7 (m, 2CF3).

Figure C-117. Drawing of structure of 3,4,5,6,9-ACRD(CF3)s, elucidated from NMR spectra.
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C.4.10. CHARACTERIZATION OF 1,2,4,5,8-ACRD(CF3)s
1,2,4,5,8-pentakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 7.0 min (F3).
Stage 2: 1:3 toluene:heptane, 6.0 min (F3F3). Stage 3: heptane, 19.0 min (pure compound), (appx
B Figure B-42).

Yield information: Product of reaction 4.1; > 5 mg pure compound isolated(appx B.4.1).
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Figure C-118. NMR spectra of 1,2,4,5,8-ACRD(CF3)s. Product > 98% pure. 'H NMR spectrum
(top) referenced to CHCIlz (8 = 7.26, not shown). '°F NMR spectrum (bottom) referenced to
perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.82(s, 1H), 8.60(s, 1H), 8.38(d, J=8.0 Hz, 1H), 8.18(d, J=8.0 Hz,
1H).

19F NMR (CDCl; with CeFs, 376 MHz): § —55.9(m, 1CF3), —60.1(m, 1CF3), —63.2(s, 1CF3),
~64.9(s, 1CF3), —65.0(s, 1CF3).
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Figure C-119. Single crystal x-ray structure of 1,2,4,5,8-ACRD(CF3)s. Thermal ellipsoids shown
at the 50% probability level.
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C.4.11. CHARACTERIZATION OF 2,4,5,6,9-ACRD(CF3)s
2.,4,5,6,9-pentakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min™! in indicated eluent. Stage 1: acetonitrile, 7.0 min (F3).
Stage 2: 1:3 toluene:heptane, 7.0 min (pure compound), (appx B Figure B-42).

Yield information: Product of reaction 4.1; ca. 5 mg isolated(appx B.4.1).
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Figure C-120. NMR spectra of 2,4,5,6,9-ACRD(CF3)s. Product ca. 80% pure (impurity deonoted
*). 'TH NMR spectrum (top) referenced to CHCl; (§ = 7.26, not shown). ’F NMR spectrum

(bottom) referenced to perfluorobenzene (6 = —164.9, not shown). See figure below for probable
peak assignments.

1H NMR (CDCls, 400 MHz): 3 9.05(s, 1H), 8.85(d, J=9.5 Hz, 1H), 8.44(s, 1H), 8.17(d, J=9.5 Hz,
1H).

19F NMR (CDCl; with CeFs, 376 MHz): § —52.7(s, 1CF3), =57.4(m, 1CF3), —60.7(m, 1CF3),
~64.7 (s, 1CF3), —66.8(s, 1CF3).

Figure C-121. Single crystal x-ray structure of 2,4,5,6,9-ACRD(CF3)s. Thermal ellipsoids shown
at the 50% probability level.
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C.4.12. CHARACTERIZATION OF 1,4,5,8,9-(H2-ACRD)(CF3)s
1,4,5,8,9-pentakis(trifluoromethyl)-4a,9,9a,10-tetrahydroacridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min'in indicated eluent. Stage 1: acetonitrile, 5.0 min (F1).
Stage 2: 1:3 toluene:heptane, 4.2 min (F1F1). Stage 3: heptane, 5.5 min (Pure compound), (appx
B Figure B-42).

Yield information: Product of reaction 4.1; ca. 5 mg pure compound isolated(appx B.4.1).
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Figure C-122. NMR spectra of 1,4,5,8,9-(H.-ACRD)(CF3)s. Product > 98% pure. '"H NMR
spectrum (top) referenced to CHCI; (8 = 7.26, denoted *). '°F NMR spectrum (bottom) referenced
to perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCl3, 400 MHz):  8.05 (m, 1H), 7.79 (d, J=8.0 Hz, 1H), 7.60 (d, J=8.0 Hz, 1H), 5.77
(m, 1H).
19F NMR (CDCl; with CgFg, 376 MHz): 8 —62.2 (m, 2CF3), —64.9(s, 2CF3), =72.7 (m, 1CF3).
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Figure C-123. Single crystal x-ray structure of 1,4,5,8,9-(H2-ACRD)(CF3)s. Thermal ellipsoids
shown at the 50% probability level.
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C.4.13. CHARACTERIZATION OF 4-C2F5-2,5,7,9-ACRD(CF3)4
4-(perfluoroethyl)-2,5,7,9-tetrakis(trifluoromethyl)acridine

HPLC method: Multi-stage isolation on COSMOSIL Buckyprep semi-preparative column
(Figure 4-2/B-45). Flow rate 5 mL min'in indicated eluent. Stage 1: acetonitrile, 5.0 min (F1).
Stage 2: 1:3 toluene:heptane, 4.2 min (F1F1). Stage 3: heptane, 8.1 min (Pure compound), (appx
B Figure B-42).
Yield information: Product of reaction 4.1; ca. 5 mg pure compound isolated(appx B.4.1).
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Figure C-124. NMR spectra of 4-C,Fs-2,5,7,9-ACRD(CF3)s. Product > 98% pure. 'H NMR
spectrum (top) referenced to CHCls (8 = 7.26, not shown). '’F NMR spectrum (bottom) referenced
to perfluorobenzene (6 = —164.9, not shown). See figure below for probable peak assignments.

1H NMR (CDCls, 400 MHz): § 9.09(s, 1H), 9.06(s, 1H), 8.48 (s, 1H), 8.47 (s, 1H).
19F NMR (CDCls with CsFe, 376 MHz): 5 —52.2 (s, 1CF3), —64.7(s, 1CF3), —66.7(s, 1CF3), 66.8(s,
1CF3), —85.4(s, 1CF3), —112.3(s, 1CFa).

Figure C-125. Single crystal x-ray structure of 4-C>Fs-2,5,7,9-ACRD(CF3)s4. Thermal ellipsoids
shown at the 50% probability level.
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D.i.1. Applications of organic electron acceptor materials
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Figure D-1. A simplified schematic of the function of a OPV illustrating the necessity of electron acceptor
materials in organic electronic devices. Upon excitation, electron-hole pairs are created in the form of a bound
exciton, illustrated above by an oval with a dotted line. For morganic materials, the exciton binding strength is
comparable to thermal energies, and therefore, is easily overcome. However, for organic semiconductor
materials, in which excitons are localized within the orbitals of individual molecules, the binding energy is
significant. Therefore, driving force is required to separate the exciton in free carriers. This driving force is
supplied by the transfer the electron to the LUMO of an electron acceptor material, which must be slightly
lower in energy than the LUMO of the electron donor material.

vacuum
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Figure D-2. A second use of organic electron acceptor materials is as dopants in p-type, or hole transport,
materials. They are useful for this application because the filling of their LUMO levels creates holes in p-type
materials. Use of organic dopants in p-type materials is not limited to organic electronics. Many different types
of semiconductor material can be doped with organic electron acceptors.
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D.1.1. Other attempts to form C4F4 groups

Reductive defluorination by sodium napthalenide was attempted.! Reduction of
triphenylene derivatives with napthalenide was expected to yield fully aromatic reductive
defluorination derivatives of triphenylene (products bearing C4Fs groups), naphthalene, and
sodium fluoride. Napthenalide has a formal potential of ca. -3.0 V vs Fe(Cp2)"~. Triphenylene
has an E;20f -3.01 V vs Fe(Cp2)"~ [2] While the reduction of the perfluorannulated triphenylenes
reported here were not reversible, both the irreversible event observed during cyclic voltammetry
attempts, and extrapolation from gas phase EA data indicate that the reduction potential of
perfluorannulated triphenylenes increases with each C4Fs group added. This is consistent with
previous reports that perfluoralkylation of PAHs results in stepwise increases in E;.» values,
dependent upon the number of perfluoralkyl groups present. Therefore, sodium napthalenide
should be sufficient to reduce any of the family of products reported here. Reduction of 2,3-C4Fs
and 2,3;6,7;10,11-(C4Fs)3 were both attempted, as 2,3-C4Fg was expected to yield the simplest
product mixture, and 2,3;6,7;10,11-(C4Fs); was expected to be the easiest to reduce. However,
reductive defluorination was not successful in either case. Upon quenching and workup of the
reaction, only 2,3-C4Fs and 2,3;6,7;10,11-(C4Fs)3, and naphthalene were observed by 'H NMR,
and only 2,3-C4Fs and 2,3;6,7;10,11-(C4Fs); was observed by '°F NMR.

While the reduction potential of napthalenide was likely sufficient for reductive
defluorination, kinetics of this process may be significantly different than reduction upon a copper
surface. For example, kinetics of a multi-electron process would be slow, in this case involving
interaction with multiple napthelenide ions, whereas reductive defluorination of a triphenylene
derivative bound to copper surface could in theory proceed much more rapidly. Therefore,
reduction of triphenylene derivatives in solution by sodium metal was attempted, as it is possible
that this reaction could occur upon the surface of solid sodium metal. Sodium metal, with a
reaction -3.11 vs Fe(Cp2)"[3] should be sufficient to reduce perfluorannulated triphenylenes.
However, reduction of 2,3-C4Fg by stirring in THF with sodium metal overnight produced no

evidence of reaction by 'H and '°F NMR. Starting material was intact.
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In addition to sodium metal, bulk electrolysis on the surface of a platinum electrode in acetonitrile
held at a potential of -2.9 V vs Fe(Cp2)"~ , the lowest potential available within the solvent
window, was attempted. However, as was observed when cyclic voltammetry was attempted, an
opaque white film was observed depositing on the platinum electrode, and no reductive
defluorination products were recovered from solution.

As reported by Chen et al.,? in the presence of a mixture of sodium diothionate/sodium
bicarbonate and zinc acetate in DMSO, perfluoroalkylation of porphyrins with (CF2).lz is
followed by reductive defluorination to give products bearing fused aromatic rings. This method
was attempted with triphenylene and 1,4-C4Fslz, but yielded no product.

Reaction of 2,3;6,7;10,11-(C4Fs); and calcium hydride in dry DMSO was attempted.> *
Expected products included reductive defluorination product, hydrogen gas, and calcium fluoride,
was attempted. However, no reaction was observed by 'H and '°F NMR.

Reductive defluorination of 2,3;6,7;10,11-(C4Fs); via a Birch reduction was attempted.’
The Birch reduction is a metal-ammonia reduction of aromatic compounds by alkali metal in
liquid ammonia in the presence of alcohol The Birch reduction uses the ammonia-solvated
electrons arising from alkali metals as the reducing agent. Analysis by 'H and '°F NMR showed

decomposition of 2,3;6,7;10,11-(C4F3)3, leaving no observable starting material or product.
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D.1.2. Reactions in Monel autoclave
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Figure D-3. NMR spectra of products of optimized reactions 1.8-1.11, which were conducted in Monel vessels
under conditions analogous to reactions 1.1-1.4. Product distribution appears to be unaffected by vessel type.
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D.1.3. Reactions with CF3I and C:F5s

Table D-1. Table summarizing reaction details for all reactions conducted with TRPH and
perfluroalkyl iodides other than 1,4-C4Fsl>.

Reaction Starting Temp Duration Rzzznget d Products
Number Materials (°0O) (h)
(mg)
5 e .
3 ’
IR eTfizIé’}fI 360 24 i TRPH(CF3)s-1 and
q 3 TRPH(CF3)s-3
T}ii}rln gl ) Many products with up to
2R equiv éF I 300 6 24 5 CF3 groups, including
3l,
0.5gCu TRPH(CF3)6-1
82 mg Many products with 5 and
3R TRPH, 24 360 30 220 6 CFs groups, including
equiv CFsl TRPH(CF3)6-1
14 mg
4R TRPH, 3 300 14 28 Many products
equiv CFsl
>0 mg Many products including
5R T RPH, 18 300 24 140 TRPH(C2Fs)s-1
equiv CoFsl
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Figure D-4. (top) Representative HPLC trace showing the separation of reaction 1R. HPLC
performed on BuckyPrep — Semi-preparative Column, 10.0 x 250 mm, flow rate 5 ml min™.
Detection wavelength 300 nm. (bottom) 'H and 'F NMR spectra for fraction 1 from reaction 1R,
with a retention time of 3 minutes in acetonitrile. This fraction predominantly contains TRPH-6-
2, a high symmetry isomer with 6 CF3’s. We propose that the short retention time can be attributed
to the fact that the TRPH core is likely quite twisted, and the high symmetry makes this molecule
nonpolar.

268



-56 57 -58 59 -60 61 62 63 -64 -65 66 67
ppm

f JN
" . 1
“WmJll U \ b encnall v L___._,,,__,__.,Jll U“Lm“_w;’ ll'k.._J) L,_MW .......... W J WL-W_,,_

9.0 89 8.8 8.7 8.6 85 8.4 8.3 8.2 8.1 8.0 7.9
ppm

Figure D-5. 'H and '°F NMR spectra for fraction 2 from reaction 1R, with a retention time of 5
minutes in acetonitrile. This fraction contains a mixture of two products, likely TRPH(CF3)s-A
and TRPH(CF3)s-B in an approximately 2:1 ratio.
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Figure D-6. 'H and '°F NMR spectra for fraction 3 from reaction 1R, with a retention time of 6
minutes in acetonitrile. This fraction contains a mixture of two products, likely TRPH(CF3)s-C,
TRPH(CF3)4-A, other unidentified isomers of TRPH(CF3),.
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Figure D-7 'H and '°F NMR spectra for fraction 4 from reaction 1R, with a retention time of 8.2
minutes in acetonitrile. This fraction contains a mixture of two products, likely TRPH(CF3)s-D
and TRPH(CF3)s-E in an approximately 1:1 ratio.
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Figure D-8 'H and 'F NMR spectra for fraction 5 from reaction 1R, with a retention time of 11
minutes in acetonitrile. This fraction is a 98% pure isomer of TRPH(CF3)s-F
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Figure D-9. 'H and '°F NMR spectra for fraction 6 from reaction 1R, with a retention time of
12.5 minutes in acetonitrile. This fraction is a a 4:1 mixture of two products, likely TRPH(CF3)s-
G and TRPH(CF3)s-H.
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Figure D-10. 'H and '°F NMR spectra for fraction 7 from reaction 1R, with a retention time of
17 minutes in acetonitrile. This fraction is the previously reported compound TRPH-6-1.

271



0 2 4 6 8 10 12 14 16 18
retention time, min

Figure D-11. Representative HPLC trace showing the separation of reaction 2R. HPLC
performed on BuckyPrep — Semi-preparative Column, 10.0 x 250 mm, flow rate 5 ml min™.
Detection wavelength 300 nm. Note that there are peaks with similar retention times to reaction
IR. The products contained within these peaks were similar to the products of reaction 1R.
However, additional products were produced, including the product which eluted at 15 minutes,
shown in figure S28.
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Figure D-12. 'H and '°F NMR spectra for fraction 1 from reaction 2R, with a retention time of
15 minutes in acetonitrile.
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Figure D-13. (top) Representative HPLC trace showing the separation of reaction SR. HPLC
performed on BuckyPrep — Semi-preparative Column, 10.0 x 250 mm, flow rate 5 ml min’.
Detection wavelength 300 nm. (bottom) 'H and 'F NMR spectra for fraction 1 from reaction
SR, with a retention time of 8.3 minutes in acetonitrile. This fraction predominantly contains the
pure compound TRPH(C2F5)4-1.
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D.1.4. uv-Vis absorption of TRPH derivatives

23-TRPH(C,Fy)

12-TRPH(C,Fy)
T T T T T T
A & S R 0 L a0
23-TRPH(C,F.)
. . . .
e 5 5 & B & i

2 3-TRPH(C,F5H)

2.3:6.7-TRPH(C,F)(C,F,)

23:6.7-TRPH(C,Fy),

23:67-TRPH(C,F,),

Figure D-14. UV-vis absorption spectra of select compounds reported in chapter 1.
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D.1.5. Table D-1 Crystal Data and Refinement Parameters

Table D-2. Crystal data and final refinement parameters for X-ray diffraction structure from chapter 1 part 1.

compound® 2,3-CeHF3 2,367 1,2:10,11 1,2:56:10,11  236,7:10,11 2,36 2,36,7:10
formula CzzH1iFs CasHaF1s CasHsF1s CagHsFas CaoHsFzs CasHioF1e CaoHaFzs
formula wt., gmol™  332.31 624.32 624.32 822.35 82235 626.34 824.36
crystal system triclinic triclinic orthorhombic monoclinic monoclinic manoclinic tridinic
space group, Z P, 2 P1,8 Pbca, 8 C2c, 8 P2ilc, 4 C2lc, 8 P1,2

a A 8.1974) 11.9461(4) 7.7168(5) 24.3848(9) 18.380(3) 25.230(4) 10.0616(5)
b A 9.048(4) 14.9947(5) 23 5655(16) 9.1813(4) 6.973(1) 7.2354(11) 12.7315(6)
c, A 10.934(5) 25.3203(9) 23 6738(16) 23.8772(10) 22 650(4) 26.920(4) 13.4600(6)
a, deg 75.007(10) 79.901(1) 90 90 90 90 68.286(1)
B, deg 85.151(9) 85.823(1) 90 93.241(1) 104.046(3) 115.750(3) 71.170(1)
y, deg 70.053(10) 79.146(1) 90 90 90 %0 88.304(1)
v A 736.3(6) 43817(3) 43051(5) 5337.2(4) 2816.1(8) 4426 2(12) 150821(12)
Peaicg CmM™ 1.499 1.893 1.926 2047 1.940 1880 1815

TK 100(2) 100(1) 100(2) 100(2) 100(2) 100(2) 100(2)
R(F) (I = 20(h)® 01179 0.0403 0.0584 0.0372 0.0650 00638 0.0464
wR(F?) [all data]® 0.3932° 0.1127 0.1423 0.0977 0.2008 0.1781 0.1250
GOF 1.006 1.041 1.005 1.018 1.008 1.096 1.052

3 Abbreviations: 2,3-C4HFs = 2, 3-TRPH(CsHFs); 2,3:6,7 = 2,3:6,7-TRPH(C4Fs)z 1,2:10,11 = 1,2:10,11-TRPH(CsFs)z; 1,25,6:10,11 = 1,2:5,6:10,11-TRPH(CaFz)z;
2,3:6,7:10,11 = 2.3:67:10,11-TRPH(CsFs)z; 2,3:6 = 2,3:6-TRPH(CaFs)(w- CaFsH); 2,3:6,7:10 = 2, %6, 7-10-TRPH(CaFs)2(w-CaFsH). ® R(F) = Z||Fd| —|Fd] 1 2 Fl;
WR(F) = (Zw(F — R ) Zlw(F2P1)"2. ©The high wR value is probably because the structure appears to be twinned. See CheckCIF file.

Table D-3. Crystal data and final refinement parameters for X-ray diffraction structure from chapter 1 part 2.

2.3-TRPH(CsFs) 1.2-TRPH(C3Fy) 2.3-TRPH(C:Fs)

empirical formula, g mol ™ CxHygFs CuHyoFe CaHioF4
formula weight 426.30 426.30 35032
habit, color rod, colorless needle, colorless needle. colorless
crystal size. mm 0.88 = 0.053 ~ 0.020
space group PT Pl
a(A) 11.5700(4) 6.823(3)
bA) 12.5953(5) 9.388(4)
c(A) 7.1777(4) 13.6440(5) 12.374(5)
a(®) 90.00 66.2175(8) 108.987(12)
B 107.2763(16) 69.3626(7) 93.214(12)
7(°) 90.00 77.8561(7) 102.002(13)
V(AN 167T1L.71(16) 1697.30(11) 726.5(5)
£ 4 4 2
K 100(2) 100¢2} 120(2)
Poste (2em™) 1694 1.668 1.601
RiF)(I>2a(hy 0.0481 0.0414 0.0512
IIR,(F"}E.‘JII dara]* 01379 0.1081 01193
residual e” density.

max, min (A% 0.54, -0.26 0.39, -0.27 0.25,.-0.25

*RF)= N Fd-IFAVENFL: wRUF) = [S[WFS = FEPVEmF )
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D.1.6. Additional analysis of single crystal X-ray structures

Figure D-15. Several drawings of the previously published structure of 1,2-TRPH(C4Fs) (50% ellipsoids
except for H atoms in the upper left drawing; H atoms omitted for clarity in the other drawings).® The
central pentagon centroid---centroid distances shown in the lower left drawing are 4.08 and 5.20 A. The
perpendicular distance of some of the TRPH core C atoms from the plane of the m system in neighboring
molecules in the stack with which they overlap are 3.4-3.6 A.
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Figure D-16. The previously published structures of 2,3-TRPH(CsFs) and 2,3-TRPH(C4Fs) (50%
ellipsoids in the drawings at the top; H atoms omitted for clarity from all four drawings).® Unlike the
structure of 1,2-TRPH(C4Fs), the 7 systems of these two molecules are planar: the average out-of-plane
displacement of the TRPH core C(sp?) atoms in 2,3-TRPH(C4Fs) from their least-squares plane is 0.034
A, and the average out-of-plane displacement of all of the C(sp?) atoms in 2,3-TRPH(C4F,) from their
least-squares plane is 0.019 A. Both molecules form hexagonal arrays of stacks of rigorously parallel
molecules, with perpendicular distances between overlapped C(sp?) atoms to the least-squares planes of
neighboring molecules in the stacks of 3.30 to 3.40 A (av. 3.34 A) in 2,3-TRPH(C4Fs) and from 3.38 to
3.42 A (av. 3.40 A) in 2,3-TRPH(C4F4).
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Figure D-17. The herringbone structure of tetragonal TRPH.” The range and average value of the
perpendicular distances between the four C(sp?) atoms in one molecule and the least-square planes of
neighboring molecules in the slipped stacks with which they overlap are 3.32-3.34 A and 3.32 A.
Hydrogen atoms have been omitted for clarity in the drawing on the left.
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Figure D-18. Comparison of the degrees of planarity of three TRPH derivatives with six perfluorocarbyl substituents, 2,3:6,7:10,11-TRPH(C4F3);
(left, no bay C(sp?) substituents; this work), 1,3,6,7,10,11-TRPH(CF;)s (middle, one bay C(sp?) substituent; ref. ¥), and 1,2:5,6:10,11- TRPH(C4Fs);
(right, two bay C(sp?) substituents; this work).
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2,3:6,7-TRPH(C4Fs)2: 3.38-3.62 A; av. 3.51 A 1,2:10,1 1-TRPH(C4Fs),: 3.48-3.74 A; av. 3.62 A

Figure D-19. Parallel projections of neighboring molecules in the structures of 2,3-TRPH(C4Fs), 1,2-
TRPH(C4Fs), 2,3:6,7-TRPH(CsFs),, and 1,2:10,11-TRPH(C4Fs).. The ranges and average values of
perpendicular distances between C(sp?) atoms and the least-square planes of neighboring molecules with
which they overlap are shown.
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1,2:10,1-TRPH(CaF3)2

2,3:6,7-TRPH(C4Fs), 1,2:10,11-TRPH(C4Fs),

Figure D-20. Comparison of the packing of molecules in the structures of 2,3:6,7-TRPH(C4Fs), (left) and
1,2:10,11-TRPH(C4Fs), (right). The central hexagon centroid--centroid (®--©) distances in the 2,3:6,7
isomer (dashed lines) are 3.63, 3.64, 3.86, and 4.00 A. The ®---© distances in the 1,2:10,11 isomer (jagged
lines) are both 3.87 A.
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2,3 36-TRPH(C4F8)((D-C4F8H) 2,3-TRPH(C4F8)

Figure D-21 Comparison of the hexagonal arrays of stacks of molecules in the structures of 2,3:6-
TRPH(C4Fs)(0-C4F3H) (left) and 2,3-TRPH(C4F3) (right).
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-TRPH(C:Fs),
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2,3:6

C4FsH)

,3:6-TRPH(CFs)(c-

2

Figure D-22. Comparison of the hexagonal arrays of stacks of molecules in the structures of 2,3:6-

TRPH(C4F3)(w-CsFsH) (left) and 2,3:6,7-TRPH(C4F5), (right), the molecular formulas for which differ

only by 2 H atoms.
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2,3 16,71 10-TRPH(C4F8)2(O)-C4F8H) 2,326,72 1 0, 11 -TRPH(C4F8)3

Figure D-23. Comparison of the hexagonal arrays of stacks of molecules in the structures of 2,3:6,7:10-
TRPH(C4Fg)2(0-CsFsH) (left) and 2,3:6,7:10,11-TRPH(C4Fs); (right), the molecular formulas for which
differ only by 2 H atoms.
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Comparison of the structures of 2,3-TRPH(C4F;H) and 2,3-TRPH(C4F)
Notes: 1. technically these are tetrafluoro and trifluoro derivatives of benzo[b]triphenylene;

they are referred to as triphenylene (TRPH) derivatives for convenience.

2,3-TRPH(C,4F3H) 2,3-TRPH(C4Fs)

The figures above are 50% thermal ellipsoid plots of the crystallographically unique molecule in the
structures of 2,3-TRPH(CsFsH) and 2,3-TRPH(C4F4). The H atom on the fluorinated ring in 2,3-
TRPH(C4F;H) is shaded black for emphasis; 2,3-TRPH(C4F3sH) molecule is 68:32 disordered with respect
to that H atom and the F atom that is para to it. Both structures are triclinic.

Both molecules are essentially planar, although 2,3-TRPH(C4F3H) is slightly less so, as shown in the
figures below. The average perpendicular displacements of C and F atoms from the least-squares plane of
the C and F atoms in the structure of 2,3-TRPH(C4F;H) range from —0.11 (for F1) to 0.12 A (C11, C12)
and average 0.05 A. The average perpendicular displacements of C and F atoms from the least-squares
plane of the C and F atoms in the structure of 2,3-TRPH(C4F4) range from —0.05 to 0.05 A and average
0.02 A (neither extreme is an F atoms).

2,3-TRPH(C4F3H) 2,3-TRPH(C.4Fy)

7 C overlaps: ggg 32‘9 g’jg !\3'44' 9 C overlaps: 3.38, 3.39, 3.39, 3.36, 3.40
Tk 3.40,3.41,3.41,3.42 A
2 F overlaps: 3 36 (over C; F—G = 3.32A), av.3.40 A
3.48 (over . F---hex cenl = 3.48 A) 1F overlap: 3.42 A
F CaA B % T 2 $ C < B

7 C overlaps: 3.29, 3.32, 3.34, 3.38 10 C overlaps: 3.37, 3.37, 3.38, 3.38, 3.39,

3.39,3.40, 3.43 3.39,3.39,3.40,3.40,3.41 A

av. 3.36 A av.3.39 A

no F overlaps
1F overlap: 3.37 A

SFEF o000 ot o—fo—o—o—trie 0,
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In the figures above, the perpendicular distances between the least-squares plane of the  system of a
single molecule and the C and F atoms that overlap that &t system in the neighboring molecules (above and
below) within a given stack are given. The perpendicular distances between the least-squares planes of
every other molecule are essentially the same in both structures,
6.80 A for 2,3-TRPH(C4F;H) and 6.79 A for 2,3-TRPH(C4F4).

Two views of the stacks of molecules in the two structures are shown below. The lower drawing is
rotated relative to the upper drawing in both cases. In both upper drawings the view is approximately
looking down the crystallographic a axis, which is also the shortest unit cell axis. In both structures each
stack is surrounded by six other stacks in a pseudo-hexagonal array. All of the molecules in_all of the
stacks in each structure are rigorously parallel to one another (i.e., the least-squares planes of the C atoms

are rigorously parallel to one another). Therefore, in both struc-tures the Desiraju-Gavezzotti interplanar
angle 6 is 0.0°. See related drawings on the next page.
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2,3-TRPH(C4F3H) 2,3-TRPH(C4Fy)

In the two drawings below, showing three neighboring molecules in each of three neighboring infinite
stacks of molecules, the view is rigorously looking down the crystallogrphic a axis. The least-squares
planes of the molecules are not in the plane of the page in these drawings.

2,3-TRPH(C4F3H) 2,3-TRPH(C.4Fy)

The drawings below show overlap of the 7 systems in the two types of neighboring molecules in each
stack. Note the large lateral shift, highlighted by the double-headed arrow, along the long molecular axis
in every other pair of molecules in the stacks in the structure of 2,3-TRPH(C4F;H).
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2,3-TRPH(CsF3H) 2,3-TRPH(C.Fa)

The drawings below show two views of six molecules in the stacks in the structures of 2,3-
TRPH(C4F;H) and 2,3-TRPH(C4F.). The least-squares planes of the molecules in the lower drawings are
in the plane of the page. The dramatic difference in the long-axis lateral shift and the smaller but still
significant difference in the short-axis lateral shift is readily apparent. The differences are the reason that
the areas of m overlap are ca. 30% smaller in 2,3-TRPH(C4F3H) than in 2,3-TRPH(C4F4).

g ey T e a0
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\

e S AN =S
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2,3-TRPH(C:F:H) 2,3-TRPH(C.Fy)

It is not clear at this time why two such similar molecules form stacks with such different amounts of
-1 overlap between neighboring molecules in the stacks when they crystallize. It may be related to the
number and strength of CH--FH interactions (see figures below), or the different magnitudes and
directions of the molecular dipole moments, or differences in the electrostatic potential distributions, or
differences in molecular quandrupole interactions, or a combination of some or all of these factors.

The drawings below are an attempt to compare the number and strength (distances) of CH---FH
"hydrogen bonds". The are three triplets of molecules for 2,3-TRPH(C4F3H), with 16 interactions ranging
from 2.51 to 2.92 A and averaging 2.76 A. There are three pairs of molecules for 2,3-TRPH(C4F4), with
13 interactions ranging from 2.63 to 2.80 A and averaging 2.73 A).

2,3-TRPH(C:F;H) 2,3-TRPH(C4Fy)
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Figure D-24. Plots of X-ray and DFT-predicted core C—C bond distances in TRPH (blue data points) and
2,3:6,7:10,11-TRPH(C4F3); (red data points). The data for the X-ray structure of TRPH were taken from
ref. 7. The data for the X-ray structure of 2,3:6,7:10,11-TRPH(C4Fs); and both DFT optimized structures

(with enforced symmetry) are from this work.

Figure D-25. Enlarged image of crystal on the tip of a glass fiber, studied at APS. Dimension
are approximately 100 by 200 by 50 microns. In many cases, crystals were needles, with short
dimensions of tens of microns.
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D.1.6. PES spectra of selected compounds

2,3;6,7,10,11-TRPH(C,F5);

2,3;6,7-TRPH(C,4Fg),

2,3-TRPH(C,F)

1,2-TRPH(C,Fs)

2,3-TRPH(C,F,)

binding energy, eV

Figure D-26. Low-temperature photoelectron spectrum (20 K, 266 nm) of select compounds showing
incremental increase on EA for each additional fluorous moiety. Note that the C,F, derivatized compound has
a lower EA than the mono-substituted C,Fg derivatives.

291



D.1.8. Attempted CV studies

cyclic voltammetry

2,3-TRPH(C4Fyg)
Fe(Cp)2

2,3-TRPH(C,F )

-3 2 1 0

potential, volts vs. Fe(Cp),*/°

Figure D-27. Cyclic voltammograms of 2,3-C4Fs and 2,3-C4F4 dissolved in dimethoxyethane containing
0.1 M N(n-Bu)4Cl04 (0.2 mm platinum wire working and counter electrodes; silver wire quasi-reference
electrode). The scan rate was 500 mV s—1. The irreversibility of the reduction may be due to

in situ reductive defluorination.
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D.1.9. DFT data for chapter 1

DFT Calculations. DFT calculations were performed at the B3LYP-D3/def2-TZVPP level as
implemented in version 6.5 of the NWCHEM package (Valiev, M.; Bylaska, E. I.; Govind, N.; Kowalski,
K_; Straatsma, T. P.; Van Dam, H. I. I.; Wang, D.; Nieplocha, J.; Apra, E.: Windus, T.L; de Jong. W. A,
"NWChem: A comprehensive and scalable open-source solution for large scale molecular simulations.”
Comput. Phys. Commun. 2010. 181, 1477-1489).

Table D-4. DFT-predicted relative energies

compound relative energy, kJ mol™
2 3-TRPH(C:Fs) 0.0
1.2-TRPH(C4Fs) 533
2,3-TRPH(C4F3) 0.0
1.2-TRPH(C4Fs) 327
2-TRPH(CFsl)- 0.0
1-TRPH(C4Fsl)- 654

Table D-5. DFT-predicted and experimental gas phase EAs

2.3-TRPH(C4Fg)
2 3-TRPH(CFs)
1.2-TRPH(C4Fs)
1,2-TRPH(C4F4)
2,3;6.7-TRPH(C4Fg)2

1.003 eV (exp. value 1.13(3) eV)
1.032 eV (exp. value 1.10(3) eV)
1.107 eV (exp. value 1.20(5) eV)
0.921 &V (no exp. value at this time)
1.771 eV (exp. value 1.80(2) eV)

2.3:6.7:10,11-TRPH(CsFs); 2.233 eV (exp. value 2.25(2) eV)
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Table D-6. DFT orthogonal coordinates for 1.2-TRPH(C,F;). 2,3-TRPH(C,F,), and 1.2-TRPH(C,F;).

-0.597575670 2680451710  0.476087920
2141045170 3133728720 -1 590101480
-2146473180 1029439900 -2,199387030
0.241579880 1 850624430 -1.379208700
-3211147690 2433442490 0847661030
-3.760610430  -0,684504490  -0.591200530
-3.880540060  0.032398190  1.466388060
4412828720 1769081720 -0.852127280
0.705832240  1.651475010 -0.427524590
0684068830 -1.756565460  0.670430240
-2.068960640 1868042150 -1.138128880
2008059680  0.205093560 0347360460
3081660580 1933195850  0.038536120
4419096930  0.166848730  0.054547900
5313413530  -0.411436380 -0.119403840
1884510660 -2.562057950  0.442368430
0693303600 -0.361874660 0406522870
2178649060  1.660066550  0.641848680
1336815240 2251419410 0946228630
-32514710 1578735010  -0.198027020
-L746116120 -0.382064130  0.565653030
-1.698804470 -1.681872320 1076378180
2613479310 2165444200 1386123730
0570509430 0.288712020 0231110680
4105436560 -4.100871430 -0.304054780
4955435550 4702143420  -0.615445530
0512979180 -2363481460  1.082199260
0516608400 -3395041850  1.396017290
1849798090 -3.968796970  0.502000530
0948338400 4479953210  0.801967340
3414412040 2268805630 0.598220570
3501154810 3320221190 0836511360
4160023160 2734175150 -0.354671080
5075677600 -2271204420 -0.713340350
3171843400 -0.480021180  0.112502330
2030497300 4733254860 0145247880
2879773670 -5.812199210  0.192050210
4344777900 1521774850  0.271243090
5.519687750 1988837860  0.230488570
-3.140628990  0.126280950  0.324608940

2609430040  -1.270367540 -0.569816180
1332063750 -0.625201070 -0.275117840
0.111671600 -1.269277730  -0.525748080
3819302860 -0.591828230 -0.290527640
5032861650 -1241139250 0588420780
2356632080 -1476530510 -0.488383480
2669936330 -2.550321530 -1.133386130
-1.103890930 -0.672534100 -0.263502500
3871087590 -3.171050620 -1415051350
4734060650  -1.389053060 -0.466283180
3640057850  -0.610670060  -0.560992060
5.065679340 -2.503722860 -1.138412970
-2516062030 -2383067220 0521438260
-3.664420320 0019917430 -1.750411780
-2 278437580  -2.199801920 -1.640612010
2554191490  1.377939400  0.571301080
1304700020 0.673%46680 0279333070
0.058142620 1270358310  0.531474980
3791305100  0.750358700  0.291657900
4076891230 1450323900  0.587477000
-2416623890  1.374908850 0490152290
2561267970 2669778940 1131535180
-1131233220 0623131870 0.268289380
3736112360 3331890670 1410537420
4788516990 1192128100 0453149240
-3.664851320 0458134600  0.554915050
4957345480 2714321900 1134760660
2608004500 2277718000  -0.518370070
3671563680 0172031100  1.753247340
2372635040 2097912390  1.644352690
0.096542810 -2.265557940  -0.936244260
0.000835220 2264694750  0.943084090
1631567200  3.168956460 1356318950
3708586100 4323573310 1841344510
$887388540 3223433220 1340380640
3035313060 0908194500 0386746080
SO71720680 -0.749711920 -0.387590640
6.015006400 2973017990 -1 354961040
3884369340 -4.161720980 -1 348863490
1761714310  -3.095999210  -1.359424250

0000050870 2733614830  3.026584850
0000014570 1346198080 5363032940
0000045910 1346325990 5362096520
0000056570 2733719640 3026425450
-0.000027770 1390986270  3.009087600
~0.000009160  0.707955250  4.190591940
0000023460 -0.708011890 4190607770
0000028310 -1.390991340  3.009016320
0000004620 0712676920  1.766807300
-0.000005330 -1.386048170 0540843300
-0.000013110  -2463608950  0.576308600
0000001740 0716914120 -0.674446390
0000005270  -1.444990250  -1.947697600
0000000260 -2851680800 -1987753700
0.000007800 -3.419368570 -1.070280130
-0.000003990  -3,546364300 -3,178060580
-0.000002800 -4.628002990  -3.172668080
-0.000006370 -2.845214730  -4.383700900
-0.000011200 -3376377770 -5.326088980
<0.000010620  -1.466848010 4370635740
-0.000004770 0951114320 -5.317852060
-0.000008760 -0,733461550 -3.169371990
-0.000009570  0.733401060 -3.169312730
-0.000011930 1466810060 4370631070
-0.000024340 0951108220 -5.317887760
0000006200 2845200610 -4.383734120
0000002740 3376331970 -5.326166780
0000035040 3346366230 -3.178068240
0.000062530  4.627998540  -3.172720880
0000034200 2851696230 -1.987803590
0000070820 3419334670 -1.070410300
0000000230 1445043530 1947682360
-0.000022680  0.717077000 -0.674393140
-0.000050490 1387007630  0.540853760
-0.000110350 2463518430 0576763430
0000024200 0713077220  1.766792260
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Table D-7. DFT orthogonal coordinates for 2-TRPH(C,F,I), 1.2-TRPH(C,F,). and 1-TRPH(C,F,I).

0615110730 267477140 -2 404608760
1071053370 1977365570 -1 291604230
1427715730 2713175840 -0 137326840
0076264180 4721020360 -3673387170
DO0MN02120  -STOMTOTI0 -3 TOSESE5TO
1330677300 41022420 -0.141511540
0166374750 2617726760 4 THI284T40
DA2TIPHM0 2048007630 -5 680951750
1161481480 -0 S74082000 -1 240861250
Q8875710 0012027210 2109580260
1951305800 0633805230 1018652710
220MESS20  0NIBTITE60 1 90M0TTESO
1125639100 6973165560 -0 145375030
1042100420 8051784760 0153275640
0519285410 4083199400 -2 498355000
1673550240 4935204120 0990810250
2022730180 4 440081010 1830001750
0260288700 -1 968440030 3663651140
QIS0 091812910  -3.688665300
0877064820 4844079150 -1 301919800
1868322250 -2005529020 0998717540
25333900 2539310580 1891123910
O.TES098TE0 -6 249258560 -1 206852800
0450276030 6758549040 -2 134571630
261481120 4010608590 -4 BOIS1SE00
0597637870 4532706600 -5 63PE86TI0
1590267550 0090009200  -0.122375020
1576258200 6308929200 0597089630
1846736530 -6 866446230 1883803130
0076748620 1368902420 0138056080
1641386860 1501960020 -0 0810020
0443833630 2282676050 0688011020
2160367560 2341567600 0485261590
S2APIS040 214649760 1584179280
0945920130  1LTNOS02930 -1 205222040
1970267460 4 OMES56E0  -0.172925030
1704264240 2117726220 -1 345000110
-1 282089250 Q656343510  0.6H0129400
0537995280 1 960TE2200 1955776390
2754338200 2000074650 O STIHOT0
327070330 2271891190 -0.040633540
0381933020 3621418330 03527259730

L9650 -1 IS0 0352801130
-1335450150 0 S27017470 1487799110
-LIHOTRON0 -1 220086600  2.066026140
<1 960801700 -3 446548840 0860265500
SLGISTEESM0  AATHGIINN0 0 95LPIGE0
DNTTH0 2619820720 25TOTTMH0
-3 I25PB0460 1641121840 -1G4S1THO20
AQSTIMT00 L M7604140 2338407380
<1 AS8489520 0903843010 1 524004220
-1.293536180 083124040 3 0MOTEON0
-12TH8IN60 1359058310 4883006380
0381245610 -5188860350 2314870170
0827992840 6167684530 220045670
-1 346346540 2600065560 0240060000
0134808360 3277600340 3673053140
Q050612350 -2TEMIEIN0 469519940
291341540 08TIIG00 0 STETONNG0
SA3M726710 0005356600 -0 435230560
D7NITE60 320V 1343257360
1104838280 0524219850  3.885112480
Q907972380 1056613240 4 802584930
0210788220 4572399920 1 2324380
0213866290 5083858600 0282564220
2 B16HT40 2928568790 -1 SOIMOTO
127645390 -3 518526070 2 GATEO5TO
<1 4000685210 1551400000 2749118960
0404228330 4540080670  3.551306750
0863703230 5015318260 4408102600
SLITIN250 1309740060 0311134670
1317671040 1251614350 0199738050
0023954440 14MI060 -0 SE2T25020
26M507I00 1416367800 0618250520
IB64501230 0056564900 -2 305022260
1386573670 2161516310  1.201109650
2757006040 2683267730  -1.040854150
1069175630 3007854700 0710469270
1325541250 0020048290 O 745688430
0283894390 0318672870  -1277550180
S23BTM990 | ERARE2TO0 -0 556029500
3652686260 1180781550 0 243183060
Q139630350 2460800120 -1 471728580
371078490 2627TTHI0 2783922800

2664530050 Q218700 0124085800
2621936070 -1 659268530 -0 081529720
1TT2I8110 2410196060  -03TRISSTVO
1452665450 0508862320 0232175130
1518177270 1855500240  0.642520070
IS31271720 0464167720 0306102550
3THOITNR0 B TRINGITI0 DATTOS2GH0
31916813110 1300917770 0637537930
272013090 2405351620 0537290170
Q158520940 1575752130 0240500570
1390561600 2338373510 0080915770
LATR4S4010 3744187440 -0 014181800
QITV26H40 D 1S2548610 0082083250
1080242100 0495776730 -0 128980850
-LOTI645980 2218672330 O SS2T45I00
2525635810 A 4SS459320 0282668380
QMIP0 -1 SNI0SIN0 0620114700
S2PLE25P50 017481030 0224238960
ATIHEN0 1905997400 0. 543589940
0450149050 4285200030 0038394370
<1LOTR032950 32TIITEN0 O TEOB14ES0
SISTH0230 2024366370 0925130140
00000TIS80 23479700 O S4ONTTO
2TIS6IM20 3 S2TSNESS0 1160509400
4367217780 2297007980 0 TR0
4514025740 QOTITOPSE0 0228326300
463432070 4335938310 OTINISETIO
2483793940 -5.536413220 -0 363066400
S SMIOES60  04P0IT49T0 0096207850
222818410 1 T4TEONI00 -0 70820400
-3GI204B870 1 746734620 OHIB2G0
2443840010 2366252740 0904713610
0183261840 2353844930 -1 363892090
-2539565730 1546330250 -1520850010
-4 785656830 2364349110 -0 585081180
4653222280 0135707890 0466521970
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D.2.1. NMR spectra of 1,4-C4Fsl

¢ *
| |
1 L 1 " 1 L) 1 L 1 ] ) " 1 E 1 L 1
9.6 9.2 8.8 8.4 8.0 7.6 7.2 6.8 6.4
ppm
LA4-CyFsl2 1,4-C,Fgl,

T T T T T T T T T T
40 50 60 -70 -80 -0 -100 -110 -120 -130
ppm

Figure D-28. NMR spectra of 1,4-C,F;l,, showing that starting material is not containing. '°F NMR spectrum

(bottom) shows only expected peaks. 'H NMR spectrum, top, shows only CDCl; (denoted *), CDCl; 3C
satellite peaks, and 1,4-bistrifluromethylbenzene (reference, denoted 4 )

D.2.2. Absorption spectrum of 1,10-PHEN based Cu Complex

I I T I T
300 400 500 600 700

wavelength, nm

Figure D-29. UV-vis absorption spectrum of possible Cu-~(2,3;5,6-(1,10-PHEN)(C,F;),), complex, showing
absorption band centered around 500 nm. This absorption is much more red-shifted than the absorption of the
pure ligand or copper(I) triflate toluene starting material.
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D.2.3. Reactions with substrates which did not produce isolable products

19F, 376 MHz

BATH

. .

RUBR

ANTH
| I I | I I 1 1 T
100 -105 -110 -115 -120 -125 -130 -135 -140 -145

ppm

Figure D-30. NMR spectra of crude reaction mixtures recovered from reactions of substrates BATH, RUBR,
and ANTH with 1.4-C,F.l,. Reactions have occurred, but separations methods have not been developed to
isolate pure products. In the case of BATH, the reactions appears to have been selective, but attempts to further
purfy the sample by HPLC and crystallization were unsuccessful.
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D.2.4. Crystal Data and Refinement Parameters

Table D-8. Crystal data and final refinement parameters for structures reported in chapter 2

Compound 3,4:9,10- 231,10 2,3:5,61,10- 4,5 PYRN(c)clo- 1,2-ACRD(cyclo-  7,8-(PHRD)cyclo- 6,7-(4,7-
PERY(c)clo-C4F8);  PHEN)cyclo-CiFs)  PHEN)cyelo-CiFs) C4F5) C4F3H) C4Fs) PHEN)(cyelo-C4F7H)
Empirical formula CasHsF1s CisHsFsN2 C20HsF16N2 CooHsFs Ci7HsF3N Ci7H7FsN CisH7F N2
Commion name 3.4:9,10-(C4F8)- 23-(C4F8)-1,10- 2.3:5,6-(C4F8)- 45(C4F8)PYRN  12-(C4F3H)}-ACRD  78-(C4F8)-PHRD 6.7-(CAFTH)-4.7-
PERY PHEN 1,10-PHEN PHEN
Formula weight 648.34 378.23 576.25 400.26 283.24 377.24 361.90
Habit, color needle, clear needle, clear rhombohedral, needle, clear needle, clear plate, clear needle, clear
yellow yellow clear colorless colorless colorless colorless colorless
Crystal size, mm 0.35 % 0.01 = 0.202 = 0.05 = 0.529 = 0.309 = 0.23 = 0.084 = 0.15 = 0.035 = 0.189 = 0.044 0.112 = 0.032 x
0.01 0.038 0.099 0.061 0.021 % 0.037 0.023
Space group P3;21 P21/n P-1 Pbca P-1 Pbem
a(h) 13.5206(8) 7.7504(15) 6.9649(5) 9.0467(4) 7.241(3) 8.644(2)
b(A) 13.5206(8) 7.1252(14) 11.0540(7) 15.2147(7) 9.260(4) 24.376(6)
¢ (A) 10.5293(9) 25.503(5) 13.1094(8) 21.2263(10) 9.564(4) 6.8248(16)
a(®) 90 90 79.223(2) 90 87.761(8) 90
11e) 90 98.402(3) 80.866(2) 90 68.907(9) 90
7 () 120 90 88.3680(10) 90 84.609(9) 90
V(A 1666.9(2) 1393.2(5) 978.92(11) 2921.6 595.7(4) 1438.0(6)
z 3 4 2 3 2 4
T(K) 150 150 100 100 100 100 100
Peale (g cm™) 1.938 1.803 1.955 1.802 1.579 1.742
GooF [all data] 0.848 1.087 1.076 1.029 1.09 1.032
R(F) (I=20(D)* 0.0372 0.0368 0.0572 0.0426 0.0735 0.0697
wR(F?) [all data]® 0.0781 0.1045 0.1692 0.1165 0.2194 0.1862
C—C bond 0.0064 0.0019 0.0031 0.0022 0.0047 0.0062
precision (A)
min., max. e— —0.177, 0.207 —0.211,0.351 —0.464, 0.749 —0.382,0.528 —0.35,0.09 —0.48, 0.641
dens., (e A7)
source synchrotron synchrotron synchrotron synchrotron synchrotron synchrotron synchrotron
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D.2.5. Additional LT-PES data

[ EI“"\-_-,
v,J M,
é - ; )3 g
2,3;5,6-ACRD(C,Fs), Y g ;

5,6-(4,7-PHEN)(C,Fg)

7,8-(5-PHRD)(C,F3),

2,3;5,6-(4,7-PHEN)(C,F;),
AL LA B B ' AL DL LA LB |
0 1 2 3 4 0 1 2 3 4

Figure D-31. Additional LT-PES spectra of compounds reported in chapter 2.
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D.3.1 Crystal Refinement Parameters

Table D-9. Crystal data collection and final refinement parameters for the PHNZ derivative X-ray diffraction structures

compound?

1,2-PHNZ(C4sHF3)

1,2-PHNZ(CaFa)

1,2-PHNZ(C4Fs)

2,3-PHNZ(C4Fs)

ANTH/[1,2:8,9-PHNZ(C4Fs)s]>

formula unit
formula wt., g mol™!
habit, color

crystal system

space group, Z
a, A

b, A

a, A

a, deg

B, deg

7> deg

v, A3

Peale, € M3

T, K

R(F) (1> 20(D))°
wR(F?) [all data]®

GOF

C16H7F3N2
284.24
needle, yellow

monoclinic

Cc, 4
7.212(2)
24.349(6)
6.8759(19)
90
108.403(7)
90
1145.6(5)
1.648
150(1)
0.0475
0.1122

0.983

CisHeFaN2
302.23
needle, yellow
triclinic
P1,2
7.2459(14)
7.7265(15)
11.668(2)
99.520(4)
98.324(4)
108.622(4)
596.7(2)
1.682
100(1)
0.0570
0.1710

1.048

Ci6sHeFsN2
378.23
needle, colorless
triclinic
P1,2
7.1430(15)
7.5836(15)
13.357(3)
89.843(4)
80.734(4)
86.167(5)
704.4(3)
1.764
100(1)
0.0649
0.1860

0.988

Ci6sHeFsN2
378.23
needle, light yellow

orthorhombic

Pnma, 4
28.331(5)
6.7839(13)
7.3082(14)
90

90

90
1404.6(5)
1.789
100(1)
0.0508
0.1469

1.059

C27H9F16N2
665.36
needle, dark green
triclinic
P1,2
9.718(4)
10.499(5)
12.460(6)
91.508(7)
100.877(7)
102.415(7)
1216.3(9)
1.817
100(1)
0.0669
0.1814

1.000

@ Abbreviations: ANTH = anthracene; PHNZ = phenazine; ® R(F) = X||[Fo| — [Fe||/Z|Fol; wR(F?) = (Z[W(Fo? — FZ)?]/Z[w(Fo?)?])!
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D.3.2 Additional analysis of single crystal X-ray structures
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Figure D-32. Stacks of molecules in the structures of 1,2-PHNZ(C4F5) (left) and 1,2-PHNZ(C,4F3) (right;
H atoms omitted for clarity). The drawings on the bottom are not precisely to scale.

302



ANTH(F)4
one side

1,2-PHZN{C4F4)
T other side

ANTH(F)4
T other side

Figure D-33. Overlap drawings of adjacent molecules in stacks in the structures of 1,2-PHNZ(C4F4) (left)
and 1,2-PHNZ(C4Fs) (right; ref. 7).
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1,2,8,7-PHZN(C4Fg)(C4F4) H_Mﬂm%%%

Figure D-34. The head-to-tail parallel stacking of molecules (top) and the hexagonal array of stacks
(bottom) in the structure of 1,2:6,7-PHNZ(C4F3)(CsF4).

Figure D-35. Donor/acceptor overlaps in the structure of ANTH/1,2:8,9-PHNZ(C4F5), (N atoms shaded;
H atoms omitted for clarity). In each drawing the ANTH C(sp?) least-squares plane is in the plane of the
page and is above the 1,2:8,9-PHNZ(C4Fs), acceptor.
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Figure D-36. Distorted hexagonal array of D/A/A/D/A/A stacks in the structure of ANTH/[1,2:8,9-
PHNZ(C4Fs):]2 (N and F atoms are larger spheres than C atoms).

Figure D-37. Drawing of the structure of ANTH/[1,2:8,9-PHNZ(C4F5s)]> (40% thermal ellipsoids except
for H atoms).
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D.3.3. Reference information for EA data
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PYRN or PYRN(CF,), electron affinity, eV

Figure D-38. Plot of E1,2(0/—) values vs electron affinities for pyrene (PYRN) and three PYRN(CF3)s6
derivatives. The data are from ref. '°. Note that the lengths and ranges of values on both axes are equal
(i.e., these are square plots), to show unambiguously that the slope of the linear least-squares fit to the data
is significantly less than unity.
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Figure D-39. G3(MP2) predicted electron affinities vs. electrochemical E12(0/—) values for aromatic
compounds and other strong electron acceptors, including CsHs, NAPH, ANTH, PYRN, PERY,
benzoquinone, 1.2.4.5.-CsHa(CN)4, TCNE, and TCNQ, among others (ref. !!). Note that the lengths and
ranges of values on both axes are equal (i.e., this is a square plot), to show unequivocally that the slope is
less than unity).
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D.3.4. Supplementary spectroelectrochemical data

normalized AA

250 300 350
Wavelength A/ nm

1,2;8,9-PHNZ(C,Fs),
1,2;7,8-PHNZ(C,Fs),
1,2;6,7-PHNZ(C,Fs),
2,3-PHNZ(C,F,)
1,2-PHNZ(C,F,)

1,2;8,9-PHNZ(C,4Fg),

1,2;7,8-PHNZ(C,4Fg),

normalized AA

1,2;6,7-PHNZ(C,Fg),

2,3-PHNZ(C,Fs)

1,2-PHNZ(C,Fs)

400 6800 800
Wavelength A/ nm

Figure D-40 Absorption of the reduced form of substituted phenazines relative to their neutralform in the UV-
range (top) and the visible range (bottom). Reduced forms absorb so much more strongly that the neutral
absorption peaks are not visible. Note the different maxima for peninsular-substituted compounds.
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D.3.5. Supplementary TRMC data

Table D-10. Details of films for TRMC and PL measurements

compound Iy film composition
photons/cm?/pulse % PHNZ compound/ % P3HT

1,2-PHNZ(C4Fs) 3.06574e+15 9/91
2,3-PHNZ(C4Fs) 2.91202e+15 7/93
1,2;6,7-PHNZ(C4Fg), 2.91202e+15 8/92
1,2;7,8-PHNZ(C4Fg), 2.91202e+15 9/91
1,2-PHNZ(C4F4) 3.20237e+15 8/92
1,2;6,7-PHNZ(C4Fg)(C4F5) 3.20237e+15 8/92
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Figure D-41. Plots TRMC series for each film studied with OD from 0 to maximum possible OD for which signal was observed. Maximum OD
possible for any of these films was 3.
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D.4. CHAPTER 4 MISCELLANEOUS SUPPORTING INFORMATION
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D.4.1 Crystal Refinement Parameters

Table D-11. Crystal Data and Final Refinement Parameters for ACRD(CF:)s s. ACRD{CoF s)(CFz)s. and HXACRD(CF:)s X-ray Diffraction Structures

compd abbreviation® 1457 1358 2469 12458 24569 4-CoF5-2579 H:-14589
formula CrH:FN CyHsFiN CrH:FizN CuaHF1sN CisH:FisN CisH:FirN CigHF1sN
formulawt., g mol™ 45122 45122 451.22 519.22 51922 56923 521.24
crystal size, pm 50 =20=10 126 = 50 = 50 500 = 250 = 250 110 = 20 = 10 40 =10 = 10 200 = 50 = 50 250 = 50 = 50
color colorless colotless vellow colotless vellow vellow colorless
crystal system monoclinic orthorhombic monoclinic monoclinic monoclinic monoclinic monoclinic
space group, Z Ce, 4 Pealy, 8 Pl 4 Plin 4 Plic. 4 Phic, 8 Cie, 8

a A 10.5254(8) 13.1440(5) 7491002) 6.7751(5) 9.2906(5) 9.9248(6) 22.9638(7)
b A 16.6117(12) 162662(7) 16.4412(5) 11.9516(9) 18.3703(11) 16.4516(10) 8.7438(2)

c. A 9.1211(6) 14.8610(6) 1277914 21.3706(16) 10.6483(6) 23.6753(15) 19.3617(6)
a, deg 90 20 90 20 90 90 90

B, deg 97.403(4H) 90 96.4930(10) 92.695(2) 103.503(2) 107200 (2) 114.5550(10)
v. deg 90 90 90 90 90 90 90

v, A3 1581.5(2) 31773(2) 1563.79(8) 1728.5(2) 1333.52(8) 38644 (4) 3536.06(18)
Pek. g cm™ 1.895 1.887 1917 1.995 1.952 1.957 1.958

K 100(1) 100(1) 100(1) 100(1) 100(1) 100(1) 100(1)
min/max e~ dens.. e A~ —0.242/0.306 —0.168/0.266 —0.219/0.289 —0.393/0.345 —0.484/0.634 —0.972/0.852 —0.367/0.493
R(F) (I> 2a(D)° 0.0322 0.0250 00371 0.0454 0.0551 0.0558 0.0349
wR(F7) [all data]® 0.0832 0.0682 0.0840 0.1217 0.1461 0.1512 0.0909

GOF 1.033 1.040 1.035 1.019 1.033 1.025 1.041

24569=24569 ACRD(CFs)s: 4-C:F52,5.7,9 = 4 C2Fs-2,5,7.9 ACRD(CFs)s. Ha-1.4,5.8.9 = 14,5.8,9-(9,10- HaACRD)(CF3)s: dens. = density.
© R(F) =X||Fe| = [Fel|/ ZFs|: wR(F?) = E[w(Fe* — FA/Z[w(F ).
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D.4.2. Example mass spectrum of failed

LT-PES sample
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Figure D-42. As an example of the observed decomposition a mass spectrum of 1,3,5,8-ACRD(CF3)4
upon reduction for PES analysis is shown. The expected peak at an m/z of 451 is not present. This was the
case for the entire family of ACRD(CF3), compounds when EA experiments were obtained.
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ALPHABETIZED LIST OF COMMONLY USED ABBREVIATIONS

Abbreviation Full Terminology

ANTH anthracene

appx appendix

APS Advance Photon Source at Argonne National Laboratory, Lemont, IL
CDCl; deuterated chloroform

CSU Colorado State University

Cv cyclic voltammetry

DFT density functional theorem

En reduction potential in solution

EA electron affinity

ESR electron spin resonance spectroscopy

h hours

H>-ACRD 9,10-dihydroacridine

HPLC high pressure liquid chromatography

HOMO highest occupied molecular orbital

IFW Leibniz Institute for Solid State and Materials Research, Dresden, DE
LUMO lowest unoccupied molecular orbital

n-type electron (negative charge) transport material

NMR nuclear magnetic resonance spectroscopy

0o-DCB ortho-dichlorobenzene

OOP.y average displacement of PAH core atoms from their least-squares plane
OOPmax maximum displacement of PAH core atoms from their least-squares plane
P3HT poly(3-hexylthiophene-2,5-diyl)

PERY perylene
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p-type

PES

PHNZ
PHRD

PL

PNNL
PNTZ
PYRN
RD/Z

Rr group
RUBR

T

TBAPFs
TRMC
TRPH
UV-vis
vis-NIR
1,10-PHEN
1,4-C4Fsl2
CFsl
4,7-PHEN
9,10-ANTH(Me)>
9,10-ANTH(Ph);

T system

hole (positive charge) transport material
photoelectron spectroscopy

phenazine

phenanthridine

photoluminescence

Pacific Northwest National Laboratory, Richland, WA
phenothiazine

pyrene

reductive defluorination/aromatization
perfluoroalkyl group

rubrene

temperature

tetrabutylammonium hexafluorophosphate

time resolved microwave conductivity measurement
triphenylene

ultraviolet-visible spectroscopy

visible-near infrared spectroscopy
1,10-phenanthroline

1,4-diiodooctaflurobutane

trifluoromethyl iodide

4,7-phenanthroline

9,10-dimethylanthracene

9,10-diphenylanthracene

aromatic system of © bonds
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