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ABSTRACT

MODIFYING ELECTRONIC AND SOLID-STATE PROPERTIES OF FULLERENES,

POLYCYCLIC AROMATIC HYDROCARBONS, AND PERYLENE DIIMIDES

The growing world energy demand necessitates the development of novel, cheap, and
efficient energy sources and low energy consumption electronics devices. Organic photovoltaics,
transistors, and light-emitting diodes are actively being developed as replacements for traditional
energy sources and electronic devices. Strong electron acceptors are required to increase the
efficiency and air stability for many of these applications. Studying how the incremental
introduction of strong electron-accepting moieties onto electron-accepting substrates can affect
performance is essential for systematically developing new devices. Furthermore, synthetic
methodologies and characterization of these molecules are essential before incorporation into
real world applications. This dissertation focuses on synthesizing families of strong electron
acceptors via modification with strong perfluoroalkyl or cyano electron-withdrawing groups for

fundamental studies in the development of advanced electronics.

The first chapter focuses on the synthesis and characterization of new
trifluoromethylfullerene derivatives. Synthetic methods for adding §&Bups to G, Cr, and
MsN@GCgp are discussed and new LHeldition patterns are revealed by single crystal XRD. Then
the addition of electrophiles, nucleophiles, and cycloadducts to these trifluoromethylfullerene
derivatives are discussed. Adding single nucleophiles and electrophiles to the cages along with

cdlaborative DFT studies show which cage carbon atoms are most susceptible towards



additional attack. The variations in electron accepting behavior were studied by adding a
combination of electron-withdrawing and electron-donating groups at these specific locations on
the fullerene cage. The studies reedathat these groups can modify electronic behaviors
incrementally and somewhat unexpectedly by disrupting the fulleregstem. Understanding

where and why new groups add to the fullerene cages and how they affect electronic behaviors
could be used as the foundation for synthesizing new fullerene molecules to be used in advanced

electronic devices.

The second chapter concentrates on substituting electron-withdrawing fluorinated groups
onto polycyclic aromatic hydrocarbon substrates. A family of poly(trifluoromethyl)azulene
derivatives was synthesized and characterized for the first time. Trifluoromethylation of azulene
systematically increases the electron-withdrawing strength and affects solid-state packsg mot
The molecular structures and solid-state packing of four other families of fluorine-modified
polycyclic aromatic hydrocarbon substrates, corannulene, phenazine, triphenylene, and
anthracene, were studied using single crystal XRD. Not only did XRD reveal previously
unknown substitution patterns, but it was able to show where gloseinteractions existed
within the packing structure, which could be extrapolated to solid-state charge transport in future

applications.

The third chapter focuses on developagew series of perylene diimide acceptors and
their use in organic photovoltaic active layers. Perylene diimides with previously unknown
substitution patterns were synthesized withs @&d CN groups and then isolated to isomeric
purity using HPLC. Substituting with these strong electron-withdrawing groups at specific
positions modified absorption, emission, solid-state packing, and solution- and gas-phase

electron-accepting strength. These properties were compared within the entire series and solution



reduction potentials were compared with a comprehensive list of literature reported perylene
diimide acceptors. It was found that these properties were dependent on position and were not
constant foreachsubstituent. The series of poly(trifluoromethyl)perylene diimides were then
blended with polymer donors and tested in photovoltaic active layer films. The systematic tuning
of electron-withdrawing strength was used as a handle for fundamental studies on how increased
electron affinity and fluorination affect charge transfer in the solid-state. All of the perylene
diimides were able to accept charge from the polymer donors, but increasing the electron-
withdrawing strength by introducing more fluorine atoms did not improve the charge separation

yield.
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INTRODUCTION

New energy solutions will be necessary to meet the growing energy demand as the world
population continues to increase at an aggressive rate. Among alternative energy sources, solar
energy is one of the most abundant and viable options that could easily exceed the world’s
current and future energy demands. For example, the energy that the earth absorbs in one hour of
solar radiation is more than the world’s energy consumption every yeadf new, efficient, and
cheap devices could collect just a small fraction of this energy throughout the entire year, then
providing energy for a growing world population becomes more likely. Among solar energy
conversion devices, organic photovoltaics (OPVs) are regarded as commercially viable
renewable energy sources that have already achieved efficiencies over 10% by utilizing
conducting polymers and fullerenes as electron-donors and electron-acceptors, respectively.
OPV devices have the potential to be easily fabricated into lightweight, flexible, and cheap
electricity sourced. New donor and acceptor materials must first be developed to help
understand and gain insight into how OPVs function in order to develop a highly functioning

OPV device that will help provide energy at low costs.

Derivatization of donor and acceptor molecules, such as fullerenes or polycyclic aromatic
hydrocarbons (PAHS), is directly involved in the preparation of new materials for OPV and a
wide variety of other applicatiofisintroduction of electron-withdrawing groups (EWGS) into
organic molecules is known to generally enhance their electron acceptor properties, and this
approach has been actively used to design neype organic semiconductor materiafs.
Energy level engineering of donor-acceptor pairs directly affects the optimal driving force for

maximum charge transfer in OPV active layerds new lowband-gap polymers are



synthesized, new acceptor molecules with increased electron accepting strength (higher electron
affinity (EA), or lower LUMO levels) must follow in order to match the frontier orbitals of the
donor and achieve the optimal driving force for maximizing charge transfer. Synthetically
introducing strong electron accepting{Gihd CN groups presents one method of increasing the
electron accepting strength of molecular substrates. Furthermore, vast families of electron
acceptors based on one set of substrates can be synthesized by only changing the amgunt of CF
or CN groups. These families of molecules often exhibit similar physicochemical properties such
as size, solubility, absorption, etc. while major differences in electron accepting strength and
solid-state packing are obsenfedhe availability of such families allows for fundamental
studies of molecular interactions in advanced electronics over a wide range of acceptor strength

while keeping most other properties constant.

Perfluoroalkylfullerenes (PFAFs) are promising starting materials in this regard because
they constitute one of the most diverse classes of derivatized fullerenes that exhibit high stability
in air and in solution, thermal stability at elevated temperatures, and excellent solubility in
organic solvent&?® For example, there are more than 130 well-characterized fullerefg(CF
compounds, including more than 3QuCFs), derivatives’ PFAFs have already been used for
fundamental studies in regards to fullerene reactiVity, intermolecular charge transfer in OPV
active layer<,and accepting strength of perfluoroalkyl groups based on the same s athate.
success of these studies has prompted further research on new fullerene reactions, charge transfer
with new electron donors in OPV active layers, and determining the accepting strength of other

electron accepting addends.

Synthetically pure fullerenes can be expensive and difficult to purify, so non-fullerene
acceptors are actively being researched as fullerene replacements in OPV activdididrers,

2



effect transistors (FETs), and other advanced electrofics?AH acceptors can be highly
tunable?® have high charge-carrier mobiliti€¥’ and offer low-cost advantages over fullerene
derivatives. Modifying the electronic properties of these more planar PAH systems with electron
accepting substituents is similarly tunable and more predictable than fullerenes since the overall
n-systems do not change as significantly as fullerene derivati@sveloping new families of

PAH acceptors is essential towards fundamental understanding of charge transfer based on

amount, placement, and type of EWG.

Extrapolating the knowledge gained from fundamental studies based on large families of
similarly modified substrates can result in the systematic development of new molecules for
advanced electronics. Understanding how subtle, systematic changes in anqespgrties in
these families impacts overall performance in various phases will enable optimized parameters to

be utilized for commercial applications.

This thesis involves the synthesis and characterization of electron-accepting families of
molecules based on various carbon-rich substrates. New synthetic approaches are developed to
synthesize new derivatives and understand specific reactivity. The charge transfer ristaosacte
in solid, liquid, and gas states are investigated. Crystallographic packing motifs are studied to

predict possible charge transfer pathways in the solid state.



CHAPTER 1. Fullerene Reactions and Electronic Properties in Solution and Gas Phase for
Select Fullerene Derivatives

1.1 Introduction

Recent advances in synthetic methods and separation techniques have resulted in the
availability of 100+ mg quantities of several PFAES Rational, selective, and general further
elaboration of PFAFs would allow for modified electronic levels, increased solubility, or
covalent linkages to other materials to afford supramolecular assemblies. However, the current
arsenal of PFAF derivatizations consists of only a few examples of two types of regioselective
reactions: (i) cycloadditions to the GX129 bond inCsp’-C7o(CFs)s (70-8-1)*° and the C33
C34 bond inCi-p’mp-C7o(CFs)10 (70-10-2;*"*° and (ii) the addition of two CI atoms #®-8-1*°
and 12 Cl atoms t8-Cso(CFs)12>~. Except for the 1Zl-atom addition, these reactions allow (i)

a single substituent (the exocyclic moiety) or (ii) tidentical radical substituents to be added to

a particular C=C bond (i.e., to adjacent C atoms). A third reaction type, as yet unexplored for
PFAFs, would consist of sequential additionglifferentsubstituents in a single reaction vessel:

the addition of an anionic nucleophile followed by the addition of a cationic electrophile. These
separate additions might not be to adjacent C atoms, which is commonly observed in
cycloaddition reactions. To make the characterization of products and the determination of
regioselectivity as straightforward as possible, an initial study of sequential
nucleophile/electrophile additions to PFAFs with simple nucleophiles and with simple
electrophiles was initiated in this work (for simplicity, two of the electrophiles, & CH',

have the same atomic composition as the two nucleophiles). Furthermore, introduction of CN

moieties is expected to enhance the electron accepting strength, which was also explored.



This work explores the addition of nucleophiles and subsequent regioselective addition of
electrophiles to a variety of PFAFs with the intention of understanding regioselectivity of
specific carbon atoms while also synthesizing fullerenes with new electron accepting capabilities
for use in advanced electronics. PFAFs are advantageous for such a study because, in many
cases, the addition patterns of PFAFs and their derivatives can be readily determified by
NMR spectroscopy by virtue of through-spa€éJe spin-spin coupling between proximatesCF
groups and 2D™F COSY correlations®*43* No other addend X gives rise to multiple
fullerene(X), compositions and isomers that has this advantage. Unlike previous studies that
determined the C=C bonds most susceptible to cycloaddition gpdeivative$>*’ and for
higher fullerened®*® this work focused on the reactivity dfdividual cage C atoms to
nucleophilic and to electrophilic attack. Would these C atoms belong to the most reactive C=C
bonds? Even if they would, which of the two C=C atoms would react preferentially with the
nucleophile? Would the electrophile then add to the second C atom of the original C=C bond or
to a different cage C atom? And if it were possible to add two nucleophiles at the same time,
where would the second nucleophile go? Presumably this would not be the second C atom of the
original C=C bond. The seminal work of Wudl et al. and Peel et al., which demonstrated that the

strong nucleophile CNadds to G and to Go(CN); in solutiorf®**

and to Go, Cyo, and a variety
of higher fullerenes in the gas ph¥gé and thatp-TSCN reacts with §(CN), to form

Ceo(CN)ns1 (n = 1, 3)#* provided the stimulation for this study.

Modification of fullerene core with EWGs has been widely used to Eungo levels and
achieve better OPV performance. For examplg(GFs),* and Go(CN),*® were reported as
favorable alternatives to PCBM andydene) fullerene cycloadducts in certain active layer

formulations. Furthermore, an electron-withdrawing CN moiety was intentionally attached to the



acceptor, G(indene), to match the orbital energies of a low-band-gap polymer, and power
conversion efficiency in OPV devices showed improvements compared to underivatized
Ceo(indene)?’” Understanding the electron-withdrawing strength of new derivatives is paramount
when designing new electron acceptors before using them in OPV devices. However, inhas bee
recognized that derivatization has a complex influence on the electron-accepting properties of
fullerenes. On one hand, saturation of the fullerene m-system that occurs upon addition of
functional groups destabilizes the LUMO and hence decreases electron affinity (EA). On the

other hand, EWGs tend to increase EA.

Recent experimental and theoretical studies of the gas-phase EAs and reduction
potentials of PFAFs showed that for 6, 8, 10, or 12, the first reduction potentials for isomers
of Ceo(CFs), vary by 0.33, 0.39, 0.50, or 0.48 V, respectivefff. This wealth of
structure/property information led to a detailed understanding of how different addition patterns
affect the locations, shapes, and energies of fullerene-derivative frontier orbitals, and therefore
how addition patterns affect, or might affect, physicochemical properties (an illustrative example
is that two isomers of g(CFs)1o that differ in the placement of only one £group have first
reduction potentials that differ by 0.40 ¥/ Another even more striking example worth
mentioning concerns two isomers ofo(CF3)s; one isomer €, symmetry, Schlegel diagram in
Figure 1.1, left) is 0.26 V easier to reduce thap, @hereas the other isomeZs(symmetry,
Schlegel diagram in Figure 1.1, right) is a weaker acceptor tRgt-€07 V vs. the Ceo
couple) according to cyclic voltammet¥/This result might be erroneously interpreted ag CF
groups having opposing electronic effects in these two isomers: it appears thgtoGps
exhibit electron withdrawing effects 1G;-Cso(CFs)s isomer, whereas GRgroups have electron

donating effects in th€s isomer. In fact, the reason for such a different electrochemical behavior



lies in the LUMO distributions on these fullerenes: the LUMO inG@hesomer is localized in
the proximity of the electron withdrawing groups (EWGSs), whereas the LUMO i@ ts®mer

is located on the opposite side of the sphere, as shown on Figure 1.1.

Electronic properties of ¢ TMFs were previously studied by cyclic voltammetry and
theoretically using DFT, see Figure 1.2 for DFT calcul&ggio for C;o(CFs)..*® These studies
revealed that all but one of,§{CF3), molecules have significantly lower-lying LUMOSs than the
parent Go, with 0.218 < AE ymo, VS. Go < 0.514, and thus are much better acceptors than the
parent Go. The exception, ak ymo shift of only 0.036 eV was calculated for the most abundant
isomer of Go(CFs)10 (70-10-1). Such an unexpected result was in line with the observed small
negative shift irEy, vs. Go. In case of all the other;gfCFs), compounds, large positive shifts in
Ei1» vs. Go were measured, and up to three quasi-reversible reductions were recorded. It was
found that70-8-2had the highest positive shift &y, as well as the lowest-lying LUMO in the

entire series (Figure 1).2°

What if the addition pattern of a fullerene derivative remains constant, while the nature of
the substituents vary (e.g., EWG vs. electron donating group (EDG), or different strength
EWGSs)? The Strauss/Boltalina group recently showed that it is possible to determine relative
electron-withdrawing effects of@ubstituents in a series of 1,4o(R),.%° Direct comparison of
electron-withdrawing effects of GRand CN groups oI, ymo in the isostructural compounds
revealed that cyanation is str@mghan trifluoromethylatio® The newly synthesized §CFs-

)n(CN)ny, fullerene acceptors developed as part of this work offer a way to study electronic
properties of each addend using LT PES and DFT calculations and compare with previously
studied G derivatives. Theoretica yuo predictions® as well as experimental evidence for

cyanated Gp derivatives indicated that a considerable enhancement of acceptor properties

7



occurs when CN groups are attached to a paregt Gso(CFs)an or Cso(indene)>® 4047

Furthermore, gas-phase studies ofo(CN), species by electrospray mass spectrometry
accompanied by semi-empirical theoretical analysis demonstrated the propensigyamfd@m

stable singly- and doubly-charged,oN), anions, wheren = 1-6."* No bulk samples of
C7o(CN), compounds have been reported in the literature, so this new famiby(GFe)n(CN)m

fullerene acceptors is the first of its kind for such a study. The family,@€CEsy), compounds

that were chosen as substrates for cyanation in this study currently includes dozens of
structurally and spectroscopically characterized molecules, some of which can be prepared
selectively and in large quantiti&s’ Contrary to cyanateddgderivatives, several cyanategoC
derivatives studied in this work exhibited an opposite effect on EA upon addition of CN groups.
Therefore, one cannot consider cyanation as a general and straightforward approach for boosting

acceptor properties in fullerenes and their derivatives.

Synthetically modifying PFAFs is interesting for application as materials for OPVs and
also to be covalently linked to other functional molecules to afford supramolecular assemblies
for other applications. Organic transistors have recently received considerable research attention
due to the possibility to fabricate low-cost, printable, and flexible devic@sie-dimensional
metal oxide (MQ) nanostructures show promise as new components in high-tech electfonics.
However,MOy nanostructures suffer from substandard charge transfer across the particle/particle
interfaces, so mainstream application has yet to be achieved. Tunable electron acceptors have
been attached to ZnO nanorods in the form of self-assembled monolayers (SAMSs) in order to
tune the electrical properties of the ZnO nanostructiifésThe Hirsch group from Friedrich-
Alexander-Universitat in Erlangen, Germamgs shown that a SAM withggzacceptor units can

accept and accumulate electronic charges when incorporated into organic thin-film memory



transistors® The Hirsch group used¢gderivatives that differed by alkyl linkers of different
chain lengths and formed SAMs on the surface of ZnO nanorods with different insulating
properties to tune the electrical properties of ZnO nancfodise electron withdrawing 4o
moiety was able to electronically couple with ZnO and as a result, the electrical performance of
ZnO nanorods was improved. Further performance opttoi on SAM modified ZnO
nanorods, and other MGsuch as AlQ require more efficient electron transfer and longer
lifetimes of the reduced & moiety. SAMs consisting of PFAFs, which are superior electron
acceptors to g, could ease the transfer of electrons and increase the lifetimes of the charged
state (Figure 1.3). A variety of PFAFs could be tested to discover the optimal electron-

withdrawing strength and degree of fluorine insulation.

Fullerenes can also be modified with polymerizable groups as another way for
incorporation into supramolecular assembfifeSpecifically, endometallofullerenes could be
incorporated into polymer beads that are used as tagging markers for cancer cells. Increased
solubility and insulation from trifluoromethylation makes perfluoroalkyl endometallofullerenes
(EMPFAFs) excellent candidates for inclusion into tagging beads. EMPFAFs with different
metals could be attached in various ratios to polymer beads specific for different cancer types.
Then the tagging markers could be analyzed by flow-cytometry inductively-coupled-plasma
mass to determine which cancer cells are present based on the detection of specific metal-tagged
polymer beads. In theory, thousands of specific markers could be synthesized by only using a
few types ofEMPFAFs in different ratios. The first proof-of-concept study of derivatization of

EMPFAFs with polymerizable groups was undertaken in this work.

This chapter involves work that has been reproduced @bem. Eur. J2013 19, 5070-

5080,Chem. Eur. J2013 19, 15404-15409Phys. Chem. Chem. Phy015 17, 551-556, and
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Analyst2015 DOI: 10.1039/C5AN01129A with permission from John Wiley and Sons and The
Royal Society of Chemistry. DFT calculations were performed by Alex Popov and caosyorke

LT PES experiments were performed by Xue-Bin Wang and coworkers, collection and
refinement of single crystal XRD structures of cyano modified fullerenes were performed by
Natalia Shustova and Brian Newell, initial cyanide addition reactions were performed with help
from Igor Kuvychko, FET measurements were performed by Thomas Schmaltz and Marcus
Halik, EMPFAF syntheses were performed with Igor Kuvychko and James Whitaker, and cyclic
voltammetry measurements were performed with the help of James Whitaker or by Popov and
coworkers in the case of 70-10-1. Tyler Clikeman primarily performed the synthesis and
characterization experiments, PES and DFT data interpretation, and collection and refinement of

the other fullerene crystal structures.

1.2 Synthesis of G(CF3)n, C7o(CF3)n, and MaN@ Cgo(CF3)n,

Research interest in PFAFs began in 1991 shortly after the discovery of fullerene
reactions and have received steady synthetic interest ever®skwesuch, many synthetic
methods to synthesizes{ICFs), and Go(CFRs), have already been developed. Some of the more
recent and large scale methods were used in this body of work in order to havestaniolg

material for additional derivatization, which will be briefly described below.

The GTGS reactor that was developed in the Strauss/Boltalina lab was used for the
syntheses of &(CFs)n.2® This reaction method was chosen because of its more selective
synthesis of g(CFs), with low n values and reduces the ratio6ff-4-2(0)to 60-4-2compared
to other synthetic methods, such as flow tube syntheses. In a typical reagdiBQ)Cmg) was
loaded into the large GTGS thimble and the atmosphere was evacuated under dynamic vacuum

while heating. The vacuum was removed &gl (120 torr) was added when the hot plate
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temperature reached 610 °C (note that the reaction temperature is ca. 500 °C). The thimble and
cold finger began to immediately fill with brown, red, and black solid, indicating the reaction
was in progress. The thimble was evacuated and filled with additioga(I2® torr) every two

hours and then the heat and all volatiles were removed after eight hours. Soluble products along
with starting Go were collected in toluene. Residualwas removed before HPLC separation.

This can be done by successively removing tolugneith a rotovap and adding/removing
toluene until no4is observed in the receiving flask. A faster and more efficient method is to
remove } by mixing the toluene solution with a saturated aqueous solution of sodium thiosulfate
and collecting the organic layer. After iemoval, major products were then separated by one
stage of HPLC (Figure 1.4) and the more minor and less easily separable products were
combined for later separation in solvent mixtures with increased heptane that yield longer
retention times. AA°F NMR spectrum of the crude reaction mixture before HPLC separation is

shown in Figure 1.5.

Utilizing a Buckyprep-M column for multiple stage HPLC separations ¢fGEz), will
typically yield higher purity derivatives with shorter retention times than when using a
Buckyprep column. These separations were extensively explored by Bryon Larson and are
described in his dissertation. Repetitive separations by Larson and | resulted in high-purity
PFAFs that were suitable for single-crystal XRD experiments performed by myself. These XRD
experiments were essentid confirm the unique CFaddition patterns that could not be
confidently determined by’F NMR. Single-crystals 060-8-3 were grown from the slow
evaporation of a dichloromethane solution and crystallized in the mono€lmgpace group
with one dichloromethane molecule per fullerene, see Figure 1.6. In this case thedibn

pattern is the same as what was predicted by NMR experiffients.
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In two other cases, spectroscopic experiments were not enough to ascertairy the CF
addition pattern for PFAFs and the precise addition patter68-aD-14and60-12-X were only
determined after XRD experiments, see Figure 1.5'96rNMR spectra. Diffraction quality
single-crystals 060-10-14were grown by Bryon Larson via slow evaporation from solvent and
it crystallized in theP2,/c space group without solvent inclusion. The;@Foups added in a
ribbon of 8 hexagons plus an isolated hexagon as shown in Figure 1.6. This ribbon position was
predicted fronT°F NMR spectra, but the two additions at the isolated hexagon were predicted to
be at different carbon atoms of the same hexagon. The additions at the isolated hexagon are
significantly far from the ribbon GFgroups, sahat there is no F—F coupling, which makes the
placement of the isolated hexagon difficult to predict without XRD. In the cae-b2-X the
CF; groups are in such close proximity that significant F—F coupling makes predicting the
addition pattern difficult to interpret. Diffraction quality single-crystal60f12-X were grown
by Bryon Larson via the slow evaporation from solvent and it crystallized inltispdte group
without solvent inclusion. The Ggroups add in a continuous ribbon in such a way that two CF

groups add to oneggpentagon and only one cage pentagon is fr&Fghdditions (Figure 1.6).

For cyanation studies of /£ TMFs, two Go(CFs3), substrates were chosedyC7o(CFs)s
(70-8-1) and C;-C7o(CF3)10 (70-10-1). Both compounds represent the most thermodynamically
stable isomers among respective compositions and they form most abundantly in high-
temperature syntheses. Notabi®-10-1contains a subset of the addition patter7@8-1 plus
the addition of 2 Cggroups (see Figure 1.19 for Schlegel diagrams). These derivatives can be
readily prepared and isolated in practical amounts following previously reported literature
procedure$®®! In a typical reaction, & (20 mg) and Cu (300 mg) powders were mixed and

loaded in the center of a flow-tube that was placed in a furnace at room temperature. The tube
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was evacuated under vacuum and thenl @Rs allowed to flow over the £Cu mixture at

ambient pressure. The temperature was increased to 560 °C and the reaction proceeded for two
hours before heat and glFlow were removed. The toluene soluble mixture was combined with
similarly small-scale reactions for one large HPLC separation and the desired products were

isolated in two stages (Figure 1.7

The EMFs, MN@GCg (M = Sc or Lu), were also decorated with trifluoromethyl groups
using the specialized GTGS reactor. The cheaper and more abungd@@gwas used first to
perfect the reaction and work up procedure with the expectation that the more expensive and less
abundant EMF would behave similarly. Previously optimized conditions described above to
make Go(CRs), (n < 12) were first explored. Low values farwere desired in order to not
overcrowd the cage so that further derivatization may be sterically facilitated. Briefly, the EMF
(4.0 mg) was heated to 550 °C under vacuum in the GTGS reactor and then charged with 600
torr of CRl gas for 5 hours. Upon cooling and removal of excess volatde€Rl, etc.), the
remaining dark solid was dissolved in toluene and analyzed by HPLC, see Figure 1.8. All of the
solid appeared to dissolve and was a mixture @N&Cgo(CFs), (n = 0-18) with ca. 60 %
conversion of starting EMF, according to HPLC integration. UnreaSeN@ gy could be

recycled after HPLC separation and re-used for derivatization.

The same optimized conditions for the synthesiS@&N@ Cgo(CFs), were then used as a
starting point for similar reactions with (N@GCgo. Unlike the previous SBI@ Cgo(CFs)n
reaction, a substantial portion of this product mixture was poorly soluble in toluene. The toluene
insoluble material was recovered witDCB and was mostly unreactedN@ Cgo. The toluene

soluble material made a brown orange solution that was analyzed by HPLC. The HPLC analysis
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showed that many products were formed and that most of the soluble material (> 80 %) was

unreacted.usN@ Cso.

Several more conditions were attempted in order to increase conversion and optimize the
conditions. First, an experiment was performed by Igor Kuvychko with excess copper and more
CRsl, which resulted in outstanding conversion but a high number of additions
(LusN@GCso(CR3)1620). This sample was found to have poor incorporation into polymer beads, so
the attempt to make derivatives with |d@F; additions continued. Five more reactions were
performed using a total of 30.5 mgdN@ Cgp with CF;l pressure of 588650 torr, Tip = 575
650 °C, and 0.5L.5 h reaction time. The best combination of conversion to products with low
CF; additions and low degree of insoluble material was found with high temperatures (~650 °C),
high pressure of GF(> 600 torr), and short reaction times (6.2.5 h). These conditions were
far from optimized, but led to some conversion into the desiredlieyaddition products. These
products were separated as a whole from unreactgdi@@go by HPLC in toluene (Figure 1.9)

The best separation used the semi-preparative Buckyprep-M column because retention times
were about half as long as when using the semi-preparative Buckyprep column. Thedseparate
unreacted_usN@GCgg was combined with the-DCB soluble material and used for additional
GTGS reactions by either James Whitaker or myself. The desired HPLC separated waserial
combined and either sent to collaborators in Toronto for polymer incorporation or used for
additional reactions described later in this chapter. The composition was determined only by
mass spectrometry and HPLC because only 1&w signal was observeth NMR spectra

possibly due to the presence of multiple products with low symmetry.
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1.3 Cyanation of Go(CF3)n: Synthesis and Characterization
1.3.1 Tetraethylammonium Cyanide Reactions with 60-2-1

Reactions of NECN with 60-2-1 vary greatly depending on the solvent choice. The
addition ofa colorless acetonitrile solution of NfEXN to a brown gD¢/PhCH; solution of60-2-
1 produces one predominant isomeiCaf(60-2-1)(CNY, but only after several hours or days of
reaction, depending on the amount of )ME{ added. Thé’F NMR singlet from the two Cf
groups orb0-2-linstantly disappears upon NEN addition and several new singlets and broad,
unrefined multiplets appear over time (Figure 1.10). The two quartets that correspond to the
predominant isomer d€;-(60-2-1)(CNY become more refined after one hour and do not achieve
maximum sharpness and intensity for seven hours when one equivalent;,6GNNEtused. If
only half an equivalent of NEEN is used, then the two quartets do not reach maximum
sharpness for at least two days. In either case, the restfingMR spectrum of the mixture
exhibits two predominant quartets from asymme@ig(60-2-1)(CNY, two singlets which are
assumed to arise from different, symmetric isomef§@f2-1)(CNY, and no singlet fror60-2-1
itself. The lack of°F NMR signal from60-2-1, even when only half an equivalent of INEN is
used, indicates that some fast exchange betvé®e2-1 and the other species must occur.
Furthermore, the two sharp quartets disappear or become too broad to be observed in the NMR
experiment when excess NEN is added after the 1:1 mixture has reached the slow exchange
conditions. The excess free Chkust allow exchange betweéf-2-1 C;-(60-2-1)(CNY, and
free CN to be constant. It appears that the stable isomer cannot persist because fiealliN

to interact with the PFAF species and cause indefinite rapid exchange.

The reaction conditions drastically improve when the reaction is performed in DCM

instead of the previous solvent mixture. The two quartets corresponding to asynUn€die2-
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1)(CN)™ instantly appear in th€F NMR spectrum when one or more equivalents of,SHtare
added ta60-2-1 (Figure 1.1B). The two quartets comprise > 95 % of the signal intensities and

only a small singlet from another minor isomer is also observed. A sharp singl&drd+thand

the two predominant quartets frofy-(60-2-1)(CNY were also instantly observed when a
deficiency of NEXCN was added, indicating that the previously observed fast exchange regime

does not occur in DCM.

The appearance of two quartets indicates that the addition obf@sks the symmetry of
60-2-1 and formsa C;-(60-2-1)(CNY species that is consistent witty symmetry. DFT
calculations performed by Alex Popov suggest @af60-2-1)(CNY has thep? addition pattern
shown in Figure 1.11B. All 31 possible isomers@#f(60-2-1)(CNY were calculated. Their
relative energies range from 0.0 to 54.5 kJ Thahere the lowest energy isomer is more than 13
kJ mol* lower in energy than all other isomers. If #ifeaddition were true, this would indicate
thermodynamic control for the nearly regiospecific addition of” Gt 60-2-1 The LUMO
diagram shown in Figure 1.12 also clearly shows that the kinetically favored positions for the
addition of a nucleophile the size of CHre C10, C11, and C28 if C8 is too sterically congested
for facile cyanide addition (symmetry-related C atoms are omitted). Therefore, formation of the

p? intermediate shown in Figure 1.11B appears to be kinetically and thermodynamically favored.

1.3.2 Addition of Electrophiles to Go(CF3)2(CN)~

Subsequent addition of the electrophilessCbr H' led cleanly to only two isomers of
C1-(60-2-1)(CN)(X) in ca. 3:2 (X = CH) or ca. 1:1 (X = H) mole ratios, respectively (Figure
1.11). According to the ESP calculated f@0-2-1)(CN), the most likely carbon atoms
susceptible to electrophilic attack are C8 and C10. However, as shown in Figued. .ih?
Table 1.1, electrophilic attack at these two sites ledrtbo-metapara (omp products, for X =
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CHs, that differ in relative energy by 19.1 kJ molFurthermore, there are tww product

isomers that are within 2.6 kJ mbbf the 19.1 kJ mot ompproduct (also for X = Ch).

The effects of sterics on the relative stabilities of @a€60-2-1)(CN)(X) compositions
was examined by calculating the AE values for the X = H isomers. Tipd isomers are predicted
to be less stable than thenpisomers by> 32 kJ mol * for X = H but by only < 22 kJ mol* for
X = CHs, and, significantly, the twompisomers differ by only 0.4 kJ mdlfor X = H but by
19.1 kJ mol* for X = CHs. Therefore, for two reasons, it appears that the electrophilic addition
of CHs" or H' to p?-(60-2-1)(CN) must be under kinetic control: (i) two isomers are formed for
X = CHs even though the DFT-predicted second most stable isomer is nearly 20 khigtur
in energy than the most stable isomer; (ii) the same two predominant isomers appear to be
formed for electrophiles of different size, X = H or £ftased on theit’ NMR spectra), in
approximately the same relative amounts, despite the fact that the difference in energy for the

two most-stable isomers is less than 1 kJ hfor X = H but 19.1 kJ mot for X = CH.

An additional piece of relevant evidence is shown in‘fReNMR spectrum, in Figure
1.11E, produced by the addition @TsCN toC;-(60-2-1)(CNY. Only one predominant isomer
was formed, which isasymmetric and all multiplets haveery different 6 values than the
guartets for either of the X = Gtbr H products. The spectrum in Figure 1.11 also exhibits two,
much less intense, singlets which must arise from symmetric isom@8-2f1)(CN). If this is
the (60-2-1)(10,11-CN) isomer, then there must be an explanation for the absence of a second
predominant isomer of this composition. If the predominant isomég60ds2-1)(11,27-CNy,
possibly for steric reasons because the electrophilic requdisiCN is sterically more
demanding than either GBTf or CRRCOOH, then the absence of symme(60-2-1)(11,24-
CN), as a secongrredominantisomer must be explained, since the environment of C24 is
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sterically similar to that of C27. One tentative hypothesis is that the electrophilic reagent is
attracted to the site of greatest negative charge on the surface @6CHZE1)(11CN)
intermediate, which is the cyano N atom, and from there the incipient electrophile adds to the
closest sterically-accessible cage C atom with substantial negative charge, either C27 in the case
of p-TsCN or both C10 and C27 in the case of eitheg@H or CRRCOOH. However, without
confirmation by X-ray crystallography, at this time, the most-likely addition patterns for the
predominant isomers of60-2-1)(CN)(CHs), (60-2-1)(CN)(H), or (60-2-1)(CN) cannot be

confidently predicted.

There is also a possibility th@TsCN is not what is directly reacting with-(60-2-

1)(CN)". The addition of excess-TsCN toC;-(60-2-1)(CNY in DCM led to the formation of

one major isomer ofC3-(60-2-1)(CN) within five hours (compared to several days)
Presumably, the excess NEN reacts withp-TSCN to form (CN) and then (CN)reacts with
C;-(60-2-1)(CNY faster and more selectively thesTSCN. The reaction proceeds much slower
and less selective when no free MEN is present. In either case, tHE signals (Figure 1.)4

from the dicyano products have very different chemical shifts than products from the previous
two electrophiles, so it appears to be adding to a completely different carbon. This difference is
probably due to (CN)being less attracted to the site of greatest negative charge or simply the

smaller size of (CN)compared to the other electrophilic reagents.

1.3.3 Addition of Other Nucleophiles to 60-2-1

An attempt to generate the “opposite isomer” of C;-(60-2-1)(CN)(CHs) was explored by
first adding CH as a nucleophile and quenching with electrophilic CN. Ai®© Eolution of
LICH3 (ca. one equivalent) was added to a brown, toluene soluti@®-81 The solution

appeared to become darker brown and formed brown precipitateSFTRMR spectrum of the
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solution containing brown precipitates showed a singlet 86r2-1along with two quartets (ca.
6%). A significant amount of brown solid precipitated immediately after adding one more
equivalent of LiCH (ca. two total equivalents). The resultifif NMR spectrum showed no
peak from unreacte@0-2-1 but still had a small signal from the two quartets. ApparentgQall

2-1 reacted to form mostly insolub{€0-2-1)(CHs),"". The solution was light brown with a lot

of dark brown precipitate. Subsequent additiop-08CN in toluene (2 equivalents) resulted in a
brown solution and no remaining solids after sd@he'%F singlet from60-2-1returned upon
dissolution and no new peaks in t€ NMR spectrum appeared. It appears fhasCN was

able to extract Ck1 from insoluble §0-2-1)(CHs)™ and reverse the reaction to form starttty

2-1instead of desire@;-(60-2-1)(CH;)(CN).

In related experiments, solutions of tetrabutylammonium azide in DCM and
tetrabutylammonium thiocyanate in acetone were each added to a sol®@2-dfin DCM (11
equivalents of nucleophile). In both cases, fff'eNMR indicated that no reaction had occurred
even after 24 h since the only observable peaks were@@fland no solids were observed
Perhaps the reagents are too bulky for the nucleophilic additions to occur readily in DGM or N

and SCN are not strong enough nucleophiles to adéiot@-1

1.3.4 Tetraethylammonium Cyanide Reactions with 60-4-2

Similar to reactions witlb0-2-1, choosing the correct solvent mixture was essential when
adding CN to 60-4-2 see Figure 1.15 for molecular diagram. Cyanation proceeded slowly and
required > 10 equivalents NJEXN when60-4-2was dissolved in CDglnd NEACN was added
as aCH3;CN solution. However, the reaction proceeded almost instantaneously and only required
1 equivalent of NECN when all reactants were added via DCM. The addition of a DCM

solution of NEACN to a brown DCM solution d30-4-2yielded a brown soluble materiéb0-4-
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2)(CN)~ which exhibited art®F NMR spectrum with only two predominant Cfultiplets, as
shown in Figure 1.15. The two predominant multiplets were also observed in the original
CDCI3/CHsCN mixture, but other minor multiplets were also present in significant amounts.
Interestingly, in either solvent mixture, the multiplets correspondind6@4-2)O remain
unchanged. This indicates that the §#-C atoms of(60-4-2)O are relatively unreactive and
demonstrates the stability @80-4-2)O towards nucleophilic attackOn the other hand0-4-2

has a particularly reactive and short double exocyclic bond in the fulvene fragment on the cage in
the proximity of Ck groups. This is the same bond that completely and selectively (605

2)O upon oxidation. It is clear that one carbon atom along this double bond must be the
predominant site for CNaddition, since only one multiplet pattern(60-4-2)(CNY dominates

the'®F NMR spectrum. The &Xs addition pattern arising from addition of Ciit the end of the
fulvene fragment is very common amongyG derivatives. ®* This particular addition pattern
creates a stabilizing effect of the aromatic cyclopentadiene anion moiety on the centralmentag
Cyanide addition to this carbon atom is also predicted to be most favorable by DFT calculations

performed by Alex Popov, so it is the most likely site for Gidition.

1.3.5 Addition of an Electrophile to (60-4-2)(CN)

The most likely site for electrophilic addition of Mould appear to be at the C atom on
the cyclopentadiene ring adjacent to THxperimental and DFT experiments indicate that this
is not the case. Subsequent addition o§@XPOH to (60-4-2)(CNY resulted in the immediate
formation of an orange compound6@-4-2)(CN)H) that was readily purified by HPLC.
Interestingly, the two unresolved multiplets from the foug Gups in(60-4-2)(CNY became
four well resolved multiplets upon*Haddition (two quartets and two apparent septets, Figure

1.16). The asymmetry of the gRultiplets illustrates that Hdoes not add to the carbon atom
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located in theortho position with respect to the carbon atom bonded to the CN group. However,
the UV-Vis spectrum of60-4-2)(CN)H resembles the spectrum (&0-4-2)O and 60-6-24%2

Notably, the distinctive peak near 385 nm is present in all three cases and the broad peaks that
are only present for startin§0-4-2 petween 456500 and 550700 nm) are absent in the
spectrum of(60-4-2)(CN)H This similarity in UV-Vis spectra suggests that &tided to a C

atom on the central cyclopentadie(@0t4-2)(CN)H-1, (60-4-2)(CN)H-2 and(60-4-2)(CN)H-3

shown in Figure 1.15), but the asymmetric nature i #ReN\MR spectrum suggests that isomer

3 is not possibleNote that the fullerene n system is identical for all three isomers.

The DFT-derived gas-phase energies of three possible isomers with different positions of
H atoms in(60-4-2)(CN)H (structureg60-4-2)(CN)H-1, (60-4-2)(CN)H-2 and(60-4-2)(CN)H-
3 on Figure 1.14) are very close at the PBE/TZ2P level, but the isomer with the H attached near
the "internal" CEk (structure §0-4-2)(CN)H-1) is lower than the asymmetrié@-4-2)(CN)H-2
and symmetric §0-4-2)(CN)H-3 in energy by 4.5 kJ moland 4.9 kJ mo| respectively. A
similar DFT result was obtained for the hypothetical compd60e42)H,, i.e., the isomer with
the same addition pattern @&0¢4-2)(CN)H-1,was 6.4 kJ mof lower in energy than an isomer
with the same addition pattern &0{4-2)(CN)H-2.In view of this small energy difference,
computations at the B3LYP-D3/def2-TZVP level (with dispersion correction) were also
performed and virtually the same values in the gas phase (within 1 k3 mete found.
Solvation energy corrections (computed for DCM using C-PCM model at the B3LYP/6-311G**
level) further destabilized the isom&0¢4-2)(CN)H-3(AE = 16.9 kJ mol") with respect to the
isomer 60-4-2)(CN)H-1 however the isome60-4-2)H became 0.8 kJ mdl more stable than
the latter. The barriers of the interconversion betw@ér4-2)(CN)H-1 (60-4-2)(CN)H-2 and

(60-4-2)(CN)H-3 all exceed 110-130 kJ md] such interconversion is not to be expected at
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room temperature. So far, it is not possible to distinguish bet{@€eaA-2)(CN)H-1and(60-4-

2)(CN)H-2 based on these computational data.

The product compositions after the first and second reaction steps were determined by
mass spectrometry asdiCF;)4(CN)™ and Go(CFRs)4(CN)H, respectively (Figure 1.17). Partial
dehydrogenation o€s0(CFs)4(CN)H was observed during the mass spectrometry analysis, even
under mild NI-APCI and NI-ESI MS conditions, as followed from the isotopic distribution
analysis of its peak, leading to the generation gf@:)4(CN)~. Complete dehydrogenation was
observed in the ESI ion source during LT PES measurements, which will be discussed in section

1.6.

1.3.6 Stability of (60-4-2)(CN) and (60-4-2)(CN)H in Ar

The stabilities 0{60-4-2)(CN)H and (NE#)" salt of (60-4-2)(CNY were determined in
sdution under ambient and anaerobic conditions prior to photoelectron spectroscopy studies that
will be described in section 1.§60-4-2)(CN)H is stable for weeks as a solid under ambient
conditions and compoundEt,*(60-4-2)(CNY is relatively stable in aerobic solution for days, as
confirmed by'°F NMR. CompoundNEt,"(60-4-2)(CNY remains stable for days as a brown
DCM solution under anaerobic conditions, and only shows minor degradation under ambient
conditions when a slight excessMELCN is present (Figure 1.18)fter the°F NMR spectrum
of NEt,"(60-4-2)(CNY was obtained in anaerobic conditions, the solution was exposed to air and
a small amount of brown precipitates immediately formed along with small peaks t#Fthe
NMR spectrum. Thé’F NMR spectrum remained the same in appearance for 6 days (Figure
1.18) confirming that the degradation reactionNdit, (60-4-2)(CNY is slow, even in ambient
conditions.The stability of this fullerene anion under ambient conditions opens new venues for
design of air-stable molecular complex&3onversion of(60-4-2)(CN)H back into (60-4-

22



2)(CN)™ can be easily realized by removal of proton upon the addition of proton sponge in
anaerobic conditions, as shown in 8 NMR spectrum in Figure 1.16. A large excess of
proton sponge was added to ca. 0.3 mg HPLC pur{tée4-2)(CN)Hin 0.8 mL DCM and the

color remained yellow the entire time. The two multiplets in'fl'eNMR spectrum shown in
Figure 1.16 have slightly different chemical shifts frdit,"(60-4-2)(CNY, which is probably

due to differences in ion-pairing from the different solvent environment (i.e. DCM enriched with
proton sponge) and the different cation (proton sponde(s{)NEt"). The spectrum stayed the
same for six days even when it was exposed to air (Figure 1.18). The salt complex is not stable
on silica gel. The mixture was passed through a silica gel column to remove proton sponge. Not
too surprisingly, the bare anion degrades quickly on silica gel when the proton sponge is

removed, as indicated by the resultifig NMR spectrum.

1.4 Cyanation of Go(CF3),: Synthesis and Characterization
1.4.1 Tetraethylammonium Cyanide Reactions with 70-8-1

Adding ten substituents to;£often results in the formation of thgo(loop) addition
pattern which was first observed crystallographically feB&0.>> The addition pattern has not
been observed for&CFs)10 isomers, presumably due to the steric hindrance of the rather bulky
CFs groups. However, this addition pattern has been observed in TMF derivatives, specifically
(70-8-1Cl,*° and [70-8-11b.%° These two TMF derivatives also represent two of the few
examples of regioselective additions #0-8-1 The work discussed below represents another
class of regioselective addition @D-8-1, nucleophilic addition of cyanide followed by the

addition of an electrophil®.

Working with dilute solutions o¥70-8-1is best in order to avoid the loss @-8-1to

dimerization® Dimerization across the CC29 bond 0f70-8-1 causes an insoluble yellow
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solid to crash out of concentrated solutions. Therefore, the addition of a colorless solution of
NE%CN in MeCN was added to a dilute solution7@8-1in toluene resulting in the immediate
formation of a greyish-blue solution. TA® NMR spectrum of the new solution contains eight
multiplets that were assigned @-(70-8-1)(CN)~, indicating that the originaCs symmetry of
70-8-1was broken by the addition of CNFigure 1.20). In some cases, a second set of eight
multiplets was observed, indicating that another minor isomex-¢70-8-1)(CN) was formed.

In either case, the subsequent addition of a colorless solut@T<EN in toluene resulted in a
light brown solution containing an abundant derivativ@s(70-8-1)(CN) (90+ mol%
regioselectivity), that exhibited altF NMR spectrum with only four multiplets, indicating
reestablishment ofCs; symmetry. A minor isomer,C;-(70-8-1)(CN), was present in
approximately 10 mol% vield based bir NMR spectroscopy and exhibited an eight-multiplet
containing spectrum, which indicat€d symmetry. HPLC was used to purify the major isomer,
C+(70-8-1)(CN}», and minor isomerC;-(70-8-1)(CN), from unreacted70-8-1 and small

amounts of other unknown compositions.

X-ray crystallography revealed tha&s(70-8-1)(CN) has theCsp’o(loop) addition
pattern shown in Figure 1.21. Th#o(loop) addition pattern was recently observed for
C7o(CF3)sCl, (Cs-(70-8-1)(Cl)).* In these derivatives, the CA@29 bond (the only cage Cp
C(sp)) bond) is long. It is 1.656(8), 1.63(1), and 1.59(2) Air(70-8-1)(CN), Cs(70-8-1)(Cl),
and GoBrio, respectively. The £ cage centroids®, form rigorously planar pseudo-hexagonal
arrays in crystallographiab planes with®...® distances within each layer that range from 10.49
to 12.26 A (Figure 1.21 These layers are stacked in the crystallographiicection with 13.17

A spacings, resulting in pseudo-HCP packing. Within each layer the molecular DFT-predicted
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dipole vectors have the sanecomponent, and alternate strongly-dipolar layers have their

resultant dipole vectors in thdr —b direction.

Figure 1.22 shows the IUPAC numbering fow,Ghe DFT-predicted LUMO 0o70-8-1,
and a DFT-predicted ESP diagram for {fi6-8-1)(CN) isomer with its CN group on C11. Itis
virtually certain that the predomina(0-8-1)(CN) isomer is the 11-CN isomer because the
predominant produc(/0-8-1)(CN}, has CN groups on C11 and C29 (note that C11 and C29 are
symmetry related iff0-8-1). The DFT calculations listed in Table 1.2 show that the 11-CN anion
is favored by 7.6 kJ malover the next most stable isomer, which has the CN group on C25. In
addition, nucleophilic attack on C11 T®-8-1is also favored due to the large contributions of p-
n orbitals on C11 (and C29) to the LUMO of 70-8-1 The PFAF70-8-1, with its Cs-p” addition
pattern, is unusual in that the addition of two Cl atoms initiated by ICI electrophilic (or radical)
attack,andthe addition of two CN groups initiated by CNucleophilic attackhothlead to eCs
po(loop) isomer as the abundant product. This is bedantsghe HOMO and the LUMO of0-

8-1 have large contributions from therrbitals on C11 and C29.

The ESP for the 11-CN isomer @f0-8-1)(CN), mapped onto its van der Waals surface,
indicates that the cage C atoms with the greatest negative charge are C29 and C31, which should
be the two sites favored for electrophilic attackppysCN. Combined with the results in Table
1.2, CN addition to C29 is favored relative to any other cage C atom. This explains the
formation of the majo€Cs isomer,Cs-(70-8-1)(CN). If minor isomerC;-(70-8-1)(CN} is formed
from the minor 25-CN isomer @70-8-1)(CN)” (7.6 kJ mol® less stable than the 11-CN isomer),
then the most likely addition pattern 6f-(70-8-1)(CN) is the C;-p’mp addition pattern (i. e.
the same addition pattern observed®10-1), with CN groups on C10 and C25. Interestingly,

70-10-1 the lowest energy isomer ofICFs)10, is predicted to be only 12.4 kJ niolower in
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energy than the putative isom@sp°o(loop)-Cro(CFs)10, While Cs-(70-8-1)(CN} is predicted to
be 42.6 kJ mof lower in energy thai€;-p'mp-C7o(CFs)s(CN),. The small difference in DFT-
predicted energies fai0-10-1andCs-p°o(loop)-Cro(CFs)10 is clearly due to the large size of £F
substituents, since the hypothetical isoiBep’o(loop)-CrH1o is 47.1 kJ mol* lower in energy

than the hypothetical isomé&%-p’mp-C7oH10.

Another possibility is that the minor isomer derives from'@idition to C31 of the 11-
CN isomer of(70-8-1)(CN). This would produce &:-p>-isomer of(70-8-1)(CN}, an addition
pattern known for two symmetric 76X compounds, Co-p>-C7o(CFs)1> and Co-p’
C7o(tBuOO).%°> However, the UV-Vis spectrum of the minor isomer is nearly congruent with
the spectrum of0-10-1and significantly different than the spectrumQafp®-C;o(CFs)10 (Figure
1.23). Therefore, the minor isomer is most lik€yp’mp-(70-8-1)(CN), formed from the 25-
CN minor isomer of70-8-1)(CN). Note that this is an example of a pair of substituents being
added to thepara positions of a cage hexagon instead of a cage C=C bond, even though the
addition of the same substituents to a cage C=C is possible (and in fact, in this case, represents

the more abundant product).

1.4.2 Addition of Other Nucleophiles to 70-8-1

Nucleophilic additions of Bl and SCN were attempted in similar reactions to the
attempteds0-2-1reactions described in Section 1.3.3. Solutions of tetrabutylammonium azide in
DCM and tetrabutylammonium thiocyanate in acetone were each added to a solé@@esr bin
DCM (22 equivalents of nucleophile). In both cases, ‘l'eNMR spectra indicated that no
reaction had occurred even after 24 h since the only observable peaks were fitdrBthe
Solids were formed in both cases which are most likely from dimer formation and may or may

not be influenced by the addition of the TBA reagents. Perhaps the reagents are too bulky for the
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nucleophilic additions to occur readily in DCM or; Mind SCN are not strong enough
nucleophiles to add t60-8-1 Since these reactions failed wéh-2-1 and70-8-1they were not

attempted with any other PFAF.

1.4.3 Tetraethylammonium Cyanide Reactions with 70-10-1

Another Gy TMF was used to study the versatility of cyanide reacti@sp’mp
C7o(CRs)10, 70-10-1 This asymmetric compound has 60 unique €(sgoms to which a
nucleophile might add. The C3334 bond has been shown to be reactive towards
cycloadditions’®*° but never has an experiment showed which specific atom is more reactive. A
single nucleophilic addition to asymmetfi6-10-1could reveal which C($patom of the double
bond is more reactive; it is even possible that one of the other 58 @{ems apart from the

C33-C34 is actually more susceptible towards nucleophilic attack.

Addition of a colorless solution of NN in MeCN to a yellow solution 0f0-10-1in
CsDg/toluene resulted in the immediate formation of a green species with a new set of 10 CF
multiplets in the®F NMR spectrum (Figure 1.24). Subsequent addition of an excess;afTEH
or CRCOOH resulted in the immediate formation of yellow solutions containing, in both cases,
one major product. These were each purified by HPLC and exhibited nearly id&iRtisaVR

spectra, suggestirthat CH" and H add to the same C atom.

As shown earlier, the solvent choice for nucleophlild was very importanin 60-2-1
and 60-4-2 reactions. Performing the nucleophilic cyanation reaction Wit10-1in toluene,
benzene, dichloromethane, chloroform, acetonitrile, or various mixtures of the solvents did not
significantly affect the rate or selectivity of the reaction. The immediate formati¢nOetO-

1)(CN)~ was observed in all reaction conditions when one or two equivalents gENIkersus
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70-10-1were used. On the other hand, a large excess of electrophile was necessary to push the
reaction to completion. Deficient amounts of electrophile resulted in the reverse reaction and
recovery of 70-10-1 A large excess of electrophile is required to push the reaction to
completion. In various solvent mixtures, the reaction reverts back to ¥00%9-1when less

than 10 equivalents MeOTf are added to the cyano anion, produces(70a%-1)(CN)CH53)

when more than 30 equivalents are added, and produces a mixtdBe16f1 and (70-10-
1)(CN)(CH3) when intermediate ratios are used. In an NMR experiment, one equivalent of
EuNCN was reacted with one equivalent##-10-1 in CD,Cl, with p-trifluoromethyl benzene

as an internal standard. This internal standard was used so that the fluorine:hydrogen ratio in the
reaction mixture could be calculated. Upon the addition of MeOTf (ca. 5 equiVJRthéMR
spectrum only exhibited multiplets fro0-10-1and a singlet for CECN appeared in théH

NMR spectrum. More CECN formed when an additional equivalent ofNEEN was added to

the mixture and no multiplets f¢gr0-10-1)(CNY or (70-10-1CN)(CH3) were observed in the

% NMR spectrum. This demonstrates that the cyanide has some lability and can re@étsivith

to produce acetonitrile. TH@Hs" electrophile has a higher affinity towards the cyano anion than

for the cyanofullerene anion. Any free cyanide will quickly react with a methyl cation to produce
acetonitrile, so if the cyanide on the PFAF has any lability it will quickly be consumed by methyl
cations. Similar results were observed when less than an exqe3sON was added ty0-10-

1)(CNY-.

NMR and NI-APCI MS spectra indicate the successful additio®@N\ofandCHs" to 70-
10-1, but they cannot determine which carbon atom reacts with each moiety. Absorption spectra
of known Go(CFRs)10 compounds were compared wifi0-10-1)(CN)(CH;) to determine the

addition pattern. Cycloadducts across the-@33! bond sufficiently disrupted the pi system of
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70-10-1 and Ovchinnikova et al. were able to observe new absorption peak&-ih0-
1)[C(CO-Et);] compared with starting/0-10-1*" In the case of(70-10-1)(CN)(CH), the
absorption spectrum looks strikingly similar #®-10-1 so DFT calculations were used to

determine which C atoms are most reactive.

DFT calculations performed by Alex Popov suggest tha(2€l0-1)(CN) intermediate
probably has its CN group on C34, as shown in Table 1.3 and Figure 1.25, although the
preference for this site is only 6.6 kJ mMoBased on the p-orbital contributions to the LUMO
and LUMO+1 of70-10-1 the sites favored for nucleophilic attack by Gdh 70-10-1may be
C33 and C34, followed by C29 and C11 (which are sterically crowded because they share a
pentagon or a pentag@nd a hexagon, respectively, with €groups). The LUMO in Figure
1.26 is based on figures published in 266%. Although LUMO+2 is only 0.04 eV above
LUMO+1, it is not shown because the same cage C atoms are involved. Therefore, the
remarkably selective nucleophilic addition of Ci 70-10-1may be under kinetic as well as
thermodynamic control, because all of the other low-energyd@iition sites (except C33), not

just C11 and C29, share a pentagon or a pentagon and a hexagon with RudkyupB.

If the CN group is indeed on C34 (#0-10-1)(CN), then the product with its GHyroup
on C33 (i.e.,(70-10-1)(34-CN)(332H3)) may also be kinetically and thermodynamically
favored: kinetically according to the ESP {@0-10-1)(CN) shown in Figure 1.26 as well as the
fact that all other cage C atoms share a pentagon with; @&p, and thermodynamically by
more than 46 kJ mdl. Note that there is only a 1.0 kJ notlifference in the DFT-predicted

energies 0{70-1041)(34-CN)(33-CH3) and(70-10-1)(33-CN)(34€H3).

29



The (70-10-1)(44-CN)(232H3) isomer can be dismissed as a candidate for the
predominant isomer despite the fact that the X-ray structuf@10-1)(CH)2(CN),, which
will be discussed below, shows that a nucleophile/electrophile pair can add to C44 and C23,
respectively, orY0-10-1(note that these cage C atoms@aea to one another on a hexagon near
the Go equator, whereas the C3334 bond is near one of thepoles). The DFT-predicted
energies of(70-10-1)(44€N)  and (70-10-1)(44-CN)(23cH3) are 15.1 and 12.0 kJ mol
higher, respectively, than the corresponding lowest energy isomers. In addition to the steric
hindrance at C44 relative to C34, 16 NMR spectrum of the 95+ mol% regioselective product
does not exhibita pair of multiplets with —6 values < 60, which suggests that the added
substituents haveot affected the conformations of the £dgroups relative to the conformations
observed foi70-10-1and therefore are remote from the;@Foups:>*2°® Considering all of the
experimental and DFT results, it appears that the predominant products formed by #@ating
10-1 first with NE%CN and then with either G} Tf or CRCOOH are, respectively,/0-10-

1)(34-CN)(33CH3) and(70-10-1)(34-CN)(33H).

Another compoundC;-C7o(CF3)10(CN)2 ((70-10-1)(CN)), was then prepared froi0-
10-1 according to a similar procedure. The predominant isome€,€f70-10-1)(CN) was
quenched withp-TSCN to produce one predominant prody@0-10-1)(CN). The **F NMR
spectrum of this new fullerene exhibited tens@kultipets that differ from the ten multiplets of
70-10-1as shown in Figure 1.25, and practically identical to'fReNMR spectra of,-(70-10-
1)(CN)(CH3). Therefore, the new derivative most likely has the same addition pattern as the
latter, where two cyano groups are both added to the most reactive cage carbon atoms (C33 and

C34), as shown on Figure 1.25.
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The possibility of generating the “opposite isomer” of (70-10-1)(34-CN)(33€H3), (70-
10-1)(34CH3)(33-CN) by first adding CH followed by p-TsCN was also explored.
Presumably, the nucleophilic reagent, whethegGi CN", would attack the same C atom and
allow for the“opposite isomérto be generated. In one experiment, a solution of MeMgBr in
Et,O (16 equiv.) was added to a yellow solution76f10-1toluene and the solution became
brown within ten minutes. Fluorine-19 NMR spectra of the green-brown solution showed the
complete loss 0f70-10-1 multiplets and 10 new multiplets appeared, presum#bbr10-
1)(CH3)™. This new set of peaks is more similar to the 10 multiplet patte(i0ai0-1)(CNY
than of 70-10-1despite differences in the solvent mixtures used for the NMR experindents.
toluene solution op-TsCN (16 equiv.) was then added and the solution instantly became cloudy
yellow. The solution was then exposed to air, the solvent was removed, and then the solid was all
dissolved in @De. Fluorine-19 NMR revealed that ca. 50% of the mixture reverted bat8-to
10-1 and ten new multiplets indicated that a predominate product was formed with ca. 40%
yield. The product was separated by HPLC and APCI mass spec indicate(7QhEd-
1)(CH3)(CN) was formed. The 10 multiplets (f0-10-1)(CH)(CN) are more similar to the 10
multiplets of(70-10-1)(CN)(CH;) formed from the cyano anion than the multiplets freda10-

1, so it is very likely that the opposite isomer was indeed formed (Figure 1.27). The reappearance
of 70-10-1in the reaction mixture revealed the reversibility of the reaction in agreement with the
reversibility of(70-10-1)(CNJ reactions with MeOTf described above. In some attempts to form
(70-10-1)(CH)(CN), all of the methyl anion reverted back 76-10-1 ard no product was
formed. The possibility of adding a large excesg-05CN to quickly quench the reaction was

never explored. Perhaps a large excess will push the reaction towards the desired product similar
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to adding a large excess of MeOTf(#D-10-1)CN)~. However, this reaction could be limited

by the solubility ofp-TSCN in the chosen reaction mixture.

Perhaps the use of a different counter ion wit@-10-1)(CH)~ could help push the
reaction towards the desired product. A solution of LiGH EtO was added to a yellow
solution of 70-10-1in toluene and a green precipitate immediately formed. When only one or
two equivalents of the methylating agent were added®faNMR spectrum indicated that some
amount of70-10-1was still present in solution. Four equivalents of LiGiere required to
cause the complete conversion of yellow, solttflelO-1into the green precipitate, presumably
the lithium salt of(70-10-1)(CHs),"~ anions. A noisy spectrum with very few discernable peaks
indicated that nearly all of the fluorine atoms were in the green solid (Figure 1.28). The
formation of the green precipitate is in contrast to the green, sd\Btlg(70-10-1)(CNY and
green-brownMgBr *(70-10-1)(CH)~ described earlier. Subsequent addition of four equivalents
of a toluene solution gb-TsCN caused the immediate conversion of the green precipitate into a

yellow solution.

The *F NMR spectrum of the yellow solution (Figure 1.28D) indicated the absence of
70-10-1and the presence of two principal products, one of them more abundant than the other.
The success of this reaction is in contrast to sinplISCN reactions with60-2-1(CNs)~
described earlier. The two predominate products were purified by HPLC (confirming their
different relative abundances) and exhibited the NMR spectra shown in Figure 1.28. Mass
spectra showed that they were isomers of the compogitidi0-1)(CH)2(CN),. It is unlikely
that the green precipitate only contained (i@-10-1)(CH) monoanion and that the excess
LICH3 present in solution added ¢60-10-1)(CH)(CN) as it formed from the green solid when
p-TsCN was added, because free LiJHacts extremely rapidly with-TsCN to form CHCN
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(i.e., there would be little or no remaining Ligkb react with the putative intermedig#0-10-
1)(CH3)(CN)). Therefore, the green precipitate likely contains two (or more) isomers of the
lithium salt of the(70-10-1)(CH),*~ dianion, namely the dianions that form the major and minor

isomers 0f{70-101)(CH3)2(CN)..

The minor isomer formed crystals suitable for X-ray diffraction via slow evaporation
from DCM, and its structure is shown in Figure 1.29. (The structure is of poor quality, with an
Ry value of 0.21, but there is no doubt about its addition pattern) The twgrGtis have been
added to C33 and C44 and the two CN groups have been added to C34 and C23. It was expected
that a nucleophile/electrophile pair would add to the- €33 bond (although in this isomer the
two groups are switched from the proposed, lowest-energy isgidéi0-1)(34-CN)(33CHy3).

The other nucleophile/electrophile pair added tophe positions of a hexagon near the,C
equator. The presence of bo@-(70-8-1)(CN) and C;-(70-8-1)(CN) resulting from the
addition of CN and CN to 70-8-1showed that a nucleophile/electrophile pair can add to a cage
C=C bondor to the para positions of a cage hexagon. The formation(d9-10-1)(33,44-
CH3)2(23,34€CN), shows thatboth types of addition can occur simultaneously on the same

substrate molecule.

It is likely that the minor isomer characterized by X-ray diffraction was formed by the
addition of two CN moieties to th¢70-101)(33,44CH53),*” dianion. DFT calculations, listed in
Table 1.4, predict that this isomer is 4.1 kJ thééss stable than the correspondifi@-10-
1)(34,44CH5), dianion. Based on the DFT predictions, and the near congruence'tf tiBIR
spectra of the major and minor isomers (Figure 1.28), it seems likely that the major isomer was
formed from thg70-10-1)(34,44cH53),”” dianion and i<C;-(70-10-1)(34,44SH3)5(23,33CN)s.

(Note that both isomers exhibit two multiplets with —6 values < 60, indicating that the added
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substituents have affected the conformation of ongdtéup relative to its conformation #0-

10-1 Both the X-ray structure and the DFT-optimized structure of the minor isomer show that
the 23-CN and 44H; substituents are in close proximity to twos&ffoups and one GRroup,
respectively.The multiplet at & —61.6 in the spectrum of 70-10-1 belongs to the GFgroup
closest to the Ciigroup on C44! It is sensible that this multiplet would be the one to shift to ca.

& —58 in the spectra of (70-10-1)(CH)2(CN),. Furthermore, note that the quartet at 3 —70.9 in

the spectrum of0-10-1also experiences a large shift. This is because the termig@rQip on

C25 in70-10-1is no longer terminal itf70-10-1)(CH)2(CN); it is para to the Ck group on

C10 andmetato the CN group on C23.

Interestingly, the minor isomer is predicted to be marginaldye stable than the major
isomer. The DFT calculations by Alex Popov also predict that the addition of one of the two
CHs nucleophiles to C23, or the addition of both of them to C33 and C34, are unlikely. An ESP
diagram of thg70-104)(33,44CHs),>~ dianion shows that the addition of CHlectrophiles to
C34 and C23 may be kinetically controlled as well as thermodynamically favored. liomaddit
(70-10-1)(33,44SH3),(34-CN)” and (70-104)(33,44CH3)»(23-CN)” DFT calculated ESP
diagrams of monoanions show that the addition of @\C23 or C34, respectively, may also be

kinetically controlled.

1.5 Tetraethylammonium Cyanide Reactions with Other PFAFs

The reactions described above demonstrated the versatility of nucleophilic cyano addition
to two Gso(CFs)n and two Go(CFs), derivatives. Preliminary NBEEN reactions with other PFAFs
were explored in order to demonstrate the universal nature of this reaction for a greater variety of
fullerene derivatives. Addition of NEEN to a brown solution of-Cgo(CF.CeFs), resulted in a

brown solution with two new sets of°F resonances indicating that two isomers of
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Coo(CRCsF5)2(CN)™ were formed. Subsequent addition of benzyl bromide resulted in two new
sets of °F resonances. The products of this reaction were not further characterized because
precipitates formed over time with the final products and with g60€,CsFs)2(CN)™ mixture.
Addition of NE4CN to a brown solution to a mixture 60-4-1>60-2-1>60-6-1 resulted in a
brown solution that exhibited entirely newF multiplets. This reaction was not further
characterized, but it did indicate that the three PFAFs readily react wifCNEAddition of
NEYCN to a dark brown solution @0-10-1limmediately resulted in a dark green solution. This
reaction did not appear to be very selectivé ByNMR since theen-multiplet spectrum o60-

10-1 changed to > 30 new multiplets. TH&E NMR spectrum of this anion mixture remained
unchanged for two days in anaerobic conditions indicating that this reaction happens very
quickly and does not undergo further rearrangements or reactions witt5Gbsequent addition

of MeOTf to this reaction mixture converted some of the anion into three predominant products
and some reverted back 86-10-1as confirmed by a combination 6F NMR and HPLC. The
composition of one fraction from HPLC containegh(CF3)10(CN)(CHs) with a small amount of
Co0o(CR3)12(CN)(CHs) (due to Go(CRs)12 impurity in the starting material) as confirmed by
APCI-MS. Addition of NE4CN to a yellow solution of ggF15 resulted in a dark green solution

that exhibited new singlets in it& NMR spectrum, but the resulting mixture precipitated out of
solution over time. These preliminary experiments have demonstrated thawilNdd to

PFAFs but does not always result in a regioselective addition with stable products.

Traditionally, Go(CFs), derivatives with n>10 are difficult or impossible to separate by
HPLC using the Cosmosil Buckyprep column. The highly fluorinated species have very little
interaction with the aromatic stationary phase of the column and typically elute at dead volume.

In most cases involving cyano modified PFAFs described above, the newly synthesized cyano
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PFAFs eluted later in the HPLC experiments than the parent PFAFs. The new addends caused
the molecule to interact with the column to a greater extent and could be separated at later
elution times. Perhaps, similar modifications to mixtures of highly trifluoromethylajg€@ &),

and Go(CFRs), could cause the molecules to interact more readily with the stationary phase and
could then be isolated at longer retention times. This notion was explored with inseparable
mixtures of Go(CRs)12 and Go(CRs)12 with the intention to isolate fullerenes with previously

unknown addition patterns.

Many addition patterns of §{CF3)12 and Go(CFs)12 are not known because they cannot
be isolated from other isomers. It is thermodynamically more favorable for; ad@ition to
occur on one of the 12 pentagons of the fullerene cage, so it is reasonable to suggest that, in most
cases, all 12 pentagons of the cages containzgay@Ep. The next addition togftCFs);2 would
have to share a pentagon with oneg Gfoup, which could be sterically hindered due to the close
proximity of the bulky Ck addends. Additions to &{CFs3):» could also occur on a shared
pentagon or on a triple-hexagon junction. In either case, &idition is likely unfavorable
thermodynamically. On the other hand, Tienefits by being sterically small compared tg CF

groups.

Toluene was added to a mixture ofp(CF3)12 and ca. half of the fullerenes appeared to
dissolve, forming a red-orange solution. Addition of MEY instantly formed a dark green
solution and most of the solid appeared to dissolve. Aliquots of #h€&)i12(CN)™ anion
mixture were then reacted with a large excess of MeO&famnall excess gb-TsCN and each
solution became yellow-brown over time. After washing each solution withatd drying with
MgSQ, the solutions were analyzed b% NMR and separated by HPLC, see Figure 1.30. The
reaction with a large excess of MeOTf converted almost the entire starting fullerene into new

36



products. These products were isolated by HPLC to varying degrees of purity and all of them
exhibited 12 multiplet®F NMR spectra. APCI-MS of these fractions confirmed the formation of
Cso(CR3)12(CN)(CHg) and also the presence of a small amount«gfGEs)14 that was present in

the starting material.

Some Go(CFs)12(CN)™ converted back to starting ¢§0CFs)1> and some formed
Ceso(CRs)12(CN), products in the reaction with a small excesspdfsCN. Two predominant
products of Gy(CF3)12(CN), were isolated by HPLC (Figure 1.30) in 100% hexanes at 6.7 and
7.3 minutes and the composition was confirmed by APCI-MS. A small signal from
Cs0o(CF3)14(CN), was observed in MS experiments with each fraction. The remaining peaks from
HPLC were collected as one fraction. The APCI-MS of this fraction confirmed that most of the
mixture was still Go(CF3)12 while a small amount could be associated wigh(@F3)12(CN), that
eluted at or near the same retention time as the starting materials. Attempts at crystallizing
purified fractions from each experiment to elucidate @f¢ addition pattern of €(CFs)12
isomerswere unsuccessful and no 2D-NMR experiments were attempted as an alternative. The
versatile cyanation of PFAFs that was originally used as a way to determine which C atoms of
the cage were the most active can now be utilized to isolate previously inseparable PFAFs.
However, the addition pattern of these newly isolateg{CGFs),, derivatives remain unknown

until suitable crystals are formed.

Successful isolation of {CFs3)12(CN)(CHs) derivatives prompted similar experiments
with mixtures of Go(CFs)12. A mixture of Go(CFs)12 isomers containing a small amount of
C7o(CF3)1416 Was dissolved in toluene to form a dark orange solution. Upon reaction with
Et;,NCN the mixture became dark green and remained stable in anaerobic conditions for at least
one day. Thé’F NMR spectrum of the green solution revealed that most of the multiplets from
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the starting material had shifted, confirming the addition of C(uibsequent addition of a very
large excess of MeOTf created a yellow solution. Analysis of the restffniyMR spectrum,
APCI-MS, and HPLC chromatogram of the worked up yellow solution revealed that most of the
C70(CR3)12(CN)” reverted back to starting material upon addition of MeOTf. Only a small
fraction of the material converted to the desired product (confirmed by MS) which could not be
isolated by HPLC in 100% hexane with a Buckyprep column. Efforts to optimize this reaction

with the unknown mixture of g(CFs)12 isomers were not pursued further.

1.6 Electrochemistry and Electron Affinity of Cyanated Ggo(CF3), and C;o(CF3),

In the research community developing OPV materials and optimizing device
performance, strong electron acceptors are commonly referred to as materials with low-lying
LUMO levels. The quantitative value of LUMO energy has been conveniently (but not always
consistently and correctR}) derived from the measured reversible first reduction potential
(Ex2”” value) using cyclic voltammetry with typical uncertainties of 10-20 mV. Determination of
solid-state EA of organic materials is now becoming available via IPES, but with lower precision
and accuracy; errors as high as 300 meV are typically reprfeGas-phase EA measured by
LT PES represents the most fundamental intrinsic measure of a molecule’s ability to accept
electrons, and uncertainties as low as 5-10 meV can be readily achieved in modern state-of-the-
art instruments, allowing for reliable comparisons of compounds even with very small
differences in EA, for examplegg&and Go.">"? This method is indispensable when organic
acceptors do not exhibit reversible electrochemical behavior in solution, and when the amounts
of materials are too small to be used for IPES which is frequently the case at the exploratory
stage of research. Since sharp peaks are often resolved in the threshold region of photoelectron

spectra of fullerene related anions, the accuracy of EA measurements is around 10 meV,
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comparable to the best cyclic voltammetry experiments. The LT PES technique was performed
by collaborators at PNNL to elucidate electron accepting properties of mamn&€ G, cyano
modified PFAFs, since electrochemical irreversibility was so prevalent. A short discussion on
cyclic voltammetry measurements will be followed by the electrochemical behaviogyof C
derivatives from LT PES and then the more peculiar and less predictable results fropp the C

derivatives will be described.

1.6.1 Electronic Properties 0f°>-Cgo(CF3)4 (60-4-2) and Go(CF4)4(CN)(H) ((60-4-2)(CN)H).

In this section, the electronic effects of functional groups in the most common type of
hexa-substituted &g fullerenes, containing the SPP addition pattern (Schlegel diagram is shown
on Figure 1.15) will be addressed. Several isostructural penta-substituted derivatiyggiof C
radical and anionic forms}s-CsoXs, Where X is either an EWG, EDG, or both were studied.
Such penta-substituted species were observed as chemical intermediates on the way to the
neutral hexa-substituted compounds with the SPP addition pattern. Versatility ©f @gXs
motif in the organic and organometallic chemistry of fullerenes and importance of related
fullerene materials in practical applications necessitate a knowledge and better understanding of
the influence of different functional groups on the electron-accepting properties of such

derivatives.>®?

Cyclic voltammetry 060-4-2 and(60-4-2)(CN)Hrevealed that reduction processes were
irreversible, which was in sharp contrast to the previously observed three or four reversible
reductions for the majority of TMFs, includimnpCeso(CFRs)4 (60-4-1) and SPP-g4(CFs)s (60-
6-2).*® The most likely explanation for such a drastic difference in the electrochemical properties
is the high chemical reactivity &0-4-2 and (60-4-2)(CN)H in reduced forms. In the former

case, a reactive double bond can be attacked by nucleophiles from solution (e@.,GDH; in
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the case 0{60-4-2)(CN)H, hydrogen can be easily removed under electrochemical experiment
conditions, causin§0-4-2(CNY to undergo further chemical transformations, and thus yielding
electrochemically irreversible processes. Consequently, it is not possible to use cyclic

voltammetry for reliable estimations of redox properties of these compounds.

The LT PES method was used for the experimental determination of gas-phase electron
affinity of 60-4-2 and (60-4-2)(CN)H Preliminary APCI mass spectrometry studies of the
acetonitrile solutions 060-4-2 and (60-4-2)(CN)H indicated that corresponding molecular
anionic species can be readily generated, see section 1.3.5. Noteworthy, in the ESI source of the
mass spectromete(60-4-2)(CN)H was observed only as fully deprotonated spe(ts4-
2)(CN) (see Figure 1.17). The EA measurements at 266 nm (4.661 eV) were carried out for
acetnitrile solutions 0f60-4-2 and (60-4-2)(CN)H mixed with appropriate donors using a
magnetic-bottle time-of-flight PES coupled with an ESI source and a cryogenic ion-trap for size-

selected anions as described elsewhere and performed by collaboratdxg & PN

Interestingly, the photoelectron spectrum of the anion produced @2 consists of
two features, one at 3.21+0.01 eV, and the second one, more pronounced, at 3.96 +0.01 eV
which indicates that two anionic species with considerably different electron affinities contribute
to the photoelectron detachment process (Figure 1.31). It is reasonable to suggest that the peak
observed at 3.21 eV is due to the parent molecusCEs), anion, whereas the peak at 3.96 eV
is likely to be due to a hydrogenated anioRe(CF3)sH (structure(60-4-2)H’, Figure 1.1%
based on the observed ion signal width. The most likely explanation for the formation of the
penta-substituted anion is a very high reactivity of the anionic for@0d#-2 in solution that
leads to hydrogen abstraction from the solvent (not thoroughly dry) or from the ESI process
which occurred at the ambient environment with a certain amount of water vapor and formation
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of the particularly stable anio®@-4-2 + H), (60-4-2)H, bearing an aromatic cyclopentadiene
moiety. Within the current instrumental mass resolution, it is difficult to separate anionic beams
with m/z996 60-4-2) and 997 (60-4-2)H), but there was a change of spectral area ratio of the
low and high binding energy features corresponding to these two species ranging from 0.039 to
0.089 in five different. T PES studies by selecting different portions of the ion clouds containing
both m/z 996 §0-4-2) (minor) and 997(60-4-2)H) (majority). Note that these ratios cannot be
directly translated into the ion population @-4-2° over (60-4-2)H" because the detachment
cross sections of these two anionic species may not be the same. The forméd-@)H
occurring after mass selection can be safely ruled out because of the absence of a hjahrogen
source: only N molecules constitute the background gas in the PES instrument (at vacuum as
high as 18 torr). This interpretation of theT PES spectrum dd0-4-2is strongly supported by

the theoretical calculations from Popov. The DFT-derived EBOa4-2is 3.10 eV, whereas the

EA value of(60-4-2)H was calculated as 3.73 eV. Such a considerable difference between the
EAs of the two species is explained by two factors: (i) EA of the open shell molecular species is
known to be higher than that of closed-shell speéiemd (ii) addition of H atom t60-4-2

leads to a significant stabilization of the structure due to the formation of an aromatic moiety as

shown in Figure 1.15 fdi60-4-2)H .

The LT PES spectrum of60-4-2)(CN)H consists of only one strong peak at 4.28 eV.
Slightly different mass selection for the ion beam generated from a solut{@0-df2)(CN)H
has been also carried out, which indicated that only one ion species e(6tdd?2)(CN), a
product of complete deprotonation @0-4-2)(CN)Hunder applied experimental conditions, in

agreement with the preliminary ESI MS results §80-4-2)(CN)H discussed in Section 1.3.5
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Therefore, the EA of60-4-2)(CN)was measured from the first resolved peak to be 4.28 + 0.01

eVv.

Table 1.5 contains adiabatic EA value @&f-4-2 and, for comparison, earlier reported
EAs of some closed-shell TMFs andoCand the DFT-calculated EA;,,, andE ymo values.
Importantly, relative trends in electron acceptor strength for the listed compounds based either on
their EAs,Ey»0r ELumo are in qualitative agreement, meaning that acceptor strength increases in

the row: 60-4-2> 60-4-1> 60-2-1> Gy > $-Coo(CFs3)12.

The EA of the isomerically pure TMB0-4-2 is the first value for a TMF with more
than two Ck groups measured with the high precision of 0.01 eV, compare with the error of 0.17
eV reported fo1Ss-Ceo(CFs)12.2° Also note that the EA data fors§CFs)10Were obtained using a
sample comprised of a mixture of isomers with unknown composition and witlerhigh
uncertainty of ca. 0.2 €9%7%° and hence they were not used in this data analysis. The EA value
of 3.21 eV measured fd0-4-2in this work is 0.37 eV higher than measured fgi® this
confirms the predicted high electron affinity for th&addition pattern in & made in earlier
studies and serves as good validation of the DFT method*ugagherimental EA values for
(60-4-2)H and (60-4-2)(CN) are also reliably reproduced by the results of DFT calculations
(Table 1.6). While the absolute EAs are systematically underestimated by ca. 0.2 eV, the
difference betwee(60-4-2)Hand(60-4-2)(CN)is predicted with very high precision (AEApgr =

0.34 eV vs. AEA¢yp = 0.32 eV).

Currently, there are only a few examples when the effect of different functional groups
could be determined experimentally from the measurements of reduction potentials or EAs of

fullerene derivatives with the same addition patf&ffiFor example, Wudl and coworkers have
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shown that g(CN), is easier to reduce in solution than isostructuiH(CN) by 0.070.12

V.4 For Gso(CN), and GoH(CN)s, the same authors reported a difference of 0.15 V, however,
the measurements were performed for mixtures of isothékesults from this current study
show that the difference of EA values ofo(CF;)4,CN and Go(CFs)4H radicals can be as high as
0.32 eV! The electrochemical data on the effect of the substituents in the fullerene derivatives
with the SPP-structures are even more scardespite abundance of such structures among the

synthesized organic derivatives.

After validation of the DFT calculations of EA values discussed above, an extended
analysis of EAs of the &Xs compounds with different addends based on the DFT-computed
data (Table 1.6) was performed. Computations show that depending on the addend &4 of C
radical can vary within the range of 1.71 eV, from 2.76 eV for X =z @Hexceptionally high
value of 4.47 eV for X = CN. When X = H, EA increases by only 0.02 eV y&C85)s,
whereas EA of g(Ph) is increased to 3.07 eV. Note that the DFT-computed EA:®isR.64
eV, and hence the difference of computed EA valuessepatd Go(Ph), 0.43 eV, is very close
to the experimentally measured difference of their reduction potentials inf *TE{{CFs)s and
Cso(C2Fs)s exhibit almost identical values of 3.99 and 4.02 eV, respectively. Interestingly, the
difference between these two values, 0.03 eV, is the same as the difference between the
experimentally determined EAs ofsflCFs), and Go(CoFs),?° and thus it confirms that the
electron withdrawing effect of iRgroups increases slightly in going to higher ®mologues.
Importantly, one fifth of the difference between EAs gfHg and Go(CN)s, 0.34 eV, is equal to

the Ht0-CN increment found for the EAs of thg{CF3)4X (X = H, CN) pair.

One of the factors resulting in the high electron affinity gg4g radicals is the formation

of the aromatic cyclopentadiene anion. In the earlier theoretical considerations, it was
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hypothesized that high EA of highly fluorinated fullerengyFgs could be due to the presence of

two cyclopentadiene moieties in its structfitén this work, in order to analyze if there is a
correlation between the addend X and aromaticity, NICS at several poinggXef @nions were
computed by Alex Popov, namely at the center of the cyclopentadiene ring, at the center of the
opposite cage ring, and the center gf €age. These calculations showed that, as anticipated, the
cylopentadiene ring is aromatic with NICS values of —5 to —13 ppm, whereas the opposite
pentagon is always antiaromatic (positive NICS values efl20ppm). Interestingly, NICS
values in the center of the cage are even more negative than in the center of the cyclopentadiene
ring. Moreover, they exhibit a perfectly linear correlation with the EA values showing that the
"bulk" aromaticity of the cage is related to the addend in the same way as EA (i. e., the higher
EA, the more negative NICS). At the same time, the values in the center of the cyclopentadiene

ring are less correlated with EA (presumably due to the local shielding effects of the addends).

The rare representative of a fullerene derivative prepiarehdis work, (60-4-2)(CN)H
with the SPP addition pattern in which five substituents are strong electron withdrawing groups
was an extraordinary compound for LT PES and DFT studies. This type of SPP derivative
possesses good air stability, in contrast to the counterparts with electron donating groups, and
exceptionally high electron affinity of the respective radicals, and hence, high thermodynamic
stability of the anions. Due to these unique properties, such SPP derivatives of TMFs may
become increasingly important building blocks in the molecular and supramolecular designs of

electroactive functional materials.

1.6.2 Electrochemistry ad Electron Affinity of C 7o(CF3)g and C;o(CF3)10

While investigating the irreversible electrochemical behaviofsf0-1 Popov and co-

workers revealed some rather unique behavior of electrochemically reddwdds 1 with ESR,
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Vis-NIR, and *F NMR spectroelectrochemistry experimetftsio summarize, the combined
spectroelectrochemical studies by Popov and coworkers of GHED-1 reduction mechanism
showed that (aJ0-10-1reduction is irreversible at slow scan rates (< 1-and only shows
reversibility at faster scan rates (500 V):s(b) the process is chemically reversilile, pristine
70-10-1is fully recovered after electrochemical re-oxidation; (c) the first reduction produces
both diamagnetic and paramagnetic species in ca 9:1 ratio; (d) in the diamagnetic reduction
product, the Cfaddition pattern is similar to that @D-10-1 These experimental data, along

with DFT calculations, suggest that the most probable follow-up reaction is a reversible

dimerization of70-10-1I with formation of the single-bonded diamagnetic dig7@-10-1)..

In order to gain insight the mechanism of reduction, | chemically redu¢6el0-1with
cobaltacene. Two equivalents of cobaltacene were necessary to fully reduce a solt@id®-of
1. The solution changed from yellow to green and the multiplets in the restifamMMR
spectrum shifted upon reduction. Multiplets from parg101 were still present when using
less than two equivalents of cobaltacene. ¥ReNMR spectrum from the chemically reduced
species was identical to the electrochemically reduced species. Interestingly, the shifts in
multiplet positions in thé’F NMR spectrum of70-10-1 were nearly the same as the shifts
induced by addition of CNgroup upon formation of th€70-10-1)(CN) anion described in
Section 1.4.3 (see Figure 1.32 for the comparison). It appears that the same C7ielf-ais
reactive in all three reduction methods since e NMR spectra were so similar. DFT
calculations by Alex Popov revealed that the most likely product upon reduction #@a$0al
dimer that was bonded across C34 of each monomer subunit. This is consistent with the

calculations described above 6N~ attack and is consistent with the similar features in NMR

spectra.
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The presence of a dimeric species was experimentally determined from the NI-APCI
mass-spectra of Co(Gpjeduced70-10-1(Figure 1.33). The dimer and monomer anions were
easily oxidized by the traces of air from the Nl carrier which lead to strong signals from the
various oxidized species. The low dimer signal compared to the monomer signal is another
indication of the lower stability of dimeric species in the gas phase. An analogous study of
pristine 70-10-1did not show dimeric or oxidized species. All attempts to grow X-ray quality
single crystals of Co(Cp)educed70-10-1in order to confirm dimerization between the C34

atoms were unsuccessful.

These experiments showed that the less stable dimer is easily attacked by oxygen in mass
spectrometry conditions where@a8-10-1is stable towards residual oxygen. Such a dimer is also
not stable after electrochemicad-oxidation, and henc&0-10-1is restored at the end of the
cyclic voltammetry cycle. If the unpaired electron spins in the dimer couple in an
antiferromagnetic fashion, then the dimer is diamagnetic and hence accessible by NMR. If the
bond between two monomer units is formed via the same carbon atom, which is functionalized in

(70-10-1)(CN) anion, the similarity of the their NMR spectra can be explained.

Cyclic voltammetry measurements were also attempted on several cyano modified
PFAFs in this work with minimal success. Most attempts used 0.1 M TBABB-DCB and
used Fe(Cp)as an internal standard only after reversible voltammograms were first obtained
without internal Fe(Cp) A pseudo-reversible first reduction @10-10-1)(CN)» was obtained by
cyclic voltammetry and was determined to be —1.11 V vs. Fe(Cp),™°. On the other hand70-10-
1)(CN)(CHs) and the othe70-10-1cyano derivatives with Cor H addends were irreversible.
It is possible that dimerization reactions also interfere with10-1 cyano derivatives.

Consequently C34 is where one CN is predicted to bor{@d0d10-1)(CN) which presumably
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prevents dimerization and allows for the pseudo-reversible first reductigi9o-df0-1)(CN) to
be observed at moderate scan rates. The @HH groups on other cyano modifig®-10-1
derivatives could be more labile than the CN or; @foups, which could explain why

electrochemical reductions of other derivatives are less reversibléZthd®-1)(CN).

In some cases, such as witly(70-8-1)(CN), the fullerene would react with TBABF
electrolyte before the experiment could begin. Changing the electrolyte to TBAP from ;BABF
did not help in the case @<(70-8-1)(CN) because the first and second reductions were both
irreversible. Irreversibility of Cs(70-8-1)(CN) was unexpected sinc&0-8-1 and similar
fullerene derivatives have exhibited reversible first reductibiis. Irreversible cyclic

voltammograms were also observed vith(70-8-1)(CN) and(60-2-1)(CN)(CHs).

The irreversible nature of0-10-1and cyano modified0-8-1and 70-10-1 derivatives
prompted EA and DFT experiments in order to compare electron accepting abilities of the new
derivatives. First, LT PES experiments were performed by collaborators at PNNL to determine
gas-phase EAs 0f0-8-1 and 70-10-1 Figure 1.34 (bottom panel) and Figure 1.35 (bottom
panel) show the photoelectron spectra of the mono-anio6-8f1and 70-10-1,respectively,
recorded at 266 nm (4.661 eV) using acetonitrile solutions of each fullerene mixed with
appropriate donors using a magnetic-bottle time-of-flight PES coupled with an ESI source and a

cryogenic ion-trap for size-selected anions as described previdusly.

The experimentally determined adiabatic EA76f8-1is 3.08(1) eV which is 0.315 eV
higher than the EA value of pareng,Gneasured using the PES technifueshereas the EA
value measured here f@0-10-1is only 2.93(1) eV (see Table 1.7 for all experimental and

calculated EA values). A 150 meV decrease in EA7/@f10-1 compared to70-8-1is likely
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caused by destabilization of the fullerene 7 system due to the introduction of two additional Ck
groups to70-8-1structure, and it is not compensated by the electron-withdrawing effect of the
CFs groups. These measured EA values are in qualitative agreement with the previously
calculatedE, yvo for these molecules, i.&/0-8-1was predicted to have a 0.204 eV lower-lying
LUMO than70-10-1 Their EA values were also calculated by DFT for this work, which agree
well with the experiment: the relative differences in EA betwd@8-1and70-10-1are AEApgt

= 0.202 eV. This validation of the DFT-derived EA values was further used for the comparison
of the electronic properties for the pair ©-C7o(CFs)s (70-8-2 and C>-C7o(CFs)10 (70-10-2
compounds, the latter has th@-8-2substructure in its addition pattern as shown on the Schiegel
diagrams in Figure 1.19. Th#-8-2moleculewas predicted to ba stronger acceptahan 70-

10-2 basedon E_ymo values and reduction potentidfswhich is now supported by comparing
their new DFT data for EAs: BEA1(70-8-2 = 3.224 eV, which is 0.272 eV higher than that of
70-10-2 Remarkably,70-8-2 appears to even be a stronger acceptor than F4-TENG
comparable to fluorinated fullerenessoEisand CeoFs6,°? the latter has been widely used gs a
dopant in organic electroni@®® and for enhancement of diamond surface conducii¥ithese

new results mak&0-8-2a promising alternative to a fluorofullerene for doping applications, not
only due to comparable EA values, but also because it is chemically more inert towards

97,98

hydrolysis:

1.6.3 Electron Affinity of Cyanated G(CFa3)s

Investigating if the destabilization resulting from twoz@Editions to70-8-1as observed
in 70-10-1 could be overcome by adding stronger electron-accepting groups tharar@F
whether the locations of these EWGs on the cage influence the EAs, was performed next. Two

products from the cyanation @10-8-1 were prepared for this work as described in Section
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1.4.1%* C¢(70-8-1)(CN) and C;-(70-8-1)(CN). They were studied by LT PES, and the
resulting spectra, together with the Schlegel diagrams, are shown in Figure 1.34. These results
reveal that introducing two CN groups 70-8-1does not actually increase the EA in these two
cyanated derivatives, as one might expect, but it even results in slight decreases of 10-20 meV.
The strong electron-withdrawing nature of CN groups was not enough to overcome
destabilization caused by the changed & system for these two isomers. These slight decreases in

EA compared to parem0-8-1 were confirmed by DFT calculated EA values as shown in Table

1.7.

To examine if placing CN group(s) on different cage carbon atori8-B+1 may cause
an opposite effect and lead to an increased EA value, DFT was used to study a theoretical isome
of C7o(CFs)s(CN), (C1-(70-8-1)(CN)-th) that has the same addition patterry@sl0-2and only
differs from C«(70-8-1)(CN} by the location of one CN moiety (see Figure 1.19). Indeed, this
minimal change in addition pattern leads to a large increase in EA of 0.213 eV compé&bded to
8-1 (Table 1.7). Thus, the introduction of two CN groups7f®8-1 can either increase or
decrease EA based on addition pattern. The calculated EA of three isomesfCoE){CN).
differ by as much as 0.255 eV, which manifests strong dependence of electronic properties on
the location of each addend on fullerene cores. In contrast, small-molecule acceptors with
polycyclic aromatic cores exhibit linear incremental dependence on the number of EWGs, and

isomeric molecules within the same composition have very similafEAs.

These results indicate that the relative electron-withdrawing effect of a CN group is
larger than that of &F; group whenpso-substitution of a Cfgroup takes place. For pairs of
isostructural Go(CF3)s(CN), and Go(CFs)10 with the 70-1041 and 70-10-2 addition patterns,

incremental increase in DFT-calculated EA (per one CN group) is ca. 90 meV and 100 meV,
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respectively, which is in agreement with the incremental EA value of 80 meV per one CN group
for the isostructural pair of ¢{CFs)s and Go(CFs)sCN species described in Section 18.1.
Experimental data from photoelectron spectroscopy reported here provide unequivocal support
for these conclusions derived from the DFT data: the measured EA(@D-8-1)(CN) is 140

meV higher than that 6f0-10-1 indicating that substituting GFor CN results in an increase of

EA by 70 meV per substitution. Furthermore, the(CFs)s(CN), and Go(CFs)10 isomers with

the 70-10-2addition pattern have an increased EA over7thd 0-1pattern by 238 meV and 220

meV, respectively.

1.6.4 Electron Affinity of Cyanated G¢(CF3)10

The electronic properties of the three cyano derivative®ef0-1were also studied by
LT PES and DFT. Two isomers @:-Cro(CFs)1o(CHs)2(CN), ((70-10-1)(34,44C6H4)»(23,33-
CN)2 and (70-10-1)(33,442H3)2(23,34CN),) and(70-10-1)(CN) were synthesized using the
method described in Section 1.4*3he gas-phase EA ¢70-10-1)(CN} was determined blyT
PES and compared f00-10-1 Cyanation of70-10-1resulted in a 210 meV increase of EA.
Remarkably, comparison 0f0-10-1 and the two isomer®f (70-10-1)(CH)2(CN). shows
slightly higher EA values for the latter despite the presence of two electron-donatirggaDis
in their structures and decreased m-system of Gy core. The measured EA values of b(td-10-
1)(CH3)2(CN), isomers are virtually the same: apparently, difference in relative positions of CN
and CH do not have a significant effect on their electronic properties. DFT calculations confirm
the observed trend of increasing EA frgit-10-1to (70-10-1)(CH)2(CN), to (70-10-1)(CN)
(Table 1.7 and Figure 1.35). In contrast to the unanticipated trends in electronic properties of

cyanated @y(CR3)g compounds described above, these three examples of chemical modifications
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of 70-10-1appear to follow the expected trend where electron-withdrawing CN groups increase

EA and electron-donating GHjroups decrease EA.

1.7 Addition of Polymerizable Groups to Fullerene Derivatives

A method was developed to decorate EMFs with a polymerizable group with the desire
that they would then incorporate more readily into polymer beads for cancer targets than
mixtures of EMFs with no polymerizable group (see Section 1.2). The reaction conditions were
first confirmed on a mixture of cheaper and more abundatiC&)i012. When the conditions
were successful with the hollow fullerenes they were next tested on mixtuhe@ Sg(CFs),
and then other available M@ Cgo(CF3), mixtures. Two reaction conditions that were successful
on Co(CRs)1012 Were attempted on EMF derivatives and will be described below; the Prato
reaction and the Bingel reaction. Less successful attempts wit@Fg)1012 will be described

first.

One approach to add a polymerizable group was attempted utilizing cyano fullerene
anions. The experiments described in Section 1.3 involved the simple synthesis of cyano
fullerene anions and quenching with electrophiles to produce neutral PFAF(CN)(electrophile)
derivatives. Perhaps the electrophile could have a polymerizable functional group attached.
Mixtures of Go(CFs)1012 Were used to initially explore this reaction. A solution ofNE&N was
added to a red-brown solution of,{ICF3)1012 and the solution instantly became dark green
indicating the formation of £(CFs)1012(CN). A large excess of vinylbenzyl chloride was added
ard the solution remained the same color for six days. It appeared that the vinylbenzyl group was
not a strong enough electrophile to quench th€GFs)1012(CN)™ anions. Previous experiments
using strong electrophiles like MeOTf, trifluoroacetic acid, pfisCN were able to quench the

cyano anions rather quickly, so perhaps weak electrophiles cannot be used. In the next
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experiments, vinylbenzyl chloride was reacted with AgOTf in order to make an electrophile with
a better leaving group. Addition of 1.3 egalents vinylbenzyl chloride to AgOTf in toluene
resulted in a clear solution with white precipitates. Presumably the white precipitates were AgClI
and the solution contained vinylbenzylOTf. A portion of this solution was added to a mixture of
C70(CRs)1014dCN)™ and the solution instantly turned orange. Analysis by APCI-MS revealed that
the reaction reverted back to starting(CFs)10.12 Possibly the electrophile, including any Ag

still present in the vinylbenzylOTf, could quench the cyano derivatives resulting in the reverse
reaction to starting #5(CFs)n. This could be possibly be overcome by using a larger excess of

electrophile like in th&0-10-1reactions described above.

The next attempts at adding a polymerizable group involved the incorporation of an allyl
group to the core. Lithium reactants are known to readily addgtar@ PFAFs, so it is feasible
that allyllithium could be generated in situ and added directly to EMFs. An excess of
allylbromide (3.5 equiv.) was added t«®ulLi in pentane at —72°C. This mixture was added in
large excess (ca. 700 equiv.) to a mixture a@f CR;), and the fullerene solution became brown
after warming to room temperature. This reaction mixture was then quenched with trifluoroacetic
acid. The reaction mixture was analyzed by APCI-MS after removing the solvent, exposing to
air, and then filtering in DCM. Peaks arising fromoCFs)1012 Cro(CFs)1014{Bu)1 2, and
C7o(CRs)1014BuU); o(allyl); were present. Butyl groups most likely add tey(CFs)10,12 before
allyl groups since no peaks arising fromyo(CFs)1014allyl) were observed. This method
appeared to successfully add an allyl group, but also contained many unfavorable butyl
additions. The next experiments were done with cyano anions to avoid using highly reactive
t-BuLi and avoid unfavorable butyl additions. A green solution f@F;),(CN)~ was quenched

with a very large excess of allyloromide and the solution turned yellow after several hours. After
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removing the solvent and excess allylbromide by vacuumiHhEMR revealed that no excess
allylboromide remained. Initial injections into APCI-MS revealed peaks corresponding to
C70(CF3)10,1{CN)(allyl)™ that quickly disappeared and were dominated fCGE3)1012 peaks. It

was difficult to determine the yield of products with the small scale that these allyl reactions
were performed and the mixtures of fullerenes used, but it was apparent that allyl groups could

be added.

A modified Prato reaction to add a vinylic group was next performed based on a
previously reported reaction withs§2%° An excess of sarcosine and 10-undecenal were heated
with a toluene solution of {CFRs)1012. The fullerene reaction mixture was then separated by
column chromatography on silica gel from unreacted sarcosine and 10-undecenal and then
analyzed by mass spectrometry. The mass spectrometry indicated that at least two successful
ylide additions to &(CFs)10 and one addition to 4(CFs);2 occurred (Figure 1.36). Higher
additions were not detected due to instrument dynamic range limitations. These successful
additions were followed by similar success with mixtures ofN82Cso(CFs)12 Or
SaN@GCso(CFRs)12-18 USINg nearly identical reaction conditions. Peaks in the mass spectra were
observed for mono- and bis- ylide additions tgN&@ Cgo(CF3)12-16, but not the more heavily
decorated SN@GCso(CF3)18 (Figures 1.37 and 1.38). For this reasBMPFAFs with lower

amounts of Cgadditions were desired as described in Section 1.2.

The successful Prato reaction conditions were then used with ca. 1.5 mg samples of

LusN@GCso(CFs)s-10, LusN@GCgo(CF3)n, and YN@GCgo(CFs)1418. No ylide products were
observed by APCI mass spectrometry. In the case N @ Cs0(CF3)s.10, Mmultiple matrices were

used in MALDI mass spectrometry and still no products could be identified. This could be
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because products were not formed in substantial amounts or because the products did not ionize

as easily.

A new method, a modified Bingel reaction, was next developed since the modified Prato
reaction was unsuccessful with IN@ Cgo(CFs), or YsN@ CGso(CFs)1418. A malonate containing
two styrene groups was synthesized from malonyl chloride and vinyl benzyl chloride according
to standard literature procedurés® The malonate was then used in standard Bingel conditions
with easily available &(CFs)1012 to confirm the validity of the reaction. Toluene solutions of the
malonate, 4, and DBU (2 equiv. each) were added to a toluene solutiony§€&)1012 and
stirred overnight. The fullerene products were separated from excess reagents using flash
chromatography on silica and analyzed by APCI mass spectrometry (Figure 1.39). The mass
spectrometry conditions could not physically measure malonate additiong(@F£;. due to
m/z limitations, but the monoaddition to;4CF;);0 was observed so the reaction was deemed

successful.

The modified Bingel reaction was then used with a mixture efl@Cso(CFs)o-18 which
unfortunately contained a small amount @(CFs)1012. TMFs of Gy ionize much more readily
than those of SB@GCso, SO the small impurity suppressed the signals from the latter in the mass
spectrometry analysis. No peaks that definitively corresponded to the malonate addition to
SGN@GCgo(CRs)oa1s were identified due to some overlap from theo(CRs)012 peaks.
Fortunately, mono- and bis-malonate additions §g(@3)1012 Were observed, so this reaction
demonstrated that this particular malonate also adds readibavily decorated g TMFs. The
reaction was then attempted on two other EMF samples that did not corbté@Fzo012
impurities (first a mixture of SN@GCso(CFs)12 iIsomers and then pure B@Cso). The
conditions described above were used foN&BCgo(CFs)12, but no products were observed by
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APCI mass spectrometry. The reaction withN8@Cgp included a more polar solvent (DMF)

and more equivalents of DBU, malonate, apdThis reaction was slightly modified since
literature reports show that a more polar solvent and a larger excess of reagents are necessary for
the Bingel reaction to occur wiBaN@Cgo.'** As in the case with the other two EMF reactions,

no products were observed by APCI mass spec.

The synthesis of EMFs with polymerizable groups proved challenging despite developing
multiple methods that could successfully add polymerizable groupsotan@ Go TMFs. The
low availability and high cost of starting EMF materials was another bottle-neck when trying to
optimize reaction conditions. Furthermore, traditional spectroscopic techniques for analgzing C
and Go TMFs (NMR, mass spectrometry, etc.) were not as effective when analyzing EMF

reactions.

1.8 Addition of Phosphonic Acids to Go(CF3),

Earlier reactions with PFAFs containing varying amounts of trifluoromethyl groups have
shown that nucleophilic addition CNvere regioselectivé’®*'? However, it was found in the
work described below that the selectivity of a Bingel-Hirsch reaction with phosphonic acid
malonatic ester greatly depended on the PFAF substrate. The synthesis of 11-
(diethoxyphosphoryl)undecyl methyl malonate and subsequent Bingle-Hirsch reactions were
carried out according to modified literature procedures (Scheme*3°1Yhe amount of
phosphonic ester (PE) additions and isomers formed can be large or small depending on the
PFAF. In general, the derivatives with more;@Foups, Go(CFs)10 isomers, were more selective
than derivatives with two or four GEroups. Reactions witB0-2-1and60-4-1resuled in far
too many products that were inseparable by combinations of flash chromatography and HPLC.

The product mixtures exhibited complex and br&%dsignals which indicated the formation of

55



many products. Furthermore, a significant amount of insoluble products were formed during the
reactions, which were more than expected for a typical Bingel-Hirsch reaction. On the other
hand, Bingel-Hirsch reactions wii0-10-3 60-10-5, and60-10-6were much more selective and

did not produce as many undesirable and insoluble materials. It appears that the abundance of
CFs groups help direct the malonate additions to the more scarce and unsubstituted cage
pentagons present ing§0CF3)10 isomers compared to the less substituted TMFs. Monoadducts
were separated from bis- and trisadducts by flash chromatography with toluene/methanol

mixtures and then the major monoadducts were further purified with HPLC in toluene.

A single, predominant isomer @0-10-3)PE) was isolated by HPLC in toluene using a
Buckyprep column. Thé’F NMR spectrum of this product exhibited a ten multiplet spectrum
with similar chemical shifts to paref0-10-3 indicating that the addition pattern of the ten; CF
groups remained unchanged upon phosphonic ester addition (FigureAlpé@k at 1748n/zin
the MALDI mass spectrum corresponded tg@(CFs)o(PE)H™ and confirned the addition ofa
single malonate to the fullerene core along with analysis ofthend *'P NMR spectrumA
Bingel-Hirsch reaction witl60-10-5and malonate phosphonic ester produced a yellow solution
with two predominant isomers ¢60-10-5)PE) as determined b}’F NMR (Figure 1.41). The
two isomers were produced in relatively equal amounts accordifify tand>*!P analyses and
could not be separated by HPLC using a Buckyprep column. The reactio0alib+6was the
least selective of theggtCFs)10 reactions investigated. At least six isomer§o®F10-6)PE) (see
Figure 1.42) were produced that could not be separated by HPLC in 100% toluene using a

Buckyprep column, so the product mixture was not used for further reactions.

The phosphonic ester moieties on one isomd60f10-3)PE) and the mixture of two
isomers of(60-10-5)PE) were then converted to phosphonic acidg(@Fs)10(PA). Phosphonic
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esters do not bind to MQas strongly as phosphonic acids, so the acid derivatives were desired
for SAM formation. The phosphonic acid was synthesized by performing several steps of the
reported literature procedut&>® Each phosphonic ester was dissolved in dry dichloromethane
with excess Br3ile; for 1 to 3 days before the solvent was removed and MeOH and HCI were
added. This procedure was repeated several times to maximize acid formation. The solubility of
the product mixtures were much lower than the starting phosphonic ester derivatives; this was
also observed with otherg§PA) derivatives:**° Solubility of the product mixtures decrease in

the series of chloroform/methanol, chloroform, toluene, toluene/methanol, DCM,
DCM/methanol, methanol, and €SA decrease in théH NMR signals of the ester moiety
relative to othefH signals indicated a loss of phosphonic ester. Broadening of thex@#iplets

in ®F NMR spectra were observed with no shifts in peak positions. Mass spectra (ESI and
MALDI in positive and negative mode) showed peaks from the formation of the phosphonic acid
and partially reacted ester products. Complete conversion to the phosphonic acid is not essential,
since the partial and full esters will not bind as strongly when forming the SAM and can be

washed away to leave a pure monolayer of #§63Es)10(phosphonic acid) derivatives.

The successfully synthesizg@®0-10-3)PA) sample was sent to the Marcus Halik
research group in Erlangen, Germany for SAMFET measurements performed by Thomas
Schmaltz. In brief, SAMs were formed when FET substrates (atomic layer deposited (ALD)
AlO4 on Si substrate) were immersed(60-10-3)PA) solution. Monolayers 0f60-10-3)PA)
binded to the AIQ surface while weakly bound excess layers @@10-3)PE) were washed
away with solvent, which left a single monolayer denote@sl0-3)PA)-SAM. In some cases
mixed monolayers were formed starting withofz~(carboxylic acid) SAMFETs that were

exchanged with a solution 0-10-3)PA)-SAM.
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Confirmation of SAM formation was obtained by static contact angle (SCA), X-ray
reflectivity (XRR) measurements, and grazing incidence X-ray diffraction (GID). The @CA
(60-10-3)PA)-SAMs with water were 101.0° + 0.7° which is indicative of a hydrophobic
surface. In comparison, similarly fabricated non-fluorinategtSAMs shoved contact angle
values < 90°. The vertical electron density profile from XRR shows tha{6hd 0-3)PA)
molecules arrange preferentially with the fullerene moieties on top of the SAM (Figuje 1.43
GID measurements @60-10-3)PA)-SAMs exhibited no diffraction peaks, which indicated that
the SAM was (predominantly) amorphous. In comparison, the non-fluorinaie®AMs

showeda hexagonal crystalline order.

FET devices usind60-10-3)PA)-SAMs were tested (Figure 1.44). Several different
transistor setups and layouts (top contact, bottom contact, patterned by photolithography/e-beam
lithography, and shadow masks) were fabricated, but in all cases the drain current across the
transistor channel did not exceed the leakage current through the SAM. In case of the shadow
mask patterned devices during the gold evaporation for the source/drain electrodes, some gold
leached into the transistor channel leading to an Ohmic part of the current-voltage curve. Due to
this leach, the drain current was lifted above the leakage current level and a curreatiorodul
with the gate voltage could be observed. This demonstrates that, in general, the devices worked.
However, the charge transport in the SAM layer was so poor that it was hidden behind the
leakage current in all other devices. Some charge carrier mobility of approximatetyn/QVs)
(approximately two orders of magnitude lower than in the non-fluorinaje®A&Ms) could be
extracted. However, the devices with gold in the channel cannot really be considered FETs and
none of the other devices worked. Various experiments to increase the thickness of the dielectric

were attempted in order to reduce the leakage current, but did not improve device performance.
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1.9 Conclusions

The predominant sites of anionic nucleophile addition to several PFAFs (prig@u2y
1, 60-4-2, 70-8-1, and 70-10rlvere probed and the predominant sites of subsequent cationic
electrophile addition to the anionic PFAF-derived intermediates were determined. For
nucleophilic and electrophilic addition, and with two nucleophiles and three electrophiles, the
regioselectivity for the predominant isomer or pair of isomers was >50 mol% for
C70(CR3)10(CH3)2(CN), and 90+ mol% for the other reactions. In the caggde?-1, the addition
of the nucleophile/electrophile pairs led to one or two predominant isomers, at least one of which
could not have been formed by addition to a cage C=C bond. Electrophilic att46K-dn
2)(CN)™ results in an asymmetric product that is not part of the previously-identified most-
reactive C=C bond. The produ($0-4-2)(CN)H, is a rare representative of a fullerene derivative
with the SPP addition pattern in which five substituents are strong electron withdrawing groups.
This type of SPP derivative possesses good air stability, in contrast to the counterparts with
electron donating groups. In the cas&048-1, the sites of nucleophilic and electrophilic attack
are the symmetry-related cage C atoms that comprise the previously-identified most-reactive
C=C bond. In the case of a single nucleophile additior0td0-1, these sites also comprise the
previously-identified most-reactive C=C bond, but these results demonstrate for the first time
that only one of these two unique C{sptoms is, almost exclusively, the site of nucleophilic
attack. In the case of a double nucleophile additior0td0-1, the one nucleophile was added to
either of the two most-reactive C=C bond GJsptoms and another nucleophile added to a
C(sp) atom far removed from the first site, and "its" electrophile added to 4)@¢sppara to
it and not to a neighboring C atom (i.e., the concept of a second-most-reactive C=C Bond in
10-1is invalid). The experimental results are supported by DFT calculations, which indicate that

some of the electrophile additions may be kinetically controlled rather than thermodynamically
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controlled. Taken together, this work goes beyond the chemistry of PFAFs and suggests that the
sequential one-pot addition of different types of substituents to specific cage C atoms of fullerene
derivatives could lead to the design of even more elaborate derivatives using DFT as a guide,

instead of merely discovering new derivatives by trial and error.

The effects of trifluoromethylation and cyanation on the electron affinity of eiglar@
seven G fullerene derivatives were studied using LT PES and DFT. In some cases, the addition
of electron-withdrawing Cfor CN groups leads to the improvement of electron accepting
properties, whereas in the several other cases cyanation led to decreased EA. The SPP
derivatives stemming fror60-4-2exhibited exceptionally high electron affinity of the respective
radicals, and hence, high thermodynamic stabilityt®fanions. In the case of two fullerene
derivatives with the same addition pattern, CN substitution @fr&tlts in an EA increase of 70
meV per substitution, as determined experimentally, and an increase of 90-100 meV was
predicted by DFT. DFT calculations on two differ€ri0-8-1)(CN) isomers demonstrated that
the difference in location of only one CN group can change the EA by 255 meV. Overall,
excellent correlation between the experimentally determined and DFT calculated EA values
(with systematic underestimation of DFT values of ca. 150 meV) were observed for seven
studied Go fullerenes (Figure 1.45). These results highlight the usefulness of the validated
theoretical analysis of electronic properties prior to practical synthesis of new acceptor materials
where design is based solely on the chemical intuition. Complex and mutually cancelling effects
of the electronwithdrawing functional groups, saturation of the fullerene  system and addition
pattern type are difficult to predict empirically, whereas modern DFT theory allows fdileelia

if not quantitative, data and trends to be revealed for these classes of molecules. Due to these
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unique properties, such derivatives of PFAFs may become increasingly important building

blocks in the molecular and supramolecular designs of the electroactive functional materials.

EMFs and their TMF derivatives have very different chemical reactivity from each other
and from hollow cage fullerenes. This different reactivity proved to make the synthesis and
isolation of desired EMF products much more complicated than anticipated and optimized
conditions for hollow fullerenes and some EMFs did not translate to all EMFs and EMF
derivatives. Small amounts of $N@ Cgo(CF3), (n < 12) could be made with low yields, but
were not successfully modified with a polymerizable group. The standard Bingel reaction
conditions used were not successful with EMFs, but several conditions could still be changed in
order to optimize the reaction. The addition of a more polar solvent (DMF), heat, a different base
(NaH instead of DBU), or a different halogen reagent ¢G@istead of J) are all simple changes
that could possible improve the reaction. It appears that the reaction conditions do not simply
translate from using hollow cage TMFs to EMFs, so new reaction conditions must first be

developed to synthesizesM@ Cgo(CFs), compounds in more quantitative amounts.

A phosphonic ester malonate was readily added to several PFAFs and the PFAFs
containing ten Cggroups were able to direct the malonate to more regioselective cage locations
than PFAFs with two or four GFRgroups. Successfully isolatéif-10-3(PE)was sufficiently
converted into a phosphonic acid that was able to strongly bind tp k@ form SAMs that
were used in FET measurements. The SAMs were more hydrophobic and less crystalline than
similar non-fluorinated 6-SAMs. Charges were observed with FET measurements. However,
the strong electron-withdrawing nature of t686-10-3 moiety was not enough to overcome
inferior morphology that ultimately lead to high leakage current and low charge carrier mobility
compared to non-fluorinateds&SAMS.

61



1.10 Experimental Section

General information: All reagents and solvents were reagent grade or better. ACS Grade
dichloromethane (Fisher Scientific), HPLC Grade acetonitrile (Fisher Scientific), ACS Grade
hexanes (Fisher Scientific), sodium thiosulfate crystals (Mallinckrodt), trifluoromethyl iodide
(Synquest Labs), chloroform-D (Cambridge Isotopes Laboratories), hexafluorobenzene
(Oakwood Products), NEEN (Sigma-Aldrich), p-TsCN(Sigma-Aldrich), MeOTf (Sigma-
Aldrich), and CECOOH (Sigma-Aldrich) were used as received. Proton sponge (Sigma Aldrich)
was sublimed prior to use. All manipulations of PFAF(CBHlutions were carried out under an
atmosphere of purified dinitrogen using either glovebox or Schlenk techniques and solvents that
were dried with 3A molecular seives. HPLC analyses and purifications were carried out using
Shimadzu HPLC instrumentation (CBM-20A control module, SPD-20A UV-detector set to 300
nm, LC-6AD pump, manual injector valve) equipped with a semi-preparative 10 mm 1.D. x 250
mm or a preparative 25 mm [.D. x 250 mm Cosmosil Buckyprep column (Nacalai Tesque, Inc
or a semi-preparative 10 mm 1.D. x 250 Cosmosil Buckyprep-M column (Nacalai Tésgpie,
Fluorine-19 NMR spectra were recorded using a Varian 400 spectrometer operating at 376.5
MHz (CgFs internal standard, 6 —164.9). Negative-ion APCI mass spectra were recorded using a
Finnigan 2000 LCQ-DUO spectrometer. The samples were injected as ca. 50:50 v:v
PhCH;:ACN solutions; the mobile phase was ACN. Electronic spectra recorded using a Cary 500
spectrophotometer with a resolution of 1 nm. Cyclic voltammetry measurements were carried out
on PAR 263 potentiostat/galvanostat in anaerobic conditions; platinum working and counter
electrodes; silver wire quasi-reference electrode; 0.1 M TBABP-DCB; ferrocene internal
standardPES measurements: the spectroscopy and procedures used were described greviously.
Anions of Gy fullerene derivatives were generated by electrospraying a 0.1 mM acetonitrile

solution of each fullerene mixed with TDAE donors. Anions generated were transported by RF
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ion guides into a cryogenic ion trap, where they were accumulated and cooled to 12 K, before
being pulsed out at 10 Hz into an extraction zone of a time-of-flight (TOF) mass spectrometer.
Mass-selected anions were first maximally decelerated and then intersected by 266 nm (4.661
eV) photons from a Nd:YAG laser in the photodetachment zone. The laser was operated at a 20
Hz repetition rate with ion beam off at alternating shots, enablingbghsitot background
subtraction. Photoelectrons were collected at nearly 100% efficiency using the magnetic-bottle
and analyzed in a 5.2 m long photoelectron flight tube. The TOF photoelectron spectrum was
converted to the kinetic energy spectrum, calibrated by the knownd CIQ spectra. The
binding energy spectra were obtained by subtracting the kinetic energy spectra from the photon
energy used. The gas-phase EA of each compound was determined from the 0-0 transition in the

12 K LT-PES spectrum of each radical anion with an accuracy of 10 meV.

Single-Crystal XRD Experiments: Data for60-8-3were collected during the 2014 American
Crystallographic Association Summer Course in Chemical Crystallography at the University of
Notre Dame. Data fo€;-Co(CF3)10(33,44CH3),(23,34CN), were collected at CSU by Brian
Newell. These data were collected using a Bruker Kappa APEX Il CCD diffractometer
employing Mg, radiation and a graphite monochromator. Dat&@0014, 60-12-X Cs(70-8-
1)(CN), were collected on the Advanced Photon Source synchrotron instrument at Argonne
National Laboratory, Argonne IL, on beamline 15ID-B with a wavelength of 0.41328 A

employing a diamond(111) monochromator and Bruker D8 goniometer.

Unit cell parameters were obtained from least-squares fits to the angular coordinates of
all reflections, and intensities were integrated from a series of framnasdy rotation) covering
more than a hemisphere of reciprocal space. Absorption and other corrections were applied using

SCALE 1® The structures were solved using direct methods and refindef,(aring all data) by
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a full-matrix, weighted least-squares process. Standard Bruker control and integration software
(APEX Il) was employed® and Bruker SHELXTL software was used with Olex2 for structure

solution, refinement, and molecular graphits®® More data can be found in Tables 1.8 and 1.9.

Generation of NEt[C;-Ceo(CF3)2(CN)], two isomers each ofC;-Ceo(CF3)2(CN)-(CH3) and
C1-Cso(CF3)2(CN)H, and a single isomer ofCi-Cgo(CF3)2(CN)2 in solution. In a typical
preparation, theC;-(60-2-1)(CNY anion was generated by adding an aliquot of an 11.4 mM
CH.Cl, solution of NEACN (0.11 mL, 0.0013 mmol CNito a brown CIRCI, solution of60-2-1

(2.1 mg, 0.0013 mmol) at 23(2) °C (CHR0-2-1mol ratio = 1.0). The reaction mixture became

dark brown. After five min, NMR scale aliquots were treated with an excess e®TH
CRCOOH, orp-TsCN. In all three cases a yellow solution was formed immediately. These
solutions were exposed to air, washed three times with water, and dried with,MO%O
solvent was removed and the remaining solids were analyzed by HPLC and mass spectrometry
(see Figures 1.46 and 1.47 for examples). Colorles€z dolutions of NEACN became yellow

after one day; therefore fresh solutions were used for each reaction.

Spectroscopic data for NE{[C1-Ceo(CF3)2(CN)]. **F NMR (376.5 MHz; CBCly; §(CeFe) =

~164.9): 8 —71.8 (q, int. 1.0, JFF = 13(1) Hz), —72.6 (q, int. 1.0, JFF = 14(1) Hz).

Spectroscopic data for theC;-Cgo(CF3)2(CN)(CHs) reaction mixture. *F NMR (376.5 MHz;
CD,Cly; 8(CeFe) = —164.9): 5 —70.9 (q, int. 0.97, 3F, JFF = 14(1) Hz), —71.2 (q, int. 0.66, 3F,
JFF = 12(1) Hz), —72.0 (q, int. 1.00, 3F, JFF = 14(1) Hz), —73.6 (q, int. 0.63, 3F, JFF = 12(1)

Hz).

Spectroscopic data for theCy-Cgo(CF3)2(CN)(H) reaction mixture. *°F NMR (376.5 MHz;

CD.Cly; 8(CeFs) = —164.9): § —70.9 (q, int. 0.99, 3F, JFF = 14(1) Hz), —71.1 (q, int. 0.43, 3F,
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JFF = 12(1) Hz), —72.0 (q, int. 1.00, 3F, JFF = 14(1) Hz), —73.6 (q, int. 0.53, 3F, JFF = 12(1)

Hz).

Spectroscopic data for theCi-Cgo(CF3)2(CN)2 reaction mixture. *F NMR (376.5 MHz;
CD,Cl,; 8(CgFe) = —164.9):  —68.7 (q, int. 1.0, 3 F, JFF = 14(1) Hz), —71.1 (q, int. 1.0, 3 F, JFF

= 14(1) Hz).

Synthesis and isolation ofp>-Cgo(CF3)s, (60-4-2: In a typical reaction, & (550 mg, 0.76
mmol) was ground into a fine powder and placed into the homemade GTGS reactor as reported
elsewheré® The reactor was put under dynamic vacuum and quickly heated to 600 °C within
about 20 min. The reactor was then charged with 120 mtosr &¥ sublimed product was
observed on the cold finger. The gas was removed every two hours with dynamic vaclum a
fresh CRl (120 mtorr) was added. After 8 hours the heat was turned off and the gas was
removed with vacuum. The crude solid con¢aim mixture of unreactedeg; one isomer of
Cs0o(CFs3)2, two isomers of g(CFs)s, one major isomer of g(CFs)s, and minor products of
Cso(CF3)6.10- Polar solvents and light were avoided in order to suppress oxidat&io® The

crude solid was dissolved in toluene and then the solvent,ameré removed via rotovap. The
rotovap procedure was repeated until all traces ofere removed. The®0-4-2was separated

from the reaction mixture by two-stage HPLC (first stage: toluene/heptane = 1:1, 10 mm I.D. x
250 mm Cosmosil Buckyprep-M column (Nacalai Tesque, inc), 5 mL prigtention time = 9.5

min.; second stage: toluene/heptane =2:3, 5 mL 'mietention time = 14 min.)'*f NMR

(CD4Cly): 6 —69.98 (unresolved multiplet (um), int. 6), =70.11 (um, int. 6).

Generation of NEt[CsCso(CF3)4(CN)] in solution and the isolation of C;-Cgo(CF3)4(CN)H:

Under an atmosphere of purifiedh,Nhe C+-Cgo(CF3)4(CN)™ anion was generated by adding an
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aliquot of a colorless 25.8 mM DCM solution of MNeN (1.10 mL, 7.1 umol CN to a brown
solution 0f60-4-2(7.1 mg, 7.1 pmol) in dry DCM (8.3 mL) at 23(2) °C and the color remained
brown. After 20 min. an excess of trifluoroacetic acid (~1000 equiv.) was added dropwise and
the solution immediately turned orange. The reaction mixture was then exposed to air, passed
through silica gel in DCM, and the solvent was removed. The brown solid was then purified by
HPLC (Figure 1.48, semi-preparative 10 mm I.D. x 250 mm Cosmosil Buckyprep column
(Nacalai Tesque, Inc.), toluene/heptane = 4 : 1, 5 mL mirtention time = 10.9 min.}°F

NMR (CD.Cl,) 6 —69.2 (apparent septet (as), int. 3), —69.9 (q, int. 3, J;p= 11(1) Hz), —72.2 (q,

int. 3, Jr,r = 11(1) Hz), —72.5 (as, int. 3). Note that colorless DCM solutions of NEt4CN become

yellow after one day, so fresh solutions were prepared for the reaction.

Generation of NE4[C;-C7o(CF3)s(CN)] in solution and the isolation of C+ and C;-
C70(CF3)s(CN)z2. In a typical preparation, th@;-C7o(CF3)g(CN) anion was generated by adding

an aliquot of a colorless 6.41 mM ACN solution of MEY (1.63 mL, 0.0104 mmol CNto a

yellow solution 0f70-8-1(9.67 mg, 0.00695 mmol) in PhGKILO mL) at 23(2) °C (CN70-8-1

mol ratio = 1.50; in some preparationsDg was used instead of Ph@H(CAUTION: salts of

the cyanide anion are toxic and should be handled by trained personnel wearing protective
clothing; any waste must be handled carefully, especially solutions to which acid has been added,
because HCN is volatile as well as toxic.) The reaction mixture became greyish-blue within
seconds and remained the same color for 2 h, at which point an aliquot of a 9.40 mM PhCH
solution of p-TSCN was added (7.20 mL, 0.0677 mmol "CN9.73 equiv based of0-8-1),
creating a light-brown solution. After another 2 h, the solution was exposed to air, washed three

times with water, and dried with MgQ0OThe solvent was removed under vacuum, leaving
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yellow solids that were purified by HPLC. Compositions were confirmed by APCI-MS (Figures

1.49 and 1.50) the compounds were analyzed@®§MR and UV-Vis (Figure 1.51).

Spectroscopic data forCi-p®-C7o(CF3)s(CN)”. **F NMR (376.5 MHz; 7:1 €Ds:ACN; 8(CeFe)
=—-164.9): 6 —61.4 (apparent septet (as), int. 3), —62.2 (as, int. 3), —62.3 (as, int. 3), —62.9 (as),
int. 3), —61.1 (as, int. 3), —64.8 (as, int. 3), —66.7 (q, int. 3, JrFr=12(1) Hz), —=70.7 (q, int. 3, Jpr =

11(1) Hz).

Spectroscopic data forCsp°0(loop)-C7o(CF3)s(CN). (the major isomer). **F NMR (376.5
MHz; CDCls; 6(CgFg) = —164.9): 6 —63.1 (as, int. 6), —63.4 (unresolved multiplet (um), int. 6),
—63.6 (um, int. 6), —66.4 (q, int. 6, Jee = 13(1) Hz). The structure &-p°0(loop)-Cro(CFs)s(CN),
determined by X-ray crystallography is named 11,29-dicyano-1,4,19,41,49,60,66,69-

octakis(trifluoromethyl)-1,4,11,19,29,41,49,60,66,69-decahydels,)[5,6]fullerene.

Spectroscopic data forCy-C7o(CF3)s(CN), (minor isomer). **F NMR (376.5 MHz; CDG;
8(CoFs) = —164.9): & —63.1 (as, int. 3), —63.3 (um, int. 3), —63.60 (as, int. 3),~63.4 (as, int. 3),
~63.7 (as, int. 3), —64.1 (as, int. 3), —65.5 (q, int. 3, Jee = 13(1) Hz), —68.7 (q, int. 3, Jer = 12(1)

Hz).

Generation of NEu[C;-C7o(CF3)1o(CN)] and C;-C7o(CF3)1o(CN)(H) in solution, and the
isolation of C;-C7o(CF3)10(CN)(CH3). In a typical preparation, th§’0-10-1)(CN) anion was
generated by adding an aliquot of a 6.41 mM ACN solution of,GI&t(3.04 mL, 0.0195 mmol

CN)) to a yellow solution 0f70-10-1(20.0 mg, 0.0131 mmol) in PhGH10 mL) at 23(2) °C

(CN :70-10-1mol ratio = 1.50; in some preparationsDg was used instead of PhgHThe
reaction mixture became green within seconds and remained the same color for 1 day, at which

point a large excess of GEBTf was added, instantly creating a yellow solution. (CAUTION:
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CH3OTf is volatile, toxic, and a suspected carcinogen and should only be handled by trained
personnel wearing protective clothing.) After 12 h, the solution was exposed to air, filtered
through silica gel, and the solvent was removed under flowed air. The remaining yellow solid
was purified by HPLC (Figure 1.52). At 1 day, an NMR scale aliquot of{ZBel0-1)(CN)

anion was also quenched with a large excess @COPH, immediately creating a yellow
solution. After 1 day, the solution was exposed to air, washed three times with water, and dried
with MgSQ,. The solvent was removed and the remaining solid was purified by HPLC and then

analyzed by°F NMR and UV-Vis (Figure 1.53).

Synthesis of (70-10-1)(CN) The G(CFs)10(CN) anion was generated by adding an aliquot of

a 6.41 mM ACN solution of NEEN (5.20 mL, 33.3 umol CN to a yellow solution ofl0-1

(25.7 mg, 16.8 umol) in toluene (15 mL) at 23(2) °C (GN-10-1mol ratio = 2.00). The
reaction mixture immediately became dark green. An aliquot of the solution (10.1 mL, 8.4 umol
(70-10-1)(CNY)) was reacted with a 75 mM toluene solutiopdfsCN (5 mL, 376 umol “CN™>,

45 equiv.) and the solution became yellow after 3 h. The solution was exposed to air, washed
four times with water, and dried with Mg@(rhe solvent was removed and the remaining solids
were analyzed by°F NMR and separated by HPLC: Cosmosil Buckyprep semi-preparative
column, toluene/heptane = 60/40 mobile phase, 5 mL B0 nm detection, retention time =

3.2 minutes. NI-APCI-MS: calculated 1581.96, observed 1582/@7

Generation of Li,C7o(CF3)10(CH3), as a green precipitate and the isolation of two isomers of
C1-C70(CF3)10(CH3)2(CN).. Four equivalents of LiCkin ELO were added to a yellow solution
of 70-10-1 in toluene, causing the immediate formation of a green precipitate and the
disappearance of tHéF NMR multiplets belonging t@0-10-1 Addition of four equivalents of

p-TsCN resulted in the rapid formation of a golden-yellow solution and the complete
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disappearance of the precipitate. The reaction mixture was pre-purified by flash chromatography
to remove Lip-Ts). The two predominant products were purified by HPLC and compositions
were confirmed with APCI-MS (Figures 1.54-1.56). The minor isomer afforded crystals suitable

for X-ray diffraction.

Spectroscopic data forCi-Co(CF3)1o(CN)™. *F NMR (376.5 MHz; 2:2:1 §Ds:PhCHs:ACN;
d(CeFe) = —164.9): 6 —60.2 (as, int. 3), —62.1 (as, int. 3), —63.2 (as, int. 3),—62.6 (as, int. 3),
—62.7 (as, int. 3), —62.8 (as, int. 3), —63.6 (um, int. 3), —64.7 (um, int. 3), —68.7 (q, int. 3, Jpr =

12(1) Hz), ~71.0 (g, int. 3, Jer = 10(1) Hz).

Spectroscopic data for C;-C7o(CF3)1o(CN)(CH3). 'F NMR (3765 MHz; 2:2:1
CeDe:PhCH:ACN; 8(CeFs) = —164.9): § —60.0 (um, int. 3), —61.7 (um, int. 6), —62.3 (as, int.
3),-62.8 (um, int. 6), —63.5 (um, int. 3), —64.5 (um, int. 3), —68.0 (q, int. 3, Jer = 14(1) Hz),
~70.5 (q, int. 3, Jer = 10(1) Hz).**F NMR (376.5 MHz; CDG 8(CeFe) = —164.9): & —59.8 (um,
int. 3), —61.7 (as, int. 3), —62.1 (as, int. 3),—62.6 (as, int. 3), —62.9 (as, int. 3), —63.2 (as, int. 3),
~63.7 (as, int. 3), —64.7 (um, int. 3), —68.4 (q, int. 3, Jer = 13(1) Hz), —70.7 (q, int. 3, Je= = 10(1)

Hz).

Spectroscopic data for Ci-C7o(CF3)1o(CN)(H). **F NMR (3765 MHz; 2:2:1
CeDe:PhCHACN; 8(CeFs) = —164.9): & —60.0 (um, int. 3), —61.7 (um, int. 6), —62.3 (as, int.
3),—62.8 (um, int. 6), —63.5 (um, int. 3), —64.5 (um, int. 3), —68.0 (q, int. 3, Jrr = 14(1) Hz),

~70.5 (q, int. 3, Jer = 10(1) Hz).

Synthesis of 11-(tetrahydropyranyloxy)-1-bromoundecanePPTS (0.230 g, 0.907 mmol) and
DHP (0.52 mL, 5.7 mmol) were added to 11-bromo-1-undecenol (1.14 g, 4.54 mmol) in DCM

(100 mL). After 16 h the reaction mixture was washed with a saturated Nast@ion (300
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mL) and separated. The aqueous layer was washed with additional DCM (100 mL). The two
organic solutions were combined and washed with a saturated NaCl solution (200 mL) then dried
over NaSQ,. The solvent was removed by rotovap and the product was obtained as a colorless

oily liquid. Yield: 1.55 g, 100%.

Synthesis of diethyl [18-(tetrahydropyranyloxy)undecyl] phosphonateA yellow mixture of

11-(tetrahydropyranyloxy)-1-bromoundecane (1.07 g, 3.19 mmol) and triethylphosphite (5.46
mL, 31.9 mmol, 10 equiv.) was refluxed for 6 hours (oil bath temperature = 170 °C). The excess
triethylphosphite was removed by vacuum at 165 °C and a yellow-orange, oily liquid remained.

The crude product was used in the next step without further purification and isolation.

Synthesis of 11-(diethoxyphosphoryl)-1-undecanol: A  mixture of diethyl [18-
(tetrahydropyranyloxy)undecyl] phosphonate (assume 3.19 mmol), ethanol (140 mL), and PPTS
(86.1 mg, 0.343 mmol) were refluxed for 3 hours (oil bath temperature = 100 °C). The solvent
was removed by rotovap and a yellow, oily liquid remained. The reaction mixture still contained
unreacted PPTS which was removed on a small silica gel column. The product was purified by
flash-chromatography on silica gel with ethyl acetate. Yield 0.435 g, 1.41 mmol, 44 % vyield

from 11-(tetrahydropyranyloxy)-1-bromoundecane.

Synthesis of 11-(diethoxyphosphoryl)undecyl methyl malonatéd solution of methylmalonyl
chloride (0.23 mL in 30 mL DCM, 2.11 mmol, 1.5 equiv.) was added dropwise over the course
of 30 min. to a solution of 11-(diethoxyphosphoryl)-1-undecanol (0.435 g, 1.41 mmol)zhhd Et
(0.30 mL, 2.11 mmol, 1.5 equiv.) in DCM (80 mL) at O °C. The solution was stirred for 2 h at 0
°C then for 20 h at room temperature. The solvent was removed by rotovap and a yellow oil

remained. The oil was dissolved in ethyl acetate and purified by flash-chromatography on silica
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with ethyl acetate and methanol. The product was collected as a colorless, oily liquid. Yield:

0.147 g, 0.375 mmol, 25.5 %.

Synthesis of (60-10-3)(phosphonic esteinder nitrogen and exclusion of ligi&)-10-3(35.7

mg, 25.3 mmol) was dissolved in degassed toluene (18 mL) at room temperature. Subequently,
11-(diethoxyphosphoryl)undecyl methyl malonate (0.20 mL, 0.60 equiv.) a(tl80 , 0.76

equiv.) were added. A solution of DBU in toluene (0.79 equiv.) was added dropwise over the
course of seven minutes. The reaction was monitored by TLC and was stopped after 20 h when
unreacteds0-10-3was no longer observed. White precipitate was filtered from a dark brown
solution and the solution was subjected to flash chromatography on silica with toluene and
toluene/methanol mixtures. The fractions contair(@-10-3)(phosphonic esterinonoadducts

were further purified by HPLC in toluene. The product was analyzetipy’F, and®*'P NMR

and MALDI mass spectrometry. Two peaks were present in the mass spectrum; 1830 m/z is 14
more than desired product and unknown, 1748 m/zJ&CE;)g(malonate/phosphonic ester) + 1,
which corresponds to the loss of ones@Foup in the mass spec experiment. Yield: 14.7 mg,

32% vyield based on startirg@-10-3

Synthesis of (60-10-3)(phosphonic acidA dry dichloromethane solution (5 mL) ¢80-10-
3)(phosphonic ester11.7 mg, 6.44 mmol) was cooled in an ice bath and Brg(®é mL, 38

mmol, 5.9 equiv.) was slowly added. The ice bath was removed after 2 hours and the soluiton
was stirred for an additional 19 hours. Toluene, hexamethyldisiloxane and the excess of
bromotrimethysilane were removed under vacuum. To remove any remaining traces of reagents,
dry toluene (5.0 mL) was added and subsequently removed under vacuum. The residue was
dissolved in CHG (5 mL) and then MeOH (5 mL) and.8 (1 mL) were added at room
temperature and stirred for 2 hours. The solvents, except@@ywere removed under vacuum.
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Acetone was added and the aceton€/ldzeotrope was removed under vacuum. The solid was
dissolved in CHG, dried over Ng&SO,, and then filtered. This entire reaction scheme was
repeated several times. In some cases,fjChas substituted for # or mixtures of
CHCIyMeOH were used for final collection. The product was analyzetHby’F, and*'P NMR

and MALDI mass spectrometry. The peaks in NMR have the same chemical shifts as starting
(60-10-3)(phosphonic ester)but are more broadened. Proton peaks corresponding to the ester
moiety were reduced. MALDI mass spectra indicated that there was a mixture of partially
converted products, unreactédD-10-3)(phosphonic ester)and (60-10-3)(phosphonic acid)

This mixture was used for SAM formation, since only the completely converted products form

strong bonds and the esters and half esters can be washed away from the strongly bound SAM.
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Cs-Can(CF3)s C-Ceo(CF3)s

E‘U2 ==0.07V E1.Q =026V

Figure 1.1. Schlegel diagrams and the DFT-predicted cage carbon atom contributions to the
LUMO (blue and green orbitals) df:-Ceo(CRs)s (left) and Cs-Cso(CFs)s (right). The black
circles indicate the cage carbon atoms to which theg@ups are attached. The ribbon of edge-
sharingm- andp-Cs(CFs), hexagons are highlighted in yellow.
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CGO(CF3)6

Figure 1.3. Schematic representation of ZnO nanorods coated with SAMs using different
PFAFs. Reduction potentials of PFAFs without phosphonic acid linkages are shown.
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60-6-2
HPLC 60-4-2/60-4-2(0)
semi-prep Buckyprep-M column
5 mL/min, toluene/heptane = 1/1
300 nm det.
60-4-1
60-2-1
Ceo
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0 2 4 6 8 10 12 14 16

retention time, min

Figure 1.4. HPLC spectrum of crude ¢gfCF3), from a typical GTGS reaction. Some of the
major and more easily separable products are labeled for reference.
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Figure 1.5 Fluorine-19 NMR spectra of (A) a typical GTGS reaction mixture, @B}10-14
and (C)60-12X in CDCls.
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Figure 1.6. Thermal ellipsoid plots and corresponding Schlegel diagrar68-8f3(top) 60-10-
14 (middle) and60-12-X (bottom). For60-8-3 dichloromethane molecules were removed for
clarity and only one enantiomer is shown, but both enantiomers were present in the crystal

structure.
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HPLC

crude reaction mixture
Cro preparative Buckyprep column

14 mL/min,100% PhCI
370 nm detection
| |
\ 70-10-1

second stage separation

70-10-2/ preparative Buckyprep column
70-10-5 16 mL/min,toluene/heptane = 3/2
300 nm detection
C?U(CF3)10—12 \ 70-8-1
L B e o o e e B B S LN I B i i o o i B i i B o i i o
0 2 4 6 8 10 12 14

retention time, min

Figure 1.7. HPLC spectra of the two stage isolation 4#-8-1 and 70-10-1 from a typical
C.0o(CF3),, flow-tube reaction.
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u HPLC
semi-prep Buckyprep column
5 mL/min, 100% toluene,
300 nm det.

Sc;N@Cg

— AN
' I ' | ' I ' | ' | ' | ! | ' | ' | ' |
4 8 12 16 20 24 28 32 36 40
retention time, min

Figure 1.8.HPLC of SgN@ GCso(CF3), (n = 0-18). All peaks eluting before 30 min correspond to
SEN@GCgo(CF3)n (n = 2-18).
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HPLC n

semi-prep Buckyprep-M column LUSN@CSO

7 mL/min, 100% toluene
300 nm det.

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

Figure 1.9. HPLC of LuN@GCgo(CFs), reaction. All peaks eluting before 11 min correspond to
LusN@GCgo(CFs)n and were collected together. GTGS reaction conditions: 5.2 rigd@so,
630 torr CRl, Typ = 650 °C, 0.5 h.
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G *F NMR in PhCH,/C,D,/CH,CN
. J’\M\C %
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Figure 1.10.Fluorine-19 NMR spectra in toluenef@s/CH;CN = 1.2/1.2/1.0 v/viv showing: A)
singlet from60-2-1, B) fast exchange limit 25 minutes after 1 equiv."GNadded, C) 2 h after
CN™ addition, D) 3 h after CNaddition, E) 4.5 h after CNaddition, F) 7 h after CNaddition,
and G) the perpetual fast exchange limit when excessi€Bdded after establishment of the
slow exchange limit in spectrum F.
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19F NMR

e |l Ceo(CF3)20CN)
A P VA
isomer 1
isomer 2 N
D Cp0(CF3)2(CN)(H)

isomer 1

isomer 2

Cs0(CF3)2(CN)(CH3)

C1-Ce0(CF3)2(CN)~

B
AR ) i
" Cs-Ce0(CF3)2
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-68 -69 -70 -71 -72 -73 ppm

Figure 1.11.*°F NMR spectra (376.5 MHz; GBI, ; 5(CsFg) = —164.9 ppm) showing A) the
singlet of Ill, B) the two-quartet pattern Gf-(60-2-1)(CNY, the two-quartet patterns for the two
predominant isomers of @;-(60-2-1)(CN)(CHs) and D)C;-(60-2-1)(CN)(H), and E) the two-
quartet pattern for the predominant isomeCgf(60-2-1) (CN). A Schlegel diagram showing
the DFT-predicted lowest-energy isomeiGaf(60-2-1)(CNY is also shown.
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0.0 kJ mol-1 19.1 kJ mol-1
CF30on C1 19.2 kJ mol-" 21.7 kJ mol-1

-0.075e 0.075e

Figure 1.12. Schlegel diagrams showing the IUPAC numbering fes @p left), the DFT-
predicted LUMO forCqp-Ceo(CRs), (60-2-1, top right), a DFT-predicted ESP diagram €@r
(60-2-1)(CNY, and Schlegel diagrams for the lowest energy and most likely isom€xs(60-

2-1)(CN)(CH).
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-0.075¢[lf WM 0.075¢

Figure 1.13. Schlegel diagrams showing the IUPAC numbering fes @p left), the DFT-
predicted LUMO for60-2-1 a DFT-predicted ESP diagram 6i-(60-2-1)(CNY, and Schlegel
diagrams for the lowest energy and most-likely isome(6@®-1)(CN)(CH;).
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“F NMR in C,D,
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Figure 1.14.Fluorine-19 NMR spectra in D, showing: A) the two quartets fdZ;-(60-2-
1)(CN)~, B) the reaction mixture 5 hours after Cabdition, which still has a significant amount
of unreacted C;-(60-2-1)(CNY, C) the reaction mixture after several days of reaction, D) the
reaction mixture 5 hours after Clddition when excess NJ&N is present.
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(60-4-2)H™ (60-4-2)H*

Figure 1.15. Drawings of molecular structures @-4-2derivatives from this work.
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"*F NMR
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Figure 1.16.Fluorine-19 NMR spectra (GlBly; 6(CeFg) —164.9) showing: the multiplets fa80-
4-2 including a small amount 060-4-2)O (6 = —68.7) (A), crude (60-4-2)(CNY (B), (60-4-
2)(CN)H (C), and(60-4-2)(CNY after treatment of60-4-2)(CN)Hwith proton-sponge® (D).
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Figure 1.17. Negative ion mass spectra ofgLFRs)i(CN)H™ ((60-4-2)(CN)H) and
Cso(CF3)4(CN)™ ((60-4-2)(CNY): APCI (top), ESI (bottom), and calculated isotopic peak
distribution (inset). The masses on the experimental spectra are systematically shifted +0.5 Da
compared to the calculated masses.
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9F NMR
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| | |
-69.5 -70.5 -71.5 ppm
Figure 1.18 Fluorine-19 NMR spectra showing the two multiplets from
[Cs0o(CF4)4(CN) (NEL)] ((60-4-2)(CNY)). A) anaerobic conditions; B) 6 days after exposure to

air.
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Figure 1.19 Schlegel diagrams of/£TMFs, their cyanated derivatives, and the numbering of
each C atom in %. Filled and open circles represent cage carbon atoms of bondeth€EN,
respectively, triangles represent location ofs@dditions. Yellow indicates continuous ribbon of
edge sharing-, m-, ando-CgX, hexagons. Meta and orthg>G hexagons are labeled with
ando, respectively.
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Ci-C70(CF3)8(CN)2
minor isomer
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Figure 1.20.Fluorined9 NMR spectra (376.5 MHz; 6(CgFg) —164.9) showing (from bottom to
top) the four multipets and Schlegel diagram76£8-1 (95+ mol% purity; CDGJ), the eight
prominent multiplets of a single isomer @f-(70-8-1)(CN) (7:1 GDg:ACN; 90+ mol%
regioselectivity), the crude A&CF3)g(CN), product mixture, showing major (ca. 90 mol%) and
minor (ca. 10 mol%) isomers of7§{CFs)s(CN),, the four multiplets and Schlegel diagram of
HPLC purified Cs(70-8-1)(CN) (major isomer; CDG), and the eight multiplets of HPLC
purified C;-(70-8-1)(CN) (minor isomer; CDG).
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Figure 1.21 Left) The structure ofCsp°0(loop)-Cro(CFs)s(CN), (Cs(70-8-1)(CN)), showing

50% ellipsoids for the ten substituents and the cage C atoms to which they are attached
(disordered CHGICH,Cl, molecules are omitted; only half of the molecule is unique (i.e., C29

= C11'; C49 = C1'; etc.)). Selected distances (A) and angles (deg)CN11.476(5); CN,
1.145(5); C11C29, 1.658(8); CHAC-N, 177.0(4); C11C29-C, 110.7(2). Right) The packing of
molecules of in rigorously-planar pseudo-hexagonal layersgoéehitroids @, large circles, this

is the crystallographiab plane). The®--® distances shown in the lower drawing are in A. The
dotted lines in the upper drawing, which is shown in the same orientation as the lower drawing,
connect the g centroids with the centroids of the G129 bonds, which are approximately the
same as the directions of the molecular dipole vectors. The dipole vectors have the same
crystallographid components, with offsetting components along the crystallograpxcs.
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Figure 1.22 The IUPAC numbering for {5, the DFT-predicted LUMO fov0-8-1 and a DFT-
predicted ESP diagram f@(70-8-1)(CN). The p# orbital contributions to the LUMO, shown
as green or blue circles, are approximately proportional in size to their relative contributions to

the orbital.
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Figure 1.23. Comparison of the electronic spectrum of the minor, asymmets(€E)s(CN),
isomer with those op’mp-C7o(CFs)10 andp®-C7o(CFs)10. On the basis of these spectra, the minor
C70(CFs)s(CN), isomer was determined to have fmpaddition pattern.
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19F NMR
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Figure 1.24.Fluorine-19 NMR spectra (2:2:1s86:PhCH;:ACN; 376.5 MHz; 8(CgFg) —164.9)

showing (bottom to top) the ten multiplets fat0-10-1 (70-10-1

)(CN) (95+ mol%

regioselectivity)(70-10-1)(CN)(H)and(70-10-1)(CN)(CH) crude reaction products (both with

90+ mol% regioselectivity), and HPLC purifi€d0-10-1)(CN)(CH) in CD
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1SF NMR in CDCl,

C70(CF3)10 -60 -64 -68 -72
PpmM

Figure 1.25 Fluorine-19 NMR spectra 0f70-10-1 and (70-10-1)(CN) in CDCk and
corresponding Schlegel diagrams.
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pTmp-C70(CF3)10
LUMO+1

C70(CF3)10(CN)(CH3)

Figure 1.26 Schlegel diagrams showing the DFT-predicted LUMO and LUMO+X@e10-1 a
DFT-predicted ESP diagram fdZ;-(70-10-1)(CN), and the Schlegel diagram for the most
likely isomer ofC;-(70-10-1)(CN)(CH;) with its CN group (open circle) and Glgroup (solid
triangle) on C34 and C33, respectively.
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"°F NMR in C4D,
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Figure 1.27.Fluorine-19 NMR 0of(70-10-1)(CH;)(CN) (top) and(70-10-1)(CN)(CH) (bottom)
in CgDg after HPLC purification.
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Figure 1.28.Fluorine-19 NMRspectra (376.5 MHz; 8(CeFs) —164.9) showing ten multiplets for
70-10-1 (A, 4:1 toluene:ether)70-10-1)(CH),"" after 4 equiv. LiCH (B, 4:1 toluene:ether;
note that most of this species was in the form of a green precipitate as a lithium saltj/@rude
10-1)(CHg)2(CN)2 (C, 6:1 toluene:ether and Dgl0s), the major (70-10-1)(Chh(CN), isomer
(C1-C70(CF3)10(34,44CH3)2(23,33€CN),, E, GDg), and the minor (70-10-1)(Gh(CN), isomer
(Cl-C70(CF3)10(33,44'CH3)2(23,34-CN)2; F, C6D6)
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Figure 1.29. The structure of minor isome€;-Co(CF3)10(33,44CH3)2(23,34CN), (50%
probability ellipsoids for the 14 substituents and the C atoms to which they are attached; H atoms
shown as spheres of arbitrary size;,CH solvent omitted for clarity). For Schlegel diagram, see

Figure 1.19.
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Cego(CF3)12(CN), mixture

Cso(CF3)12(CN)(CH3) mixture

Cgo(CF3)4, starting mixture

A min

"°F NMR in CDCl,

CSO(CF3)12(CN)2 7 3 minute fraction

CSO(CF3)12(CN)2 6 7 minute fraction|

A A -

Ce0(CF3)45 - starting material

-62 -64 -66 -68 -70 -72 -74
B chemical shift, ppm

Figure 1.30. A) HPLC of a mixture of GyCFs)12 isomers (bottom), after the mixture was
reacted with CN and CH" (middle) and after the mixture was reacted with"GINd CN (top)
using 100% hexane with Buckyprep columns!¥)NMR spectra of starting¢g{CFs)1» mixture
and two fractions from theg{CF3)12(CN), reaction.
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binding energy, eV

Figure 1.31.The low temperature (12 K) photoelectron spectrum at 266 nmofCk3)4(CN)
((60-4-2)(CN), top), Go(CFs)s and Go(CRs)sH (60-4-Z and(60-4-2)H", middle); and G (at
68 K) (bottom, first reported in réf)
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"F NMR in CD,CI,

70-10-1 + CN™
A
ey
70-10-1 + Co(Cp),
B
b
70-10-1
¢ -
| b | ' | ' |
-60 -64 -68 -72

PpmM

Figure 1.32.%F NMR spectra off0-10-1, its anionic adduct with CN and its dianionic dimer
(70-10-1), obtained by the reaction af0-10-1 with CoCp (376.5 MHz, CDRCl,, 298 K,
3(CeFg) =—164.9)
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Figure 1.33.NI-APCI mass spectra af0-10-1 (upper panel) an@0-10-1reduced with CoCp
(lower panel) recorded using an Agilent Technologies Model 6210 TOF spectrometer.
Dichloromethane solutions were injected with acetonitrile mobile phase.
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Figure 1.34 The low temperature (12K) photoelectron spectra at 266 rPg-Gfo(CFz)s (70-8-
1), Cs-C7o(CR3)s(CN); (Cs-(70-8-1)(CN}), andCy-Cro(CF3)s(CN), (C1-(70-8-1)(CNY).
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| 8 3.14

{

C70(CF3)40(CN),
A 2 2.97

< A oms > 24
825 S L3by & |minor isomer

Yo E [Co(CF3)4o(CHy),(CN),
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AR fs 2.97

s SN '
* 24 2 Imajor isomer

Sy S [Cyo(CF3)1(CHy),(CN),
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binding energy, eV

Figure 1.35. Photoelectron spectra of cyanated derivatives7@f10-1 and corresponding
Schlegel diagrams. Major isomerGs-C7o(CF3)10(34,44CH3),(23,33<CN), and minor isomer =
C1-C70(CF3)10(33,44-CH3),5(23,34CN)s.
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C70(CF3)10(C13NH25)-
1725.20

NI-APCI of C,,(CF,),, Prato reaction

. C7O(CF3)1O(C13NH25)2-
C70(CF3)10 1919.93
1530.13

C70(CF3)9(C13NH25)-
1657.40

C70(CF3)g
1462.47

L S B B L BRI O I L =T ¥ LI TG L |
1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950
m/z

Figure 1.36.NI-APCI mass spectrum of the modified Prato reaction wiiCGE=)10. The peaks
at 1725.20 and 1919.93 m/z correspond to mono- and bis- ylide additiong(@RLo,
respectively.
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NI‘APCI Of SC3N @Cgo(CF3)11(C13N H25)2- PratO reaCtion

2258.94
calculated 2257.93

2259.22 .
experimental

2258.22
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1.37. Experimental and calculated NI-APCI mass  spectra

Figure
from the loss of (f8Hys from

SeN@Cgo(CFs)11(C13NH25)2,~  which  must come
SGN@Ceo(CF3)12(C13NH2s)2™.
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NI-APCI of Sc;N@Cg,(CF3)4,.45 Prato reaction

- Sc;N@Cgy(CF3)s6
SeN@Cg(CFa)14 22?3% w(CFae
20758 2,

/

ScN@Cgy(CF3)14(C13NH,s)
22710
ScsN@Cg(CF3)15(Cq3NHys) 3

Se,N@Cio(CFy);,
0378 2133.0

ScN@Cegq(CF3)ig
23518

‘x‘ ScsN@Cgo(CF3)16(C15NH,s)
| 2409.0

1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450
m/z

Figure 1.38.NI-APCI mass spectrum of the modified Prato reaction witftN&Cso(CF3)12.18.
There are no peaks at 2547 m/z which would correspondhs@Cso(CFs)1s(C13NH25) ™.
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C70(CF3)10(C2104H150)

mono-, bis-, & tris-

NI-APCI of C;4(CF3);0.1, Bingel reaction ositins

C10(CF3)10(C2104H;5)
1865.19

Cro(CFa)io
1530.22 N
J

CYO(CF3)12-
1667.94

1550 1600 1650 1700 1750 1800 1850 1900 1950
m/z

Figure 1.39.NI-APCI mass spectrum of the modified Bingel reaction with(@F3)10.12. The
peak at 1865.19 m/z corresponds to the mono malonate additios( @50
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Figure 1.40. Fluorine-19 NMR spectra 060-10-3 (bottom) and HPLC purified60-10-
3)(phosphonic esterjn CDCl. CgFs external standard 6 = —161.4 ppm.
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"°F NMR in CDCl,
jww 60-10-5(phosphonic ester) mixture

rrprrrrrrrrrprrrrrrrrry Ty rrrrrrrrrpprrrrrrrrrpy e rrrrrr e e e
-62.0 -63.0 -64.0 -65.0 -66.0 -67.0 -68.0 -69.0
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Figure 1.41. Fluorine-19 NMR spectra 060-10-5 (bottom) and two isomers of60-10-
5)(phosphonic esterjn CDCkL. CgFs external standard 6 = —161.4 ppm.

113



"F NMR in CDCl,

60-10-6(phosphinic ester) reaction mixture

60-10-6 ".I lM‘ N m m

-57 -58 -59 -60 -61 -62 -63 -64 -65 -66 -67 -68 -69 -70
ppm

Figure 1.42. Fluorine-19 NMR spectra 060-10-6 (bottom) and crude mixture qf60-10-
6)(phosphonic esterproducts in CDGl CgFs external standard 6 = —161.4 ppm.
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part of the chain of the
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Figure 1.43 The vertical electron density profile &0-10-3)(phosphonic acidSAMs on ALD
AlOy plotted over a representative cartoon of the layers.
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Figure 1.44 Transfer (top), output (middle), and corrected output curves (bottom) of( @Qre
10-3)(phosphonic acilSAMFETSs (left column) and {gFi7-(carboxylic acid) SAMFETSs that
were exchanged wit{60-10-3)(phosphonic acidSAMs (right column)

116



3.2 =

3.1

3.0

2.9 - LN
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Figure 1.45 Correlation of DFT calculated and experimental electron affinities for

C7o(CR3)x(CN)y studied in this work. A 3D model of the fullerene with the highest electron
affinity, (70-10-1)(CN}), is shown.
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minutes

Figure 1.46 HPLC of the(60-2-1)(CN)(CHg) reaction mixture (PhCHeluent), showing two
predominant isomers in a ca. 3:2 ratio (this ratio also matché¥theMR spectrum).
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. Cey{CF2),(CN)(H) Col
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Figure 1.47.Negative-ion APCI mass spectrum of {&®-2-1)(CN)(H) reaction mixture (calc.
m/z = 885.7) and the CID spectrum of timéz 885.5 peak.
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HPLC, Cosmosil-Buckyprep

5 mL min_1, 300 nm
toluene / heptane =4 : 1

minutes

Figure 1.48 HPLC of the crude reaction mixture of compoungyCFs)s(CN)H ((60-4-
2)(CN)H). The desired produc{g0-4-2)(CN)H, retention time = 10.9 min.) was separated from
unreacted 6y(CF3)40 (retention time = 9.0 min) and byproducts.
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NI-APCI-MS 14451

Cs-C70(CF3)8(CN)2
m/z (calc.) 1444.84

1 _L 1] D] b1 | . X | . . A A
700 780 800 850 800 250 1000 1050 11ce 1% 1200 1250 100 1350 1400

Figure 1.49 Negative-ion APCI mass spectrum of an HPLC purified sample of the major
isomerCsp°0(l0op)-Cro(CF3)s(CN), Cs-(70-8-1)(CN).
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Figure 1.5Q Negative-ion APCI mass spectrum of an HPLC purified sample of the minor isomer
C1-C70(CFs3)8(CN)2, C1-(70-8-1)(CN).
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Figure 1.51 UV-Vis spectra ofCs<p’-C7o(CFs)s (70-8-1; yellow trace; @Ds), the C;-(70-8-
1)(CN) intermediate (blue trace; 20:3:25:PhCH:ACN), and an purified sample of the
major Cs-p°o(loop)-(70-8-1)(CN) isomer Cs-(70-8-1)(CNY), red trace; 7:1 §Ds:ACN).
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Minutes

Figure 1.52 HPLC of the p'mp-Cso(CRs)10 (70-104) starting material (bottom) and the
C70(CF3)10(CN)(CHg) ((70-10-1)(CN)(CHp)) reaction mixture (top). Toluene was the eluent.
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Figure 1.53 UV-Vis spectra of the@’mp-C;o(CFs)10 Starting material (yellow trace; Ph@Hthe
C7o(CR)1o(CN) ™ intermediate (green trace; 5:1 PROACN), and an HPLC purified sample of
the neutral product £(CFs)10(CN)(CHs) (red trace; PhC#).
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Figure 1.54 APCI mass spectrum of the major7o(€F3)10(CHs3)2(CN), isomer (Ci-
C70(CF3)10(34,44CH3)2(23,33CN),) in acetonitrile.
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APCI-MS with acetonitrile
C70(CF3)10(CH5),(CN),”

1612.09
C;0(CF3)10(CH3),(CN)~
1613.82
C.o(CF CH CN),~ 191 i
7ol CFals(CHal(CN), Cyo(CF3)10(CH3)3(CN);
1544 .23
1586.14 1653.80
1545.36 1614.95
1655.73

1500 1550 1600 1650 1700
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Figure 1.55 APCI mass spectrum of the minor7(CFs)10(CHs)2(CN), isomer (Ci-
C70(CF3)10(33,44CH3)2(23,34CN),) in acetonitrile. The proposed formulas for the major
species are shown (the peaks at ca. m/z 1654 are due to addition of acetonitrile to the parent ion;
this was demonstrated by the absence of these peaks when the solvent was isopropanol).
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HPLC 10/90 tol./hep.
5 mL/min flow rate, 300 nm detection
10 x 250 mm (ID x L), Cosmosil BuckyPrep-M column

AL gy,

I 1 1 1
10 20 30 40
retention time, min.

Figure 1.56 HPLC separation f70-10-1)(CH)2(CN), isomers in 10/90 toluene/heptane, 5 mL
min*, Cosmosil BuckyPrep-M column, 300 nm detection. Major isomer = F1, minor isomer =
F2.
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Table 1.1 DFT-predicted relative energies (kJ mtplof selected g(CFs)2(CN) anions and
neutral Go(CFs)2(CN)(X) compounds (X = CH H, CNJ?

CNlocant  AE (anion) X locant AE (neutral)

CHs H CN

11 0.0 10 00 00 00
11 8 191 04 94
11 27 19.2 32.1 145
11 24 21.7 332 153
28 134

17 195 16 25.9
10 22.5

15 24.7 119.4 99.0

27 25.7 26 24.9

[a] The locants refer to the numbered Schlegel diagram in Figure 1.13.
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Table 1.2 DFT-predicted relative energies (kJ nfplof selected @(CFs)s(CN)™ anions and
neutral Go(CFs)s(CN), compoundé’

CN locant AE (anion) 2"°CN locant AE (neutrall®

11 0.0 29 0.0

11 31 44.9
11 48 56.9
11 30 220.5
25 7.6 10 42.6
9 13.5

34 20.3

23 25.8

[a] The locants refer to the numbered Schlegel diagram in Figure 1.19.
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Table 1.3 DFT-predicted relative energies (kJ nfplof selected @(CFs)10(CN) anions and
neutral Go(CFs)1o(CN)(CHs) compoundé

CNlocant  AE (anion) CHgslocant AE (neutral)

34 0.0 33 0.0
34 15 46.6
34 52 49.0
34 13 80.9
34 31 92.2
53 6.6 33 30.7
16 7.8 33 32.7
33 9.5 34 1.0
33 53 30.9
33 16 32.6
37 13.3

11 14.1

15 145

44 15.1 23 12.0
56 15.6

29 16.7

52 16.8

[a] The locants refer to the numbered Schlegel diagram in Figure 1.19.
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Table 1.4 DFT-predicted relative energies (kJ mblof selected &(CFs)10(CHs),” dianions
and neutral G(CFs)10(CHs)2(CN), compound®

CHzlocants AE (dianion) CNlocants AE (neutral)

34,44 0.0 23,33 0.8
33,44 4.1 23,34 0.0
33,23 37.7 52 2.5
33,34 75.7 — —

[a] The locants refer to the numbered Schlegel diagram in Figure 1.19.
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Table 1.5.Experimental and DFT calculated EAs (€¥)5(V, vs. Gq’ ) andELuvo (€V, vs.
Cso) values of some closed-shell TMFs.

Name Fullerene EA(exp) EADFT)*® Epoexpf® Eio(DFT)*™  Egmo™
Ceo 2.68(1° 2.64 0 0 0
60-2-1 Cgo(CRs)2 2.92(17° 2.7 0.11 0.09 -0.213
60-4-2 PCo(CR)  321(1) 3.1C¢ (irrev.) 0.29 —0.460
60-4-1 pmpCeCR)s - 2.968 0.17 0.17 -0.303
S-Ceo(CF)12  2.57(17§° 2.68%° -0.16 -0.21 0.101

[a] B3LYP/def2-TZVP//IPBE/TZ2P level; [b] B3LYP/6-311G*//PBE/TZ2P level; [c] estimated
based on the linear correlation found between PBE-derived LUMO energies and experimentally
measured redox potentials; [d] PPE/TZ2P lekgkandE uvo are referred to £ values.
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Table 1.6. Experimental and DFT Electron Affinities, EAs (eV) o§&s radicals and NICS
values in GoX5 anions’

Name Co0X5 EA(exp) EA(DFT) NICS(Cp) NICS(center) NICS(cage)
Ceo(CHa)s 2.76 -5.8 -11.9 12.2
CsoHs 2.79 -12.8 -12.0 10.4
Cso(Ph)s 3.07 -5.2 -12.3 11.5

(60-4-2)H Cgo(CR)sH  3.96(1) 3.73 -10.2 -12.9 11.0
Coo(CFs)s 3.99 -10.0 -13.1 10.7
Ceo(CoFs)s 4.02 -9.0 -13.2 10.9

(60-4- Ceo(CF3)s.CN  4.28(1) 4.07 -10.2 -13.3 10.8

2)(CN)
Cs0o(CN)s 4.47 -11.7 -13.6 10.7

4 EA computed at B3LYP/def2-TZVP level, NICS at the PBE/A2 level, coordinates are
optimized at the PBE/TZ2P level.
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Table 1.7Experimental and DFT-calculated electron affinities (EA) of fullerene compounds

from this work

Compound Abbreviation Experimental DFT
EA (eV) EA (eV)
Cxno Cxno 2.765(1%, 2.72(5§ 2.522
CsCro(CR)s 70-8-1 3.08 2.934
Cx-C7o(CFR3)s 70-8-2 not measured 3.224
CsCr0(CFR3)s(CN)2 Cs+(70-8-1)(CN) 3.06 2.892
C1-C70(CF3)s(CN)2 C:-(70-8-1)(CN) 3.07 2.909
C1-Cro(CF3)s(CN)o-th C1-(70-8-1)(CN)-th n/a 3.147
C1-Cro(CR)10 70-10-1 2.93 2.732
Co- Gro(CR)10 70-10-2 not measured 2.952
C1-C7o(CF3)10(CN); (70-10-1)(CN) 3.14 3.000
C1-C70o(CFs)10(34,44- (70-10-1)(34,44- 2.97 2.849
CH5)»(23,33-CN) CH3)2(23,33CN),
C1-C7o(CFs)10(33,44- (70-10-1)(33,44- 2.97 2.850

CH3)2(23,34-CN)

CH3)2(23,34CN),

a— uncertainty is +10 meV ; b) see réfc) see ret®’
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Table 1.8 Crystallographic data and refinement parameters for three PFAFs.

Compound 60-8-3 60-10-14 60-12-X
CCDC number n/a n/a n/a
Formula @8F24, CH2C|2 C70F30 C72F36
Formula weight 1357.61 1410.70 1548.72
Habit, color block, red block, red rhomb, red
Crystal system monoclinic monoclinic triclinic
Space group Cc P2i/c P1

a(A) 20.5504(6) 20.5157(8) 12.3253(7)
b (A) 13.7754(4) 12.1614(5) 20.9546(12)
c (A) 16.5197(5) 20.1763(8) 21.6419(13)
a (°) 90 90 64.0871(10)
B (°) 104.3160(15) 114.3613(8) 81.5919(11)
y (°) 90 90 81.4823(11)
V (A3 4531.3(2) 4585.8(3) 4951.2(5)

z 4 4 4

T (K) 120(2) 100(2) 100(2)

peaic (g cm ) 1.990 2.043 2.078

R(F) (I>25(1))? 0.0372 0.0523 0.0673
wR(F) [all dataf 0.0974 0.1535 0.1673
Goodness of Fit 1.017 1.029 0.938
Source Mok, 0.41328 A 0.41328 A

RE) = [FITFdl =R WRF) = CIW(Fo — F¢) T SW(Fo ) ) ™
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Table 1.9 Crystallographic data and refinement parameters for two cyano-modified PFAFs.

Compound Cs(70-8-1)(CN) C1-C70o(CF3)10(33,44CH3),(23,34CN),
CCDC number 841565 902699
Formula Q0F24N2,(CC|2.32)2 C85H8C|2F30N2
Formula weight 1633.42 1697.83
Habit, color plate, yellow rectangular, orange
Crystal system orthorhombic triclinic
Space group Pbcm R

a(A) 11.271(1) 12.7507(16)
b (A) 19.520(2) 12.7605(17)
c (A) 26.346(3) 19.956(2)

a (°) 90 81.693(7)

B () 90 81.693(7)

y (°) 90 89.437(7)

V (A3 5796(1) 3175.9(7)

z 4 2

T (K) 100(2) 120(2)

pealc (g cm’¥) 1.872 1.775

R(F) (1>20(1))? 0.0781 0.0767
wR(F) [all dataf  0.1971 0.2075
Goodness of Fit 1.078 1.032
Source 0.41328 A MOk,

"R(F) =X [ [Fol-IFell/ 2[Fof; WRF?) = (X[W(Fo" — F)7 X[w(Fo)]) ™
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Scheme 1.1Synthesis of PFAF(phosphonic acid)
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CHAPTER 2. Synthesis and Properties of Poly(trifluoromethyl)azulenes and Solid-state
Packing of PAH(R:), where R = CF3, Bng, or C4Fg

2.1 Introduction

Introducing EWGs to molecular substrates used as n-type semiconductors, such as
azulene and other PAHSs, is a method that is used to alter electron-withdrawing strengths, but it
can also affect solubility and solid-state packing by disrupting intermolecular interd€fions.
Understanding charge transport through n-type semiconductors used in OPV active layers, FETS,
and OLEDs is important when designing new and efficient semiconductors. A DFT study on
several PAH(CE), derivatives demonstrated that electron transport was predominately
influenced by intermolecular hydrogen bonding interactions and hole transport was dominated
by n-stacking interaction¥® Other theoretical calculations on the distance and slip displacement
of interfacial n-stacking interactions have shown that they have a strong influence on charge
transfer and electronic coupling within a crystdiDirectly measuring and understanding these

distances and interactions is a key step in designing new semiconducting molecules.

This work involves the synthesis and characterization of six new trifluoromethyl
derivatives of azuleneAZUL ), three isomers of AZUL(GJ; and three isomers of AZUL(GFa.
Azulene is a non-alternant, non-benzenoid aromatic hydrocarbon with an intense blue color, a
dipole moment of 1.0 B! positive electron affinity, and an “anomalous” emission from the
second excited state in violation of Kasha’s rule.*?'™® Azulene’s unique properties have
potential uses in molecular switchg&™> molecular diodes$'® organic photovoltaics:’ and
charge-transfer complex&¥:*?? Introduction of electron-withdrawing groups to the azulenic
core, such as CAN3?312% halogens?**® and CR,>**° can enhance certain electrical and
photophysical properties. Azulene(§}4exhibited the highest gas-phase electron affinity of all
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PAH(CF;), derivatives synthesized by the Strauss/Boltalina group prior to 2013, which

warranted additional trifluoromethylation studfés.

One of the most powerful experimental tools used to discover idealized intermolecular
interactions within a pristine semiconducting material is single crystal XRD. Determining
packing motifs in a perfect crystal can show close intermolecular interactions and charge
transport pathways, which could possibly be translated to less idealized packing situations that
often arise in the particular applications. Three crystal structures with AZ),(@Ere studied
in this work, including the first Xay structure of a n-stacked donor-acceptor complex of a
trifluoromethyl azulene with donor pyrene. Additionally, colleagues in the Strauss/Boltalina
research group have substituted various PAHs with EWGS, (Bfe, and GFg) with the
intention of changing electronic energy levels and intermolecular interactions. Single crystal X-
ray structures of several of these compounds were collected and analyzed in this body of work to

help ascertain interesting substitution and intermolecular packing motifs.

This chapter involves work that has been reproduced @bem. Comn2014 50, 6263-
6266 andChem. Eur. J2015 21, 9488-9492 along with work from three recently submitted
papers: Rippy, K. C.; Bukovsky, E. V.; Clikeman, T. T.; Chen Y.-S.; Hou, G.; Wang, X. -B;
Popov, A. A.; Boltalina, O. V.; Strauss, S.Ghem. Eur. J.2015,San, L. K.; Clikeman, T. T;
Chen Y.-S; Strauss, S. H.; Boltalina, O.Ghem. Comn2015 and Castro, K. P.; Clikeman, T.
T.; DeWeerd, N. J.; Bukovsky, E. V.; Rippy, K. C.; Kuvychko, I. V.; Chen Y.-S; Wang, X. -B.;
Strauss, S. H.; Boltalina, O. YAngew. Chem., Int. EQ2015with permission from John Wiley
and Sons and The Royal Society of Chemistry. Tyler Clikeman performed the synthesis and
characterization of all azulene derivatives, and the synthesis, isolation, and crystal growth of the

other PAH derivatives were performed by Igor Kuvychko, Long San, Kerry Rippy, or Karlee
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Castro. Xue-Bin Wang and coworkers performed LT PES experiments, crystals of AZUL-5-
1/pyrene were grown by Igor Kuvychko and he performed the XRD data collection and
refinement experiments, Eric Bukovsky collected the XRD data set for AZUL-4-1 and he
performed the refinement with the help of Natalia Shustova and Dimitry Peryshkov, Yu-Sheng
Chen collected the data set for CORA{BNEric Bukovsky collected and refined the data for

PHNZz-4-2, data for PHNZ-6-1 were collected at the 2014 American Crystallographic
Association Summer Course in Chemical Crystallography at the University of Notre Dame, and
all other XRD experiments, refinements, and analyses were primarily performed by Tyler

Clikeman.

2.2 Poly(trifluoromethyl)azulene Derivatives
2.2.1 Synthesis and Isolation of Poly(trifluoromethyl)azulene

In sharp contrast to the commonly applied multi-step, solution-based methods of
hydrogen substitutions in azulene with electron withdrawing groups, such H§'€&f* or
Hal,**>**%n this work, all AZUL(CF), compounds were prepared in a rapid single-step reaction
carried out in the gas phase. Azulene angdl G&s were loaded into a sealed glass ampoule and
heated in a furnace to 300 °C for 15 minutes to produce mostly a mixture of azulgn&({GF
3-5), as shown by negative-ion atmospheric-pressure chemical ionization mass spectrometry
(APCI-MS). The crude reaction mixture also contained small amounts;®f,(CF;)s, and
dimers (GoHism+1)(CF3)n=7,89. Formation of the thermally stable dimeric azulene species in
such high-temperature reactions has not been previously reported and deserves further studies,
particularly due to the relatively high electrical conductivity observed for polymeric
AZUL,."***32 Doubling the reaction time resulted in more selective formatiofAZaJL-5-1.%

The crude reaction mixture of the 15-minute reaction was separated by HPLC (Figure 2.1),
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yielding seven AZUL(CE), derivatives, i.e., three isomers of AZUL(§4 three isomers of

AZUL(CF3)4, and one isomer of AZUL(GJs (see Scheme 2.1 for isomer notations).

Structural assignments for the new compounds were done based on negative-ion APCI-
MS and the'H NMR and **F NMR spectral analysis (see Figures 2.2 and 2.3). Structural
assignments for three compounds were confirmed by single crystal XRD, which will be
discussed in Section 2.3.1. Th& NMR spectra were obtained in CRGInd are shown in
Figure 2.2. Multiplets corresponding to eachs @QFoup appear in two distinct regions consistent
to whether they are bonded to the fivembered ring (between —53.5 and —58.5 ppm) or the
sevenmembered ring of azulene (between —64.4 and —66.5 ppm). Through-space FF coupling
is observed between gBroups bonded to adjacent carbon atoms of the azulene core resulting in
guartets and apparent septets and Al Eoupling is observed. In some casesg QuUps
substitute the three possible C atoms of the five-membered ring, whergegso(Gps bonded to

adjacent carbon atoms of the seven-membered ring were not observed.

2.2.2 Electronic Properties of Azulene(C§,

The UV-vis absorption spectra of the seven isolated poly(trifluoromethyl)azulene
derivatives were obtained in hexanes and dichloromethane (see Table 2.1 and Figdrgs 2.4
Unlike azulene, where the States become more refined in hexanes vs. dichloromethane (Figure
2.8), the solvent choice had little or no effect on the absorption spectra of the trifluoromethyl
substituted derivative$® The extinction coefficients for absorption maxima are less than parent
azulene and comparable to other azulene derivatives (see Tabl¥ PHeoretical and
experimental studies by Liu and coworkers showed that electron withdrawing groups on odd-
numbered carbon atoms blue-shift the isaxima by lowering the HOMO energy while the

LUMO energy remains relatively unchangé@iindeed, the absorption maxima in thet&nd
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for all seven of the trifluoromethyl azulenes are blue shifted by 24-57 nm (see Table 2.1). All
seven derivatives have g@Bubstituents at the C1 and C3 positions, which play a large part in
blue-shifting the maxima. Two compound&ZUL-3-2 and AZUL-4-3) have a Cf group
bonded to an even-numbered C6 atom, which likely causes smaller blue shifts (24 and 27 nm),
and is in agreement with the earlier prediction that electron withdrawing groups on even-
numbered carbon atoms lower the LUMO enérg§yElectron withdrawing groups should lower

the HOMO and LUMO+1 energy by nearly the same amount since the electron distributions of
the HOMO and LUMO+1 are virtually identical, so shifts in the absorption maxima inythe S
region are not expected to be as pronounced as jthiegi®n. Absorption maxima shifts in
comparison to azulene in the &gion are, in fact, very minor and even slightly red-shifted for

one compoundAZUL-4-1.

The gas-phase electron affinity (EA) was measured experimentally by LT PES for two
new isomers of AZUL(C#. and compared to electron affinity of the parent azulene, 0.799(8),
and AZUL-5-1, 2.850(15§°*3* (Figure 2.9). Two AZUL(CE)4 isomers exhibit very close EA
values, 2.495(10) and 2.485(10). A plot of EA vs. number of @@Bups reveals a remarkable
linear correlation, with a slope of 0.42 eV per3Qffoup (Figure 2.9). An extrapolation to
AZUL(CF3)s (that was observed by mass-spectrometry in the crude product as noted above)

yields an estimated EA value of 3.3 eV.

No experimental data are available in the literature on EA values for any azulene
derivatives for comparison. The electrochemical potentials in solution were reported for some
derivativest'®%31% Coincidentally, a similar linear correlation with the same slope was
observed in the half-wave reduction potentials of a series of cyano azulenes, AZL.(CN)

where theEy,”” became more positive by 0.42 V per one CN substitdtfon.Cyclic
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voltammetry in DME using TBAP electrolyte has been performed in this work (with help from
Long San) for the most abundant compounds, and pseudoreversible electrochemical behaviour
was only observed in the case AFUL-4-1, Ey,”~ = —1.05 V vs. FeCp,™ (Figure 2.10).
Comparison with the reduction potentials of AZUL(GNhows the latter to be a stronger
acceptor in solution than AZUL(GJz, in agreement with the theoretical predictions reported
earlier for other polycyclic aromatic molecufesncluding recent work on the substituted
corannulene derivatives by the Strauss/Boltalina research Grdipnsistent with gas-phase
electron affinity measurements of azulene and napthalhBH),? isomeric NAPH(CB), is a

weaker electron acceptor than AZUL@LFN dimethoxyethan&®®

2.3 Molecular Structures and Solid-state Packing of Select PAHR, Based on X-ray
Crystallography

2.3.1 Crystal Structures of AZUL(CR;)n,

The structures of the two most abundant AZUL{gomers AZUL-4-1 andAZUL-4-
2 were confirmed by single-crystal X-ray diffraction (Scheme 2.1); the crystals were grown by
slow evaporation from dichloromethane and hexane solutions, respectively. The collection and
refinement ofAZUL-4-1 was completed with significant help from Eric Bukovsky, Natalia
Shustova, and Dimitry PeryshkoAZUL-4-1 crystallizes in theP1 space group with three
molecules per unit cell. One molecule is ordered while the other two molecules are disordered,
adopting opposite orientations at a given site. This disorder is typical and has been observed for
azulené®” and azulene derivativé® AZUL-4-1 packs in planes of parallel molecules that have
no m-n overlap between or within the planes. Disorder in the azulenic core is not observed in the
structure of AZUL-4-2; however, the fluorine atoms of the £Broup attached to C5 are
rotationally disordered around the attached carbon atom. Oaeftyarallel n-n overlap exists

between AZUL-4-2 molecules (Figure 2.12). The pentagon subunit of one molecule and
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heptagon subunit of the adjacent molecule are partially overlapped and are 3.86 A apart. Having
two molecules with similar electronic energy levels, but different charge transport pathways,

could be useful when selecting azulene derivatives for application purposes.

Varying the degree ofF; substitution allows for the selection of an electron-accepting
azulene derivative to match with a proper donor to form a charge-transfer complex. The
increased EA oAZUL-5-1 was exploited to form a charge-transfer complex with pyrene as the
donor molecule. Dark red-purple crystalline rods of the charge-transfer complex between pyrene
and AZUL-5-1 were grown by the slow evaporation from a dichloromethane solution at 2 °C.
Columns of alternatingdZUL-5-1 and pyrene were formed in a pseudo hexagonal close-packed
formation (Figure 2.13A) with intermolecular, donor-acceptor distances of 3.58 and 3.61 A
(Figure 2.13B). These distances are significantly closer than the intermolecular distances and
exhibit more overlap than in the structureA#UL-4-2, described above. The charge-transfer
between AZUL-5-1 and pyrene possibly prevent8ZUL-5-1 from adopting opposite
orientations within its position and there was no disorder observed in the azulene core as was
observed in the structure AZUL-4-1. Solutions with varying ratios &ZUL-5-1:pyrene were
made in DCM. All solutions remained the deep purple colorAgfJL-5-1 and no new
absorption bands were observed in UV-vis absorption measurements at different concentrations,
even whenAZUL-5-1:pyrene = 50:50 (the same ratio that formed the single-crystal charge-
transfer complex). The absence of charge-transfer bands has also been observed with other
azulene charge-transfer complexEdyut charge-transfer bands from pyrene have been observed

in other pyrene:oligomer complex&s.
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2.3.2 Crystal Structure of CORA(Br)s

Crystals of CORA(Bng)s were grown by Long San and data were collected by Yu-Sheng
Chen at APS. Structure refinement and analyses were performed by Tyler Clikeman. Slow
evaporation of an acetonitrile solution GIORA(Bng)s afforded thin, pale yellow needles
suitable for Xray diffraction study, which confirmed th@s-symmetry'® It crystallizes with
P2;/c symmetry and contains one toluene molecule @ORA(BNg)s (most likely solvent
trapped after HPLC separation). One disordered toluene molecule packSQ®RA(BNE)s in
columns along the& axis and the other toluene molecule lies in a void between the columns
having no z-= or hydrogen bonding interactions witBORA(Bng)s (Figure 214). All
CORA(BnNg)s exhibit the same bowl direction within each column. The disordered toluene
centroid between twoCORA(BNg)s molecules lies 3.65 A from the centroid of one
CORA(Bng)s pentagon hub. The shortest distance between hub centroids is 3.72 A. Two
different conformers ofCORA(Bng)s are present in the crystal structure which is likely
influenced by the inclusion of toluene within the crystal. In one conformer, A, foubBdes
point perpendiculdy “down* and one blade points “parallel” to the hub plane; and in the other
conformer, B all five blades point “parallel“. The A and B conformers also exhibit two
significantly different bowl depths, 0.65 and 0.82 A, respectively, compared to 0.870(8) A for
CORA.*° Such a significant difference in bowl depth of 0.17 A for f@ORA conformers
within the same crystal structure has not been observed beforeorparison, “down* and
“up® conformers within the crystal structure of an imide-fused CORA derivative exhibit only a
slight difference of 0.04 A in bowl depths (0.67 and 0.63 A, respectit8lif)is, however, not
uncommon that significant variations in bowl depth may occur upon exhaustive hydrogen
substitution of CORA with various organic functional group®'* or by varying composition

of alkali metal ionCORA complexes; in the latter case bowl depths vary by as much as 0.62
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A.*** Such effective chemical control GORA bowl depth may be utilized in material designs

for energy storag&’®

Corannulene was also substituted with; @foups by Igor Kuvychko. Several single
crystal XRD data sets of isolated CORA-HN = 4,5,7) were collected, but only two were of
sufficient quality for publication (see Figures 2.15 and 2.C&RA-5-1 was published
previously® and CORA-7-1 was studied in this work). Inversion of tB®RA core, rotation of
the molecule within the crystal structure, and; @isorder led towards multiple enantiomers and
disordered molecules within certain unpublishable structures. These poor quality structures were
sometimes used to confirm substitution patterns or packing motifs, but bond distances could not
be measured accurately. The bowl depth G®DRA derivatives typically decrease upon
substitution, which depends on the type and amount of substituents. For example, it can range
from 0.870(8) A forCORA%to 0.72 A for CORABU)s** to 0.51A for CORA(CI)™’ and
can even vary within the same crystal for two different conforme®0#RA(Bng)s as described
above. Following this trend, the bowl depthsG@RA-5-1 andCORA-7-1 are 0.788 and 0.594
A, respectively’® Decreasing the bowl depth allows for less strain during bow! inversion, which
is why disorder via bowl inversion is observed in many of the COR&¢{CGHructures. Bowl
inversion plus 1/10 of a rotation allows for the presence of two enantiomers within the structure
of CORA-7-1 that occupy the same space, see Figure 2.15. This inversion and rotation allows
for the CR groups to also occupy similar positions. The presence of the second enantiomer was

modeled to be present only 15% of the time.

With only four or five CF; substitutions, the molecules pack in columns that resemble
stacks of bowlsCORA-4-1 packs in columns where the bowl direction is the same for all

molecules within each column and for adjacent columns. The bowl direction is the same within
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the columns ofCORA-5-1, but adjacent columns point in opposite directions. The presence of
repulsive Ck groups likely causes a disruption of this columnar packing and isomers of
CORA(CR)7 packed in a more herringbone fashion. No bowl stacking or columnar packing was
observed in the structure GIORA-7-1. The onlyz-n interaction between adjaceBORA-7-1
molecules is between two hexagon units of the main enantiomer: the mean planes of nearest
hexagons are parallel and 3.74 A apart, and the closest Q@twemagon plane distance is 3.68

A. Closer hexagon-hexagon distances were observed when the bowls were stacked, such as in
CORA-5-1 (3.53.6 A).%° Pairs of CORA-7-3 pack in a herringbone fashion where the

pentagons in each pair point towards each other and the rims point away.

SubstitutingCORA with CF; groups can affect crystallographic packing by flattening the
CORA bowl or by disrupting bowl stacking. Flatter bowls lead to more disorder within pure
crystals, which causes difficulty when refining the crystal structures. For future experiments,
mixing the highly substitute€ORA derivatives with electron donors could help reduce this

disorder by aligning the molecules in charge transfer complexes.

2.3.3 Crystal Structures of PHNZ(CR),

A series of PHNZCR;), were purified by Karlee Castro and several crystal structures
were collected and analyzed in this body of work (Figure 2.17). Introducing repulsive CF
groups is expected to redué8HNZ core interactions between adjacent molecules. Indeed,
PHNZ(CF),; derivatives stack in columns that exhibit significant core overlap while
PHNZ(CR)4 56 derivatives exhibit no core overlap (Figure 2.18). Adjacent moleculesiNiZ-

3-1 and PHNZ-3-2 adopt opposite orientations within the columns, but adjacent molecules of
PHNZ-2-1 are all oriented the same direction within columns. The average perpendicular

distances between mean planes of neighbd?iHtyZ core atoms are 3.56, 3.44, and 3.55 A in
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PHNZ-2-1, PHNZ-3-1, andPHNZ-3-2, respectively. For comparison, the interplanar distances
betweenPHNZ and 1,2,4-trifluoro-6,8-dimethyl-3-trifluoromethylphenazine cores are 3.49 and
3.48 A, respectively’® Repulsive CE groups inboth the C1 and C5 positions cause less
favorable stacking interactions FHNZ-2-1 andPHNZ-3-2 compared to when GFroups are

at C1 and C3 as iPHNZ-3-1, which actually packs closer than baeINZ (Figure 2.19)

Having two isomers with different packing distances allows for a means of choosing molecules
with the same electron-withdrawing strength, but with potentially different charge transport
pathways. Some core planes in the crystal structurd3HdZ-4-2 and PHNZ-5-1 are also
parallel to adjacent molecules (perpendicular distances are 4.00 and 4.09 A, respectively), but the
bulky CF; groups cause such a shift that there is actually no core overlap. In the most extreme
case,PHNZ-6-1, all molecules pack in a herringbone fashion where no cores are parallel to the

nearest neighbors.

2.3.4 Crystal Structures of TRPH(GFsg),

A series of TRPH(GFs), derivatives were synthesized and isolated by Kerry Rippy and
several crystal structures were collected and analyzed in this body of work (Figurel220
TRPH(C4Fs) crystallizes inP1 with two unique conformers that have slightly different twisted
TRPH cores. The repulsiveHf€12 interactions shown in Figure 2.20 are undoubtedly the cause
of the severely non-planar "twisted" structure of the §(FRPH core. The root mean square
distances (RMSD) for th€RPH core planes of each conformer are 0.178 and 0.215 A and the
torsion angles of the most twisted bays{C14-C13-C12) are 20.86 and 22.87°, respectively.
These differences must arise from the solid-state packing, which also causes slightly different F
C12 distances as depicted in Figure 2.20. There is still somé) @(swlap despite the twisted

cores, which is as close as 3.36 A. This twisting is slightly less in the cas®;16,11-
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TRPH(C4Fsg),, but is even more twisted when there are two repulsi&ifteractions as in the
case 0fl,2;5,6;10,11-TRPH(GFg)s. The closest-FC12 distances are 2.65 and 2.96 A, thE#
distances are 2.86 and 2.93 A, the-C14-C13-C12 torsion angle is 19.22°, and the RMSD of
the TRPH core plane is 0.168 fadt,2;10,11-TRPH(GFg),. The closest FC12 distances ar

2.66 and 2.89 A, the GL14-C13-C12 torsion angle is 32.94°, the -@215-C16-C15 torsion

angle is 27.74° and the RMSD of thERPH core plane is 0.365 fod,2;5,6;10,11-
TRPH(C4Fg)s. As expected, the intermolecular distances between neighboring molecules
increases as mores groups are introduced. The closest overlapping T@&pms to benzene
subunits are 3.36, 3.46, and 3.66 A fb2-TRPH(C4Fs), 1,2;10,11-TRPH(GFg),, and
1,2;5,6;10,11-TRPH(GFsg)s, respectively. The high degree of twisting ftr2;5,6;10,11-
TRPH(C4Fsg); results in very little core overlap between adjacent molecules. Benzene subunits
of neighboring molecules are perfectly parallel, but contain only one overlapping C atane, Fig

2.22.

Symmetric2,3-TRPH(C4Fs) crystallizes in the monoclinic space gro@2/c. The GFg
moiety in2,3-TRPH(C4Fg) was modeled with 9% disorder (Figure 2.23). In this case, there are
no repulsive FC interactions, so thERPH core is much more planar thanlif2-TRPH(C4Fsg).
The RMSD of theTRPH plane is only 0.039 A and the largest bay torsion angle is only 3.65°.
The molecules pack parallel to nearest neighbors with partially overlapping cores 3.32 A apart
and GFg moieties pointing in opposite directions. Even tho@g#i6,7-TRPH(CyFg), does not
contain any repulsive-fC interactions from 1,2€,Fg) substitutions, th&RPH core is more
twisted than in2,3-TRPH(C4Fs). It crystallizes inP1 with four unique molecules that have
slightly different core twisting (RMSD of RPH cores range from 0.088.132 A and bay

torsion angles range from 1:831.20°). Only one ¢~s moiety had the same disorder found in
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2,3-TRPH(C4Fg) which was modeled with 42% disorder. Similar to the set of highly twisted 1,2
derivatives described above, the intermolecular overlap decreases as j/Rrorgrabps are
introduced. The closest overlapping Cfsptoms to benzene subunits is 3.41 A and the twisted

cores cause some non-parallel overlap.

2.3.5 Crystal Structures of ANTH(Bn:),

Several PAHs studied in this dissertation were synthesized with the intention of having
strong m—n intermolecular interactions for increased charge transport in OPV applications.
However, one criterion hypothesized for the development of an efficient blue emitter for OLED
application calls for solid-state packing with limiteert intermolecular interactions, which could
suppress fluorescence self-quencHitidvot only will bulky substituents disrupt this interaction,
they may provide chemical stability and prevent photo-oxiddtfbfurthermore, fluorinated
substituents have been predicted by EE&nd shown experimentaff/ito improve device air
stability by increasing the electron affinities of organic semiconductors. With these criteria in

mind, Long San synthesiz&dNTH derivatives with bulky, electron-withdrawing Bgroups.

Off-white platesof 9,10-ANTH(Bng), that were suitable for X-ray diffraction studies
were grown by Long San from the slow evaporation of a@lHsolution at 2 °C. From the top
view (Figure 2.24, top panel), two distinct columns are shown in orange and black that are
skewed by 31.2°. At first glance on the top vjelere appears to be a significant n-m overlap
from the tail of one column and the head of the next column, but there is virtually no n-n overlap
as shown from the side view (Figure 2.24, bottom panel). In fact, the two hexagons that appear to
overlap are separated by 4.154 A and are tilted by 21.6° from each other. The coldNi$lof
cores are insulated along thaxis by the Bagroups (shown in grey), which can be observed by

viewing down the lonANTH axis (Figure 2.25). This insulation further inhibits any electronic
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coupling between columns. Having zero m-m overlap results in reduced electronic communication
between molecules and can be seen as beneficial for OLED applications due to the increased

chances of an excited molecule to relax via fluorescEfice.

OtherANTH derivatives are produced in the process of synthes&it@t ANTH(Bng)-,
including 9-ANTH(Bng). As a consequence of the high temperature radical reaction and the
highly reactive C10 position 08-ANTH(Bn), dimerization can occur and break aromaticity.

This can then form[9-ANTH*(Bn ¢)].. X-ray diffraction quality single-crystals of9-
ANTH*(Bn g)], were grown by Long San from the slow evaporation from solution. Similar to
the solid-state packing & 10-ANTH(Bng), described above, these dimers pack in columns that
are insulated by the Brgroups on two sides (Figure 2.26). On the other hand, and despite the
broken m system, there are close intermolecular m—n interactions between adjacent benzene
subunits (Figure 2.27). The parallel mean planes of the hexagon subunits are partially overlapped
and only separated by 3.56 A. TABITH* core is bent in center at the’sfarbon atoms causing

a doming angle of 146.3° and the dimers are slip-stacked from each other which prevents further
core overlap. Reducing electronic communication between and within dimers by breaking

aromaticity can be another way to tuURTH molecules for OLED applications.

2.4 Conclusions

An efficient trifluoromethylation method for azulene was developed that yields a mixture
of seven readily separable poly(trifluoromethyl)azulenes. Low-temperature photoelectron
spectroscopy revealed a linear increase in gas-phase electron affinity of 0.42 e\§ pesupF
SymmetricAZUL-4-1 is disordered in the singl@ystal structure and exhibits no n-n overlap,
whereas asymmetridZUL-4-2 exhibits no core disorder and forms better charge transport

pathways through close n-n interactions. Strong acceptor properties of the new compounds were
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utilized in the first example of a charge-transfer complex with pyrene that exhibits regular
columnar packing and strongn interactions between the aromatic cores of the donor and
acceptor. Elucidating oligomeric poly(trifluoromethyl)azulene and AZUljEBpecies will

result in even stronger electron acceptors and could lead to charge-transfer complexes with

unique packing motifs and unusual electronic propertie

Single crystal XRD was used to determine interesting packing motifs of other PAH
families modified with various EWGs. Introducing bulky EWGs was expected to influence
intermolecular packing, but some other interesting effects were discovered upon analyses of
various crystal structures. Flexible and bulky:Bmoups attached t€@ORA allowed for two
different conformers in the crystal structure. These conformers exhibited significantly different
bowl depths, which could be utilized in energy storage applications. Core overlap in
PHNZ(CFR), compounds was dependent on amount and placementzar@ips. Derivatives
with less Ck groups and less substitutions on the I®NZ axis were more likely to exhibit
close - overlap, which could affect solid-state charge transport. One striking example was that
molecules of PHNZ-3-2 could actually pack closer than pristir®HNZ. Repulsive FC
interactions across the bay regions IgR-TRPH(C,4Fg) derivatives causes significant core
twisting. Surprisingly, modest core twisting was also observed in a derivative withdi@,Eg2-
substitution,2,3;6,7-TRPH(CyFg),. Twisting of the core results in less parallel n—n interactions
which could hinder intermolecular charge transfer in TRRHR{g crystals. Furthermore,
introducing more @Fs substituents also causes reduced m—m interactions. SubstitutingANTH
with bulky Bre groups was shown to eliminate n-n stacking and disrupt aromaticity, which could
be useful in OLED applications. These electron-withdrawing substituents can tune the electronic

properties ofPAHs, but can hinder charge transfer pathways in the solid state. Choosing the
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optimal derivative to balance electronic levels and charge transport is necessary and possible

when synthesizing new PAH compounds for each application.

2.5 Experimental Details
2.5.1 General information

All reagents and solvents were reagent grade or better. ACS Grade dichloromethane
(Fisher Scientific), HPLC Grade acetonitrile (Fisher Scientific), ACS Grade hexanes (Fisher
Scientific), sodium thiosulfate crystals (Mallinckrodt), trifluoromethyl iodide (Synquest Labs),
chloroform-D (Cambridge Isotopes Laboratories), and hexafluorobenzene (Oakwood Products)
were used as received. HPLC analysis and separation was doneauSimghadzu liquid
chromatography instrument (CBM-20A control module, SPDA UV detector set to 300 or 275 nm
detection wavelength, LC-6AD pump, manual injector valve) equipped with semiprepafative 1
mm I.D. x 250 nm COSMOSIL Buckyprep column (Nacalai Tesque, Inc.) or analytical 4.6 mm
I.D. x 150 nm FluoroFlash PF-C8 100 A 5 um column (Fluorous Technologies, Inc.). The
atmospheric-pressure chemical ionization (APCI) mass spectra were recorded2@s0
Finnigan LCQ-DUO mass-spectrometer (acetonitrile carrier solvent, 0.3 mt.ftow rate,
analyte samples injected as solutions in dichloromethane or acetonitrile). All NMR spectra were
recorded on Varian INOVA 400 instrument in CRGblution. The'H and°F frequencies were
400 and 376 MHz, respectively. ThéF chemical shifts were determined using
hexafluorobenzene as an internal standard (5 —164.9). The *H chemical shifts were determined
using the resonance of the residual CHIGI CDCk as an internal standard (6 7.26). UV-vis
absorption spectra were recorded by using a Cary 500 spectrophotometer with a resolution of 1
nm. Cyclic voltammetry measurements were carried out on PAR 263 potentiostat/galvanostat in

anaerobic conditions using 0.1 M MBu),ClO4 in dimethoxyethane; platinum working and
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counter electrodes; silver wire quasi-reference electrode; 500 M\fesrocene internal

standard. X-ray diffraction experiments are described in Section 2.5.4.

2.5.2 Trifluoromethylation of azulene

Azulene(CR), was prepared according a modified literature procedure. Azulene (50 mg,
0.39 mmol, blue solid) was placed into a glass ampoule (327 mL) and the ampoule was cooled
with liquid nitrogen and evacuated using a vacuum line equipped with a pressure gauge and a
calibrated volume (51.7 mL). Using the calibrated volume and pressure gaufjeya€Rvas
measured (11.7 mmol, 30 equiv.), and then the measurgdj@~was condensed into the cooled
ampoule containing azulene. The ampoule was then ftaaied and warmed to room

temperature DANGER! High pressure can be generated within_the ampoule leading to

explosive ampoule failure. The maximum pressure inside the ampoule at high temmpture

has to be calculated using ideal gas law. Depending on the size and wall thicknesshef t

ampoule the maximum allowable pressure changes, so a conservative limit of 2-3 bausn

be set. The burst pressure for the glass ampoule is largely determined by the qualifythe

seal, so care must be taken during the sealing step. Use shields and personal proteciion

all times. Only experienced personnel should perform these operatioriBhe sealed ampoule

was then placed in a heating furnace and heated at 10 *€tmB00 °C. When the formation of

purple iodine gas was observed at 285 °C, the ampoule was heated for another 15 min. up to 300
°C before cooling to room temperature. After cooling to room temperature, the ampoule was
cooled in liquid nitrogen and opened (lower than ambient pressure inside). ExgegaOFas

boiled off upon warming to room temperature and then the soluble products were dissolved in
dichloromethane. The purple dichloromethane solution was washed twice with a saturated

sodium thiosulfate solution (aq) to remoyeuhtil color was no longer observed in the aqueous
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layer. The dichloromethane was removed by rotovap and the remaining solid was dissolved and
filtered in acetonitrile (purple solution). The desired products were then purified by HPLC as
described below. Care must be taken when rotovapping the crude mixture since some of the

products are rather volatile. Total conversion of azulene to isolated products = 25 mol%.

AZUL-5-1, 1,2,3,5,7-azulene(Chs: Purple solid.Co-crystals ofAZUL-5-1/pyrene (dark red-
purple rods) were grown from the slow evaporation of a dichloromethane sol&#bi {(5-
1:pyrene = 1:1) at 2 °C. 16.6 mg, 9.0 mol% vield based on azUf#hBMR: & —54.35 (q, J =

12.3 Hz, 2CE, CR"®); —58.02 (sept, J = 12.0 Hz, 1CE CR?); —65.46 (s, 2CF5, CR>"). *H

NMR: § 9.50 (s, 2H, H*®); 8.63 (s, 1H, 9. UV-vis (hexane, Anm (log €): 276 (4.40), 282 (4.43),

299 (3.46), 327 (3.32), 338 (3.45), 353 (3.28), 536 (2.36), 570 (2.33), 632 (1.88). NI-APCI mass

spec: 468.41/z. Calc. 468.00.

AZUL-4-1, 1,3,5,7-azulene(CE)4: Purple solid. Single crystals (purple plates) were grown by
the slow evaporation from a dichloromethane solution. 14.7 mg, 9.5 mol% yield based on
azulene®F NMR: § —58.41 (s, 2CF3, CR™); —65.19 (s, 2CF3, CR>"). "H NMR: § 9.12 (s, 2H,

H*®); 8.51 (s, 1H, B 9; 8.49 (s, 1H, B 9. UV-vis (hexane, Aom (log €): 273 (4.13), 281

(4.15), 301 (3.41), 330 (3.12), 342 (3.28), 359 (3.29), 532 (2.01), 574 (1.94), 629 (1.60). NI-

APCI mass spec: 400.4/z. Calc: 400.01.

AZUL-4-2, 1,2,3,5-azulene(CE)4: Purple solid. Single crystals (thin purple plates) were grown
by the slow evaporation from a dichloromethane solution. 4.6 mg, 3.1 mol% yield based on
azuleneF NMR: § —54.02 (q, J = 12.3 Hz, 1CE, CR:' " 3); —54.07 (q, J = 11.8 Hz, 1CE, CR!

°'3). —57.71 (sept, J = 12.0 Hz, 1CE CR?); —65.20 (s, 1CF3, CR°). 'H NMR: § 9.41 (s, 1H, H*);

9.28 (d,3Ju = 10.6 Hz, 1H, B); 8.41 (d,*Jyn = 10.6 Hz, 1H, B); 7.90 (t,°Jun = 10.4 Hz, 1H,
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H"). UV-vis (hexane, Anm (log £): 276 (3.59), 281 (3.58), 321 (2.67), 334 (2.72), 348 (2.49), 531

(1.71), 562 (1.69), 613 (1.39). NI-APCI mass spec: 408v40Calc: 400.01.

AZUL-4-3, 1,2,3,6-azulene(CE)4: Purple solid. 1.1 mg, 0.7 mol% yield based on azultie.
NMR: § —54.06 (g,J = 11.8 Hz, 2CE, CRs™3); —57.82 (sept, J = 12.0 Hz, 1CE, CR?); —66.46 (s,
1CF;, CR?). *H NMR: § 9.28 (d, 3Jun = 11 Hz, 2H, ¥9); 8.05 (d,2Ju = 11 Hz, 2H, B). UV-
vis (hexane, Anm (log €): 259 (3.21), 275 (3.44), 283 (3.39), 331 (2.58), 344 (2.25), 503 (1.72),

552 (1.79), 583 (1.78), 664 (1.54). NI-APCI mass spec: 408/4QCalc: 400.01.

AZUL-4-4, 1,2,5,7-azulene(CE)4: Purple. This isomer was isolated by HPLC, but was lost
during work-up due to volatility. Th&F NMR spectrum of a crude sample is shown in Figure

2.28.

AZUL-3-1, 1,3,5-azulene(CE)s: Purple solid. 2.1 mg, 1.6 mol% yield based on azul&ife.
NMR: & —58.17 (s, 1CF3, CRs' ®3); —58.21 (s, 1CF3, CRs' ®3); —64.89 (s, 1CF3, CR°). *H NMR:

89.03 (s, 1H, HY; 8.91 (d,*Jun = 9.8 Hz, 1H, B); 8.37 (s, 1H, B); 8.27 (d,3Jun = 10.6 Hz, 1H,

H®):; 7.77 (t,%34n = 10.4 Hz, 1H, H). UV-vis (hexane, Aom (log €): 276 (4.40), 281 (4.39), 297

(3.54), 330 (3.37), 338 (3.46), 354 (3.43), 533 (2.32), 569 (2.28), 620 (1.91). NI-APCI mass

spec: 332.40n/z calc: 332.02.

AZUL-3-2, 1,3,6-azulene(CE)s: Purple solid. 0.8 mg, 0.6 mol% yield based on azuléife.
NMR: § —58.21 (s, 2CF3, CRs™?); —65.98 (s, 1CF3, CR). 'H NMR: & 8.90 (d, %Juy = 10.2 Hz,

2H, H"®); 8.40 (s, 1H, B); 7.95 (d,%Jun = 11 Hz, 2H, B7). UV-vis (hexane, Anm (log €): 275

(3.95), 280 (3.95), 312 (2.81), 320 (2.91), 327 (3.00), 334 (3.05), 350 (2.87), 555 (2.06), 595

(2.00), 653 (1.62). NI-APCI mass spec: 33240, calc: 332.02.
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AZUL-3-3, 1,2,3-azulene(CE)s: Pink solid. 0.7 mg, 0.5 mol% yield based on azulére.
NMR: § —53.71 (q, J = 11.8 Hz, 2CE CR"®); —57.38 (sept, J = 12.0, 1CE, CR?). 'H NMR: §
9.17 (d,*J4n = 10.2 Hz, 2H, ¥®); 8.17 (t,Jun = 10.0 Hz, 1H, 19:; 7.81 (t,°J4n = 10.4 Hz, 2H,
H>7). UV-vis (hexane, Anm (log €): 275 (3.91), 284 (3.90), 310 (2.94), 329 (3.06), 341 (2.66), 522

(2.14), 555 (2.15), 601 (1.82). NI-APCI mass spec: 33@v27calc: 332.02.

2.5.3 HPLC purifications of azulene(CER),

The first HPLC separation of the azuleneffzFcrude samples was done using
semipreparative COSMOSIL Buckyprep HPLC column, acetonitrile eluent, flow rate of 5.0
mL-min !, 300 nm detection. Three different fractions-%.8 min (), 5.0-5.8 min (I), and
5.9-6.7 min (Il ) were isolated for further separation using analytical FluoroFlash column, flow
rate of 2.0 mL-mirt. Second stage separationl dacetonitrile/HO = 90:10, 300 nm detection)
resulted in two more fractions: 38 min. (V) and 5.97.3 min AZUL-4-1). FractionlV was
further separated (acetonitrilef®l = 60:40, 275 nm detection) and resulted in two fractions: 20
21.6 min AZUL-3-2) and 21.624.0 min AZUL-3-1). Second stage separation bf
(acetonitrile/HO = 80:20, 275 nm detection) resulted in one predominant fraction collected from
4.0-6.4 min AZUL-3-3) and contained a volatile fraction collected from-8®&5 min AZUL-

4-4) which was lost due to volatility before further characterization (see Figure 2.6 fdMR
spectrum). Second stage separatiollofacetonitrile/HO = 95:5, 300 nm detection) resulted in
two more fractions: 3:31.6 min ) and 4.66.0 min @AZUL-5-1). FractionV was further
separated (acetonitrilef® = 80:20, 300 nm detection) and resulted in two fractions78min
(AZUL-4-3) and 7.89.4 min AZUL-4-2). The HPLC solvent mixtures could not easily be
removed by rotovap due to the volatility of the compounds. Acetonitp®/khixtures were

cooled in a freezer until purple acetonitrile solutions remained on top of color€gg. Ahe
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acetonitrile solutions were decanted fromGOd) and the solvent was carefully removed via
rotovap until a concentrated purple solution remained. Dichloromethane was then added to the

purple solution and all of the solvent was dried down in air.

2.5.4 X-ray Diffraction Details

Data for AZUL-4-2, CORA(Bng)s, CORA-5-1, PHNZ-3-2, PHNZ-5-1,
9-10-ANTH(BNE)2, [9-ANTH*(Bn )], 1,2-TRPH(C4Fs). 2,3-TRPH(C4Fs),
1,2;5,6-TRPH(GFs),, 1,2;5,6;10,11-TRPH(GFs)3, and2,3;6,7-TRPH(GFs), were collected at
ChemMatCARS sector 15-B at the Advanced Photon Source (Argonne National Laboratory).
The data sets were collected at 100(2) K using a diamond (111) crystal monochromator, Bruker
D8 goniometer a wavelength of 0.41328 A (0.40651 ARBINZ-3-2 and PHNZ-5-1), and a
Bruker CCD detector. Data féxZUL-4-1 and AZUL-5-1/pyrene PHNZ-2-1 and PHNZ-3-1
were collected using a Bruker Kappa APEX II CCD diffractometer employing Mo Ka radiation

and a graphite monochromator.

Unit cell parameters were obtained from least-squares fits to the angular coordinates of
all reflections, and intensities were integrated from a series of framnasdy rotation) covering
more than a hemisphere of reciprocal space. Absorption and other corrections were applied using
SCALE ! The structures were solved using direct methods and refindef,(asing all data) by
a full-matrix, weighted least-squares process. Standard Bruker control and integration software
(APEX Il) was employed® and Bruker SHELXTL software was used with Olex2 for structure

solution, refinement, and molecular graphits?®

Data for PHNZ-6-1 were collected during the 2014 American Crystallographic

Association Summer Course in Chemical Crystallography at the University of Notre Dame using
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a Bruker Kappa APEX Il CCD diffractometer employing gguadiation and a graphite
monochromator. Unit cell parameters were obtained from least-squares fits to the angular
coordinates of all reflections, and intensities were integrated from a series of frarard

rotation) covering more than a hemisphere of reciprocal space. The data were indexed with three
twin components and absorption and other corrections were applied using TWIRAR®:
structure was solved using direct methods and refined}pnsing all data) by a full-matrix,
weighted least-squares process. Standard Bruker control and integration software (APEX II) was
employed:® and Bruker SHELXTL software was used with Olex2 for structure solution,
refinement, and molecular graphi®3!® A small amount of additional twinning was accounted

for by modeling disorder near one F atom.

Crystal data folAZUL-4-1: Data collection, solving, and refining were performed with
extensive help from Eric Bukovsky, Natalia Shustova, and Dimitry Peryshkov. Crystal data for
AZUL-5-1/pyrene were collected by Dr. Igor Kuvychko. Final refinements and analyses were

performed by Tyler Clikeman.

Additional crystallographic data and refinement parameters can be found in Tables 2.2

2.6.
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Figure 2.1 HPLC separation scheme of AZUL(gF compounds. A) semi-preparative
COSMOSIL Buckyprep HPLC column, acetonitrile eluent, 5.0 mL-mB00 nm detection; B
F) analytical FluoroFlash column, 2.0 mL-minB) acetonitrile/HO = 90/10, 300 nm detection;
C) acetonitrile/HO = 60/40, 275 nm detection; D) acetonitrilglH= 80/20, 275 nm detection;
E) acetonitrile/HO = 95/5, 300 nm detection; F) acetonitrilgH= 80/20, 300 nm detection.
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Figure 2.2 ®F NMR spectra (CDG) 376.5 MHz, §(C¢Fs) = —164.9 ppm) showing the CF3
multiplets and singlets of the seven azulene derivatives. Regions where peaks are in close
proximity are shown as insets for clarity. Coupling constants can be found in the experimental
section.
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Figure 2.3 Proton NMR of the seven azulene derivatives in GDEbme residual solvents are
present (acetonitrile, water, dichloromethane, toluene, hexane), which cannot be easily removed
due to the volatility of the compounds, and may cause different chemical #xftH.-4-2
contains a 3% impurity ofAZUL-4-3. AZUL-4-1 contains ca. 5% impurities of other

AZUL(CF3), derivatives.
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Figure 2.4 UV-vis spectra oAZUL-3-1 (top) andAZUL-3-2 (bottom) in hexanes. The inset
show a zoomed in view of the Band.
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Figure 2.5 UV-vis spectra oAZUL-3-3 (top) andAZUL-4-1 (bottom) in hexanes. The inset
show a zoomed in view of the Band.
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Figure 2.6 UV-vis spectra oAZUL-4-2 (top) andAZUL-4-3 (bottom) in hexanes. The inset
show a zoomed in view of the Band.
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Figure 2.7. UV-vis spectra oAZUL-5-1 (top) andAZUL (bottom) in hexanes. The insets show
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Figure 2.8 UV-vis absorption spectra of azulene in dichloromethane and hexanes, showing the
difference in $band structure between solvents.
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Figure 2.9 Left) The low-temperature (12 K) photoelectron spectrum at 266 Mz oL-5-1
(top), AZUL-4-2 (middle), andAZUL-4-1 (bottom). Right) Plot of the experimentally measured
gas-phase EA values oAZUL, AZUL-4-1, AZUL-4-2, and AZUL-5-1 (black squares)
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Figure 2.1Q Cyclic voltammograms (0.4 N(nBu),ClO; in dimethoxyethane, 500 mV?}$ of
AZUL(CF3), derivatives comparing the reversibility &ZUL-4-1 (red) versus the other
derivatives (black). Measurements without Fe{pernal standard are offset using an average of
FeCp external standard measurements; otherwise the values are reported verstiife@ml
standardAZUL-3-2 was lost due to volatility and was not measured.
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Figure 2.11 Cyclic voltammogram (0.1« N(nBu),ClO; in dimethoxyethane, 500 mV™$ of
AZUL-4-1 with FeCp™ internal standard.
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Figure 2.12 Packing diagram of two moleculesAZUL-4-2. The mean planes of heptagon and
pentagon subunits are shown for the bottom molecule.
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Figure 2.13 Showing the packing AZUL-5-1/pyrene columns from the top down (A) and a
view of two columns from the side (B). Distances betwA&tJL-5-1 core plane and pyrene
core planes are given.
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Figure 2.14 Crystal packing of one column dZORA(Bng)s viewed along thea axis.
Conformer names, selected distances, and bowl! depths are given. Orange represents the CORA
core carbon atoms. Fluorine and hydrogen atoms and the second toluene molecule are removed

for clarity.
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Figure 2.15 Thermal ellipsoid plots of CORA-7-1 showing both enantiomers (top) and the
packing of four molecules of the predominant enantiomer (bottom). Red lines in the packing
figure represent the close overlapping hexagons.
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Figure 2.16 Molecular drawings from preliminary crystal structures and from two higher quality
crystal structures. CORA-5-1 comes from Y&fCORA-7-1 comes from this work, and the rest
are from preliminary structures that were of sufficient quality to determine the substitution
pattern. CORA-7-2a(b) were two different isomers that crystallized together.
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PHNZ-4-2 PHNZ-5-1 PHNZ-6-1

Figure 2.17. Thermal ellipsoid plots (50% probability ellipsoids except for H atoms, F atoms
are yellow, N atoms are blue) of PHNZ(fFcompounds studied by XRD in this work.
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Figure 2.18 Molecular