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Abstract

Organic crystalline materials demonstrate a diversity of properties that arise from a
balance between the composition and structural phase of the solid. While deconvoluting the
effects that chemical composition, molecular conformation, intermolecular interactions, and
packing forces can have on performance is a powerful tool towards developing solid-state design
strategies for improved performance, separating the independent effects of these factors on bulk
properties is a challenge. In rare cases, the composition of a crystalline material can be held
constant while the structural phase is modified (polymorphism) or, conversely, the structural
phase kept unaltered while the composition is varied. It is from these systems that a deeper
mechanistic understanding of the physical origins that give rise to bulk properties can be
extracted. This dissertation focuses on the identification of multicomponent crystalline systems
that accept compositional variation, allowing the effects of composition and structural phase on
performance to be separated. These studies have enabled reinvestigation of paradigms held in the
areas of energetic hydrates and charge-transfer ferroelectrics.

Crystalline hydrates are multicomponent crystals in which one or more molecules of
water occupy defined sites within the crystal lattice. The formation of crystalline hydrates has
long been recognized to erode performance of traditional energetic materials (e.g. HMX, CL-20,
tetryl) and is becoming a much more pervasive challenge for modern heterocyclic energetics.
Unfortunately no single energetic compound was known to form a great enough diversity of

crystalline hydrates to enable meaningful investigation of the effects of hydration on energetic

Xvi



performance. The energetic compound 5,5’-dinitro-2H,2H’-3,3’-bi-1,2,4-triazole, DNBT, is
found to produce a remarkable number of anhydrous and hydrate crystal forms, which is
exploited to investigate the effects of hydration on energetic performance. It is found that hydrate
formation leads to degradation of the energetic performance by decreasing the crystallographic
density of the solid form without contributing to the heat release.

Ferroelectric behavior is exceedingly rare in organic charge-transfer (CT) cocrystals, a
class of multicomponent crystalline materials formed between m-electron donating (D) and
accepting (A4) species. In the solid state, D and 4 demonstrate unequal sharing of electron
density, leading to predominantly neutral (< 0.5 electron) or predominantly ionic (> 0.5 electron)
charge-transfer states. Since the mid-1980s, ferroelectricity in this class of materials has been
attributed to temperature-dependent transitions between neutral and ionic CT states, which has
since served as a basis for design strategies towards the discovery of novel CT ferroelectrics.
Unfortunately, this approach has failed to produce CT ferroelectrics that demonstrate room-
temperature ferroelectricity. The CT cocrystal formed between acenaphthene (AN) and 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ) is found to demonstrate room-
temperature ferroelectricity without transitioning between neutral and ionic CT states. The
absence of a neutral-ionic transition in AN-F,TCNQ is further investigated through the formation
of solid solutions based on the AN-F,TCNQ structural phase. lonic CT states are doped into AN-
F4sTCNQ through the inclusion of dihydronaphtho[1,8bc]furan and dihydronaphtho[1,8bc¢]-
thiophene, which is found to significantly increase the average ionicity but does not lead to a
neutral-ionic transition. These results demonstrate that a material with the appropriate symmetry
changes for ferroelectricity and intermediate ionicity does not necessarily show competitive

ferroelectric performance, indicating the failure of conventional design strategies towards

Xvii



ferroelectric CT cocrystals to fully capture the factors relevant to ferroelectricity in this class of

materials.
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Chapter 1 : Compositional Variation in Energetic and Charge-Transfer Crystals

1.1 Multicomponent Organic Crystals

The properties exhibited by a crystalline solid arise from a balance between the chemical
composition and structural phase of the material." The incorporation of a new chemical species
into a material leads not only to the emergence of properties attributable to the compositional
change, but also properties that result from the formation of new intermolecular interactions
and/or changes to the crystal packing arrangement. Generally, the independent effects that
composition, intermolecular interactions, and crystal packing have on the performance of a
material cannot be deconvoluted; however, in cases where crystal packing is unchanged
(isomorphous) upon introduction of a new chemical species, structure-function relationships may
be investigable. Within the area of solid-state organic materials, multicomponent crystallization
broadly describes the formation of a crystalline solid containing two or more discrete chemical
species occupying well-defined lattice positions (see Figure 1.1), although the ratio between the

species can be discrete (stoichiometric) or continuously variable (non-stoichiometric).

Discrete Continuously Variable
Ao.sBo.2 Ao.6Bo.a Ao.2Bos

Figure 1.1. Diagram of Stoichiometric and Non-Stoichiometric Multicomponent Crystals

Green and orange discs represent two chemically distinct molecular species 4 and B. Multicomponent crystals with discrete

compositions are stoichiometric and those with continuously variable compositions are non-stoichiometric.



1.1.1 Stoichiometric Multicomponent Crystals: Cocrystals and Solvates

Stoichiometric multicomponent crystals are crystalline solids containing two or more
distinct molecular species in a well-defined stoichiometric ratio, such as a salt formed between
two or more formally charged species in which the ratio between species is enforced by charge
balance.” * In addition to salts, stoichiometric multicomponent crystals can be divided into two
classes: cocrystals and crystalline solvates (see Figure 1.2).° Cocrystals are defined as
stoichiometric multicomponent crystals in which all molecular species in the crystal lattice are
neutral molecular solids when pure at standard temperature and pressure.’ In contrast, a
crystalline solvate is formed when at least one of the components is a liquid or gas when pure at
standard temperature and pressure.’ A recent investigation of the organic crystals deposited in
the Cambridge Structural Database revealed that nearly 30% of all organic crystal structures are

stoichiometric multicomponent crystals: salts (14%), solvates (19%), and/or cocrystals (4%).}

-— - &
O

Figure 1.2. Diagram Differentiating between Salts, Cocrystals, and Solvates

The combination of the orange and green discs have three multicomponent crystallization outcomes: 1) the exchange of a proton
or electron to form a salt (red and blue discs with formal charges); 2) a cocrystal of the orange and green discs; and 3) a solvate

shown by the orange disc crystallizing with a solvent molecule (yellow circle).

Similar to single-component molecular crystals, multicomponent crystals are generally
assembled through a combination of packing forces and non-covalent interactions that bring
together functional groups with complementary electrostatic potentials, such as hydrogen-

bonding” and n-stacking interactions®.? In systems where identifying regions of electron density



or deficiency is less obvious, calculation of electrostatic potential maps may be used to facilitate
the selection of cocrystallization partners or retrospectively justify cocrystallization between
molecular species in order to update design strategies and inform the selection of similar
coformers in the future.® Developing robust design principles to specifically target and attenuate
the physical properties of compounds of interest remains a challenge in all fields of solid-state
organic chemistry, although significant improvements in performance have been achieved

11-13

through multicomponent crystallization in the areas of pharmaceuticals, '® energetics, and

molecular electronics'® '> 1617,

1.1.2 Non-stoichiometric Multicomponent Crystals: Solid Solutions

In rare cases, molecular dopants or impurities can be incorporated into an organic
crystalline structural phase (host phase) at continuously variable concentrations' through
occupation of interstices or substitutional replacement of molecular species present in the host
phase (see Figure 1.3)."® The material resulting from dopant incorporation is referred to as a solid
solution. Solid solutions describe extrinsically defected materials that can accept relatively high
concentrations of dopant species (>1-5 mol%) without introducing composition-dependent
changes to the solid-state arrangement of chemical species in the material (e.g. crystal packing).*
! While solid solutions can refer to crystalline or amorphous solids, discussion of amorphous

solid solutions is beyond the scope of this research.



Doped Solid Solution
000000000 000000000
Q000000000 Q000000000
000000000 000000000
000000000 0000000000
000000000 000000000
Q000000000 000000000
Q000000000 Q000000000
000000000 000000000
000000000 0000000000
000000000 000000000

1% Dopant

23% Dopant

Figure 1.3. Diagram of Non-Stoichiometric Multicomponent Crystals

The orange and green circles represent molecules that can be combined at variable stoichiometries to produce a doped crystal

with 1% dopant (green circle) or 23% dopant.

Solid solutions often demonstrate properties intermediate between those of the host and
dopant, although in some cases, new properties can arise.' Utilizing solid solutions as a design
strategy provides new opportunities to finely tune properties of molecular solids, while enabling
investigation of structure-property relationships.1 Unfortunately, applying solid solution
formation as a general design approach to altering the performance of organic molecular solids
presents several challenges that are less obvious in the field of inorganic metal and salt solid
solutions, most notably the diversity of organic molecular structures,”’ anisotropy of electron
density distribution about the surface of molecular species, and, in many cases, molecular
flexibility. It is due to these factors, that crystallization of organic molecular species generally
leads to purification of the solid (exclusion of dopants at significant concentrations), often

precluding solid solution formation.*’



1.1.3 The Effects of Solid Solutions on the Properties of Molecular Crystals

Despite the challenges associated with designing and synthesizing molecular solid
solutions compared to inorganic solid solutions, several features, such as molecular similarity?'
and crystallographic isostructurality, can be sufficient indicators for potential solid solution
formation between organic species. This reasoning has led to the discovery of several organic
solid solutions, whose properties demonstrate the breadth and potential that this design approach
can have on the performance of organic materials. Most notably, organic solid solutions have
shown enhanced conductivity,” pyroelectricity,” crystallographic polarity,”* optical

229 and tuning of the melt temperature,”® performance

absorbance,”” dissolution rate,
improvements that motivate the development of reliable design principles for the discovery of

new solid solutions within other areas of molecular crystal engineering.

1.2 Energetic Materials

1.2.1 An Introduction to Energetic Materials

Energetic materials refer to a class of inorganic and organic compounds and mixtures
(formulations) that rapidly react to release chemical energy as light, heat, sound, and gas.31
Energetics can be differentiated from combustible materials (e.g. propane) because the energetic
material or formulation contains a balance of fuel and oxidant that leads to decomposition
without reaction with external sources of oxygen. This balance between fuel and oxidant is
referred to as the oxygen balance (OB) and is one of several parameters that can be used to
approximate how efficiently the energetic can decompose to neutral molecular species.*

OB = -1600(My) " (2Nc+(Nu/2)+Nu-No),



wherein M, is the molecular weight of the energetic and Nc, Ny, N, and No refer to the number
of carbon, hydrogen, metal, and oxygen atoms present in the formula unit of the energetic.
Energetic materials can be subdivided into three classes based on the rate of chemical
decomposition of the energetic: explosives, propellants, and pyrotechnics. Explosives release
energy through detonation, in which the reaction front propagates faster than the speed of sound
by compression-induced heating of unreacted material. In contrast, propellants deflagrate,
showing sustained reaction traveling below the speed of sound by burning of unreacted material.
Pyrotechnics are often a combination of explosives and propellants and are designed to produce a
visual or audible effect for use in applications such as fireworks, airbags, and signal flares.
Explosives can be further classified as either primaries or secondaries,”® differentiated by
the sensitivity to impact of the explosive, although other properties, such as detonation
performance (power) and thermal stability, are important considerations for distinguishing
primary and secondary explosives as well. For example, the detonation velocity for primary
explosives generally ranges from 3500-5500 m s',** while that for secondaries is usually
between 5500-9000 m s™'.** Primary explosives are typically metal salts, such as lead azide, lead
syphnate, and more recently, copper (I) 5-nitrotetrazolate,”> whereas secondary explosives are
small organic compounds (see Figure 1.4), such as 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-
trinitro-s-triazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). Recent
advancements in primary energetics have focused on the development of ‘greener’ primaries that
lack heavy metals,”® while current research on secondaries has focused on synthesizing more

powerful and less sensitive compounds.
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Figure 1.4. Molecular Structures of Common Secondary Explosives

Molecular structures of 2,4,6-trinitrotoluene (TNT, left), hexahydro-1,3,5-trinitro-s-triazine (RDX, center), and octahydro-

1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX, right).

1.2.2 Form Diversity of Energetic Materials and Effects on Performance

The power of an energetic material is often evaluated by determining the detonation
velocity (V4) and detonation pressure (Pgq) of an energetic or energetic formulation. The
detonation velocity and pressure of a novel energetic material can be measured experimentally
through large-scale testing or approximated using thermochemical calculations that rely on the
molar mass (M,) and heat of detonation (Q) for the energetic as well as the moles of product
gases predicted to result from detonation (N,). The Kamlet-Jacobs equations’’ and derivations

thereof have been used for theoretical determination of the detonation performance at particular

charge densities (0,).

Va=1.01(1+ 1.30,) (Ne(M0)"*)"?

Py =15.58p,"Ny(M,0)"?

When using theoretical calculations to determine detonation performance in academic settings,
the charge density is conventionally equivalent to the theoretical maximum density for the
energetic material (crystallographic density). The dependence of the detonation performance on

crystallographic density leads to the understanding that differences in crystal packing can alter



energetic performance if different crystal forms of the energetic species have different
crystallographic densities.”'

There are two common mechanisms by which the crystal packing of energetic
compounds can be altered under standard crystallization conditions: polymorphism and hydrate
formation. Polymorphism occurs when the same molecule or formula unit can crystallize into
two or more distinct crystal structures,” whereas a crystalline hydrate describes a crystal structure
in which one or more molecules of water occupy defined sites within the crystal lattice.*® The
energetic 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazoisowurtzitane (CL-20), for example, has
three well-accepted polymorphs and a crystalline hydrate,’' each with different crystallographic
densities. Using the thermochemical code Cheetah 7.0, &-CL-20 is predicted to detonate 426 m
s faster than y-CL-20 (see Table 1.1). HMX shows similar form diversity under standard
crystallization conditions, which also leads to differences in detonation performance.’’ For this
reason, controlling the solid forms of energetics that show a propensity towards polymorphism is
necessary for ensuring reproducibility in performance. Similarly, hydrate formation is
determinedly avoided as molecules of water trapped in the crystal lattice often leads to decreases
in crystallographic density without contributing to heat release during detonation, degrading the

detonation performance.

Table 1.1. CL-20 Solid Forms and Calculated Detonation Velocity, V4

Density (g cm™) Vy(ms™)
y-CL-20 1.92 9085
a-CL-20 1.97 9271
B-CL-20 1.99 9333
e-CL-20 2.04 9511




1.2.3 Cocrystallization and Productive Solvate Formation in Energetic Materials

One approach that can be employed to limit the propensity for polymorphism and/or
solid-state hydration as well as improve energetic performance is the formation of a
multicomponent solid phase, such as a cocrystal or solvate. Salts are often avoided in the field of
energetic materials as they can lead to hygroscopicity and dramatic changes to the thermal and
impact sensitivities. In 2011, the Matzger group presented the first cocrystal between two
energetic species in a 1:1 stoichiometric ratio, TNT/CL-20 (see Figure 1.5).* This cocrystal
introduced the field of energetic materials to the concept that physical properties critical to the
performance of the energetic could be improved through cocrystallization, such as a reduction in
the impact sensitivity of the cocrystal relative to pure CL-20.

(a) (b)

Figure 1.5. Interactions between TNT and CL-20 in the Cocrystal Structure

Two views of the TNT/CL-20 cocrystal highlighting the (a) nitro-m interactions and (b) non-classical hydrogen bonding
interaction from TNT to CL-20.

The discovery of TNT/CL-20 brought forth an era of multicomponent materials in which

32: 4030 yltimately leading to

both species contribute productively to the energetic performance,
the discovery of the most powerful non-nuclear explosive known today, the CL-20/HP solvate

(HP = hydrogen peroxide) in 2016.** Multicomponent energetic materials are rarely designed



based on supramolecular concepts or crystal engineering strategies because energetic compounds
often lack functional groups that can participate in strong and directional intermolecular
interactions (e.g. hydrogen bonding),’' a challenge that has slowed the discovery of energetic-
energetic cocrystals and solvates. That said, CL-20/HP was conceptualized based on
substitutional replacement of the water molecules in a-CL-20 with molecules of hydrogen
peroxide (see Figure 1.6). The simplicity of this approach seemed likely to lead to a general
crystallization strategy for energetic hydrates, but unfortunately, unpublished results in our group
have shown that formation of hydrogen peroxide solvates is not guaranteed for all energetic
hydrates. In order to develop more general guidelines for hydrogen peroxide solvate formation, a
more comprehensive understanding of energetic hydrate formation and the effects of hydration

on detonation performance must first be developed.

Figure 1.6. Substitutional Replacement of Water with Hydrogen Peroxide in a-CL-20

(a) The crystal structure of a-CL-20 showing the interaction between water molecules and molecules of CL-20 and (b) the CL-

20/HP solvate highlighting the molecule of hydrogen peroxide replacing the two molecules of water.
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1.3 Charge-Transfer Ferroelectric Materials

1.3.1 An Introduction to Charge-Transfer Cocrystals

Charge-transfer cocrystals describe a class of multicomponent crystalline solids that
typically contain two electronically complementary molecular components that display unequal
sharing of an electron in the solid-state.”® The degree of charge-transfer is primarily influenced
by the relative energies of the ionization potential of the donor and the electron affinity of the
acceptor, which can be approximated by the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), respectively.”> ** The relative
closeness in energy of the HOMO and LUMO positions of the donor and acceptor molecules
generally gives rise to stark color changes in the complexed state compared to the isolated
materials, providing a convenient and reliable visual cue for successful cocrystallization.

There are two models (see Figure 1.7) commonly invoked to describe the sharing of
electron density (degree of charge-transfer, ionicity, p) between the donor (D) and acceptor (4)
molecules: 1) each DA pair related by symmetry in crystal lattice displays identical partial
electron-transfer through the formation of new frontier molecular orbitals in the complexed state
that show HOMO character on 4 and LUMO character on the D; 2) alternatively, each charge-
transfer cocrystal contains two types of DA pairs, those that show no charge-transfer and those
that are fully ionized and the proportion of neutral and ionized DA pairs average to a partial
charge-transfer value identical to that predicted by the first model.”* Advancements in
computational treatment of orbital exchange has led to the consensus that the first model of
charge-transfer is a more accurate representation of charge-transfer in the studied systems.
Regardless of which charge-transfer model is being employed, a charge-transfer cocrystal that

displays an average degree of charge-transfer of less than half an electron (p < 0.5 e) is
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considered primarily neutral, while a charge-transfer cocrystal that displays an average degree of

charge-transfer that is greater than half an electron (o> 0.5 ¢) is considered primarily ionic.’* >’

Model 1 Model 2

p:0.0e[

pzl.Oe[

p:O.Ze[

Pave = 0.2e Pave = 0.2e

Figure 1.7. The Two Models of Charge-Transfer Ionicities in CT Cocrystals

Two models of charge-transfer in which each disc represents a CT donor (red) or acceptor (blue) and the light/darkness of the
color corresponds to the degree of CT. Model 1 shows that all CT pairs show and equal and intermediate ionicity and Model 2

only shows fully neutral or fully ionic pairs.

While the field of charge-transfer cocrystals almost exclusively refers to m-electron
charge-transfer between donor and acceptor molecules, instances of c-charge transfer have also
been reported (e.g. halogen bonding interactions) but are beyond the scope of the research
described here. Within the field of planar m-electron charge-transfer cocrystals (i.e. CT
cocrystals), intermolecular interactions present in the solid-state affect the localization of the
transferred charge,™ leading to materials properties that range from conduction®’ to polarization
switching®® for use in lightweight metal-free electronics. For example, CT cocrystals that show a
segregated stacking motif free of stacking distortions are generally conductive,’’ while CT
cocrystals that adopt alternating or mixed stacking motifs generally form semiconductors®® or
dielectrics depending on whether the stack is distorted or free of distortions (see Figure 1.8).>*
Unlike multicomponent energetic materials, cocrystallization of m-electron donor and acceptor

molecules is almost always guaranteed by the electrostatic attraction between the two species;
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however, these materials rarely display the appropriate combination of crystal packing and
partial charge-transfer to demonstrate electronic properties of interest to the electronic materials

community.

Alternating Centrosymmetric Noncentrosymmetric

S ted
egregate Not Distorted Alternating Distorted Alternating Distorted

Metallic Conduction

Semiconduction Dielectricity Ferroelectricity

Figure 1.8. Common Packing Motifs for CT Cocrystals and Associated Properties

Common packing motifs and predicted electronic behavior for CT cocrystals where the red discs represent CT donors and the

blue discs represent CT acceptors.

1.3.2 An Introduction to Ferroelectricity

Of particular interest is the identification of ferroelectricity in CT cocrystals. Ferroelectric
materials adopt noncentrosymmetric crystal symmetries, leading to a measurable separation of
positive and negative charge that gives rise to a bulk polarization vector.”” ® The polarization
direction of the ferroelectric material can be aligned and redirected by an applied coercive
electric field, E¢c, and the new charge distribution is maintained as the remanent polarization
when the Ec is removed.”” ® This phenomenon can be exploited for a diversity of electronic
properties, most notably data storage but also thermal and mechanical sensing. When heated
above a temperature termed the Curie temperature (7¢), the individual dipoles of each unit cell
become disordered and can no longer remain aligned upon removal of the Ec.” Unfortunately,

due to the symmetry requirements necessary for ferroelectricity, ferroelectric CT cocrystals are
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rare and those that are known show low working temperature ranges barred by cryogenic 7¢

values, precluding practical application.

Ferroelectric Paraelectric
Ec Tc
o _—
-«— —
[ — R —l s
no polarization
polarization polarization

Figure 1.9. Ferroelectricity in a Perovskite, Barium Titanate

The ferroelectric and paraelectric phases of a unit cell of barium titanate. The grey circles represent Ba**, the red circles represent
0%, and the blue circles represent Ti*". In the ferroelectric phase, the Ti*" cation is displaced leading to the polarization vector
drawn below the unit cells. The polarization vector can be switched by applying a coercive field, Ec, but when heated above the

Curie temperature, 7¢, the material has no polarization vector and is considered paraelectric.

1.3.3 A Brief History of Ferroelectric Charge-Transfer Cocrystals

In 1980, the first observation of CT cocrystals reversibly transitioning between primarily
neutral and primarily ionic states was reported by Torrance et al..°' It was found that applying
pressure to several neutral CT cocrystals predicted to be close to the border between neutral and
ionic states gave rise to a color change that was attributed to a change in the ionicity.®’ The
pressure-induced color change for the CT cocrystal formed between tetrathiafulvalene and
chloranil (TTF-CA) was investigated using solid-state absorption spectroscopy and by
comparing the shift in the spectrum upon applying pressure to TTF-CA to the solution-phase
absorption spectra of the ionic standards [TTF'][Br] and [K'I[CA].®" Submitted in the same
week was a manuscript by Batail et al. detailing the crystallographic origins of this electronic

transition induced instead by temperature rather than pressure.® It was found that below 85 K,
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TTF-CA shows alternating short and long n-stacking distances attributed to dimerization of ionic
D'A" pairs as well as non-classical C=0O---H-C hydrogen bonds that are both absent above 85 K,
leading to the neutralization of the DA pair. The transition between the low-temperature ionic

and high-temperature neutral phase is associated with a change in space group from Pn to P2,/n.

Ferroelectric TTF-CA (15 K) Paraelectric TTF-CA (90 K)
Pn P21/n

:E(:é: ’ — 2.312A “_‘Q'* ﬁ‘ 2272 A ;
e se H“""' |3.397A ----- e |3.333A

()
L

wﬂ_ (22314 3214 A ,-0(,_

|3.333A

Figure 1.10. Low and High-Temperature Crystal Structures of TTF-CA

The ferroelectric (low-temperature) and paraelectric (high-temperature) phases of TTF-CA with intermolecular non-classical
hydrogen bonding and m-stacking distances given for each structure. Both the hydrogen bonding and n-stacking distances are

asymmetrical (have two measured values) at low temperature and symmetrize (one measured value) at high temperature.

In 1987, the pressure-induced ionic phase of TTF-CA was described as having
antiparallel domain structures similar to those of well-known inorganic ferroelectric materials by
Kaneko et al..®* TTF-CA was first described as ferroelectric by Tokura ef al. in 1989,** which
was later confirmed with a polarization hysteresis loop at 54 K.”® Low-temperature (< 77 K)
ferroelectricity was also confirmed in structurally-related CT cocrystals formed between TTF
and various halobenzoquinones (e.g. TTF-QBrCl; and TTF-BA, where QBrCl; =

bromotrichloro-p-benzoquinone and BA = bromanil).”*
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The ferroelectricity confirmed for the TTF-CA cocrystal is most often ascribed to the
neutral-to-ionic transition of the DA pair (D'A"D'A"D'"A toDADAD A),® although additional
CT complexes presented in Torrance ef al.’s original report that were shown to undergo neutral-
to-ionic transitions do not show ferroelectric behavior. Additionally, examples of CT cocrystals
that have been shown to undergo neutral-to-ionic transitions do not undergo crystallographic
Peierls-type distortions as a result of the ionicity change.” ® Given the extensive studies on
TTF-CA, the predominant design mechanism towards producing novel ferroelectric CT
cocrystals is to produce a material that undergoes a neutral-to-ionic transition, as this transition
has been assumed to be the driving force for polarization switching; however, this approach has
failed to produce CT cocrystals that demonstrate room temperature ferroelectricity. In order to
more reliably design room temperature ferroelectric CT cocrystals, the role of the neutral-to-

ionic transition on polarization switching must be clarified.

o0 900 00

Figure 1.11. Peierls Distortion in the Model System and TTF-CA

Diagram of a Peierls distortion in a chain of metals (grey spheres, left) and in CT cocrystals (right), in which the red discs

represent CT donor molecules and the blue discs represent CT acceptor molecules.

1.4 Organization of the Thesis

This thesis focuses on taking advantage of compositional variation to design improved
energetic and ferroelectric materials as well as further investigate structure-property relationships
within the context of these materials. Confirming successful doping, substitutional replacement,

and solid solution formation is challenging as no single characterization technique can be used to
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identify molecular substitution and determine structural similarity. Additionally, solid solution
formation often leads to characterization data that only subtly deviates from that of the host
material. Even in the area of cocrystallization, where the formation of a true multicomponent
crystal is generally much more obvious than substitutional solid solution formation, there still
exist several misunderstandings with respect to rigorous characterization that have led to false
reports of novel cocrystals within the field of energetic materials. Chapter 2 revisits these reports
and provides guidelines for ‘best practices’ for cocrystal identification in the absence of single-
crystal X-ray data.

Chapter 3 describes the hydration behavior of the energetic azole 5,5’-dinitro-2H,2H’-
3,3’-bi-1,2,4-triazole (DNBT). DNBT was found to form two anhydrous polymorphs as well as
six different hydrate forms, an unprecedented number of hydrates that were used to investigate
the effects of hydration on detonation performance. It was found that the degree of hydration
leads to a linear decrease in the crystallographic density, which results in decreases in the
detonation velocity and pressure. This hydration behavior is exploited to achieve a high-
performing phase-pure DNBT form in bulk through the substitutional replacement of the water
molecules with molecules of hydrogen peroxide. The discussions of hydration and hydrogen
peroxide formation are particularly relevant to the next generation of explosives, which show a
greater susceptibility to hydrate formation, making high-performance anhydrous forms difficult
to access at scale.

Chapter 4 revisits the conventional design techniques employed to target ferroelectricity
in organic cocrystals within the context of the charge-transfer cocrystal formed between
acenaphthene and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (AN-F4;TCNQ). AN-

F4s;TCNQ was found to exhibit room temperature ferroelectricity and shows polarization
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switching facilitated by non-charge-transfer interactions (reversible order-disorder transition of
AN), a departure from design paradigms currently employed around displacive ferroelectrics.
The results of this chapter suggest diversification of the principles considered towards the design
of displacive ferroelectrics is necessary.

Chapter 5 explores solid solution formation between four charge-transfer cocrystals,
yielding a quaternary solid solution with a tunable degree of charge-transfer. Computational
prediction of the density of states and band diagrams of these materials reveals that the structural
phase adopted by the solid solution may show semiconductivity along m-stacking (charge-
transfer) direction of the crystal (a-axis). The data presented in this chapter suggest that
molecular size differences and isomorphism between structural phases contribute to the
selectivity for dopant incorporation in organic solid solutions. Finally, it is shown that
controlling the ratio of dopant and host molecules present in solution during crystal growth can
lead to compositional zoning in crystals that may lead to new approaches to passivation and
electrode deposition for organic molecular electronics, two major limitations currently limiting
the field of organic semiconductors.

Chapter 6 extends the work of both Chapters 4 and 5 by combining the concepts of
charge-transfer ferroelectric cocrystals with charge-transfer solid solutions to investigate the role
of the degree of charge-transfer on the Curie temperature and remanent polarization. It was
found that the Curie temperature can be varied dramatically by incorporation of a dopant, while
the remanent polarization remains relatively unaffected. In addition to characterizing the effects
of solid solution formation on the ferroelectric performance, this chapter examines the
composition-dependent changes to the structural phase that result from solid solution formation

from nonisostructural cocrystalline phases.
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Chapter 2 : Differentiation between Cocrystals and Physical Mixtures in Energetic Materials”

2.1 Introduction

Energetic materials require an appropriate balance of fuel and oxidizer to achieve a high
energy density and high detonation velocity.'” Additional desirable characteristics of energetic
materials include controllable impact sensitivity, insensitivity towards thermal shock, resistance
towards the spontaneous formation of hydrates, and melt castability. Many of these attributes are
traditionally tuned through chemical functionalization of existing, and synthesis of novel,
energetic compounds. However, scaling syntheses of energetic compounds to industrial volumes
for use in military and civilian settings is a time consuming and expensive process with no
guarantee of success. For this reason, relatively few new energetic materials have been fielded in
the past few decades. Cocrystallization provides a distinct method by which to tune the physical
properties of existing energetic compounds and circumvents additional synthetic steps by
leveraging established energetic materials and combining them in new modes in the solid state.

A cocrystal can be defined as a crystal in which two or more neutral molecular
components interact noncovalently, typically in a defined stoichiometric ratio.>* Within the last
decade, formation of multicomponent materials (cocrystals, solvates, and salts) from two
energetic molecules has become an increasingly employed strategy to tune the physical
characteristics of energetic materials.”'® Unfortunately, many energetic compounds tend to form
solvates and exhibit extensive polymorphism, which can lead to confusion during the discovery

and characterization of novel energetic cocrystals.7’17 Octahydro-1,3,5,7-tetranitro-1,3,5,7-

* Published: Wiscons, R. A.; Matzger, A. J. Cryst. Growth Des. 2017, 17, 901-906
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tetrazocine (HMX) has three polymorphs (a-, p-, 8-),'® and numerous solvated forms (including

v-, HMX hydrate),lg’20 while 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-

17,21

20) forms three polymorphs (B-, y-, &), one hydrate (a-)'"?"' and additional solvated forms.**

Figure 2.1. Solid-state Packing Motifs for the Polymorphs of CL-20

In this paper experimental claims of forming cocrystals from two energetic components
are critically assessed.”> Although single-crystal X-ray diffraction (SCXRD) measurement can
provide unambiguous evidence for the formation of a cocrystal, this technique is not suitable for
all cocrystals formed by the many different techniques employed for cocrystallization. Therefore,
authors have sought to employ techniques including morphological observations, infrared
(IR)/Raman spectroscopy, and powder XRD to substantiate claims for the existence of new
phases. Upon careful reinterpretation of these observations, it is found that characterization data
for many of the claimed energetic cocrystals in the literature are more consistent with a physical
mixture of multiple components than with a new cocrystalline material. The limitations of these
techniques will be addressed within the context of novel energetic-energetic cocrystal discovery

and appropriate application these characterization techniques will also be discussed.
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2.2 Discussion

Discovering new cocrystalline materials formed from two energetic compounds is
challenging due to the functional groups common to energetics and their limited interaction
modes." Nitro groups, for example, although one of the most pervasive functionalities on
energetic molecules, have been underutilized in crystal engineering due to their shallow potential

24,25

energy well for hydrogen bonding interactions. This results in unpredictable interaction

2426 1y addition to these

directionalities that are heavily influenced by crystal packing.
considerations, energetics often display dramatic differences in solubilities. This can make
cocrystallization challenging because large differences in solubility between components
generally leads to the recrystallization of the least soluble component.

Identifying cocrystals requires a combination of both spectroscopic and structural
characterization methods, of which IR and Raman spectroscopies and XRD are most commonly
employed. Although it is possible to identify cocrystals using one of these methods alone,
samples must be prepared and data collected with precision and careful attention paid to the
likely possibility of forming single-component polymorphs and/or solvates. Without confirmed

sample identity and homogeneity, thermal characterization or sensitivity testing cannot be relied

upon as a basis for claiming a novel cocrystal.*’

2.2.1 Crystal Morphology

The morphology of a crystal can be defined as the macroscopic three-dimensional
geometry, or habit, adopted by a crystal and arises, primarily, from the spacing between points
on the corresponding Bravais lattice. For well over a century, analysis of crystal morphology has

been employed as a technique by which to identify materials as diverse as minerals and
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pharmaceuticals. The law of constancy of interfacial angles states that the angular relations
between faces of a crystal remain constant despite elongation or truncation of various crystal

.. . 231
faces arising from growth conditions.”

For this reason, the interfacial angles on a crystal can
be measured and directly compared to a prediction of the morphology (using the Bravais-Friedel-
Donnay-Harker approach, for example)®® from known crystal structures to discern single
component polymorphs and multicomponent cocrystals.”*>° Optical or electron microscopy can
be used to visualize changes in morphology to provide evidence of changes in unit cell
parameters. However, complications arise in identifying single-component polymorphs by
morphology when produced from multicomponent crystallizations. In these cases, physical
mixtures of phase-pure components or solvates may be misidentified as novel cocrystalline
materials.

In 2011 an energetic-energetic cocrystal between HMX and 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB) was claimed,* following computational predictions of the cocrystal
structure.”*%° In the original publication for the claimed TATB/HMX cocrystal,33 SEM, Raman
spectroscopy, terahertz time-domain spectroscopy (THz-TDS), and X-ray photoelectron
spectroscopy (XPS) were employed for characterization. Raman spectroscopy, THz-TDS and
XPS indicated the presence of HMX and TATB, although the SEM image suggested that the
sample was heterogeneous. Multiple morphologies and irregular secondary growth adhered to
the surface of well-formed crystals are visible upon further analysis of the SEM image (Figure
2.2). The interfacial angles, 1 through 6, of the well-formed crystals were measured from the
SEM image of the reported cocrystal (Figure 2.2) and compared against the BFDH morphology

predictions for the pure components. The interfacial angles of the well-formed crystals in the

SEM image were found to match those of B-HMX (see Figure 2.2). Although the material bound
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to the surface of the f-HMX crystals is too irregular in morphology to measure the interfacial
angles, from the Raman, THz-TDS, and XPS spectra it can be assumed that this material is
TATB or TATB-containing. Minor shifting in the Raman signal of the claimed cocrystal can
possibly be attributed to HMX polymorphism or solvate formation although further

characterization is necessary to confirm the outcome of the crystallization.

ow )

Figure 2.2. SEM Image and BFDH Morphology Prediction of p-HMX

(a) SEM image of reported HMX/TATB cocrystal adapted from Shen et al.33; (b) BFDH calculation result for f-HMX

morphology showing the (11-1) face and highlighting the three measured angles (1, 2, 3); (c) reconstruction of imaged grain from
SEM for measurement of the (11-1) face; (d) BFDH calculation result for f-HMX morphology showing the (020) face and

highlighting the three measured angles (4, 5, 6); (e) reconstruction of imaged grain for measurement of the (020) face.

In order to identify the origin of the observed shift in Raman scattering in HMX/TATB,
the crystallization protocol®® was repeated (see Experimental Methods Section). The sample was
dispersed onto a steel slide to separate individual crystal grains for Raman spectroscopy. A map
(Figure 2.3) was generated by comparing spectra taken over a region of the dispersed crystallites
against standard spectra of the pure components. The chemical heterogeneity illustrated by the

Raman map demonstrates that the sample is a physical mixture of TATB and y-HMX.
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Figure 2.3. Raman Map of Crystallized HMX/TATB Material

(a) Optical microscope image and (b) Raman map of the material crystallized from the replicated HMX/TATB procedure with
false color coding based on Direct Classical Least Squares 1* derivative fitting to standard spectra. y-HMX is shown in green and

TATB in red.

Crystallization of y-HMX is not unexpected considering the preparation involves
precipitating the material in water, conditions under which HMX readily converts to the hydrate.
The y-HMX phase was identified by comparing the powder XRD pattern of the HMX control
against the patterns of all other known forms of HMX (Figure 2.4). Additionally, y-HMX gives
rise to shifting in the Raman signal relative to B-HMX, explaining the origin of the Raman shifts

noted in the original publication.*®
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Figure 2.4. PXRD of Simulated and Control HMX

PXRD pattern of HMX control experiment from dimethylsulfoxide (DMSO)/water in comparison to that simulated from the
SCXRD structure.

2.2.2 Infrared and Raman Spectroscopies

IR and Raman spectroscopies are well-established methods by which to identify phases
present in a sample. Polymorphs and cocrystals typically display replicable shifting in the
position of one or more vibrational bands, which signifies the presence of different
intermolecular interactions relative to reference material. The cocrystal vibrational spectrum
should be recognizable as a combination of both single-component spectra typically with slight
shifting in peak position; extreme shifts often indicate salt formation or decomposition of the
starting components.

The use of IR and Raman microscopes has improved the applicability of these techniques
by enabling measurement on single crystals, which are, at least in principle, chemically
homogenous. Ambiguous results or misinterpretation can occur much more frequently when
measuring bulk material, where multiple phases can be present. An additional challenge, and one

that is particularly problematic for energetic materials, is the propensity to form solvates or
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recrystallize in a different polymorph of one or both intended coformers as this would cause peak
shifting in the resultant vibrational spectrum that could be misinterpreted as cocrystal formation.
For this reason, IR and Raman microscopies should be considered methods by which to screen
for the presence of cocrystalline material but should be followed up with powder and/or SCXRD
to confirm that the material is structurally new relative to the known polymorphs and solvates of
the starting materials.

In 2014, three materials containing 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105)
cocrystallized with CL-20, 1,3,5-trinitro-s-triazine (RDX), and HMX were claimed and IR
spectra were used to conclude that cocrystals were formed (Figure 2.5).** These materials were
produced by dissolving the starting materials in DMSO at 90 °C, cooling the solutions to room
temperature, and adding ethanol as an antisolvent.*® In the case of LLM-105 and CL-20,
crystallization was attempted in the absence and presence of trifluoroacetic acid in DMSO.* In
all three attempted cocrystallizations, the precipitate was filtered and dried.

The IR spectrum of the material produced from LLM-105 and RDX (Figure 2.5a)
resembles RDX predominantly, although weak peaks in the amine (3200-3500 cm™) and C=C
(1600-1700 cm™) regions may be attributed to LLM-105. LLM-105 N-H bands (Figure 2.5b)
show minor peak shifting between the reference (3225 cm™ and 3431 cm™) and claimed
cocrystal spectra (3229 cm™ and 3433 cm™). More dramatic peak shifting in this region would be
expected if the pattern of amine-nitro hydrogen bonding were disrupted to form new
intermolecular interactions between LLM-105 and RDX. The remaining peaks below a 95%
transmission threshold in the claimed cocrystal spectrum show overlap with the RDX reference
within one wavenumber shifts with two exceptions: a sharp peak at 1567.8 cm™ and a broad peak

at 9 cm 1gure 2.5C). (] .8 cm™ vibrationa and Snows a cm - shift relative to
1650.9 cm™ (Figure 2.5¢). The 1567.8 cm™ vibrational band sh 2 cm™ shift relati
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the reference RDX spectrum (1569.9 cm™). Spectra of physical mixtures can exhibit minor peak
shifting if two vibrations are close enough in energy that the peaks cannot be resolved. LLM-105
has a vibrational band at 1563.2 cm™, which when combined with reference RDX spectrum
would appear as if the RDX peak were shifted to lower energy in the resulting spectrum if these
two peaks were not resolved. The nearest reference peaks to the 1650.9 cm™ band are the 1632.3
and 1610.9 cm™ C=C vibrations in LLM-105. However, the likelihood of forming solvates or
incomplete sample drying should also be considered. DMSO has a vibrational mode at 1659 cm
that may account for this peak and also displays intensity that could result in the shifts observed
in the N-H stretching region discussed above.

To resolve these ambiguities, the cocrystallization protocols for the LLM-105/RDX and
LLM-105/HMX samples were repeated and the resultant material analyzed by PXRD (Figure
2.6a,b) and Raman spectroscopy (Figure 2.6¢,d). During reproduction of the protocol, it was
found that LLM-105 precipitates rapidly upon the addition of ethanol, while RDX remains
dissolved. However, this does not explain the presence of RDX in the IR spectrum from the
original cocrystal report. Repeating the crystallization protocol and allowing the sample to
crystallize over a two-week period results in physical mixtures of LLM-105 and RDX as

evidenced by PXRD (see Figure 2.6a) and Raman spectroscopic analysis (see Figure 2.6¢).
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Figure 2.5. IR Spectra Adapted from Zhang and Zhao™

(a) LLM-105, RDX, and the claimed LLM-105/RDX cocrystal; (b) the 2800-3600 cm™', (c) 1400-1800 cm™, (d) 1100-1400 cm™,
and (e) 600-800 cm™ regions of the LLM-105, RDX, and claimed cocrystal spectra.
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Figure 2.6. Characterization of LLM-105/RDX and LLM-105/HMX Material
PXRD patterns of (a) LLM-105/RDX and (b) LLM-105/HMX material and Raman spectra of (c) LLM-105/RDX and (d) LLM-

105/HMX material produced from replicated crystallization protocols reported in Zhang and Zhao34

Similar conclusions were drawn for the LLM-105/HMX material, which are consistent with an

optical microscope image of resultant LLM-105 and HMX material given in the original
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publication®® (Figure 2.7a) that highlighted both the irregularity in crystal morphology and the
presence of particulates adhered to the surface of the crystals, indicating that the result of
crystallization is possibly phase impure. This hypothesis was investigated further by analyzing
the LLM-105/HMX material produced from DMSO/ethanol by Raman spectroscopy (Figure
2.7b). The results from this experiment confirm that the material is heterogeneous and the
colorless coarse-grain particles are HMX, while the yellow fine-grain particles are LLM-105.
These data suggest that the DMSO/ethanol crystallization protocol forms physical mixtures of
the two components, which further supports DMSO as the origin of the 1650.9 cm™ peak in the

original report.

Microscope Image Raman Map
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Figure 2.7. Raman Map of Crystallized LLM-105/HMX Material

(a) Optical microscope image of LLM-105/HMX material presented in Zhang and Zhao34 and (b) Raman map of the material

crystallized from the replicated LLM-105/HMX procedure with false color coding based on DCLS 1% derivative fitting to
standard spectra. HMX is shown in red and LLM-105 in green.

The claimed cocrystallization of LLM-105 with CL-20 in the absence of trifluoroacetic
acid gives rise to a spectrum identical to that of LLM-105 (see Figure 2.8a), indicating that the

product of this crystallization is recrystallized LLM-105. This result is in accord with the
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findings of Zhang and Zhao’* and likely occurs because CL-20 is soluble in the antisolvent,
ethanol, and likely remained solubilized. The spectrum obtained from the LLM-105/CL-20
crystallization performed in the presence of trifluoroacetic acid (see Figure 2.8b) is missing key
N-H stretches that would signify the presence of the amine groups on LLM-105. Additionally,
signature LLM-105 peaks between 1450 and 1490 cm™ are completely absent. The remainder of
the peaks can be assigned to CL-20 with shifts between 0 and ~10 cm™ relative to the standard,

consistent with polymorph or solvate formation.
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Figure 2.8. Infrared Spectra of LLM-105/CL-20

LLM-105/CL-20 material produced from DMSO (a) and trifluoroacetic acid (b) from Zhang and Zha034.

2.2.3 Powder X-Ray Diffraction

Powder XRD (PXRD) is one of the most common and reliable diagnostic methods by

which to identify new crystalline forms or cocrystals of energetic compounds. For energetic
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materials that display low impact sensitivies, pure-phase samples can be ground and sieved to
yield PXRD patterns with reproducible sample intensities directly relatable to the structure
factors of the unit cell. However, because sample preparation is often limited by impact
sensitivity (grinding is typically avoided), changes in crystal morphology, without changes in the
unit cell parameters, can cause the diffractogram to differ notably in the relative peak intensities
of the measured reflections. For this reason, the interpretation of relative peak intensities is
unreliable and cocrystal patterns should always be compared to PXRD patterns calculated from
the single-crystal structures of known polymorphs or solvates of the single-component phases.
Calculated patterns include low intensity peaks that may not be observed in experimentally
measured standard PXRD patterns and, conversely, low intensity peaks in the computed patterns
may be more prominent in the experimental patterns due to preferential enhancement by
preferred orientation. Pawley pattern decomposition can be used in cases where visual
comparison against calculated patterns is inconclusive to quantitatively fit diffractograms
displaying preferred orientation and overlapping peaks against the known standards.

In 1976, a cocrystal was patented between HMX and ammonium perchlorate (AP),
though no structural characterization was included.*> The PXRD data for this material was first
reported in 2013 along with SEM images of the solid.”® By analyzing the SEM image of the
cocrystal, it becomes apparent that the imaged crystal grains resemble B-HMX as well as starting

AP material (see Figure 2.9).

Figure 2.9. SEM Image of HMX/AP Material Adapted from Chen et al.*®
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In analyzing the PXRD data (Figure 2.10) the same conclusion can be drawn; the major peaks
present in the cocrystal pattern can be assigned to the HMX and AP single-component powder
patterns. Reflections at 16.4° and 36.5° are not present in either the reference AP or HMX
patterns collected by the researchers but are accounted for in the powder pattern predicted from
the B-HMX crystal structure and these reflections have been indexed as arising from the (100)
and (140) Miller planes, respectively. From the morphological variation shown by SEM between
the reference HMX and the high-aspect ratio material produced from the HMX/AP
cocrystallization, a difference in relative peak intensity, and even dramatic loss in intensity for

peaks, is expected due to a change in preferred orientation.

cocrystal

| n B-HMX (calc)

2-theta angle (degrees)

Figure 2.10. PXRD Analysis of HMX/AP Material

PXRD patterns of the claimed HMX/AP cocrystal and single-component standards adapted from Chen ef al.36 and calculated f3-

HMX from refcode OCHTETO1. Vertical dashed lines are included to indicate alignment of peaks between stacked patterns.
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A CL-20 and TATB cocrystal was claimed in 2015.*7 This material was prepared by
dissolving both components in DMSO and precipitating the material by using water as an
antisolvent. Five reflections (14.9°, 22.6°, 27.9°, 30.2°, and 39.9°) were cited as unique in spite
of the fact that these peaks are present at low intensities in a-CL-20, a hydrated phase (Figure
2.11a), suggesting that the two starting components are present as physical mixtures. Major
diffraction peaks in the claimed cocrystal sample also line up in peak position with those of a-
CL-20 and the IR spectrum of the claimed cocrystal shows a broad O-H band between 3200 and
3600 cm™ (see Figure 2.11b), providing further support for the presence of a-CL-20. Although
IR peak shifting was noted, it is apparent from the IR spectrum that TATB bands are absent from
the claimed cocrystal IR spectrum. We were unable to investigate the HMX/AP and CL-
20/TATB materials experimentally because insufficient procedural detail was provided in the

original publications.

TATB
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Figure 2.11. PXRD Analysis of CL-20/TATB Material
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(a) Claimed CL-20/TATB cocrystal and single-component standards adapted from Xu et al.37 Vertical dashed lines are included
to indicate alignment of peaks between stacked patterns. (b) Infrared spectra of the claimed CL-20/TATB cocrystal and pure

component standards adapted from Xu et al3 7.

2.3 Conclusion

The cocrystallization of two energetic compounds is challenging to achieve and, in the
absence of crystallographic data, presents significant characterization challenges. It is now well
understood that cocrystallization will fail much more often than it will succeed and so the burden
to provide clear and convincing evidence differentiating cocrystal formation from physical
mixtures of polymorphs and/or solvates of the starting components is correspondingly high. The
reliability and appropriate methodology for morphological, IR and Raman spectroscopic, and
PXRD analyses have been discussed within the context of six physical mixtures originally
published as cocrystals: HMX/TATB, RDX/LLM-105, HMX/LLM-105, CL-20/LLM-105,
HMX/AP, and CL-20/TATB. Three of these samples, HMX/TATB, RDX/LLM-105,
HMX/LLM-105, have been reproduced and additional characterization data supports the claims
that these materials are physical mixtures. Rigorous analysis is pertinent, specifically, in the field
of energetic materials development as sample heterogeneity can result in unreliable sample

thermal and impact sensitivities leading to potential safety as well as performance issues.

2.4 Experimental Methods

Data were reinterpreted directly from scanning electron microscopy (SEM) images, vibrational
spectra, and patterns presented in publications. Morphologies of crystals for comparison against
published images were predicted from crystal structures (refcodes: OCHTET, OCHTETO1, and

DEDBUJ) obtained from the Cambridge Crystallographic Data Centre (CCDC) using the
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Bravais-Friedel-Donnay-Harker (BFDH) method®*?® available in the full version of CCDC
Mercury 3.6 for Windows. The predicted morphology was oriented in Mercury to match crystals
present in the SEM images and interfacial angles were measured from SEM images and the

predicted morphologies using Adobe Illustrator CS5.1.

2.4.1 Crystallizations

HMX/TATB: Crystallization was adapted from Shen et a/.>> HMX (1.513 x 10 mmol, 4.48 mg)
and TATB (1.782 x 10~ mmol, 0.46 mg) were dissolved in 4.2 mL DMSO and heated to 45 °C
to dissolve. DI water (4.2 mL) was added dropwise to the solution of TATB and HMX and
stirred for 3 hours as the solution returned to room temperature. The sample was vacuum filtered

and washed five times with DI water.

HMX/LLM-105: Crystallization was adapted from Zhang and Zhao.** HMX (2.249 x 10 mmol,
6.66 mg) and LLM-105 (2.277 x 10 mmol, 4.92 mg) were dissolved in 0.24 mL DMSO at 90
°C for three hours with stirring. Ethanol (1 mL) was added dropwise and yellow precipitate

formed over two days. The precipitate was vacuum filtered.

RDX/LLM-105: Crystallization was adapted from Zhang and Zhao.** RDX (2.296 x 10 mmol,
5.10 mg) and LLM-105 (2.295 x 10 mmol, 4.96 mg) were dissolved in 0.16 mL DMSO at 90
°C for three hours with stirring. Ethanol (1 mL) was added drop-wise and yellow precipitate

formed over two days. The precipitate was vacuum filtered.

41



2.4.2 Raman Spectroscopy

Raman spectra and maps were collected using a Renishaw inVia Raman Microscope equipped
with a Leica microscope, 785 and 532 nm lasers, 1200 lines/mm (785 nm) and 1800 lines/mm
(532 nm) gratings, 65 pm slit size, and a CCD area detector. Spectra were collected in static
mode centered around 1000 cm™ and 3200 cm™ and analyzed using the WiRE 4.2 software
package (Renishaw) for DCLS (Direct Classical Least Squares) mapping. Calibration was

performed using a silicon standard.

2.4.3 Powder X-ray Diffraction

Powder patterns of y-HMX standards were collected on a Rigaku R-Axis Spider diffractometer
using Cu-Ko radiation (A = 1.54187 A) and operating at 40 kV and 44 mA. Samples were
mounted on a CryoLoopTM and images were collected for 3 minutes with rotation of the sample
about the ¢-axis at 10°/sec, oscillating @ between 80° and 140° at 1°/sec with y fixed at 45°. The
images were integrated from 2 to 50° with a 0.02° step size using AreaMax 2.0 software
(Rigaku). The data were processed using Jade 8 XRD Pattern Processing, Identification &
Quantification analysis software (Materials Data, Inc.). The powder patterns were compared
respective simulated powder patterns from single crystal XRD structures available from the
Cambridge Crystallographic Data Centre and were found to be in good agreement with the
predicted patterns. Powder patterns were collected on LLM-105 attempted cocrystallization
materials on a Panalytical Empyrean using Cu-Ka radiation (A = 1.54187 A) and operating at 45
kV and 40 mA. The instrument is equipped with a Bragg-Brentano HD X-ray optic and an
X’Celerator Scientific detector operating in continuous 1D scanning mode. Samples were

prepared by pressing them onto a glass slide fitted into a sample holder to minimize height error.
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The patterns were collected by scanning 26 from 2 to 50° with a 0.02° step size and a step speed

of

0.125 seconds. Background scattering was subtracted using a glass blank.
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Chapter 3 : Detonation Performance of Ten Forms of DNBT"

3.1 Introduction

The properties of an explosive arise primarily from chemical structure of the energetic
material." ? That said, the solid form adopted by an energetic also influences practical aspects of
detonation performance. Crystal polymorphism is a pervasive phenomenon exhibited by high
explosives and is considered the subtlest example of this effect, whereby the density of the
different polymorphs directly influences detonation velocity and leads to unpredictable changes
in sensitivity.” *® Multicomponent crystals, solvates and cocrystals, can show much larger
perturbations from the performance of the parent compounds because parameters, such as
oxygen balance (OB), can be altered as well.> ' 1!

OB is a parameter that describes the weight percent of oxygen available to convert a
material into neutral molecular species (e.g. CO,, H,0).'? Despite efforts towards improving OB,
the majority of energetic materials are characterized by a negative OB, signifying that there is a
deficiency of oxidant relative to fuel content. Multicomponent crystallization necessarily leads to
a weighted averaging of the OB values of the constituents based on the stoichiometry of the
cocrystal or solvate. For example, the cocrystal formed in a 2:1 ratio between 2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazoisowurtzitane (CL-20, OB = -10.95%) and octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX, OB = -21.61%) has an oxygen balance of -13.65%."°

Similarly a-CL-20 and y-HMX are hydrated forms of the parent compounds with OB values of -

10.84% and -21.29%, respectively. However, hydrate formation results in an unproductive

" Published: Wiscons, R. A.; Bellas, M. K.; Bennion, J. C.; Matzger, A. J. Cryst. Growth Des. 2018, 18, 7701-7707
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improvement in the OB because the waters of hydration (OB = 0%) are unreactive upon

decomposition, diminishing heat release while often lowering crystallographic density.'"*"° F

or
this reason, energetic hydrates are determinedly avoided, although hydrate formation is
becoming a more persistent challenge with the shift towards heterocyclic and high-nitrogen
energetic compounds.

Herein we explore the ways in which polymorphism and solvate formation perturb the
performance of the energetic azole 5,5’-dinitro-2H,2H’-3,3°-bi-1,2,4-triazole (DNBT, see Figure
3.1). Azoles are desirable energetic compounds because they generally have improved OB values
relative to traditional aromatic energetics (i.e. 2,4,6-trinitrotoluene and 2,4,6-triamino-1,3,5-
trinitrobenzene, see Figure 3.1), show lower sensitivies to heat and impact, and produce
materials with high crystallographic densities.'” ** We have selected DNBT because it shows a
high a detonation velocity and low impact sensitivity but has not yet seen significant application,
in part, because it suffers from hydrate formation under traditional crystallization conditions.'” *°
We take advantage of the diverse hydrates formed by DNBT to provide a quantitative study of
the effect of hydration on energetic performance. Finally, we demonstrate that this undesirable

feature can be leveraged to produce DNBT/H,0; solvates with improved OB values relative to

other known DNBT multicomponent solids as well as DNBT itself.

A D e

TNT TATB DNBT
OB: -74% OB: -56% OB:-35%

Figure 3.1. Oxygen Balances of Common Energetics and DNBT

The molecular structures and oxygen balances (OB) of the aromatic energetic compounds 2,4,6-trinitrotoluene (TNT), 2.,4,6-

triamino-1,3,5-trinitrobenzene (TATB), and DNBT.
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3.2 Results and Discussion

Although the propensity for DNBT to form hydrates has previously been noted,'”" the
scope and impact on performance have not been investigated. To derive hydration-dependent
trends in performance, six unreported and two previously published crystal structures of DNBT
are compared. The six unreported structures include one anhydrous DNBT form (B) and five
stoichiometrically unique hydrates (two-thirds, mono-, sesqui-, di- (II), and tetra-), while the two
reported crystal structures include an anhydrous DNBT form ()’ and a dihydrate (I)'"°. The
space groups and symmetries for these crystal structures are provided in Table 3.1, including the

tetrahydrate for which rapid desolvation precluded full data collection.

Table 3.1. Crystallographic Data for Anhydrous and Hydrated DNBT Structures

o B two-thirds monohydrate  sesquihydrate  dihydrate I dihydrate II  tetrahydrate

Stoichiometry - - 2:3 1:1 15:1 2:1 2:1 4:1
Space Group P2i/n P2, P-42,c C2/c P-1 P2i/c P2i/n Pna2,

a (A) 5.0831(12) 11.6952(5)  12.84290(10) 12.0055(5) 8.7374(2) 3.9712(3) 6.7074(3) 11.4677(17)

b (A) 6.3618(5) 6.4293(2) 12.84290(10) 13.3653(6) 9.1113(3) 8.6361(5) 5.1699(3) 8.6027(18)

c(A) 12.3568(17)  12.1541(5) 16.4050(2) 11.9400(5) 12.7299(3) 14.7208(8) 15.3820(11) 12.896(3)

a(®) 90 90 90 90 103.188(2) 90 90 90

B () 94.294(19) 112.437(5) 90 100.343(4) 95.203(2) 90 92.146(6) 90

v (©) 90 90 90 90 95.096(2) 90 90 90
Volume (A%) 398.468 844.709 2705.84 1884.73 976.335 504.86 533.021 1272.25
Pealc (g cm™) 1.885 1.778 1.754 1.721 1.722 1.725 1.633 1.556

3.2.1 The Hydrates of DNBT
The DNBT hydrates were crystallized using a screening method in which the relative
ratios between water and a solution of DNBT dissolved in dry acetonitrile were varied in a 96-

well plate according to the concentrations given in Table 3.2a and the 96-well plate format given

in Table 3.2b.
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Table 3.2. DNBT Hydrate Screening Method

(a) Concentration of DNBT (x, y) or water (1, m, n, o, p, q) in dry acetonitrile used as stock solutions for high-throughput hydrate

screening using 96-well plates.

Solution Identifier Solution
X 0.04 M DNBT
y 0.04 M DNBT
1 55 M H,0
m 4.1 M H,0
n 0.4 M H,0
0 0.6 M H,0
p 0.4 M H,0
q 0.3 M H,0

(b) Layout of the 96-well plate in which the stock solutions were combined in various ratios. Values given in pL.

1 2 3 4 5 6 7 8 9 10 11 12

A 6x,21 6x,2m 6x,2n 6x,20 6x,2p 6x,2q 6y,21  6y,2m  6y,2n 6y,20 6y,2p 6y,2q
B 6x,31 6x,3m 6x,3n 6x,30 6x,3p 6x,3q 6y,31  6y,3m  6y,3n 6y,30 6y,3p 6y,3q
C 6x,41 6x,4m 6x,4n 6x,40 6x,4p 6x,4q 6y4l  6y4m 6y4n  6ydo  6ydp  6ydq
D 4x,41 4x,4m 4x,4n 4x,40 4x,4p 4x,4q 4y,41  4y4m  4y4n  4ydo 4y.,4p 4y,4q
E 4x,61 4x,6m 4x,6n 4x,60 4x,6p 4x,6q 4y,61 4y,6m  4y,6n 4y,60 4y,6p 4y,6q
F 3x,61 3x,6m 3x,6n 3x,60 3x,6p 3x,6q 3y,61 3y,m 3y,6n 3y,60 3y,6p 3y,6q
G 2x,61 2x,6m 2x,6n 2x,60 2x,6p 2x,6q 2y,61  2y,om  2y,6n  2y,60 2y,6p 2y,6q
H 8x 81 8m 8n 8o 8p 8q 8y

[TEKT)

Well “A-1” can be understood to contain 6 pL of solution “x” and 2 pL of solution “1,” for example.

Crystals were grown by evaporation of the mixed solvent and the crystalline forms were initially
differentiated using Raman spectroscopy (see Figure 3.2), followed by structure determination

by single-crystal X-ray diffraction (SCXRD).

49



dihydrate |

dihydrate Il

sesquihydrate

monohydrate

two-thirds hydrate

anhydrous

750 1000 1250 1500 1750

Raman Shift (Wavenumbers)

Figure 3.2. Raman Spectra of the Anhydrous and Hydrated Forms of DNBT

Crystallization using the high-throughput screening method produced primarily DNBT dihydrate
I, secondarily DNBT sesquihydrate, and small quantities of the anhydrous (a and ), two-thirds,
dihydrate II, and tetrahydrate forms of DNBT. DNBT monohydrate was produced via
evaporation from isopropanol. The preferential formation of DNBT dihydrate 1 was further
investigated by slurrying anhydrous DNBT in water, producing DNBT dihydrate I selectively.
Similarly, the water concentration regime (0.2 — 2.0 M in acetonitrile) was investigated through a
series of slurry conversion experiments, which only selectively produced DNBT dihydrate I from
anhydrous DNBT when 2.0 M water in acetonitrile was used. Below this concentration of water,

a physical mixture of DNBT sesquihydrate and DNBT dihydrate I was observed.
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(a) a form

Figure 3.3. Crystal Structures of Anhydrous and Hydrated DNBT Forms
Crystal structures and hydrogen bonding interaction patterns (red dashed lines) of the anhydrous DNBT polymorphs (a, b) and

DNBT hydrates (c-h). Carbon atoms are shown in gray, nitrogen atoms in blue, oxygen atoms in red, and hydrogen atoms in

white. Hydrogen atoms have been omitted from the water molecules in DNBT tetrahydrate due to poor data quality.
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In order to understand the diversity of DNBT hydrate crystal structures, electrostatic
potential maps were calculated for isolated molecules of DNBT and water. DNBT shows one
electrostatic maximum (Vs max), Which represents a region of electron deficiency, and five unique
electrostatic minima (Vgmin), Which represent regions that are electron rich (Figure 3.4). The
DNBT electrostatic potential map highlights the deficiency of hydrogen bond donors in DNBT
relative to hydrogen bond acceptors. This deficiency can be used to explain the propensity for
DNBT to form hydrates, which introduce additional hydrogen bonds to electron-rich sites on
DNBT. When compared to the local Vgmin calculated for DNBT, the oxygen atom on water
shows a stronger hydrogen bond acceptor potential, outcompeting all five sites on DNBT.
DNBT, however, is predicted to outcompete water as a hydrogen bond donor based on the
magnitude of the calculated Vi max. Using this reasoning, it was predicted that DNBT N-H —
(O)H; would be present more frequently than alternative hydrogen bonding interactions (e.g.

water-water hydrogen bonds) in DNBT hydrate structures.

-182.3 -145.6

-100 1236 -103.8 254.3

Figure 3.4. Electrostatic Potential Maps of DNBT, Water, and Hydrogen Peroxide
Vi min (red) and V ., (blue) were calculated using B3LYP/6-311G** and labeled in kJ mol ™.

This prediction was tested by comparing the type and number of hydrogen bonding interactions

in the asymmetric units of the six DNBT hydrate crystal structures (see Table 3.3). It was found
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that when hydration is low (e.g. the two-thirds hydrate), hydrogen bonds from DNBT are
donated to water and no water-water hydrogen bonding interactions are observed. With
increasing waters of hydration (e.g. the sesquihydrate), the hydrogen bonds donated by DNBT

are predominantly accepted by water molecules and water-water interactions are observed.

Table 3.3. Type and Number of Hydrogen Bonding Interactions in DNBT Hydrates

The number of N-H and O-H hydrogen bonds donated to water in the asymmetric unit are given in the numerator, while the total

number of hydrogen bond donors are given in the denominator.

(DNBT) N-H — O (H,0) (H,0) O-H — O (H,0)
two-thirds hydrate 2/3 0/2
monohydrate 1/2 12
sesquihydrate 3/4 1/6
dihydrate I 11 0/2
dihydrate II 11 0/2
tetrahydrate 2/2 2/8

As shown in Table 3.3, the increase in favorable local DNBT N-H — (O)H; hydrogen bonding
interactions correlate with solid forms showing lower crystallographic densities (e.g. the two-
thirds hydrate, p = 1.754 g cm™, versus the tetrahydrate, p = 1.556 g c¢m™). Crystallographic
densities of the DNBT hydrates are plotted in Figure 3.5 as a function of hydration state. From
this plot, a distinct trend is shown between increasing waters of hydration and lower
crystallographic densities. Furthermore, this correlation suggests that crystallographic density
shows very little dependence on crystal packing and instead more closely reflects the average of

the densities of the constituents at the appropriate relative stoichiometries in the unit cell.
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Figure 3.5. Correlation between Hydration State and Crystallographic Density

The detonation performance (velocity, pressure) of the DNBT hydrates were calculated
using the heats of formation of the components (DNBT'” and liquid water), at the appropriate
stoichiometries, and room temperature crystallographic densities of the DNBT forms using
Cheetah 7.0*' (see Table 3.4 and Figure 3.6a-d). The specific impulses of DNBT and its hydrates
were also calculated (Table 3.4 and Figure 3.6e,f) to investigate the effect of hydrate formation
on propellant behavior. A decrease in detonation velocity, detonation pressure, and specific
impulse is observed with increasing hydration state. This trend is consistent with expectations
given that water dilutes the energy density of DNBT. The detonation velocity and detonation
pressure show stronger correlations to crystallographic density (R?y = 1.00 and R?p = 0.99) than
to hydration (R*, = 0.81 and R*» = 0.85). These correlations indicate that the primary way in
which crystallographic hydrates suppress detonation performance parameters is by decreasing
crystallographic density. In contrast, the specific impulse (Figure 3.6e,f) shows a stronger

correlation to hydration (R? = 0.98) than to crystallographic density (R, = 0.83), suggesting that
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hydration dilutes propellant behavior by introducing molecules that contribute to the mass of the

material without a concomitant increase in potential energy.

—_—
Q
—
—_
O
-

8.6 8.6
vy (%]
~ ~
g & g R? = 1.0’(’)_ *
— 8.2 — 8.2 .
Q > Q <&
o o b
o o @
0 78 ’, ¢ © 2 78 ’{'
S R?=0.81 S -
§ 7.4 § 7.4
() [} ”
o ° o ®
7.0 T T T g 7.0 r T T !
0 1 2 3 4 1.5 1.6 1.7 1.8 1.9
Hydration (# Waters/DNBT) p (g cm3)
(c) (d)
35 35
& &
Qo 1 Q R?=0.994
g 30 v 30
S > ,
g X3 . g "
5 25 ¢ 9 o o 25 3
5 . R?’=0.85 &
s 20 ¢ . s '
: 5 20
B g
o 4 © &
15 . : - - 15 . : : .
0 1 2 3 4 1.5 16 1.7 1.8 19
Hydration (# Waters/DNBT) p(gcm?)
(e) ()
2254 225 ‘e
“ . = o
g 215 o g 215 o ¢ R2=0.83
2 . 2
£ 205 ~ E ~®
s ¢ R!=098 c 20 o’ o
g 2
2 195 2 195
wv w
@ 3
185 T T T ] 185 T T T |
0 1 2 3 4 1.5 1.6 1.7 1.8 1.9
Hydration (# Waters/DNBT) p(gem?)

Figure 3.6. Density and Hydration-dependent Detonation Performance of DNBT

(a) Trends between detonation velocity and density and (b) detonation velocity and hydration state. (c) Trends between
detonation pressure and density and (d) detonation pressure and hydration state. (¢) Correlation between specific impulse and

density and (f) specific impulse and hydration state.
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Table 3.4. Table of Cheetah 7.0 Performance Values

Peate (g cm™) Detonation Velocity (km/s)  Detonation Pressure (GPa)  Specific Impulse (s)
o 1.885 8.376 31.43 223.47
B 1.778 7.973 26.94 223.47
Two-thirds hydrate 1.754 7.867 25.99 215.55
Monohydrate 1.721 7.743 24.66 212.55
Sesquihydrate 1.722 7.771 24.73 207.23
Dihydrate I 1.725 7.823 24.52 202.50
Dihydrate II 1.633 7.419 20.89 202.50
Tetrahydrate 1.556 7.086 16.74 187.93
H,0, Solvate 1 1.772 8.060 27.78 217.44

3.2.2 DNBT Hydrogen Peroxide Solvates

Given the propensity for DNBT to form hydrates, the possibility of forming hydrogen
peroxide solvates with DNBT was explored as a route by which to improve the OB and to avoid
the complex mixture of hydrate phases produced by DNBT. Recently, inclusion of solvent
molecules with positive OB values, such as hydrogen peroxide (H,05), into the crystal structures
of energetic compounds to improve the overall OB of energetic materials has been
demonstrated;'" this approach serves much the same role of oxidizing counterions in energetic
salts but is applicable to uncharged energetics. H,O, is capable of forming strong hydrogen
bonding networks, similar to water molecules, and therefore may produce crystals structurally
related to energetic hydrates. In the case of a-CL-20, for example, water molecules trapped in
pores of the crystal structure can be substituted with H,O; to yield an isostructural solvate with
an exceptional OB (-8.79%)."" This strategy for improving OB may prove valuable with the
rapidly expanding class of heterocyclic and high-nitrogen energetic compounds, although the
generality of this approach has not yet been shown.

It was predicted that H,O, could outcompete water to form the corresponding DNBT

H,0; solvate because the isolated electrostatic potential surfaces of H,O, and water indicate that
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H,0; is a stronger hydrogen bond donor (larger Vi max) and weaker hydrogen bond acceptor
(smaller |V min|]) when compared to water (Figure 3.4). These findings are consistent with those
of Chernyshov et al. who, based on interaction distances in the crystal structure of H,O,
dihydrate,22 concluded that H,O; is a stronger hydrogen bond donor than is water.”

Two H,0, solvates of DNBT (1 and 2) were discovered by evaporation of H,O, and
acetonitrile. Solvate 1 was initially crystallized using ~98% H,0O, and was later shown to
crystallize from a solution of acetonitrile and 50% v/v H,O; (in water) as a physical mixture with
solvate 2. In contrast, solvate 2 is produced when lower concentrations of H,O, (in water) are
used. The two forms can be differentiated by their Raman spectra (see Figure 3.7), which show
slight shifts in peak position/broadness between 1350-1675 cm™ (see Figure 3.7a) that are
assigned to differences in the symmetrical equivalence of nitro group torsion angles between the
two forms (supported by SCXRD, see below). Unambiguous evidence for H,O, incorporation in
1 and 2 is shown by the O-O stretch at 879 cm™ and 880 cm™, respectively, differentiating the
H,0, solvates from the hydrates and anhydrous forms of DNBT (see Figure 3.7b). The closeness
of the O-O Raman shift for 1 and 2 to that of neat H,O, (879 cm™)"! suggests that the hydrogen
bonding interactions between DNBT and H,O, in the solvates are similar to those formed
between molecules of neat H,O,. This observation contrasts that observed for CL-20/H,0,, in
which the peaks corresponding to O-O stretching were shifted to lower frequencies in the

solvates (866 cm™ and 872 cm™) due to interaction with the nitro groups in CL-20."'
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Figure 3.7. Raman Spectra of DNBT Hydrogen Peroxide solvates 1 and 2

(a) Nitro region of the Raman spectra differentiating solvates 1 and 2; (b) O-O region of the Raman spectra of 1, 2, and DNBT

monohydrate.

Solvate 1 was produced in high yield as the pure crystalline phase by cooling a solution
of DNBT in ~98% H,0, (to ensure no phase contamination from form 2). The hydrogen
peroxide content was quantified by reaction with triphenylphosphine to form triphenylphosphine
oxide. From the integration ratio of the two 3'p NMR signals, the H,O, content in solvate 1 was
calculated as 0.996 + 0.006 H,O, : 2 DNBT. Results from Karl Fischer titration indicate that
0.057 water : 1 DNBT is incorporated into samples of solvate 1 prepared by the same method.
Phase pure solvate 2 could not be produced in high enough quantities to verify the H,O, and
water contents experimentally, although this form refined to a 0.4 H,O : 0.8 H,O; : 2 DNBT ratio
by SCXRD.

Solvate 1 crystallizes in the P-1 space group with one H>O, and two DNBT molecules
contained in the asymmetric unit, which is in agreement with the molar ratio determined by *'P
NMR. Having confirmed the relative stoichiometries between DNBT and H,0;
crystallographically, the OB value for the idealized DNBT H,0, hemi-solvate was calculated at -

29.6%, which is significantly improved relative to anhydrous DNBT, -35.4% (see Table 3.5).
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Table 3.5. Table of Calculated Oxygen Balance (OB) Values

Formula Molecular Weight (g mol™) Oxygen Balance (%)
Anhydrous C,H,N{O, 226.11 3538
Two-thirds Hydrate CgHsN,0, 357.185 -33.60
Monohydrate C,H4NgO5 244.13 -32.77
Sesquihydrate CgHoN6O; 506.28 -31.60
Dihydrate C4HNgO 262.15 -30.52
Tetrahydrate C4H; (N3O, 298.19 -26.83
H,0, Solvate 1 C4H;N{Os 243.115 29.62

Using the crystallographic density for solvate 1 (pee 1.772 g cm™), the detonation velocity,
detonation pressure, and specific impulse were calculated at 8.060 km/s, 27.78 GPa, and 217.4 s,
respectively. These performance predictions suggest that solvate 1 outperforms all hydrate forms
of DNBT. Solvate 1 is structurally related to DNBT monohydrate with one molecule of H,O,
replacing two adjacent water molecules (see Figure 3.8). Of the DNBT hydrate forms, the
monohydrate shows the shortest O**O distance between adjacent water molecules, making it the
most likely hydrate to show replacement of two molecules of water with one molecule of H,O,.
Despite the monohydrate showing a short O--"O distance, substitution causes solvate 1 and the

monohydrate to solve into different space groups, making the substitution pseudoisomorphous.
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Figure 3.8. Crystal Structures of 1, 2, and DNBT Monohydrate

Crystal structures of 1, 2, and DNBT monohydrate highlighting the packing motif with insets focusing on the hydrogen bonding

interactions between DNBT and H,0, or water.
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In solvate 1, hydrogen bonds between molecules of H,O, and the triazole rings of DNBT form a
corrugated tape motif that extends parallel to the c-axis (see Figure 3.9). The tapes are segregated
by chains of DNBT weakly bound through (O)NO, — (N)NO, stacking interactions that
propagate along the a- and b-axes. The two chains are symmetry inequivalent due to differences
in the nitro group torsion angle relative to the backbone of the DNBT molecule (22.0° for the
chain along the g-axis and 11.2 — 28.9° for the chain showing disorder along the b-axis). The
chains are further held in place by hydrogen bonds donated by triazole rings on DNBT molecules

in the chains to triazole rings on DNBT molecules in the corrugated tapes.

Figure 3.9. Hydrogen Bonding Interactions between DNBT and H,0,

Solvate 2 is isomorphous with DNBT monohydrate (see Figure 3.8), resulting in a site
occupancy disorder between H,O, and H,O in the crystal structure. Solvate 2 crystallizes with
fractional solvent and one DNBT per asymmetric unit and is nearly identical in structure to 1,
differing only by the two orthogonal chains of DNBT, which are symmetry equivalent in 2 (one
unique nitro group torsion angle of 10.9°). This structural difference, in addition to a narrowing
of the H-O-O-H torsion angle (as defined by the angles between the flanking DNBT molecules)

from 79.3° in 1 to 87.9 - 92.1° in 2, lengthens the hydrogen bonding interactions in 2 relative to
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solvate 1, resulting in a slightly lower density for 2 (pcac 1.758 g cm'3) relative to solvate 1 (pcalc
1.772 g cm™).

The thermal sensitivity of 1 was characterized by differential scanning calorimetry
(DSC). The thermal sensitivity of 1 was compared against bulk DNBT crystallized using the
protocol of Fischer, Klapotke, and Stierstorfer,”* which, in our hands, produced a physical
mixture of DNBT dihydrate I and the 2/3 hydrate of DNBT (see Figure 3.10); this finding
reaffirms the propensity of DNBT to crystallize as physical mixtures of lower-performance

hydrates.

‘bulk” DNBT

dihydrate |

two-thirds

5 10 15 20 25 30 35 40
2-theta angle (°)

Figure 3.10. PXRD Analysis of ‘Bulk’ DNBT

Predicted powder X-ray diffraction patterns of calculated from the SCXRD structures of DNBT dihydrate I and DNBT two-thirds
hydrate compared against the experiment pattern measured from ‘bulk” DNBT crystallized following the Fischer, Klapdtke, and

Stierstorfer protocol.

The DSC trace of bulk DNBT shows a broad endotherm from 70 to 140 °C associated with
dehydration of the various DNBT hydrates (Figure 3.11). This bulk DNBT material shows an

exotherm at 247 °C attributable to thermal decomposition of DNBT. The DSC trace of solvate 1
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(Figure 3.11) shows an exotherm at 178 °C, attributed to thermal decomposition of H,0,.%° The
H,0, decomposition event is followed by an additional exotherm at 263 °C, which is attributed
to thermal decomposition of DNBT. These data suggest that dehydration of bulk DNBT and
desolvation of 1 result in solid forms of DNBT with differing thermal sensitivities. In order to
investigate this disparity, the monohydrate of DNBT, which is most similar in structure to
solvate 1, was selectively crystallized and characterized by DSC (Figure 3.11). The DSC trace of
DNBT monohydrate also shows decreased thermal sensitivity of the dehydrated form (260 °C)
relative to the bulk DNBT trace, suggesting that the increased thermal stability of desolvated 1 is
not due to a reaction between DNBT and H,0, but rather likely results from transformation to a

more robust phase.
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Figure 3.11. DSC Comparison between Solvate 1 and DNBT Hydrate(s)
Differential scanning calorimetry traces for ‘bulk” DNBT, DNBT monohydrate, and DNBT solvate 1.



3.3 Conclusion

DNBT produces a remarkable number of crystalline forms under a narrow range of
crystallization conditions. The two anhydrous polymorphs and six hydrates enabled
quantification of the extent to which water can erode detonation performance and specific
impulse. Detonation velocity and detonation pressure are strongly correlated with
crystallographic density, whereas specific impulse is strongly correlated with the hydration state.
The solid form diversity expressed by DNBT has been leveraged to produce a H,O, solvate,
demonstrating the utility of this approach as a method to preclude hydrate formation by
addressing the disparity between hydrogen bond donating and accepting groups in this system.
Due to the increased hydrogen bond donor strength of H,O, relative to water, this strategy of
solid form control is predicted to be general for energetic compounds that readily form hydrates,

such as the rapidly expanding class of heterocyclic and high-nitrogen energetics.

3.4 Experimental Methods

Caution: Although no unplanned detonations were encountered during this work, DNBT is a
dangerous high explosive and hydrogen peroxide is a strong oxidizing agent. Proper safety
practices and equipment were used to prevent an explosion due to friction, heat, static shock,
impact, and flame. Be aware that the potential for severe injury exists if these materials are

handled improperly.

5,5’-Dinitro-2H,2H’-3,3°-bi-1,2,4-triazole (DNBT) was received from Lawrence Livermore
National Labs or synthesized according to Fischer et al.** Hydrogen peroxide (98% w/w in

water) was obtained from PeroxyChem LLC. Triphenylphosphine, 99% was obtained from
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Acros Organics and recrystallized from methanol before use. Acetonitrile was obtained from
Fisher Scientific, passed through an activated alumina column before use, and stored over 4A

molecular sieves.

3.4.1 Crystallization

Crystallization Screening Experiments using 96-well Plates

DNBT and water solutions in MeCN were made as described in Table 3.2a. These solutions were
loaded into an Eppendorf epMotion 5070 automated liquid handling device, which dispensed the
solutions into wells of a 96-well plate in the amounts specified in Table 3.2b. The solutions were
then allowed to evaporate and the resultant material analyzed via optical microscopy, Raman

spectroscopy, and X-ray diffraction techniques.

Water Activity Slurry Experiment

Solutions of water and MeCN were created with varying H,O activity (1.60 — 11.3 M),
accounting for the water in the MeCN as 0.3 mg/g via coulometric Karl Fisher titration.
Anhydrous DNBT along with a 2.5 mm diameter glass bead was placed in each of ten 1 mL
vials. To each vial was added 100 uL of the corresponding solvent mixture and the vials were
sealed with screw caps and wrapped with Parafilm. The vials were placed on an orbital shaker
set to 750 rpm and left for 14 days. The supernatant was removed by suction and the samples

analyzed via PXRD immediately.

Crystallization of DNBT hydrates
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A 4 mL vial was charged with 2.5 mg of DNBT dihydrate I. To this vial was added 500 pL of 2-
propanol (11.5 mg/g H,O content determined via coulometric Karl Fisher titration) and 6 pL
H,0. The vial was sealed and agitated on an orbital shaker, set to 110 rpm, for 48 h. The vial was
then opened and the solvent allowed to evaporate under ambient. Raman spectroscopy revealed
that this method produced a physical mixture of DNBT monohydrate, DNBT sesquihydrate, and
DNBT dihydrate I. DNBT monohydrate produced by this method was used for crystal structure

determination.

Crystallization of the DNBT-H,0; Solvates

A 20 mL vial was charged with 26.80 mg anhydrous DNBT. The DNBT was subsequently
dissolved in 1.1 mL dry acetonitrile with sonication. To this solution was added 300 pL
hydrogen peroxide (98% w/w in H,O). The vial was covered by a watch glass, allowing for
evaporation, and left undisturbed for 48 h. Colorless block crystals of solvates 1 and 2
(differentiated by Raman spectroscopy). DNBT-H,0, 1 was selectively crystallized via cooling
crystallization of 26.06 mg (1.153 X 10™* mol) anhydrous DNBT in 1.0 mL of 98% (w/w) H,0,.

These crystal forms were subjected to crystal structure determination.

3.4.2 Single-Crystal X-Ray Structure Determination

Single-crystal X-ray diffraction data were collected using a Rigaku XtaLAB Synergy-S X-ray
diffractometer configured in a kappa goniometer geometry. The diffractometer is equipped with
a PhotonJet-S microfocus Cu source (A = 1.54187 A) set at a rough divergence of 9.5 and
operated at 50 kV and 1 mA. X-ray intensities were measured at room temperature with the

HyPix-6000HE detector placed 34.00 mm from the sample. The data were processed with
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CrysAlisPro v38.46 (Rigaku Oxford Diffraction) and corrected for absorption. The structures
were solved in OLEX2?® using SHELXT? and refined using SHELXL*®. All non-hydrogen
atoms were refined anisotropically with hydrogen atoms placed in a combination of refined and

idealized positions.

3.4.3 Powder X-Ray Diffraction

Powder X-ray diffraction data were collected using a Rigaku XtaLAB Synergy-S X-ray
diffractometer configured in a kappa goniometer geometry. Data were collected in “Fast Phi
Mode” at all positions with two-theta maximum set to 100 degrees and exposure times between
100 and 300 seconds. The diffractometer is equipped with a PhotonJet-S microfocus Cu source
(L = 1.54187 A) set at rough divergences between 0.9 and 9.5 depending on sample type and
operated at 50 kV and 1 mA. X-ray intensities were measured at room temperature with the
HyPix-6000HE detector placed between 34.00 and 80.00 mm from the sample. The data were

processed using a combination of Excel 2010 and Origin.

3.4.4 Raman Spectroscopy

Raman spectra were collected using a Renishaw inVia Raman Microscope equipped with a Leica
microscope, a 633nm laser, 1800 lines/mm gratings, 50 um slit size, and a CCD area detector.
Spectra were collected in extended scan mode with a range of 3600 - 100 cm™ and analyzed
using the WiRE 3.4 software package (Renishaw). Calibration was performed using a silicon

standard in static mode.
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3.4.5 Karl Fischer Titration
The relative amounts of water in hydrogen peroxide solvate 1 samples, expressed as a percent
(where 1 mg/g = 0.1%), were determined via coulometric Karl Fisher titration using a Mettler

Toledo C20 Coulometric KF Titrator.

3.4.6°'P NMR Spectroscopy

*'P NMR measurements were carried out on Varian vomrs 500 MHz spectrometer operating at
room temperature, using 4 scans and a 25 second relaxation delay. A standard solution of
triphenylphosphine (12.00 mg, 4.575 X 10° mol) in dry acetonitrile (5.00 mL) was prepared.
Hydrogen peroxide solvate 1 (3.85 mg, 7.92 X 10° mol) was dissolved in 1.52 mL of the
standard solution and allowed to shake for 30 minutes to react. The ratio of triphenylphosphine
to triphenylphosphine oxide for each spectrum was calculated by integration of the peaks using

MestReNova v12.0.0-20080, Mestrelab Research, 2017.

3.4.7 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) traces for each sample (~0.2 mg) were recorded on a
TA Instruments Q10 DSC. All experiments were run in Tzero' ™ hermetic aluminum DSC pans
with a heating rate of either 5 °C/min or 2 °C/min, covering a temperature range of 31 °C to 400
°C. The instrument was calibrated using an indium standard. DSC traces were analyzed using

TA Universal Analysis 2000, V 4.5A, build 4.5.0.5.
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Chapter 4 : Room-Temperature Ferroelectricity in an Organic Cocrystal*

4.1 Introduction

Crystalline charge transfer (CT) complexes formed between neutral molecular
components demonstrate a broad range of fractional electron transfer that predicates applications
in most fields of electronics.” With benefits offered by solution processability, flexibility,
reduced toxicity, and ease of tunability, synthesis, and purification, organic electronic materials
are promising alternatives to traditional inorganics.” '*'? Of particular interest is the application
of CT cocrystals as displacive ferroelectrics in data storage.'> '* The exchangeable nature of the
CT pair permits rapid screening of various molecular combinations relative to single-component
materials; this is advantageous in the field of ferroelectric materials, which show stringent and
statistically disfavored crystallographic requirements. Taking advantage of this design feature,

several organic CT ferroelectrics have been reported,* > '0-1% 14

although most of materials that
have been discovered to date only exhibit ferroelectricity below room temperature.

Conventional design strategies towards displacive ferroelectric cocrystals focus on
tailoring the CT gap in 1D chains of alternating n-electron donor (D) and acceptor (4) molecules
to achieve a transition between neutral (DADA...) and ionic (D'A” D'A4"...) solid phases (NI

15, 16

transition) through a reversible Peierls-type lattice instability at the Curie temperature, T¢.>

>91EIT1 The Peierls distortion can manifest as a molecular deformation (Figure 4.la) or
3

displacement (Figure 4.1b) that polarizes the CT chain in the ionic/ferroelectric phase.”

However, design strategies that leverage electronic instabilities modeled in 1D CT chains are

" Published: Wiscons, R. A.; Goud, N. R.; Damron, J. T.; Matzger, A. J. Angew. Chem. Int. Ed. 2018, 57, 9044-9047
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limited in their ability to predict interchain interactions that may prevent structural transitions.
We argue that the paucity of reported cocrystals that exhibit room temperature displacive
ferroelectricity is due, in part, to design strategies that consider CT interactions as the driving
force for the paraelectric-ferroelectric transition, while assuming that interchain interactions are

non-participatory.

Tc, Py

Tc, Pni

Figure 4.1. Mechanisms of Ferroelectricity in CT Cocrystals

Two mechanisms of displacive ferroelectric transitioning in CT cocrystals: (a) molecular deformation and (b) molecular
displacement (adapted from Horiuchi et al.). The polarization direction can be switched under a coercive electric field, Ec, and

the ferroelectric-paraelectric transition can be thermally induced at the 7¢ or the NI transition pressure, Py;.

Herein, a room-temperature displacive ferroelectric CT cocrystal formed between
acenaphthene, AN, and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane, F4TCNQ, (see
Figure 4.2) is presented. A record high 7T¢ of 68 °C allows room temperature ferroelectricity in
AN-F4TCNQ; the T¢ corresponds to an activated by rotational motion in AN that decouples AN-
F4TCNQ dimers. Weak electronic coupling between AN and F4,TCNQ, as measured by Raman
spectroscopy, supports the claim that the mechanism of the ferroelectric-paraelectric transition is

primarily structural. No formal NI transition occurs at the 7¢ although this material displays
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switchable remanent polarization, prompting reevaluation of conventional redox potential-
focused design strategies. AN-F4,TCNQ highlights the importance of interchain interactions and
molecular dynamics in the design of CT cocrystals that undergo ferroelectric transitions and
provides critical insights to improve the diversity and reliability of subsequent ferroelectric

design strategies.

NC CN
F4aTCNQ AN
LUMO: -5.50 HOMO: -5.71

Figure 4.2. Chemical Structures of F4,TCNQ and AN
Chemical structures of F;,TCNQ (CT acceptor) and AN (CT donor) and calculated (B3LYP/6-311G**) positions of the frontier

molecular orbital energies for the isolated gas-phase molecules.

4.2 Results and Discussion

AN and F4TCNQ were selected as cocrystallization partners because they display a
minimal calculated difference in position of the HOMO and LUMO energy levels for isolated
gas-phase D and 4 molecules (see Figure 4.2). This approach is consistent with current strategies
towards CT cocrystal design.”® Cocrystals of AN-F,TCNQ were grown by solvent evaporation
from an equimolar acetonitrile solution. Thermal cycling by differential scanning calorimetry
(DSC, Figure 4.3) revealed a reversible endotherm upon heating at 341.1 K (68.1 °C) and an

exotherm at 335.0 K (62.0 °C) upon cooling.
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Figure 4.3. DSC Trace of the AN-F,TCNQ Cocrystal

Typical DSC trace for AN-F,TCNQ with heating and cooling events shown separately to magnify the endothermic and

exothermic events. Exothermic heat flow is shown as upward peaks.

4.2.1 The Crystal Structure of AN-F,TCNQ

Single-crystal XRD (SCXRD) structures were obtained at 85 K, 293 K (20 °C), and 348
K (75 °C). At both 85 K and 293 K, the cocrystal solves in the polar Pc space group, whereas the
348 K crystal structure becomes centrosymmetric (P2;/c). AN-F4sTCNQ adopts a mixed-stack
motif parallel to the a-axis (Figure 4.4a). Interplanar spacings reveal that the molecules are
dimerized (D"A" D" A4 ...) in the two low temperature structures with alternating long and short 7-
stacking distances (3.415 A and 3.369 A at 293 K measured D centroid to 4 plane), while the
high-temperature crystal structure is differentiated by a decoupling of the DA dimers, evenly

spacing the D and 4 molecules (3.461 A), and a 180° rotational disorder of AN (Figure 4.4b).
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3.461 A

Figure 4.4. n-Stacking Interactions in AN-F,TCNQ

1D chains of alternating AN and F,TCNQ molecules along the a-axis from the (a) room temperature crystal structure and (b)

high-temperature crystal structure.

Despite the AN rotational disorder, 3D crystallinity is maintained in the P2,/c phase with close
interchain contacts formed between C-F and C=N on neighboring F4,TCNQ molecules (Figure
4.5a,b). These contacts are present in the Pc (at 293 K) and P2,/c phases at distances between
3.05 and 3.07 A., Furthermore, the interchain contacts are strengthened through C=N:---H-C
interactions® (Figure 4.5c,d) that are present in all three crystal structures at an interaction

distance of 2.46 A at 293 K (normalized hydrogen positions).
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Figure 4.5. C-F---C=N and C=N:--H-C Interactions in AN-F,TCNQ

Chains of C-F---C=N interactions formed between neighboring F,TCNQ molecules in the (a) room temperature and (b) high-
temperature crystal structures. View highlighting the C=N---H-C interactions in the (c) room temperature and (d) high-

temperature crystal structures.

4.2.2 Room Temperature Polarization Hysteresis

Given that the phase change in AN-F4,TCNQ is accompanied by a reversible symmetry
change (noncentrosymmetric to centrosymmetric), the room-temperature ferroelectricity was
investigated by measuring polarization hysteresis parallel to the CT stacking direction (a-axis) on
single crystals. Bravais, Friedel, Donnay, and Harker (BFDH) morphology predictions produced
by Mercury 3.7 (Cambridge Crystallographic Data Centre) was used to guide the placement of

silver electrode contacts on the (100) and (-100) faces (see Figure 4.6).
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Figure 4.6. The Morphology of the AN-F,TCNQ Cocrystal

(a,b) BFDH predicted morphologies for the AN-F,TCNQ cocrystal structure and (c) image of the cocrystals grown by acetonitrile

(100)

evaporation with graduations in units of millimeters.

Polarization hysteresis loops measured at room temperature show dielectric leakage that
becomes more dramatic upon scanning to lower frequencies. Positive-up-negative-down (PUND)
pulse measurements reveal that two components (dielectric and ferroelectric) contribute to the
overall polarization intensity and, at a pulse width optimized for the ferroelectric component, the
dielectric component contributes to 95% of the overall intensity and the ferroelectric component
the other 5% (see Figure 4.7a). The dielectric component is likely associated with rotation of AN
under an applied electric field due to its dipole moment, which is consistent with the increased
motion of AN observed in the crystal structure of the high-temperature P2,/c phase. Remanent
polarization hysteresis loops were measured using a double triangular waveform voltage to
remove the effects of non-hysteresis character (see Figure 4.7b). Room temperature
ferroelectricity in AN-F4TCNQ was confirmed and the remanent polarization (Pr) was measured
up to 0.08 + 0.01 nC/cm®. By comparison to the model displacive ferroelectric formed between
tetrathiafulvalene (TTF) and p-chloranil (CA), the Pr of AN-F4TCNQ is small; however, AN-
F4sTCNQ represents remarkable progress for displacive ferroelectric cocrystals as it displays

ferroelectric behavior above room temperature, while TTF-CA is only ferroelectric below 81 K.
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Figure 4.7. Electrical Characterization of the AN-F,TCNQ Cocrystal

(a) Pulse width-dependent dielectric and ferroelectric contributions to the total polarization AN-F,TCNQ. (b) Remanent
polarization hysteresis plot for AN-F,TCNQ.

4.2.3 The Degree of Charge-Transfer in AN-F,TCNQ
Electronic coupling between AN and FsTCNQ was further characterized by calculating
the ionicity (p) of the cocrystal during the ferroelectric-paraelectric transition. Ionicity values

were calculated from Raman spectra® 2! *

obtained between 30 °C and 80 °C, revealing a minor
shift in ionicity between 65 and 70 °C associated with the transition (see Table 4.1 and Figure
4.8). The p of the ionic phase was calculated at 0.3 e, which decreases to 0.2 € upon transitioning

to the P2;/c phase. The Ap for this material is 0.1 e (about one fourth that of TTF-CA),

implicating that a frue NI transition® is not crossed.

Table 4.1. Table of Raman Peak Values and Salculated Ionicities

Temperature (°C) AN-F,TCNQ (cm™) F,TCNQ (cm’™) [K] [F,TCNQJ (cm™) ITonicity (e)
23 2223.23 2225.65 2217.66 0.30
30 2223.23 2225.65 2217.66 0.30
35 2222.82 2225.65 2217.66 0.35
40 2222.82 2225.65 2217.66 0.35
45 2223.03 2225.65 2217.66 0.33
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50 2222.82 2225.65 2217.66 0.35
55 2223.03 2225.65 2217.66 0.33
60 2222.82 2225.65 2217.66 0.35
65 2222.82 2224.96 2217.66 0.30
70 2223.40 2224.96 2217.66 0.21
75 2223.40 2224.96 2217.66 0.21

F,JCNQ go°c
65 °C
40 °C

AN-F,TCNQ 75°C

45°C
40 °C
35°C
30°C

[KI[F,TCNQ]

L
2
()]
o
S

2300 2250 2200 2150 2100

Raman Shift (Wavenumbers)

Figure 4.8. VT-Raman Ppectroscopy for AN-F,TCNQ

Variable-temperature Raman spectra for AN-F,TCNQ collected in static scan mode between 2100 — 2300 cm™" at temperatures

ranging from 23 — 75 °C.

4.2.4 Investigating the Mechanism of AN-F,TCNQ Ferroelectricity

By assuming a double-well potential model for a ferroelectric transition,” the 7¢ can be
used to estimate the energy difference between the ferroelectric and paraelectric states.
Participation of non-CT interactions altered during the transition can be probed by comparing the
Tc of non-deuterated and perdeuterated analogues of ferroelectric materials. For example, TTF-

CA exhibits a 7¢ 2-5 K lower than d4yTTF-CA,> *° which was attributed to lengthening,
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destabilization, and symmetrization of interchain C-H:--O hydrogen bonds upon transitioning to
the paraelectric (neutral) phase.27

Investigation into the ferroelectric-paraelectric transition mechanism for AN-F,TCNQ
began with synthesis of dj)AN-F,TCNQ. The DSC trace revealed a reversible endotherm at 69.2
°C upon heating and an exotherm at 62.0 °C upon cooling (see Figure 4.9). The 1.1 °C increase
in T¢c upon deuteration is in the opposite direction of what would be expected for a change in
redox potential due to the reduced hyperconjugative stabilization afforded by deuterium. This
observation indicates that non-CT interactions contribute to the ferroelectric-paraelectric

transition mechanism (vide infra).
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Figure 4.9. DSC Trace for di0AN-F,TCNQ

Typical cyclic DSC trace for d;,AN-F,;TCNQ with heating and cooling events shown separately to magnify the endothermic and

exothermic events. Exothermic heat flow is shown as upwards peaks.
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Examples of flip-flop and plastic ferroelectricity in CT metal-organic systems and
antiferroelectric-paraelectric transitions in organic crystals have suggested the possibility of
forming ferroelectrics in which structural transitions are controlled by activated vibrational
and/or rotational modes. Such a mechanism would be consistent with the AN motion identified
by SCXRD and dielectric leakage observed during polarization measurements. Evidence of
dynamic molecular rotation was collected by solid-state 'H magic-angle-spinning nuclear
magnetic resonance (MAS-NMR) spectroscopy between 30 and 80 °C. Above 60 °C, the
aromatic and non-aromatic proton environments in AN can be differentiated in the 1D "H spectra
(Figure 4.10a); however, with a decrease in temperature, the methylene signal shifts downfield,
appearing as a shoulder on the aromatic peak, while the aromatic signal shows progressive
broadening upon cooling. The sharpening upon heating from 30 to 60 °C suggests that the
transition is preceded by continuous structural changes and confirms that the AN rotational
disorder observed by SCXRD is dynamic. The "H T} relaxation data collected between 30 and 80
°C is most suitably fit with a bicomponent T; curve. Both components show a decrease in
relaxation time upon heating to 60 °C, which is likely a product of two effects: a decrease in CT
and interruption of C=N---H-C interactions due to rotational motion. At temperatures beyond 60
°C, an increase in the T is measured, caused by a freeing of AN motion, pushing the dynamics
past the T; minimum and lengthening the T; time. At and above the T¢, this effect becomes more

dramatic (Figure 4.10b).
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Figure 4.10. NMR Spectra and Relaxation Times for AN-F4,TCNQ

(a) 1D MAS-NMR 'H spectra collected between 30 and 80 °C. (b) T, relaxation time for the long (blue) and short (green)

components as a function of temperature.

The MAS-NMR studies prompted a targeted investigation of the C=N---H-C interaction
during the ferroelectric-paraelectric transition. Classical C=N---H-O H-bonds show -AH°

between 2-5 kcal mol™ 2%

(likely lower in AN-F,TCNQ due to the weaker donation), too low
of an energetic barrier to independently prevent AN rotational motion at room temperature. The
barrier to rotation is likely a convolution of the C=N---H-C interaction and lattice reorganization
enthalpies to accommodate AN rotation. The relative significances of these effects to the
structural phase transition were studied by powder XRD (PXRD) and confirmed by SCXRD (see
Figure 4.11 and Table 4.2). The 20 shift in the reflections associated with the (010) and (002)
interplanar spacings were monitored between 20 °C and 80 °C as these planes describe
crystallographic expansions/contractions due to C=N---H-C interactions and rotation-induced
lattice deformation, respectively (see Figure 4.11a). As shown in Figure 4.11c, the reflection
corresponding to the (010) plane does not significantly shift during the transition, indicating that
destabilization and elongation of the C=N---H-C interaction is not a dominant contributor to the

structural transition observed by XRD. Contrastingly, the {002} interplanar spacings

dramatically expand ~5 °C before the 7c. Activation of AN rotation is consistent with the
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preferential interplanar expansion between the {002} planes, which would account for additional

enthalpic contributions to the barrier preventing ferroelectric-paraelectric transitioning at room

temperature.
(a) (b)
(Oozw (010) Tc
o] e
(010) (002) —22°C 8.00 o~ ® | o
® @ .
<< :
%n 7.95 !
% 1
| °
: (002) |
© l
6.75 e
o
6.70 o |
o @@ 1
8 9 10 11 12 13 14 15 16 20 40 60 80
2-theta angle (degrees) Temperature (°C)

Figure 4.11. VT-PXRD Analysis of AN-F;,TCNQ

(a) Orientation of AN relative to the (002) and (010) Miller planes and VT-PXRD patterns of AN-F,TCNQ taken between 22 and
80 °C. (b) The d-spacing expansion between the (010) and (002) Miller planes with increasing temperature.

Table 4.2. Unit Cell Parameters for AN-F,TCNQ Collected by VT-SCXRD

Temp (°C) a(A) b (A) c(A) (002) (A) B V(&)
22(1) 9.462(4) 7.987(4) 13.368(6) 6.634(6) 109.46(4) 952.5(7)
30(1) 9.470(5) 7.986(5) 13.374(7) 6.687(7) 109.40(4) 954.3(7)
40(1) 9.476(4) 8.001(4) 13.381(4) 6.691(4) 109.31(4) 957.5(7)
50(1) 9.479(4) 8.001(6) 13.404(5) 6.702(5) 109.21(4) 960.0(9)
60(1) 9.482(5) 8.011(3) 13.451(5) 6.708(5) 109.13(4) 962.8(7)
70(1) 9.482(5) 8.013(5) 13.486(7) 6.743(7) 108.86(5) 969.6(9)
80(1) 9.494(5) 7.999(4) 13.550(7) 6.775(7) 108.55(4) 976.4(8)
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4.3 Conclusion

It has been shown that AN-F4,TCNQ undergoes a space group change from Pc to P2,/c at
68 °C associated with a decrease in ionicity, consistent with a ferroelectric-paraelectric phase
transition, despite weak electronic coupling between AN and F4TCNQ. Activation of AN
rotational motion was found to accompany the phase transition as shown by MAS-NMR and
PXRD. Reversible remanent polarization of AN-F;,TCNQ was measured, confirming that this
material is ferroelectric at room temperature although the mechanism of transition is primarily
structural. Given these findings, we suggest inclusion of interchain interactions and molecular
dynamics that facilitate displacement events responsible for polarization switching in future
design of ferroelectric CT cocrystals. Shifting from electronically-driven to structure-driven
mechanisms allows a greater diversity of materials that undergo lattice-facilitated ferroelectric-

paraelectric transitions to be accessed that may not be predicted by a 1D Peierls distortion model.

4.4 Experimental Methods

4.4.1 Calculations

AN and F4TCNQ were selected as cocrystallization partners based on gas phase calculations of
the HOMO and LUMO energy levels, respectively (B3LYP/6-31G**). Using this method the
HOMO-LUMO energy gap was calculated to be 0.23 eV (the HOMO-LUMO energy gap for

TTF-CA is calculated at 0.24 eV, using the same method).
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4.4.2 Cocrystallization

Acenaphthene (Acros Organics) and djp-acenaphthene (Sigma-Aldrich) were used as received,
whereas F4,TCNQ (Ossila) was purified by zone sublimation to remove colored impurities before
use. Single-crystals of AN-F4TCNQ and d;0AN-F;TCNQ were produced by slow evaporation
from a 7.2 mM 1:1 stoichiometric ratio in acetonitrile (dried over molecular sieves) on
polypropylene substrates. Single crystals were harvested and dried under vacuum before further

characterization.

4.4.3 Single-Crystal Structure Determination

Single-crystal X-ray diffraction data for AN-F4,TCNQ was collected using a Rigaku AFC10K
Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device and
Micromax-007HF Cu-target microfocus rotating anode (A = 1.54187 A) operated at 1.2 kW
power (40 kV, 30 mA). X-ray intensities were measured at 85(1), 293(1), and 348(1) K with the
detector placed 42.00 mm from the crystal. The data were processed with CrystalClear 2.0
(Rigaku)®® and corrected for absorption. The structures were solved and refined with the Bruker
SHELXTL (version 2008/4)*' software package using direct methods. All non-hydrogen atoms
were refined anisotropically with hydrogen atoms placed in a combination of refined and
idealized positions. SCXRD data for d;(AN-F4,TCNQ was collected using a Rigaku XtaLAB
Synergy-S X-ray diffractometer equipped with a low temperature device and a PhotonJet-S
microfocus Cu source (A = 1.54187 A) operated at 50 kV and 1 mA. X-ray intensities were
measured at 295(1) with the HyPix-6000HE detector placed 34.00 mm from the sample. The
data were processed with CrysAlisPro v38.46 (Rigaku Oxford Diffraction) and corrected for

absorption. The structures were solved in OLEX2*? using SHELXT® and refined using

84



SHELXL**. All non-hydrogen atoms were refined anisotropically with hydrogen atoms placed in

a combination of refined and idealized positions.

4.4.4 Powder X-ray diffraction

Variable-temperature powder XRD patterns were measured on a Rigaku R-Axis Spider
diffractometer using Cu-Ka radiation (A = 1.54187 A) and operating at 40 kV and 44 mA.
Samples were mounted on a CryoLoop' ™ and images were collected for 3 minutes with rotation
of the sample about the ¢-axis at 10°/sec, oscillating ® between 80° and 140° at 1°/sec with y
fixed at 45°. The sample collection temperature was set to temperatures between 295(1) and
348(1) K in 5 K increments via an Oxford Cryostream Plus Controller. The images were
integrated from 2 to 50° with a 0.02° step size using AreaMax 2.0 software (Rigaku). The data
were processed using Jade 8 XRD Pattern Processing, Identification & Quantification analysis

software (Materials Data, Inc.).”

4.4.5 Variable-Temperature Raman Spectroscopy

Variable-temperature Raman spectra were collected using a Renishaw inVia Raman Microscope
equipped with a Leica microscope, 785 nm laser, 1200 lines/mm grating, 65 pum slit, and a
RenCam CCD detector. Calibration was performed using a silicon standard in static mode.
Spectra were collected in static mode with the spectral window centered about 2200 cm™ and
analyzed using the WiRE 3.4 software package (Renishaw). The sample collection temperature
was controlled by a Linkam Scientific TMS 94 hot stage attachment through the WiRE 3.4

collection software.
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4.4.6 Polarization Hysteresis Measurements

Electrical measurements were taken on single crystals contacted with silver paint. BFDH
morphology prediction was produced by Mercury 3.7 offered by the CCDC and used to guide the
placement of the electrode contacts on the (100) and (-100) faces. The P-E hysteresis loops were
collected at room temperature on a ferroelectric testing probe station (Radiant Technologies Inc.
Ferroelectric Test System) operated using Vision Data Acquisition Software (Radiant
Technologies Inc.) using an alternating triangular double-wave field (preset-delay-measurement).
PUND tests were also performed on single crystals using the Radiant Technologies Inc.
Ferroelectric Testing System. The data provided in this manuscript were collected from two
representative single crystals. Despite guidance from morphology predictions, contact placement
was imperfect for several samples due to the blocky morphology of the crystal, and these
samples showed unreliable and unsymmetrical polarization loops with no remanent behavior. It
was concluded that, although sample measurements were reliable for well-placed electrodes, the

P-E measurements are very specific to sample orientation.

4.4.7 Solid-state Magic-Angle-Spinning Nuclear Magnetic Resonance Spectroscopy

All '"H NMR data was collected on a Bruker Avance III spectrometer at 400 MHz 'H Larmor
frequency using a Bruker 2.5mm probe under 20 kHz Magic Angle Spinning frequency. The
probe temperature was calibrated using KBr*® and the CS referenced to adamantane. The 'H T,
relaxation times were measured by saturation recovery with a ‘Magic Sandwich Echo’ before
detection for background suppression and refocusing of some portion of the homonuclear dipolar
coupling. The experiments were collected with 8 scans and a recycle delay of 5 s. The 1D

spectra were taken from the final time point in the T, sequence at any given temperature. The
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saturation recovery experiments were assessed with a bicomponent fit, which modeled the data

more appropriately than using a single component. The bimodal behavior of the curves are more

pronounced at higher temperatures which can be seen in Figure 4.10b.
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Chapter 5 : Quaternary CT Solid Solutions: Tunability through Stoichiometry”

5.1 Introduction

Organic semiconductors are attractive alternatives to conventional inorganic materials for
device fabrication in transistors,'™ light-emitting diodes,” ® and photovoltaics’”.'"*'* This trend
towards discovering organic analogues for inorganics is motivated by potential for improved cost

7,8,10,12

effectiveness, air and moisture stability, decreased toxicity, compatibility with flexible

781012 and solution processability'>*!°. In the case of conjugated polymers, solution

substrates,
processability enables the formation of binary and ternary polymer blends, which affords

additional control over the light absorption profile and charge carrier transport.”® Unfortunately,

polymer blends suffer from phase separation leading to degraded device performance."

10,12,14-16 10,12,16-18

Crystalline small molecule-based semiconductors, such as rubrene, pentacene,
and tetrathiafulvalene derivatives show spectacular performance,” although their electrical
characteristics can rarely be tuned through blending because the crystallization process often, but
not always,”” excludes dopants.?' Charge-transfer (CT) cocrystals based on donor-acceptor (DA)
pairs address issues of crystallinity, broad visible light absorption, and electronic tunability;
however, CT materials express an incredibly diverse range of properties that are strongly

12223 making electronic performance difficult to predict or control.

dependent on crystal packing,
Substitutional doping to produce solid solutions is a method by which fine control over

electronic properties in inorganic materials is routinely achieved. Solid solutions are defined as

multicomponent crystalline systems in which the concentrations of two or more components

* Published: Wiscons, R. A.; Coropceanu, V.; Matzger, A. J. Chem. Mater. DOI: 10.1021/acs.chemmater.9500502
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occupying the same lattice position can be continuously varied between two compositional limits
(see Figure 5.1a). Solid solutions are challenging to discover in molecular materials because
functional groups responsible for modifying the electronic properties of a molecule tend to
exhibit unique interaction modes in the solid state.** As a result of this interaction selectivity,
introduction of additional components often results in a physical mixture of multiple solid
phases, or the emergence of a new packing motif upon stoichiometric inclusion of the desired
compound. However, the likelihood of forming solid solutions is improved when the strongest
intermolecular interactions present in the lattice remain conserved. Because charge-transfer
interactions between donor and acceptor molecules can be maintained across compositional
variation, CT crystals are uniquely well suited for the inclusion of additional molecular

components (Figure 5.1b,c).

(a) Substitutional Alloy (Solid Solution)

@@@D

Ao.36Bo.1a Ao.s57Bo.a3 Ao.290Bo.71 B

b) Ternary Charge-Transfer Solid Solution

D1Ao.75Bo.25 D1Ao0.25Bo.75

(c) Quaternary Charge-Transfer Solid Solution

Do.sCo.5A0.75B0.25 Do.25Co.75A0.25B0.75

Figure 5.1. Substitutional Alloys and Solid Solutions

(a) Diagram of a substitutional alloy formed between two close-packed metals, (b) a ternary charge-transfer solid solution
between donor (D) and acceptors (4 or B) formed by varying the relative concentrations of molecules 4 and B, and (c) a

quaternary charge-transfer solid solution between donor (D or C) and acceptors (4 or B).
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Herein we present the structural and electronic characterization of the CT complex that
forms between 2,3-dichloro-5,6-dicyanobenzoquinone, DDQ, and 4,6-
dimethyldibenzothiophene, DMDBT (see Figure 5.2). These compounds were selected as CT
partners because they were predicted to yield a low-band gap material based on the difference in
energy between the solution-phase electrochemical reduction/oxidation potentials, shown in
Figure. We have found that 2,3-dibromo-5,6-dicyanobenzoquinone, DBQ, and 4,6-
dimethyldibenzoselenophene, DMDBS, can be substituted into the DMDBT-DDQ cocrystal,
forming the DMDBTyDMDBS;.xyDDQyDBQ/;.yy quaternary CT solid solution. This solid
solution displays composition-dependent ionicities and optical band gaps, indicating that the
electronic behavior of the material can be modified through solid solution formation. This system
demonstrates that small molecule CT electronics can be optimized using strategies that are
traditionally implemented for inorganics to yield materials with improved performance relative

to their respective end members.

0 0
5 se cl CN B CN
OO0 Q0 oAe oipha
0 0
DMDBT DMDBS DDQ DBQ
Eox1.42V Ex1.09 V Eed 0.57V Ered 0.54V

Figure 5.2. Molecular Structures of D and A Species
Molecular structures and oxidation potentials (versus SCE) for 4,6-dimethyldibenzothiophene (DMDBT) and 4,6-

dimethyldibenzoselenophene (DMDBS); molecular structures and reduction potentials® (versus SCE) for 2,3-dichloro-5,6-

dicyanobenzoquinone (DDQ) and 2,3-dibromo-5,6-dicyanobenzoquinone (DBQ).
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5.2 Results and Discussion

5.2.1 Crystal Structures of the Cocrystal Phases

Cocrystals of DMDBT-DDQ, DMDBT-DBQ, DMDBS-DDQ, and DMDBS-DBQ were
grown by solvent evaporation from acetonitrile solutions. The resultant crystals are deep maroon
and prismatic in habit. The crystal structures of DMDBT-DDQ, DMDBT-DBQ, and DMDBS-
DBQ were elucidated by single-crystal X-ray diffraction (SCXRD), revealing all three as
isostructural, solving in the polar Cmc2; space group (see Table 5.1). DMDBS-DDQ is in the P-
1 space group and shows a unique packing motif compared to the other cocrystal structures (see

Table 5.1).

Table 5.1. Crystallographic Data for the CT Cocrystals

DMDBT-DDQ DMDBT-DBQ DMDBS-DBQ DMDBS-DDQ
Space Group Cmc2, Cmc2, Cmc2, P-1

a(A) 6.57483(12) 6.60920(10) 6.64274(17) 6.6291(5)

b (A) 18.3640(3) 18.3407(2) 18.4437(5) 9.7060(7)
c(A) 16.5153(2) 16.82770(10) 16.9726(4) 16.5873(7)
a (°) 90 90 90 77.051(5)
p© 90 90 90 88.795(4)

7 (°) 90 90 90 72.485(6)
V (A% 1994.06 2039.81 2079.43 990.661

The isostructural materials crystallize in a 1:1 stoichiometry between donor and acceptor
molecules and form mixed CT stacks that are free of Peierls distortions parallel to the a-axis,
(Figure 5.3). In these three crystal structures, n—o-hole halogen bonds, donated by the halogen
atoms on the m-electron acceptors to the chalcogen atoms and nitrile groups on the nearest in-

plane neighbors, form close interactions perpendicular to the n-stacking direction (Figure 5.4).
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Figure 5.3. m-stacking Interactions in the CT Cocrystals

View along the a-axis of (a) DMDBT-DDQ, (b) DMDBT-DBQ, (c¢) DMDBS-DBQ, and (d) DMDBS-DDQ, highlighting the m-

stacking direction of the cocrystal structures.

Remarkably, closer halogen bonding interactions are present in DMDBT-DBQ than DMDBT-
DDQ, which implies that halogen bonding plays a significant role in the crystal packing motif of
these structures, especially when the difference in atomic radii between Cl (1.75 A)*® and Br
(1.85 A)*® is considered. Shorter halogen bonding interactions arise in DMDBT-DBQ because

the o-hole is more pronounced in Br than Cl due to greater atomic polarizability.

(a) (b) (c) d .

Figure 5.4. Halogen Bonding Interactions in the CT Cocrystals
Halogen bonding interactions present in (a) DMDBT-DDQ, (b) DMDBT-DBQ, (¢) DMDBS-DBQ, and (d) DMDBS-DDQ.
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The atomic polarizability of the halogen atoms in DDQ and DBQ can be visualized using
electrostatic potential maps of DDQ and DBQ and quantified by identifying the potential energy
maxima, Vgmax, on these surfaces (Figure 5.5), which show a region of greater electron
deficiency on DBQ relative to DDQ and resulting in more favorable interaction with the lone

pairs on the sulfur atom and nitrile groups.

\

128.9 ki mol™ 163.7 ki mol*  -40

Figure 5.5. Electrostatic Potential Maps

Electrostatic potential maps calculated using B3LYP/6-311G***"* for (a) DDQ and (b) DBQ with a common scale for the color

bands shown on the right in kJ mol ™! and the Vs max Values given in blue text.

5.2.2 Electronic Coupling in the Isomorphous Cocrystals

It has been demonstrated that strong donor-acceptor interactions in cocrystals facilitate
efficient charge carrier transport along the donor-acceptor stacks.'>”’ Using density functional
theory, effective electron and hole transfer integrals, z.g(electron) and f.s(hole) along the DA
stacks were calculated from crystal structures of DMDBT-DDQ, DMDBT-DBQ, and DMDBS-
DBQ. The . values represent the strength of electronic coupling between two closest acceptor
(donor) molecules along the -A-D-A-D- stacks resulting from the mixing of their frontier orbitals
with the orbitals of the “bridging” donor (acceptor) molecule.'> All three materials are found to

have large f.sfelectron) values at 96 meV (DMDBT-DDQ), 101 meV (DMDBT-DBQ), and 89
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meV (DMDBS-DBQ) and all three structures show small z.(hole) values, indicating that all
three systems may show very good electron transport properties. For the sake of comparison, the
largest z.¢r for electrons and holes in pentacene are around 85 meV.'® The results obtained for the
effective hole and electron transfer integrals are supported by the crystal band structure
calculations showing that the width of the conduction band in all three cocrystals is significantly
larger than the width of the valence band (see Figure 5.6). To explore whether the DA electronic
interactions could be more finely controlled, the possibility of forming ternary solid solution

between the isomorphous phases was investigated.

(a) DMDBT-DDQ (b) DMDBT-DBQ (c) DMDBS-DBQ
3 3 3
2 [ B 2+ 4 2
VITVIVE VTV VS AN
1 B 1t 1 1F
5 0 18 0 S = = B Ol e |
EooMN T N RN ENEON ol I PN NI N
1 B | PR SRR NN 1
2 Eys 2
-3 -3 -3
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Wavevector DOS (1/eV) Wavevector DOS (1/eV) Wavevector DOS (1/eV)

Figure 5.6. Electronic Structure Diagrams
Band structure (left) and density of states (right) diagrams for (a) DMDBT-DDQ, (b) DMDBT-DBQ, and (c) DMDBS-DBQ.

5.2.3 Crystallization and characterization of CT solid solutions

Single crystals of the ternary solid solutions DMDBT;DDQyDBQ.y) and
DMDBTDMDBS(;.xy\DBQ; were grown from acetonitrile solutions and scanning electron
microscopy energy dispersive X-ray spectroscopy (SEM-EDS) was used to determine the C1/Br
and S/Se atomic ratios across single crystals (see Figure 5.7). The S/Se ratios were calibrated

using the Br signal intensity from DMDBT-DBQ because the Ka Se and Br EDS signals overlap.
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S 909%
Se 91%

Figure 5.7. Elemental Characterization Data for Ternary Solid Solutions

(a) SEM secondary electron (SE) images of ternary DMDBT,;DDQ,DBQ,,.y; single crystals. Energy dispersive spectra were
collected from the points shown as white and red dots with the Cl and Br atomic ratios given for each point. (b) SEM SE images
of ternary DMDBTDMDBS;_y,DBQ; single crystals. Energy dispersive spectra were collected from the points shown as white

and red dots with the calibrated S and Se atomic ratios given for each point.

Figure 5.8a summarizes the EDS measurements, highlighting the continuous changes in the

DDQ/DBQ molar ratio that can be achieved when crystallized with DMDBT. Additionally,
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changes in composition are linearly dependent on the feed ratio when crystallized by
evaporation. DMDBT;DDQyDBQ;.y), however, excludes DMDBS at low DMDBT/DMDBS
feed ratios, as shown in Figure 5.8b. This exclusion is likely due to lattice strain caused by the

increase in size of DMDBS relative to DMDBT, which disfavors the inclusion of DMDBS.
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Figure 5.8. Feed Ratio and Composition

(a) Relationship between the DDQ feed ratio (relative to DBQ) and atomic % Cl measured from single crystals of

DMDBT,DDQyDBQy,.y, by SEM-EDS; (b) relationship between the DMDBT feed ratio (relative to DMDBS) and atomic % S
measured from single crystals of DMDBTyDMDBS,_x)DBQ, by SEM-EDS.

Single crystals of DMDBT,;DDQyDBQ(.yy, were indexed by SCXRD, revealing a linear
volumetric increase with increasing DBQ content. Unit cell indexing was repeated for the
DMDBTxDMDBS(1.xDBQ; solid solution, showing a similar linear relationship between
composition and cell volume (see Figure 5.9 and Table 5.2). These correlations provide a method
by which to calculate the DDQ/DBQ ratio of a sample when crystallized with DMDBT or the

DMDBT/DMDBS ratio with DBQ in the absence of elemental information.
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Figure 5.9. Composition and Unit Cell Volume

Cell volumes (determined by single crystal X-ray diffraction) plotted against the average (a) DDQ/DBQ and (b)
DMDBT/DMDBS single crystal ratio determined by SEM-EDS.

Table 5.2. Composition and Unit Cell Parameters

mol% DDQ a(A) b(A) c(A) Vol (A%)
100.0% 6.5775 18.3720 15.5159 1995.8
89.6% 6.5881 18.3326 16.5455 1998.3
75.8% 6.5713 18.4055 16.5779 2005.1
70.1% 6.6003 18.3301 16.6231 2011.1
54.8% 6.6032 18.3706 16.6720 2022.4
50.7% 6.6196 18.3041 16.7052 2024.1
28.3% 6.6181 18.3113 16.7450 2029.3
19.0% 6.6189 18.3333 16.7463 2032.1
15.8% 6.6190 18.3313 16.7592 2033.5

7.0% 6.6270 18.3093 16.7949 2037.8
0.0% 6.6106 18.3390 16.8316 2040.5
mol% DMDBT

100% 6.6092 18.3407 16.8277 2039.8
96% 6.6115 18.34456 16.83467 2041.8
89% 6.6123 18.3498 16.8418 2043.5
81% 6.61734 18.3662 16.8595 2049.0
79% 6.6230 18.3661 16.8663 2051.6
63% 6.62445 18.3804 16.8785 2055.1
46% 6.63194 18.4005 16.90572 2063.0
0% 6.64274 18.4437 16.9726 2079.4
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The crystallization of quaternary cocrystals was also explored, despite the non-
isostructurality of the DMDBS-DDQ phase relative to the ternary solid solutions. Because
multiple chemical compositions of the solid solution can exhibit the same cell volume, indexing
single crystals by XRD could not be used to calculate the CI/Br and S/Se ratios. Raman
microscopy was instead used to determine the compositional ratios in single crystals of the
quaternary DMDBTDMDBS;.x\DDQyDBQ;.y, solid solution (see Figure 5.10). Using this
method, the compositions of single crystals were determined, confirming that a quaternary solid

solution was successfully produced even when the binary cocrystals are not all isostructural.
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Figure 5.10. Raman Spectra for Ternary Solid Solutions

(a) Ternary DMDBT;DDQyDBQ,.y) solid solution Raman spectra used for calibration of the DDQ/DBQ ratio. The relative peak
intensities for two components fitted in the highlighted region were analyzed. (b) Ternary DMDBTxDMDBS, x,DBQ; solid
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solution Raman spectra used for calibration of the DMDBT/DMDBS ratio. The relative peak intensities for the two components

fitted in the highlighted region were analyzed. Relative (c¢) DDQ/DBQ and (d) DMDBT/DMDBS peak area calibration curves.

Figure 5.11 summarizes compositions measured from the quaternary crystals, mapping out a
stability field for the solid solution phase and showing that quaternary crystals that are
simultaneously enriched in both DDQ and DMDBS could not be produced. This region of solid
solution instability is expected due to the co-precipitation of the DMDBS-DDQ cocrystal. Figure

5.11 also shows the cell volumes for each of the indexed solid solution compositions.
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Figure 5.11. Quaternary Solid Solution Stability Field

Measured compositions from single crystals of quaternary DMDBTxDMDBS; ,DDQyDBQ( .y, measured by Raman

spectroscopy, referred to as the solid solution stability field.

5.2.4 lonicity in CT Solid Solutions

The ionicity, or degree of charge transfer (p), is a parameter that describes the amount of
electron density transferred between donor and acceptor molecules in CT complexes.'"*** This

value is related to the electronic properties associated with a CT system, such as dielectricity,
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semiconductivity, and conductivity.'' In CT complexes containing DDQ, infrared (IR)
spectroscopy has been used to measure the vibrational frequency of nitrile groups (Figure
5.12a,b)*** compared to those of neutral, DD(B)Q, and radical anion, DD(B)Q’, standards using
the following equation:®!
pv=2(vo—ver) / vo(1 — v/ vp)!

in which p, is the degree of CT measured from vibrational spectra and vy, vcr, and v, are the
symmetrical -CN stretching frequencies in the neutral standard, CT sample, and radical anion
standard, respectively. Using this method, the degree of charge transferred to DD(B)Q was
calculated across the DMDBT,;DDQyDBQ;.yy and DMDBTyDMDBS,.x)DBQ, ternary solid
solutions. The DMDBT;DDQyDBQ;.y, ternary solid solution is characterized by a continuous
decrease in p, value from 0.19(2) e for DMDBT-DBQ to 0.005(4) e for DMDBT-DDQ (see
Figure 5.12c¢), while the decrease in p, value from DMDBT-DBQ to DMDBS-DBQ, 0.08(2) e, is

less well defined due to uncertainty in the DMDBT/DMDBS molar ratios.

(a) increasin increasin
_Increasinge | creasing » DMDBT-DBQ 025 9
x®
Increasing Increasing 0.20 g
DMDBS pbQ =X
015 2
%
0.10 _
g
0.05 @«
o
000 ©
2234 2232 2230 2228 2226 2234 2232 2230 2228 2226
Wavenumber (cm™) W avenumber (cm™)

Figure 5.12. IR Spectra and Degree of CT

(a) IR spectra of the asymmetric nitrile stretch for DMDBT-DDQ (light blue), DMDBT-DBQ (black), and ternary solid solution
DMDBT,;DDQ;DBQy;.y, samples (intermediate colors). (b) IR spectra of the asymmetric nitrile stretch for DMDBT-DBQ
(orange), DMDBS-DBQ (black), and ternary solid solution DMDBT,DMDBS,,_yyDBQ, samples (intermediate colors). (c) 3D
bar graph showing the dependent of p, on composition with the DMDBT-DBQ cocrystal (purple) showing the largest p, value.
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Given that the stretching frequency of the -CN functionality is unreliable’” ** due to
halogen bonding interactions, p values for the three isostructural cocrystals were also calculated
from the geometries of the acceptors measured from the single-crystal X-ray structures (p,). We
have implemented the method proposed by Kistenmacher et al.,”* originally designed for 2,2,3,3-
tetracyanoquinodimethane (TCNQ), and have adapted it for DDQ and DBQ:

Pa= (act — ao) / (a1 — ao)
wherein a = a / (b + ¢), the ratio of the average C=C to C-C bond lengths as defined in Figure
5.13. Using this method, the p, values for DMDBT-DDQ, DMDBT-DBQ, and DMDBS-DBQ
were calculated at 0.11(1), 0.50(1), and 0.30(1) e, respectively (see Figure 5.13), yielding the
same relative ranking in p, as p, between the three cocrystals, suggesting that a range of
electronic properties, namely dielectricity and semiconductivity, can be achieved through
compositional variation. The ionicities derived from geometric measurements from the crystal
structures likely yields more accurate results because the measured bonds are not directly
interacting through hydrogen or halogen bonds. That said, it was noted that the ranking in the
relative ionicities of the binary cocrystals does not follow what would be predicted by
conventional models of charge-transfer, which correlate p of the DA complex with the difference

22,34

in oxidation and reduction potentials of the D and 4 molecules. Work is ongoing to further

investigate the ranking in ionicity exhibited by these cocrystals.
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Figure 5.13. Geometric Determination of CT

(a) Structural definition of parameters a, b, and ¢ for measurement of p,. (b) Graphs of a, b, ¢, and p, measured from the crystal

structures of DMDBT-DDQ (0.11 ¢), DMDBS-DBQ (0.30 ¢), and DMDBT-DBQ (0.50 e).

5.2.5 The Optical Band Gap in CT Solid Solutions

The broad range of p values measured from the DMDBT;DDQyDBQ;.y, solid solution,
motivated determination of the optical band gaps (E.y) for this compositional range. Diffuse
reflectance spectra of the ternary DMDBT;DDQyDBQ;.y) solid solution were collected for
various DDQ/DBQ ratios (see Figure 5.14) and, from these spectra, E,, was calculated.
DMDBT-DDQ was found to have the lowest Eqpy, at 1.26(1) eV, while compositions between
DMDBT;DDQ9DBQo.; and DMDBT-DBQ were measured at 1.38(1) eV. The trend in Ey 1s
consistent with that of the measured p values; increases in the degree of charge transfer lead to a
lowering in energy of the valence band and a raising in energy of the conduction band, widening
the optical band gap. These results indicate that the ternary solid solution should outperform both
binary end members DMDBT-DDQ and DMDBT-DBQ at high DDQ:DBQ ratios as a

semiconductor by balancing the effects of increasing p and decreasing Eq.
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Figure 5.14. Diffuse Reflectance Spectra for DMDBT;DDQyDBQ;.y,
Diffuse reflectance spectra of the ternary DMDBT,;DDQ,yDBQ,,.y, solid solutions.
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5.2.6 Compositional Zoning in CT Solid Solutions

Having demonstrated that CT solid solution formation can be used to tune both the p and
Eopi, we turned our attention to the possibility of using the isostructural relationship among these
electronically distinct phases to synthesize single crystals containing defined domains of
predicted dielectric or semiconductive character. Preparing single crystals with domains of
variable electronic character introduces an approach to reduce contact resistance between organic
semiconductors and inorganic electrodes in field effect transistors. An analogous approach, in
which F,TCNQ is deposited onto small molecule semiconductors, has been shown to reduce

53¢ By producing

contact resistance between p-type semiconductors and inorganic contacts.
single crystals with well-defined domains of enhanced conductivity, the electronic contact is
predicted to further improve. This concept was explored using the DMDBT;DDQyDBQ;.y,
system by controlling the DDQ/DBQ feed ratio during different stages of crystallization to
produce core-shell structures within single crystals. SEM-EDS mapping was used to visualize
the domains enriched in DDQ and/or DBQ by measuring the CI/Br relative atomic percentages.
DMDBT-DBQ crystals were grown by evaporation to produce large single crystals. These
crystals were then placed in a solution of DMDBT and DDQ and cooled overnight to produce a
shell of DMDBT-DBQ. This process was repeated to produce DMDBT-DDQ-enriched cores
with DMDBT-DBQ enriched-shells. Figures 5.15a and 5.15b show secondary electron (SE)

images and EDS compositional maps of the cut faces of these two materials, revealing the core-

shell structure of the single crystals.
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Figure 5.15. SEM SE and EDS Map Images for Zoned Crystals

(a) SEM image (grey scale) of the cut face of the DMDBT-DBQ core and DMDBT-DDQ shell crystal with EDS maps of Cl
(blue) and Br (red) enriched regions shown in the upper right of the SEM image; (b) SEM image of the cut face of the DMDBT-
DDQ core and DMDBT-DBQ shell crystal with EDS maps of the Cl and Br enriched regions shown in the upper right of the
SEM image.

5.3 Conclusion

Substitutional doping and solid solution formation offer the opportunity to tune the
electronic performance of materials without the unpredictability associated with changes in
crystal packing. We have shown that this method is not restricted to inorganics but can be
extended to organic CT cocrystals that show isomorphous crystal packing, such as those formed
between DMDBT, DMDBS, DDQ, and DBQ, to achieve improved performance relative to the
end member cocrystals. The potential for this approach to yield optimized materials is
exemplified by the DMDBT;DDQyDBQ;.y, solid solution, which is predicted to outperform the
binary end members as a semiconductor because a balance between increased p and lowered Eqpy
can be achieved through intermediate DDQ/DBQ molar ratios. Additionally, we have shown that
the isomorphous relationship between the DMDBT-DDQ and DMDBT-DBQ cocrystals can be
exploited to construct single crystals containing core-shell domains enriched in either DMDBT-
DDQ or DMDBT-DBQ); such compositional architectures complement existing approaches for

reducing contact resistance between organic semiconductors and inorganic contacts.
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5.4 Experimental Methods

All reagents were used as received from manufacturers without additional purification. 2,3-
dicyano-1,4-hydroquinone (98%), N-bromosuccinimide (98%), o-iodotoluene (98%), Cul (98%),
K3PO, (97%), Pd"(tfa), (97%), pivalic acid (99%), and 4,6-dimethyldibenzothiophene (95%)
were obtained from Acros Organics. tert-Butanol, HNO; (certified ACS Plus), and anhydrous
K,COj; (certified ACS) were obtained from Fisher Scientific. PEGsgy was obtained from Hoechst
AG, AgOAc (99%) was obtained from Alfa Products, and 2,3-dichloro-5,6-

dicyanobenzoquinone (98%) was obtained from Sigma Aldrich.

5.4.1 Synthesis of 2,3-dibromo-5,6-dicyano-1,4-benzoquinone (DBQ)

OH OH o
N NBs P CN' HNos B CN
Q2 00 ==
OH OH ©
Synthesis of 2,3-dibromo-5,6-dicyano-1,4-benzoquinone (DBQ) was adapted from the
literature.’” The precursor, 2.3-dibromo-5,6-dicyano-1,4-hydroquinone, was synthesized by
reacting 2,3-dicyanohydroquinone (750.5mg, 4.687 mmol) with N-bromosuccinimide (3390. mg,
19.04 mmol) in 5 mL tert-butanol at 40 °C for 3 hours, during which time a bright red
suspension formed. The reaction solution was quenched with 0.5M NaHSOs, precipitating the
product as a light-yellow solid (706.4 mg, 2.222 mmol, 47% yield). The 2,3-dibromo-5,6-
dicyano-1,4-hydroquinone (706.4 mg, 2.222 mmol) was heated to reflux in 7 mL concentrated
HNO:s; for 2.5 hours. The product was precipitated by adding 20 mL of ice water and isolated by

vacuum filtration (465.2 mg, 1.473 mmol, 66% yield).
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5.4.2 Synthesis of 4,6-dimethyldibenzoselenophene (DMDBS)

CHs HsC CHs
Se0 + ©/ ' cu, Cul, KsPOs ©/ © Pd(fa);, AgOAC _
PEG500 K2CO3 PivOH
The synthesis of 4,6-dimethyldibenzoselenophene (DMDBS) proceeds smoothly through the
intramolecular oxidative coupling of the di(o-methylphenyl) selane intermediate adapted from
the literature®®. The selane intermediate was synthesized by reacting Se” powder (312.5 mg,
3.958 mmol) with o-iodotoluene (1734. mg, 7.955 mmol) in Nj-sparged PEGsg (8 mL) in the
presence of Cul (83.75 mg, 0.4397 mmol) and tribasic K;PO4 (3984. mg, 18.77 mmol) in a
sealed pressure vessel. The vessel was heated to 90 °C for one hour immediately followed by 24
hours at 110 °C. The crude product was extracted into petroleum ether and dried over anhydrous
MgSO,. The selane intermediate (colorless) was purified by column chromatography on silica
gel using a 0-2.5 (v/v)% DCM:hexanes solvent gradient (301.3 mg, 1.153 mmol, 29%). '"H NMR
data are consistent with literature®® and the structure confirmed by single-crystal X-ray
diffraction. The intramolecular oxidative coupling of the selane intermediate (301.3 mg, 1.153
mmol) was catalyzed by Pd(tfa), (40.29 mg, 0.120 mmol) in the presence of AgOAc (773.1 mg,
4.632 mmol), K,CO; (160.1 mg, 1.159 mmol) and pivalic acid (2185. mg, 21.40 mmol) in a 20
mL vial with a Teflon-lined screw cap. After all reactants were added, the reaction mixture was
heated to 90 °C open to atmosphere for five minutes then sealed and heated to 120 °C for 16
hours. The reaction contents were suspended in DCM and filtered through a Celite pad. The
DCM solution was then washed with NaHCO; and brine and dried over anhydrous MgSOs,.
DMDBS was purified by column chromatography on silica gel using a 0-5% (v/v) DCM:hexanes
solvent gradient (105.1 mg, 0.4056 mmol, 35%). 'H NMR (400 MHz, acetone-de) & 8.11 (d, 2H),

7.45 (t, 2H), 7.31 (d, 2H), 2.79 (s, 6H).
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5.4.3 Crystallization

Single crystals of variable DDQ/DBQ molar ratios were prepared by mixing DDQ, DBQ, and
DMDBT stock solutions. The DDQ stock was prepared by dissolving DDQ (5.62 mg, 2.476 x
10 mmol) in 2.75 mL acetonitrile. The DBQ stock was prepared by dissolving DBQ (7.85 mg,
2.492 x 107 mmol) in 2.75 mL acetonitrile. The DMDBT stock was prepared by dissolving
DMDBT (10.53 mg, 4.960 x 10 mmol) in 2.20 mL acetonitrile. Between 0-500 uL of the DDQ
and/or DBQ stock solutions were transferred to polypropylene Eppendorf tubes and the solution
of acceptors mixed by sonication followed by addition of 200 pL of the DMDBT stock solution.
This protocol was also used to produce single crystals of variable DMDBT/DMDBS content

with DBQ and to form the quaternary solid solution single crystals upon evaporation.

5.4.4 Single-Crystal X-Ray Diffraction

Single-crystal X-ray diffraction data were collected using a Rigaku XtalLAB Synergy-S
X-ray diffractometer configured in a kappa goniometer geometry. The diffractometer is equipped
with a low temperature device and a PhotonJet-S microfocus Cu source (A = 1.54187 A) and
operated at 50 kV and 1 mA. X-ray intensities were measured at 100 K or room temperature with
the HyPix-6000HE detector placed 32.01 mm from the sample. The data were processed with
CrysAlisPro v38.46 (Rigaku Oxford Diffraction) and corrected for absorption. The structures
were solved in OLEX2" using SHELXT*' and refined using SHELXL*. All non-hydrogen
atoms were refined anisotropically with hydrogen atoms placed at idealized positions. Single
crystals were mounted on a 150 um MiTeGen MicroMount using mineral oil. Room temperature
(298 K) cell parameters for single crystals of DMDBTyDMDBS..yDBQ; and

DMDBTxDMDBS;.xyDDQyDBQ/;.y) were collected on the Synergy-S, while cell parameters for
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DMDBT;DDQyDBQ;.y) were collected on a Rigaku R-Axis Spider diffractometer using Cu-Ka
radiation (A = 1.54187 A) and operating at 40 kV and 44 mA. Images were collected from 20 to
197.5° at a 2.5° width and a 12.5° o step size and each image was exposed for 30 seconds. The
x- and ¢-axes were held fixed at 0.0°. The images were indexed using Rigaku CrystalClear-SM

Expert 2.0 r15 software.

5.4.5 Scanning Electron Microscopy

The samples were gold-coated in preparation for secondary electron (SE) imaging and elemental
analysis by energy dispersive spectroscopy (EDS). Scanning electron microscope SE (SEM-SE)
images were collected using a Zeiss LEO 1455VP microscope fitted with an Oxford x-act silicon
drift EDS detector (SDD) operated through SmartSEM (Zeiss). Images were taken at
accelerating voltages between 10-15 kV and a probe current of 3.0 pA. EDS spectra and
elemental maps were collected at a probe current of 24.5 nA, optimizing for detector dead time,

operated through AZtecEnergy Software (Oxford).

5.4.6 Raman Microscopy

Raman spectra were collected using a Renishaw inVia Raman Microscope equipped with a Leica
microscope, 633 nm laser, 1800 lines/mm grating, 50 um slit and a RenCam CCD detector.
Spectra were collected in static mode centered about 1500 cm™ and analyzed using the WiRE 3.4
software package (Renishaw) and OriginPro 8.6. Calibration was performed using a silicon

standard in static mode.
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5.4.7 Infrared Spectroscopy

Infrared spectra were recorded on a Thermo Nicolet Avatar 360 FT-IR instrument in ATR mode
using a germanium window (SpectraTech). The sample cabinet was purged with N, to minimize
background from atmospheric absorption. The reflectance was scanned over a range of 800-3800
cm™. The spectra were collected and the default Ge ATR correction applied in EZ OMNIC 2.11

(Thermo Fisher Scientific) and analyzed in ACD/Spectrus Processor 2014.

5.4.8 Diffuse Reflectance Visible Spectroscopy

Diffuse reflectance spectra were collected on using an Ocean Optics 45° DR-Probe with an
integrated tungsten light source connected to a Maya2000 Pro spectrometer. Spectra were
controlled using Ocean View v1.6.7 with an 8 ms integration time and 100 scan averaging.
Samples were ground and diluted with BaSO4, which was also used as the 100% reflectance

standard.

5.4.9 Calculations

The effective couplings between donor molecules and acceptor molecules along the stacking
direction were obtained using the energy-splitting approach by considering the energy levels of
D-A-D or A-D-A triads.*’ These calculations were performed with the B3LYP functional and the
6-31G(d,p) basis set, using the Gaussian 09 package.* The electronic band-structure calculations
of DMDBT-DDQ, DMDBT-DBQ and DMDBS-DBQ were performed at the experimental
crystal geometry using the B3LYP functional and the 6-31G basis set. The Brillouin zone was
sampled using an 8 x 4 x 4 Monkhorst—Pack k-point mesh for all cocrystals. These calculations

were carried out using the CRYSTAL14 package.**°
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Chapter 6 : Room-Temperature Ferroelectricity in Charge-Transfer Solid Solutions”

6.1 Introduction

The degree of charge transferred between m-electron donor (D) and acceptor (4) species
in molecular cocrystals yields materials with diverse electronic properties.'” In particular,
charge-transfer (CT) cocrystals that display ferroelectric behavior have attracted much interest as
promising alternatives to traditional inorganic materials in the areas of data storage and

13-15

sensing''? because they have the potential to offer solution processability, cost

16-18 )
However, ferroelectric CT

effectiveness, and compatibility with flexible substrates.
cocrystals are rare due, in part, to the statistically disfavored noncentrosymmetry requirements
necessary for ferroelectricity.'” Additionally, most CT ferroelectrics that have been discovered
thus far require cryogenic working temperature ranges,' " 2 restricting the practical application of
these materials.

Ferroelectric CT cocrystals operate through the deformation or displacement of D and/or
A molecules in the solid-state under an applied electric field (Ec),”?' leading to a shift in the net
polarization of the solid that is retained when the electric field is removed. The molecular
displacements that give rise to the polarization shift become disordered above the Curie
temperature (7¢), resulting in reversible loss of ferroelectric behavior (see Figure 6.1).2% 2! It has
been observed that traversing the 7¢ is associated with a change in the degree of CT (p) of the
DA complex between ionic (p > 0.5 electron, D'A” D'A"...) in the ferroelectric phase and neutral

4, 11, 20, 22

(p < 0.5 electron, D A D A...) in the paraelectric phase. This observation has led to the

" Unpublished work
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development of cocrystal design strategies towards CT ferroelectrics that rely on identifying
complementary D and A species predicted to show intermediate p values®™ ** using solution-
phase electrochemical potentials or computational methods to approximate the ionization
potential of D and the electron affinity of 4. When D and A are energy matched such that the
radical ion pair DA is present in the ferroelectric phase, this design strategy predicts that the
electronic instability of the D'A" dimer will drive structural transitions;g’ 11, 21 however, this
approach has failed to produce ferroelectric materials with 7¢ values at temperatures relevant to

practical application (>298 K).

Ferroelectric Phase Paraelectric Phase

Ec heat
R — R —
-— -—
cool
p>05e p<05e

Figure 6.1. Mechanism of Polarization Switching in CT Cocrystals

Diagram summarizing the mechanism of ferroelectric switching by CT cocrystals in which red discs represent D, blue discs

represent 4, and a lightening or darkening of the disc color represent decreases or increases in the degree of CT (p), respectively.

Recently, it has been shown that thermally-activated vibrations and/or rotations of
molecules within a CT cocrystal are sufficient to induce above-room temperature structural
transitions between ferroelectric and paraelectric phases, even in the absence of transitions

. . 25
between ionic and neutral electronic states.

Though this CT material demonstrates
ferroelectric behavior at room temperature, the polarization magnitudes measured from these
materials are small compared to those of low-temperature CT ferroelectrics.”” ° Additionally, it

has been found that CT cocrystals that show temperature-dependent neutral-ionic transitions do

not necessarily show temperature-dependent structural transitions.”® ** Collectively, these
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findings indicate that instability of the D'4" dimer may not be a significant driver of the
molecular displacements necessary for ferroelectricity in these systems and that the conventional
design strategy towards ferroelectric CT cocrystals should be revisited.

Herein we present a route by which to improve the ferroelectric performance of the room
temperature ferroelectric CT cocrystal formed by acenaphthene (AN) and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4sTCNQ) through substitutional solid solution formation
with the m-electron donors dihydronaphtho[1,8-bc]furan (DNF) and dihydronaphtho[1,8-
bc]thiophene (DNT). Molecular solid solutions (alloys) are crystalline materials that can adopt
continuously variable stoichiometries between compositional limits without dramatic changes in
crystal packing (see Figure 6.2).*2° Molecular solid solutions have been shown to alter the
electronic behavior of molecular crystals as well as the degree of CT (p) in isostructural CT
materials.”’ Maintaining the crystal packing of a known ferroelectric host phase by utilizing the
solid solution approach is desirable because improvements in the ferroelectric behavior can be
achieved without screening for CT conformer combinations that produce polar crystal
symmetries. By introducing new charge states into the ferroelectric CT host material AN-
F4TCNQ, the effect of altering the degree of CT on the neutral-ionic transition and the impact on
room-temperature remanent polarization, P, can be investigated. Furthermore, controllably
introducing ionic charge states into the ferroelectric host can clarify the role that the neutral-ionic
transition may have on both the 7¢ and P, with the goal of refining approaches towards the

design of CT ferroelectrics.
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CT Cocrystal CT Solid Solution CT Cocrystal

DA

Do.75Co.25A CA
Figure 6.2. Diagram of a Ternary CT Solid Solution

Diagram of a solid solution between CT cocrystal DA and CA in which molecules D, C, and A are represented by red, maroon,

and blue discs, respectively.

6.2 Results and Discussion

The crystallographic features relevant to the ferroelectric behavior of AN-F,TCNQ are
briefly summarized here and described in detail in the original report.”> The cocrystal adopts the
polar Pc space group at room temperature with a mixed stacking motif in which AN and
F4sTCNQ molecules are dimerized along the n-stacking direction such that the polarization vector
is aligned parallel to the a-axis. When heated to 68 °C, the cocrystal undergoes a phase transition
associated with thermally-induced flip-flop disordering of AN molecules. The disorder in AN
above the transition temperature breaks the dimerization pattern along the m-stacking direction,
causing symmetrization of the unit cell (P2,/c) and reversible loss of ferroelectric behavior.”
Remanent polarization hysteresis was measured for this cocrystal, confirming its ferroelectric
behavior at room temperature; however, the P, magnitude is small compared to those of high-
performing cryogenic ferroelectric CT cocrystals.”> The low P; was attributed to a small degree
of CT and minimal change in the degree of CT upon transitioning between ferroelectric and

. 25
paraelectric phases.
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6.2.1 Dopant Selection

DNF and DNT (see Figure 6.3) were selected as dopant species for the AN-F4TCNQ host
material due to the similarity in molecular structure between DNF, DNT, and AN as well as the
position of the calculated HOMO energy levels (DNF =-5.57 eV and DNT = 5.51 eV) relative to
the position of the LUMO of F,TCNQ (-5.50 eV). The minimal difference in energy between the
HOMO positions of dopant molecules and the LUMO of F4TCNQ suggests that the DNF-
F4TCNQ and DNT-F,TCNQ pairs would form ionic D"4" complexes.& 2 Although the electronic
properties of DNF and DNT are calculated to be similar, the two dopants are distinguished by the
differences in molecular volume compared to that of AN, which may have significant
consequences on the solubility of the dopants in the ferroelectric structural phase and the crystal
structure of the solid solution.*® The molecular volumes of DNF, DNT, and AN were calculated
from the volume enclosed by an isodensity surface calculated (B3LYP/6-311G(d,p)) for the
equilibrium geometries and it was found that DNF is 94% of the volume of AN and DNT is
104% the volume of AN, suggesting that both dopants are likely to substitutionally replace AN

without causing significant changes in crystal packing.*®

NC CN

F F ‘ 0 S
XX
NC CN

F4sTCNQ AN DNF DNT
LUMO: -5.50 eV HOMO: -5.71 eV HOMO: -5.57 eV HOMO: -5.51 eV

Figure 6.3. Molecular Structures for F,TCNQ, AN, DNF, and DNT
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6.2.2 The DNF-F,TCNQ and DNT-F,TCNQ Cocrystals

In addition to molecular structure similarity, isostructurality between cocrystal phases can
also be predictive of solid solution formation because the probability of preserving favorable
local interactions in the solid solution phase between two isostructural materials is high relative
to solid solutions formed between non-isostructural materials.*” ** Single crystals of the DNF-
F4sTCNQ and DNT-F s TCNQ cocrystals were prepared from acetonitrile solutions and the
structure determined by single-crystal X-ray diffraction (SCXRD). At room temperature, DNF-
F4TCNQ crystallizes in the centrosymmetric P2;/c space group with half of a molecule of DNF
and half of a molecule of F,TCNQ in the asymmetric unit, confirming a 1:1 stoichiometric ratio
between the two components (see Figure 6.4). DNF-F4,TCNQ adopts a mixed stacking motif and
shows disorder of the DNF molecule over two positions related by inversion, similar to the
paraelectric phase of AN-F,TCNQ (see Figure 6.4). The crystal packing similarity of the DNF-
F4sTCNQ cocrystal relative to AN-FsTCNQ was evaluated by calculating the similarity in
simulated powder XRD patterns between these two materials using the Materials Module
available through Mercury CSD 3.7. Using this approach, it was found that the crystal structure
of the DNF-F4,TCNQ cocrystal is 92.7% similar to that of AN-F,TCNQ at room temperature),
indicating a strong likelihood that DNF would substitutionally replace AN in a solid solution

phase between DNF, AN, and F4TCNQ.
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Ferroelectric 68 °C Paraelectric Room-Temperature Room-Temperature
AN-FsTCNQ — AN-FsTCNQ DNF-F4TCNQ DNT-FaTCNQ

Figure 6.4. The Cocrystal Structures of AN-F4,TCNQ, DNF-F,TCNQ, and DNT-F4,TCNQ

Experimental crystal structures of the ferroelectric and paraelectric phases of the AN-F,TCNQ cocrystal compared to a similar

view of the DNF-F,TCNQ cocrystal structure to highlight structural similarity.

The cocrystal formed between DNT and F4TCNQ crystallizes in the polar P2; space
group at room temperature with one molecule of DNT and one molecule of F,TCNQ in the
asymmetric unit, confirming the 1:1 stoichiometry between the donor and acceptor (see Figure
6.4). The DNT-F4TCNQ cocrystal is isostructural to the DNF-FsTCNQ, cocrystal, although it
lacks a center of symmetry. The cocrystal adopts a mixed stacking motif with alternating short
and long m-stacking distances between the donor (mean centroid) and acceptor (mean plane) of
3.389 A and 3.422 A. Although they fall into different space groups, DNT-F,TCNQ resembles
the ferroelectric phase of AN-F,TCNQ, which also shows dimerization of D and A4 along the CT
direction with alternating short and long m-stacking distances of 3.369 A and 3.461 A. The DNT
molecule is disordered over two positions related by reflection such that the thioether bridge
orientation is unspecific. Using the Materials Module in Mercury, the predicted PXRD similarity
index for DNT-FsTCNQ compared to AN-F,TCNQ was calculated as 90.1%, suggesting that
DNT is likely less soluble than DNF in the solid solution phase although still likely to

substitutionally replace AN in a solid solution.
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DNF-FaTCNQ DNT-F4sTCNQ

92.7% Similarity 90.1% Similarity

Figure 6.5. Structure Overlay of AN-F,TCNQ, DNF-F4,TCNQ, and DNT-FsTCNQ

Overlays of the DNF-F,TCNQ (left) and DNT-F,TCNQ (right) crystal structures colored by atom type with a similar view of the
AN-F4TCNQ crystal structure with all atom types in green.

Table 6.1. Crystallographic Data for the F,TCNQ-Based CT Cocrystals

AN-F,TCNQ DNF-F,TCNQ DNT-F,TCNQ
Space Group Pc P2,/c P2,/c

a(d) 9.467(3) 7.2839(3) 8.0852(7)

b (&) 7.995(3) 7.1849(4) 7.3319(6)
c(A) 13.369(4) 17.9139(7) 16.6414(10)
a(®) 90 90 90

Q) 109.43(3) 95.506(4) 94.017(8)

7 (°) 90 90 90
V(A% 954.2(6) 933.182 984.077

DNF and DNT were selected as dopant molecules because they were computationally
predicted to increase the degree of CT (p) in solid solutions formed with AN-F4TCNQ based on
the relative energies of the F4,TCNQ LUMO and donor HOMOs. To investigate this prediction, p
was quantified for the DNF-F,TCNQ and DNT-F4sTCNQ cocrystals by measuring the F4,TCNQ
nitrile stretching frequencies of the cocrystals using Raman spectroscopy (see Figure 6.6).2 2%

A Raman spectrum could not be obtained for the DNT-F4sTCNQ cocrystal due to a high

background and low signal-to-noise likely attributable to a combination of sample fluorescence
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and degradation. A Raman spectrum could, however, be collected for the DNF-F;TCNQ
cocrystal. It was found that, in addition to the bands at 2223 cm™ and 2214 cm™ that represent
primarily neutral F,TCNQ (p = ~0.3 ¢), a band at 2199 cm™ is present (see Figure 6.6),
representing the primarily radical anionic F4, TCNQ™ (p = ~0.9 ¢).>* This set of nitrile stretching
frequencies suggests that the DNF-F,TCNQ cocrystal exhibits a mixture of CT states between
primarily neutral and primarily ionic, further supporting the use of DNF as a dopant in the AN-
F4sTCNQ ferroelectric to alter p. Due to the similarity in calculated HOMO energy level, it is

likely that the DNT-F4TCNQ cocrystal shows a similar increase in p as DNF-FsTCNQ.

2223

DNF-FsTCNQ

f T T T |
2100 2150 2200 2250 2300
Raman Shift (cm?)

Figure 6.6. Fitted Raman Spectra of AN-F,TCNQ and DNF-F,TCNQ

Raman spectra fitted with Lorentzian line shapes of the AN-F,TCNQ and DNF-F,TCNQ cocrystals centered on the nitrile
stretching region with the 2223 cm™ and 2199 cm’' vibrational bands highlighted in blue and red bands, respectively.

6.2.3 The Crystal Structures of DNFxAN.x)F4TCNQ and DNTxAN;.x)FsTCNQ Solid Solutions
Ternary solid solutions formed between DNF and the AN-F,TCNQ host material,
DNFxAN;.nF4sTCNQ, were prepared from solutions containing variable DNF:AN

concentrations in a mixed acetonitrile-diethyl ether solvent system. It was found that when
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growth of the solid solution phase was attempted from acetonitrile solutions in the absence of
diethyl ether, DNF was not incorporated into the AN-F4TCNQ host phase at appreciable
concentrations. This behavior is likely due to the difference in solubility between the AN-
F4TCNQ and DNF-F4sTCNQ complexes under the crystallization conditions. DNF incorporation
in single crystals of the DNFyAN;_.nF4sTCNQ solid solution produced from acetonitrile-diethyl
ether was determined by the relative integration of 'H Nuclear Magnetic Resonance (NMR)
spectroscopy proton peaks associated with the AN ethylene bridge and DNF ether bridge for
dissolved DNFyAN(;.xF4sTCNQ solid solution crystals. Using this method, it was found that
solid solutions could be formed with 0 — 100% DNF incorporation, although it should be noted
that single crystals with high incorporation (>83%) of DNF are morphologically distinct from
those with low incorporation of DNF, suggesting the solid solution may show composition-
dependent structural changes (morphotropism). Ternary solid solutions between DNT and AN-
F4s;TCNQ were also crystallized from an acetonitrile-diethyl ether solvent system and the
incorporation of the dopant quantified by a combination of "H NMR spectroscopy and XRD.
DNT was incorporated into the DNTYAN;.x)F4TCNQ solid solution at concentrations between 0
— 63%, above which concentration, crystals did not form by this crystallization method. Similar
to the DNFyAN;.nFsTCNQ solid solution crystals, at high incorporation of DNT (>44%), a

physical mixture of different crystal morphologies were observed.

Table 6.2. Feed Ratios and Experimentally Determined Solid Solution Compositions
(a) Feed and crystal ratios for DNF yAN(; x)F,TCNQ determined from "H NMR integrations

Sample Feed Ratio DNF : AN "H Integration Ratio DNF : AN Crystal Ratio DNF : AN
A 0:100 - 0%
B 9:91 1:41.9 5%
C 19:81 1:125 14%
D 31:69 1:15.0 12%
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E 42 : 58 1:9.0 18%
F 51:49 1:53 27%
G 60 : 40 1:5.0 29%
H 70 : 30 1:3.0 40%
I 80:20 1:1.2 63%
J 90:10 1:04 83%
K 100:0 - 100%
(b) Feed and crystal ratios for DNTyAN,_xF,TCNQ determined from 'H NMR integrations
Sample Feed Ratio DNT : AN 'H Integration Ratio DNT : AN DNT Incorporation

A 0:100 - 0%
B 11:89 1:21.1 9%
C 20:80 1:15.0 12%
D 30:70 1:8.1 19%
E 40 : 60 1:5.0 29%
F 49:51 1:4.0 33%
G 59:41 1:25 44%
H 72 :28 From XRD Data 63%
I 80:20 Did Not Form -

J 89:11 Did Not Form -

K 100: 0 - 100%
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Figure 6.7. "H NMR Spectra for Intermediate Compositions of the Solid Solutions

(Top) Typical '"H NMR spectrum for DNF-AN-F,TCNQ sample E collected at room temperature in acetone-ds. Integrations

correspond to the ethylene on AN (3.38 ppm) and the methylene on DNF (5.81 ppm). (Bottom) Typical 'H NMR spectrum for
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DNT-AN-F,TCNQ sample E collected at room temperature in acetone-ds. Integrations correspond to the ethylene on AN (3.38
ppm) and the methylene on DNT (4.83 ppm).

To study the effect of dopant incorporation on solid state packing, the unit cell
parameters were measured for the solid solutions as a function of DNF and DNT incorporation.
It was found that the change in morphology for both solid solutions is associated with a change
in the unit cell parameters from the AN-F4TCNQ cocrystal phase (B ~ 109°) to the DNF-
F4s;TCNQ and DNT-F4TCNQ cocrystal phase (B ~ 95°). Additional diffraction data were
collected to determine the crystallographic centrosymmetry as a function of dopant
incorporation. The DNFyAN;.nFsTCNQ solid solution shows three structural phases as a
function of DNF incorporation, confirming the morphotropism (see Figure 6.8): at DNF
incorporation percentages between 0-14% (phase I), DNFxAN;.xF4sTCNQ adopts the polar Pc
phase, at 15-63% incorporation of DNF (phase II), DNFyAN;.xF4sTCNQ solves in the P2,/c
space group at room temperature with disorder of the donor over two positions related by
inversion, and at >64% incorporation of DNF (phase III), DNFxAN_nF4TCNQ again solves in
the P2/c space group but is isomorphous with the DNF-Fs;TCNQ cocrystal (B ~ 95°). The
DNTyAN;.nF4TCNQ solid solution also shows three distinct structural phases as a function of
dopant incorporation identical to those for the DNFyAN;.xyF4sTCNQ solid solution at low (0-
12%), medium (12-63(10)%) and high (100%) DNT incorporation. These results indicate that,
while DNT is much closer in molecular volume to AN than is DNF, both dopants show identical
changes to the crystal packing at similar incorporation percentages, suggesting that
crystallographic similarity may be a more reliable predictor of the structural effects of dopant

incorporation on solid solutions given that DNF-F,TCNQ and DNT-F,TCNQ are isostructural.
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Figure 6.8. Structural Phases of the DNFxAN;_x,F4s;TCNQ Solid Solution

Diagram showing the three structural phases for DNFyAN(;_,)F,TCNQ at room temperature as a function of DNF incorporation.

100

Phase I solves in Pc and has therefore has the appropriate symmetry to show ferroelectricity. Phase II is isomorphous with the

paraelectric phase of AN-FATCNQ. Phase III is isomorphous with DNF-FATCNQ, which does not show the appropriate

symmetry for ferroelectricity.

Table 6.3. Unit Cell Parameters for DNFxAN;.x)FsTCNQ and DNTxAN.x\)F4sTCNQ

(a) Composition-dependent unit cell parameters for DNFyAN;_y,F,;TCNQ solid solutions

Sample Crystal Ratio Space Group a (A) b (A) c(A) B () v (A%
A 0% Pc 9.467(3) 7.995(3) 13.369(4) 109.43(3) 954.2(6)
B 5% Pc 9.465(3) 7.988(3) 13.359(6) 109.33(4) 953.1(7)
C 14% Pc, P2y/c 9.469(3) 7.987(4) 13.386(5) 109.37(4) 955.1(6)
D 12% P2y/c 9.484(4) 7.960(3) 13.395(10) 109.31(6) 954.3(8)
E 18% P2y/c 9.482(6) 7.987(4) 13.378(6) 109.35(5) 955.909)
F 27% P2y/c 9.474(4) 7.982(4) 13.386(4) 109.42(4) 954.6(7)
G 29% P2/c 9.477(2) 7.992(3) 13.376(4) 109.40(3) 955.6(5)
H 40% P2y/c 9.487(4) 7.935(8) 13.392(19) 109.25(8) 952(2)
1 63% P2y/c 9.485(6) 7.874(2) 13.428(4) 109.18(5) 947.2(7)
J 83% P2y/c 7.316(5) 7.303(14) 17.827(16) 95.13(7) 949(2)
K 100% P2y/c 7.2839(3) 7.1849(4) 17.9139(7) 95.506(4) 933.18(1)
(b) Composition-dependent unit cell parameters for DNTyAN;_,,F,TCNQ solid solutions
Sample DNT Incorp. Space Group a(A) b(A) c(A) B (°) V (A%
A 0% Pc 9.467(3) 7.995(3) 13.369(4) 109.43(3) 954.2(6)
B 9% Pc 9.4776(8) 7.9912(6) 13.3760(17)  109.346(11)  955.86(17)
C 12% Pc 9.4729(8) 7.9903(4) 13.3922(8) 109.220(8) 957.17(12)
D 19% P2y/c 9.4827(10) 7.9825(5) 13.4148(15)  109.155(11)  959.22(17)
E 29% P2y/c 9.5442(12)  7.8632(13)  13.6736(12)  108.650(12) 972.3(2)
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F 33% P2y/c 9.572(7) 7.836(5) 13.731(8) 108.63(6) 976(1)
G 44% P2/c 9.597(6) 7.792(5) 13.771(8) 108.38(5) 977(1)
H 63(10)% P2/c 9.65(4) 7.76(2) 13.89(10) 108.2(6) 988(9)

I Did Not Form

J Did Not Form

K 100% P2, 8.0852(7) 7.3319(6) 16.6414(10) 94.017(8) 984.07(1)

6.2.4 Degree of CT in DNFxAN;.x)F4TCNQ and DNTxAN;.xF4TCNQ Solid Solutions

Raman spectra centered around 2220 cm™ (F4TCNQ nitrile stretching region) were
collected for DNFxAN;_nF4sTCNQ and DNTyAN(;.nF4sTCNQ solid solutions to investigate the
degree of CT. Both solid solutions have three distinct peaks in the nitrile region at 2223 cm™,
2214 cm™, and 2199 cm™, similar to those observed for the DNF-F,TCNQ cocrystal (see Figure
6.9), suggesting that the solid solutions also show a mixture of neutral and radical charge states.
The relative height and area of the 2199 ¢cm™ Raman peak increases with dopant incorporation.
Additionally, it was found that DNT leads to more dramatic increases in the height and area of
the 2199 cm™ Raman peak than does DNF at similar percent incorporations. This observation is
consistent with the difference in energy between the calculated positions of the frontier
molecular orbital energies for the dopant species and F4TCNQ. The difference in frontier
molecular orbital energy positions for the DNF-F4,TCNQ complex is 0.06 eV and that for the
DNT-F4TCNQ complex is 0.01 eV, which suggests that DNT-F,TCNQ should show a greater
population of ionic charge-transfer states. The p values were estimated for the DNFyAN(;.
0F4TCNQ and DNTYAN;.nFsTCNQ solid solutions as a function of dopant incorporation by
fitting the three nitrile stretching frequencies to Lorentzian line shapes and averaging the relative
areas of the Raman peaks at 2214 cm™ and 2199 cm™, leading to p values ranging from 0.2 - 0.3
e for phase I DNF solid solutions and 0.2 — 0.7 e for phase I DNT solid solutions. It was found

that the Raman peak associated with the radical anionic state was about eight times larger by area
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for the DNTYAN;.xF4sTCNQ solid solution than for the DNFyAN(;.xF4sTCNQ solid solution at
the same dopant incorporation.
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Figure 6.9. Composition-Dependent Fitted Raman Spectra for the Solid Solutions

(a) Composition-dependent fitted Raman spectra of the DNF AN, nFsTCNQ solid solution focused on the nitrile stretching
region with the AN-F,TCNQ cocrystal shown in black and the DNF-F,TCNQ cocrystal shown in light blue. Intermediate colors
represent intermediate compositions; (b) composition-dependent fitted Raman spectra of the DNTyAN(, xF,TCNQ solid solution
focused on the nitrile stretching region with the AN-F,TCNQ cocrystal shown in black and the DNT, ,,AN, ;sF,TCNQ solid
solution shown in light green. Intermediate colors represent intermediate compositions. Red dashed lines highlight the 2223 cm™,
2214 cm’', and 2199 cm stretches; (c) composition-dependent increases in the 2199 ¢cm™ Raman peak area for DNFAN(,.

xF4TCNQ (blue) and DNTAN(;_,F,TCNQ (green).
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Table 6.4. Fitted Raman Peak Positions and Areas and CT for the Solid Solutions

(a) Table of peak positions and integrations from fitting DNFyAN,_x)F4TCNQ solid solution Raman spectra with Lorentzian peak

shapes. Peak positions were used to estimate p values in electrons.

Sample Crystal Peak 1 Peak 2 Peak 3 Rel Peak 1 Rel Peak 2 Rel Peak 3 Average p

Ratio (em™) (em™) (em™) Integration Integration Integration  (electrons)
A 0% 22134 2223.0 1 2 0.2
B 5% 2198.1 22143 2224.0 0 1 2 0.2
C 14% 2198.6 2214.2 2224.0 0.1 1 2 0.3
D 12% 2198.8 22142 2223.8 0.1 1 2 0.3
E 18% 2198.5 2214.1 2223.8 0.1 1 2 0.3
F 27% 2198.3 2213.8 22234 0.2 1 2 0.3
G 29% 2198.7 2214.0 2223.7 0.4 1 2 0.4
H 40% 2198.4 2213.6 22232 0.6 1 2 0.5
I 63% 2198.7 2213.8 22234 0.7 1 2 0.5
J 83% 2199.0 22143 2223.7 1.6 1 2 0.7
K 100% 2198.9 22142 2223.9 1.4 1 2 0.7

(b) Table of peak positions and integrations from fitting DNTyAN;_xF4TCNQ solid solution Raman spectra with Lorentzian

peak shapes. Peak positions were used to estimate p values in electrons.

Sample DNT Peak 1 Peak 2 Peak 3 Rel Peak 1 Rel Peak 2 Rel Peak 3 el
Incorporation (ecm™) (ecm™) (cm™) Integration Integration Integration (electrons)

A 0% 22134 2223.0 1 2 0.2
B 9% 2198.7 22143 22239 0.4 1 2 0.4
C 12% 2197.4 2213.7 2223.1 1.8 1 2 0.7
D 19% 2197.5 22135 2222.7 3.5 1 2 0.8
E 29% 2197.2 2213.8 2222.7 3.2 1 2 0.8
F 33% 2198.3 - 22235 4.5 - 2 0.9
G 44% 2198.6 - 2223.5 4.7 - 2 0.9
H 63% Poor Signal-to-Noise
I - Did Not Form
J - Did Not Form
K 100% Poor Signal-to-Noise
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6.2.5 DNFxAN.x)F4TCNQ and DNTxAN ;_x)F4TCNQ Solid Solutions and the T¢

The phase I solid solutions show the appropriate symmetry for ferroelectricity by
adopting the same structural phase as the AN-F4TCNQ cocrystal at room temperature. To
investigate whether these materials show a 7¢ similar to that of the AN-F4,TCNQ cocrystal,
differential scanning calorimetry (DSC) traces were collected for solid solutions solving in the
Pc space group. Solid solutions of both dopant species showed relatively small thermal events at
elevated temperature likely associated with the flip-flop disorder of the donor and change in
crystallographic symmetry observed for the AN-F,TCNQ cocrystal.”” In both solid solutions, the
temperature of the thermal event was depressed relative to the pure AN-F4sTCNQ cocrystal (68
°C): 66 °C for DNF) ;4,ANy ssF4sTCNQ and 56 °C for DNT) ;AN ssF4sTCNQ (see Figure 6.10).
In order to further investigate the phase transition identified by DSC, the temperature-dependent

expansion of the c-axis length was measured.
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Figure 6.10. DSC Traces for DNFO.14ANO.36F4TCNQ and DNTo_]gANO.83F4TCNQ

(a) Differential scanning calorimetry trace for DNF 14,AN, gsF, TCNQ (Sample C) with insets highlighting the transition between
the ferroelectric and paraelectric phases. (b) Differential scanning calorimetry trace for DNT, ;,AN( gsF4TCNQ (Sample C) with

insets highlighting the transition between the ferroelectric and paraelectric phases. Exotherms shown as upward peaks.
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As shown in the original report of the AN-F4TCNQ cocrystal, temperature-dependent
expansion of the c-axis length can be used to approximate the temperature at which flip-flop
disorder in AN is thermally activated, about 10 °C lower in temperature than the Tc.” This
temperature is demarcated by a threefold increase in the linear coefficient of thermal expansion
(CTE) of the c-axis length. For this reason, the c-axis length was measured as a function of
temperature to determine whether and at what temperature(s) DNFxAN;.nFsTCNQ single
crystals demonstrate thermally-activated flip-flop disorder of the dopant. Single crystals of phase
I DNFYAN(;.nF4TCNQ were indexed using VT-SCXRD, revealing a change in the linear CTE of
the c-axis between 55 and 60 °C closely corresponding to that of the AN-F4,TCNQ cocrystal,
indicating retention of the thermally-activated flip-flop transition necessary for ferroelectricity in
AN-F,TCNQ and suggesting that the thermal events observed by DSC are 7¢ values for the solid
solutions. Variable-temperature Raman spectroscopy of DNTy ;AN ssF4aTCNQ was performed
to determine whether the 7¢ was associated with a transition from a primarily ionic to primarily
neutral charge state. It was found that there were minimal changes in the relative peak heights or
areas of the 2223 cm™, 2214 cm™, and 2199 cm™ peaks associated with nitrile stretching as a
function of temperature (Figure 6.11), indicating that changes in the ionicity of the CT solid

solution as a function of temperature are insignificant.
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Figure 6.11. VT-SCXRD and VT-Raman Spectroscopy for the Phase I Solid Solutions

(a) Thermal expansion of the c-axis length for various DNFyAN,_,F,TCNQ solid solution compositions highlighting the change
in the linear coefficient of thermal expansion (slope) near the 7 for phase I DNFyAN(; ,F,TCNQ solid solutions. (b) Raman
spectra of DNT ;,AN, ¢sF,TCNQ at various temperatures showing that the Raman peak intensities maintain consistent relative

peak areas.

6.2.6 Electrical Characterization for DNFxAN.x)F4sTCNQ

Through a combination of X-ray diffraction and Raman spectroscopy it was shown that
the structural characteristics of AN-F,TCNQ necessary for ferroelectricity were retained when
doped with 0-14% of DNF or DNT and that the average degree of CT was increased from 0.2 e
for the AN-F4TCNQ cocrystal to 0.3 e for DNF;;4ANysFsTCNQ and to 0.7 e for
DNTy ;2ANy ssFsTCNQ; however, it was shown that traversing the 7¢ and undergoing the
ferroelectric-to-paraelectric symmetry change did not lead to a significant change in the degree
of CT for DNT ;,AN).ssF4sTCNQ. The effects of the increase in the average degree of CT on the
remanent polarization were investigated for DNFyAN,.xF4sTCNQ because large enough single

crystals of the solid solution could be produced by implementing the crystallization method
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described in the Experimental Methods. Unfortunately single crystals of DNTYAN;.xF4sTCNQ,
were not large enough to apply viable contacts with silver paint.

Single crystals of DNFyAN/;.yF4sTCNQ were contacted with silver paint on the (100) and
(-100) faces, as described in the original report of AN-F,TCNQ.* Direct polarization hysteresis
loops were measured to inspect the quality and confirm the correct placement of the electrical
contacts before collecting positive-up-negative-down (PUND) pulse measurements and remanent
hysteresis loops. Polarization and PUND data were collected for cocrystal/solid solution samples
containing 0%, 12%, 14%, and 27% DNF incorporation. The PUND measurements revealed that
DNF incorporation in any of the measured samples contributed to the saturated polarization (Ps)
without leading to an increase in the remanent polarization, which was interpreted as an increase
in the dielectric character of the device. The dielectric contribution measured as Ps-P; to the
polarization was maximized for the DNF,;,ANysFsTCNQ solid solutions sample, which
indicates a dependence on both the ferroelectric structural phase and composition (DNF
incorporation) and attributed to disordered and reversible dimerization along the CT stacks. In
the original AN-F4sTCNQ report, it was noted that rotation of AN in the AN-F,TCNQ cocrystal
leads to disruption and symmetrization of the dimerization pattern along the g-axis. Both the
decrease in molecular volume between AN and DNF and the disorder of DNF in the room
temperature crystal structure of the DNF-F,TCNQ cocrystal structure suggest that the barrier to
rotation of DNF is lower than that for AN, suggesting that DNF cannot productively contribute
to ferroelectricity in DNFyAN ;.y)F4TCNQ solid solutions. Given the size difference between AN
and DNT and the room temperature crystal structure of the DNT-F,TCNQ cocrystal, it is
predicted that DNT incorporation could productively contribute to ferroelectricity, although

advancements must first be made in ferroelectric device construction for this material.
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Figure 6.12. PUND Results for DNFxAN;.xF4sTCNQ Single Crystals

(a) PUND data for DNF, ;, AN, ssFsTCNQ single crystals with polarization responses to V.« pulses labeled as (+/-)P*, (+/-)P*r,
(+/-)P*, and (+/-)P”r. (b) Diagram of a polarization hysteresis loop defining P*, P*r, Ps, P,, and Ps - P.. (c) Ps - P, values for
various DNFyAN/; v F4sTCNQ solid solution compositions.

6.3 Conclusion

Room temperature ferroelectricity in the CT cocrystal AN-F,TCNQ arises from
thermally-activated rotation of AN at 68 °C. This is in contrast to conventional models of
ferroelectricity in CT cocrystals, which claim that the transition between neutral and ionic CT
states is the driving force for ferroelectricity. To investigate the mechanistic discrepancy between
room-temperature ferroelectricity in AN-F4TCNQ and low-temperature ferroelectricity in
traditional CT ferroelectric cocrystals, the effects of increasing the population of ionic CT states
in the AN-F,TCNQ structure were investigated by doping in varying concentrations of the
dopant molecules DNF and DNT, which were computationally predicted to increase the degree
of CT in AN-F4TCNQ. It was found that up to 14 mol% of DNF and 12 mol% DNT could be
incorporated into the AN-F,TCNQ ferroelectric structural phase without loss of the ferroelectric-

to-paraelectric transition. Incorporation of DNF and DNT lead to increases in the average degree
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of CT of 0.3 e (increase of 0.1 e) and 0.7 e (increase of 0.5 e) in the ferroelectric phase,
respectively. The increase in ionicity of the ferroelectric solid solution did not lead to a neutral-
to-ionic transition at the 7 in DNTy ;2AN ssF4TCNQ. Electrical characterization of DNFxAN/;.
xF4TCNQ solid solutions revealed that DNF incorporation into the ferroelectric structural phase
leads to an increase in the dielectric character of the material without an increase in remanent
polarization, which was ascribed to a lower energetic barrier to polarization switching for DNF
due to the slight decrease in molecular volume relative to AN. Given these conclusions, it is
predicted that DNT incorporation into AN-F,TCNQ will lead to increases in the remanent
polarization, although additional optimization of the crystallization methods towards DNTyAN ;.
xF4TCNQ solid solutions must first be made to enable construction of DNTyAN;_yFsTCNQ

devices for electrical characterization.

6.4 Experimental Methods

6.4.1 Synthesis of 2H-naphtho/[1,8-bc]furan-2-one (1)

(o)
1. NaNO,, NaOH

2. H,S0y4, H,O
—_—

The synthesis of 1 was adapted from the literature.” Benz[cd]indol-2(1H)-one (1196 mg, 7.069

HN (0]

mmol) was refluxed in aqueous 0.5 M NaOH solution (60 mL) for 30 min, causing a color
change from yellow to orange. The solution was cooled to 0 °C and NaNO, (501 mg, 7.261
mmol) in water (10 mL) was added to the solution of benz[cd]indol-2(1H)-one dropwise. This
solution was added dropwise to a slurry of water and ice (150 mL) and concentrated H,SO4 (9

mL). The reaction contents were heated to 70 °C for 1h during which time a pale-yellow

140



precipitate formed. The precipitate was collected by vacuum filtration, dissolved in ethyl acetate,
and dried over anhydrous MgSO,. The product was purified by column chromatography on silica
gel using a 0-5% (v/v) ethyl acetate/hexanes solvent gradient (904 mg, 5.312 mmol, 75%). 'H

NMR data are consistent with the literature.*

6.4.2 Synthesis of 8-(hydroxymethyl)naphthalen-1-ol (2)

2 OH o
o NaBH,

e (0
The synthesis of 2 was adapted from the literature.” Sodium borohydride was suspended in a
solution of dry tetrahydrofuran (23 mL) and methanol (2 mL). The solution was cooled to 0 °C
and a solution of intermediate 1 (904 mg, 5.312 mmol) in tetrahydrofuran (10 mL) was added
dropwise to the suspension of sodium borohydride. The suspension stirred at 0 °C for 2 h. The
reaction contents were quenched with water, diluted with 1 M HCI (100 mL), and the product
extracted into ethyl acetate (3 x 50 mL). The organic fractions were combined and dried over
anhydrous MgSQO,. The product was crystallized from ethyl acetate (854 mg, 4.902 mmol, 92%).
"H NMR (400 MHz, acetone-dg) & 10.1 (s, 1H), 7.78 (d, 1H), 7. 42 (d, 2H), 7.36 (t, 1H), 7.34 (t,

1H), 6.98 (d, 1H), 5.48 (s, 1H), 5.12 (s, 2H).

6.4.3 Synthesis of Dihydronaphtho[1,8-bc]furan (DNF)

OH
OH

NaH, TsCI io i
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The synthesis of DNF was adapted from the literature.*® NaH (60% dispersion in mineral oil, 193
mg, 4.83 mmol) was suspended in dry tetrahydrofuran (12 mL) and dry dimethylsulfoxide (4
mL) at room temperature. Intermediate 2 (398 mg, 2.23 mmol) was dissolved in tetrahydrofuran
(2 mL) and added to the reaction suspension at room temperature. Tosyl chloride (435 mg, 2.28
mmol) was dissolved in tetrahydrofuran (2 mL) and added to the reaction suspension at room
temperature. The reaction was heated to 70 °C for 7 h and cooled to room temperature. The
reaction contents were quenched with water and the suspension diluted with 0.5 M HCI (100
mL). The product was extracted into ethyl acetate (3 x 50 mL). The organic fractions were
combined and dried over anhydrous MgSO,. The product was purified by column
chromatography on silica gel using a 0-5% (v/v) ethyl acetate/hexanes solvent gradient (256 mg,
1.64 mmol, 72%). "H NMR (400 MHz, acetone-ds) 8 7.65 (d, 1H), 7.53 (t, 1H), 7.38 (t, 1H), 7.32

(d, 1H), 7.24 (d, 1H), 6.66 (d, 1H), 5.81 (s, 2H).

6.4.4 Synthesis of S-Naphthalen-1-yl Carbonochloridothioate (3)

o
S)]\CI

SH BTC
OO

The synthesis of 3 was adapted from the literature.’’ Dry pyridine (1.6 mL) was added dropwise
to a solution of I-naphthalenethiol (785 mg, 4.899 mmol) and triphosgene (BTC, 4399 mg,
14.824 mmol) in dry dichloromethane (50 mL) at 0 °C, immediately forming a suspension. The
suspension stirred at 0 °C for 3 h. The reaction contents were quenched with water (100 mL) and
the product extracted in dichloromethane (3 x 50 mL). The organic fractions were combined,

dried over anhydrous MgSO,, and concentrated under reduced pressure. The product was
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purified by column chromatography on silica gel using a 0-15% (v/v) ethyl acetate/hexanes

solvent gradient (908 mg, 4.077 mmol, 83%). "H NMR data are consistent with the literature.”’

6.4.5 Synthesis of 2-Naphtho[1,8-bc]thiophen-2-one (4)
(0]
0
s)J\u s
sehanlse

Synthesis of 4 was adapted from the literature.’’ A solution of intermediate 3 (908 mg, 4.077
mmol) in dry dichloromethane (mL) was added dropwise to a solution of aluminum trichloride
(1630 mg, 12.224 mmol) in dry dichloromethane (180 mL). The reaction solution stirred at room
temperature for 7 h, rapidly changing color from yellow to dark green. The reaction contents
were quenched with water (200 mL) and the product extracted into dichloromethane (3x50 mL).
The organic fractions were combined, dried over anhydrous MgSO,, and concentrated under
reduced pressure. The product was purified by column chromatography on silica gel using 0-
10% (v/v) ethyl acetate/hexanes solvent gradient (736 mg, 3.952 mmol, 97%). 'H NMR data are

consistent with the literature.’’

6.4.6 Synthesis of Dihydronaphtho[1,8-bc]thiophene (DNT)

(0}

S S
e
Sodium borohydride (118 mg, 2.96 mmol) was suspended in a solution of dry dichloromethane

(50 mL) and methanol (2 mL). The solution was cooled to 0 °C and a solution of intermediate 4

(188 mg, 1.01 mmol) in dichloromethane (3 mL) was added dropwise to the suspension of
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sodium borohydride. The suspension stirred at 40 °C for 48 h. The reaction contents were
quenched with water, diluted with 1 M HCI (50 mL), and the product extracted into
dichloromethane (2x50 mL). The organic fractions were combined and dried over anhydrous
MgSO,. The product was purified by column chromatography on silica gel using hexanes (30
mg, 0.17 mmol, 17%). 'H NMR (400 MHz, acetone-d¢) & 7.65 (d, 1H), 7.46 (m, 3H), 7.36 (t,

1H), 7.22 (d, 1H), 4.83 (s, 2H).

6.4.7 Crystallization of DNFxAN ;.x)F4sTCNQ Solid Solutions

Stock solutions of F;TCNQ (88.49 mg, 3.20 x 10" mmol) in dry acetonitrile (1760 pL) and AN
(24.58 mg, 1.59 x 10" mmol) in dry acetonitrile (550 pL) were prepared. For each solid solution
sample, DNF was weighed out according to the masses given below and the corresponding
volume of dry diethyl ether was added. To each sample of DNF in diethyl ether, AN in
acetonitrile was added forming a colorless to pale-yellow solution. To this solution, F4,TCNQ in
acetonitrile was added causing a color change to deep brown or deep purple. This solution was
chilled to 0 °C for 6 min, precipitating brown blocky crystals with a green metallic sheen. The

precipitate collected by vacuum filtration and stored at room temperature.

Table 6.6. Composition of DNFxAN;.x,F4sTCNQ Solid Solution Crystal Growth Solutions

Mass DNF Theoretical/Actual Volume Diethyl Ether Volume AN Stock Volume F,TCNQ Stock
A 0 mg (0 mmol)/0 mg (0 mmol) 0 uL 100 uL 160 uL
B 0.45 (2.90E)/0.40 (2.56E) 10 uL 90 uL 160 pL
C 0.91 (5.81E)/0.87 (5.57E7) 20 uL 80 uL 160 pL
D 1.36 (8.71E)/1.36 (8.71E") 30 pL 70 pl 160 uL
E 1.81 (1.16E2)/1.90 (1.23E?) 40 puL 60 uL 160 pL
F 2.26 (1.45E%)/2.34 (1.50E?) 50 uL 50 uL 160 pL
G 2.71 (1.74E2)/2.70 (1.73E7?) 60 pL 40 pL 160 pL
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H 3.17 (2.03E2)/3.15 (2.02E?) 70 uL 30 uL 160 L

I 3.62 (2.32E%)/3.60 (2.31E?) 80 uL 20 pL 160 uL
J 4.07 (2.61E™2)/4.06 (2.60E) 90 pL 10 uL 160 pL
K 4.52 (2.90E?)/4.51 (2.89E?) 100 pL 0pL 160 uL

6.4.8 Crystallization of DNTxAN;.xF4TCNQ Solid Solutions

Stock solutions of F;TCNQ (89.26 mg, 3.23 x 10" mmol) in dry acetonitrile (1760 pL) and AN
(24.62 mg, 1.60 x 10" mmol) in dry acetonitrile (550 pL) were prepared. For each solid solution
sample, DNT was weighed out according to the masses given below and the corresponding
volume of dry diethyl ether was added. To each sample of DNT in diethyl ether, AN in
acetonitrile was added forming a colorless to pale-purple solution. To this solution, F4,TCNQ in
acetonitrile was added causing a color change to deep brown or deep purple. This solution was
chilled to 0 °C for 6 min, precipitating brown blocky crystals with a green metallic sheen. The

precipitate collected by vacuum filtration and stored at 0 °C.

Table 6.7 Composition of DNTxAN;.x)F4sTCNQ Solid Solution Crystal Growth Solutions

Mass DNT Theoretical/Actual Volume Diethyl Ether Volume AN Stock Volume F,TCNQ Stock
A 0 mg (0 mmol)/0 mg (0 mmol) 0 uL 100 uL 160 uL
B 0.50 (2.90E)/0.54 (3.08E™) 10 uL 90 pL 160 pL
C 1.00 (5.81E)/1.02 (5.92E7) 20 uL 80 pL 160 pL
D 1.50 (8.71E?)/1.50 (8.71E) 30 uL 70 pL 160 pL
E 2.00 (1.16E)/1.99 (1.14E?) 40 pL 60 pL 160 pL
F 2.50 (1.45E2)/2.39 (1.39E2) 50 uL 50 pL 160 pL
G 3.00 (1.74E%)/2.98 (1.70E?) 60 uL 40 pL 160 uL
H 3.50 (2.03E2)/3.55 (2.03E?) 70 UL 30 L 160 pL
I 4.00 (2.32E?)/3.97 (2.30E?) 80 uL 20 uL 160 uL
J 4.50 (2.61E2)/4.42 (2.57E?) 90 uL 10 uL 160 uL
K 5.00 (2.90E™?)/5.02 (2.91E) 100 pL 0pL 160 uL
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6.4.9 Single Crystal X-Ray Determination

Single-crystal X-ray diffraction data were collected using a Rigaku XtaLAB Synergy-S X-ray
diffractometer configured in a kappa goniometer geometry. The diffractometer is equipped with
a low-temperature device and a PhotonJet-S microfocus Cu source (A = 1.54187 A) and operated
at 50 kV and 1 mA. X-ray intensities were measured at 100 K or room temperature with the
HyPix-6000HE detector placed 32.01 mm from the sample. The data were processed with
CrysAlisPro version 38.46 (Rigaku Oxford Diffraction) and corrected for absorption. The
structures were determined in OLEX2*® using SHELXT>® and refined using SHELXL*’. All non-
hydrogen atoms were refined anisotropically with hydrogen atoms placed at idealized positions.

Single crystals were mounted on a 150 um MiTeGen MicroMount using mineral oil.

6.4.10 Nuclear Magnetic Resonance Spectroscopy

'H NMR measurements were carried out on Varian vamrs 500 MHz spectrometer operating at
room temperature, using 64 scans and a 10 second relaxation delay. Samples of DNFxAN;.
x)F4TCNQ and DNTxAN(;.x)F4sTCNQ solid solutions were prepared by dissolution in acetone-ds
within 10 min of collecting the "H NMR spectra. The ratio of DNF or DNT to AN for each
spectrum was calculated by integration of the peaks using MestReNova v12.0.0-20080,

Mestrelab Research, 2017.

6.4.11 Raman Spectroscopy
Raman spectra were collected using a Renishaw inVia Raman Microscope equipped with a Leica
microscope, a 785 nm laser, 1200 lines/mm grating, a 65 um slit, and a RenCam CCD detector.

Spectra were collected in static mode centered about 2220 cm ' and analyzed using the WiRE
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3.4 software package (Renishaw) and OriginPro 8.6. Calibration was performed using a silicon

standard in static mode centered about 500 cm™.

6.4.12 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) traces for each sample (~0.8 mg) were recorded on a
TA Instruments Q20 DSC. All experiments were run in TzeroTM hermetic aluminum DSC pans
with a heating rate of either 5 °C/min or 10 °C/min, covering a temperature range of -70 °C to 80
°C. The instrument was calibrated using an indium standard. DSC traces were analyzed using

TA Universal Analysis 2000, V 4.5A, build 4.5.0.5.

6.4.13 Ferroelectric Measurements

Electrical measurements were taken on single crystals contacted with silver paint. BFDH
morphology prediction was produced by Mercury CSD 4.1.3 offered by the CCDC and used to
guide the placement of the electrode contacts on the (100) and (-100) faces. The P-E hysteresis
loops were collected at room temperature on a ferroelectric testing probe station (Radiant
Technologies Inc Ferroelectric Test System) operated using Vision Data Acquisition Software
(Radiant Technologies Inc) using an alternating triangular double-wave field (preset-delay-
measurement). PUND tests were also performed on single crystals using the Radiant
Technologies Inc Ferroelectric Testing System. The data provided in this manuscript were
collected from twelve representative single crystals. Despite guidance from morphology
predictions, contact placement was imperfect for several samples due to the blocky morphology

of the crystal, and these samples showed unreliable and unsymmetrical polarization loops with
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no remanent behavior. It was concluded that, although sample measurements were reliable for

well-placed electrodes, the P-E measurements are very specific to sample orientation.

6.4.14 Computational Methods

Calculation of the frontier molecular orbital energy positions and molecular volumes on gas-
phase equilibrium geometries of F4sTCNQ, AN, DNF, and DNT were performed with the B3LYP
functional and the 6-311G(d,p) basis set using the Spartan 16 Q-Chem package. Isosurfaces for

determination of the molecular volumes were drawn at a potential of 0.002 electrons au™.

6.4.15 Crystal Structure Comparison

Crystal structures were compared using the Crystal Packing Similarity Wizard available in the
Materials Module offered through Mercury CSD 4.1.3 (CCDC). A packing shell of 15
molecules, distance tolerance of 20%, and angular tolerance of 50% were used and ‘Allow

Molecular Differences’ enabled for comparison.
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