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ABSTRACT
Unique, accessible properties, such as high thermal stability, large liquid ranges, high
heats of formation, and low to negligible volatility, have led to increased efforts to utilize ionic
liquids (ILs; salts with melting points below 100 °C) to replace currently used energetic
materials, such as hydrazine. Initial strategies focused on the independent design of either ion to
tune the physical and chemical properties of ILs; however, often the prospective energetic ionic
liquids (EILs) still suffer from low energetic densities and heat of combustion.

Thus, a

complementary strategy must be developed to improve deficient properties of EILs without
interfering with beneficial IL properties.
A correctly chosen nano-additive can be incorporated utilizing the unique solvent
capability of ILs to stabilize a variety of nanomaterials, such as unoxidized nanoparticles or
graphene. However, due in part to their high surface reactivity, freshly synthesized nanoparticles are
typically kinetically unstable in solution. There is a constant requirement for a stabilizing force in order
to keep the nanoparticles the intended size. In addition to the stereoelectronic stabilizing forces

provided inherently by the IL, specific functionality can be incorporated to the EIL structure
provide additional ligand-assisted stabilization of the nanomaterial in suspension. Here, it will
be demonstrated that this approach can lead to stable suspensions of boron, titanium, and
graphene in EILs, which were further stabilized by designed reactivity guided by traditional
metal-ligand theory.
One key challenge with these nanoparticulate systems has been colloidal stability, which
was only on the order of less than 2-3 days in many cases. It was hypothesized that the
ii

stability of energetic additives could be improved by reducing their size from suspended
nanoparticles to solutions of molecular clusters on the order of angstroms rather than
nanometers. However, in the case of the incorporation of neutral borane clusters into EILs, a
different set of chemical reactivity was observed.
While the composite nanoparticle-IL systems were guided and stabilized by weak metalligand surface reactivity, the addition of nido-decaborane (B10H14) to EILs led to direct acid base
chemical reactions. The initial deprotonation of B10H14 led to a cascade of reactions ultimately
generating a negatively charged boronate cluster anion fully solubilized in the EIL. These fully
solubilized clusters bypass the previous colloidal stability limitations of the nanomaterial-IL
suspensions while still providing an enhanced energetic effect.
Both strategies were successful in producing composite EIL suspensions or solutions, all
containing an energetic additive incorporated for a specific effect, such as increased heat of
combustion, decreased viscosity, decreased ignition delay, etc. Each neat EIL composite was
evaluated to determine the effect of the addition of the selected nanomaterial or molecular cluster
on the specific EIL properties, such as thermal stability, melting point, density, and viscosity.
Additionally, the impacts on their hypergolic ignition properties were determined. Overall, the
obtained results signify that nanomaterials and molecular clusters can be incorporated as
energetic additives into EILs in order to improve upon their previously deficient properties,
thereby thrusting EILs as practical energetic materials of the future.
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CHAPTER 1

INTRODUCTION

1.1

Energetic Ionic Liquids (EILs)
Unique and inherent properties, such as high thermal stability, large liquid ranges, high

heats of formation, and low to negligible volatility, have led to increased efforts to utilize ILs to
replace currently in use energetic materials in order to prevent safety and environmental
hazards.1 One approach has been to utilize the flexibility of the IL platform to tune the ion
structures to achieve desirable physical and chemical properties.2-5 Initially, development of the
azole platform (Figure 1.1) was employed, and in addition to the efforts by our group,1-5
contributions by Shreeve,6-8 Klapotke,9-11 the Air Force Research Labs,12,13 and a variety of other
groups14,15 has led to much progress in this field. While the azole platform is capable of
providing compounds with high heats of formation, there are still some unsolved problems, such
as low densities16 and low heats of combustion.17 In addition, ignition is still problematic since
without the proper oxygen balance, the EILs are not capable of fully oxidizing. Researchers
have attempted to solve this problem by pairing an azole with an oxidizing anion, such as
perchlorate or nitrate, to provide oxygen balance for the salt and allow for full combustion.1,18,19
These protic EILs with oxidizing anions have been shown to be capable of sustained burning,5
which is not typically a feature of ILs.
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Figure 1.1. The evolution of EILs

While utilizing an oxygen-rich anion can solve some of the deficiencies of EILs, the
anions introduce an increased sensitivity along with other hazards. This approach also limits the
flexibility of the ILs by requiring the use of one specific anion which may not be further tuned or
altered. A second method employed would be to develop a hypergolic IL, one which would
ignite spontaneously with an oxidizer.20 Here the IL is a single component of a bipropellant
system and does not require oxygen balance. Several EILs have been found to be hypergolic
with nitric acid, N2O4, and H2O2 using a variety of anions such as dicyanoborates, dicyanamide,
and aluminum boron hydride complexes among others.21-24 Once again, the utilization of a
hypergolic IL, limits the flexibility of the IL design strategy by only allowing the modification of
a single ion.
However, even with the proper choice of ions to provide the desired chemical, physical,
and ignition properties, EILs still have limiting features that have prevented the replacement of
currently in use energetic materials (EMs). One challenge is that the heats of combustion of
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organic materials are limited solely by the formation of the combustion products. Only a few
ILs, such as 1-butyl-3-methylimidazolium dicyanamide ([C4C1im][DCA]),17 have been evaluated
for heats of combustion, but they have been just barely above the 6 kcal/g lower limit required in
order to replace the current state of the art rocket propellants. As a result, the heat of combustion
has been an area of concern while trying to balance all of the other physical properties.
In order for an EIL to be employed as a practical EM it must reach a certain set of
physical property benchmarks with two critical components consisting of a low viscosity and a
high density.1 Unfortunately, utilization of EILs with low viscosities generally leads to EILs
with low densities.16 This may become a bigger concern in the future as materials with high
energetic densities are highly desired for space and rocket applications. Altering chemical
structure by decreasing the chain length on the ILs would increase the density and could decrease
its viscosity,25 but would have a negative effect on the melting point as packing into a lattice
takes less energy.
One approach that can be taken to improve EIL performance is to provide an additive, or
energy dense fuel component that does not interfere with the desired IL traits such as low or
negligible vapor pressure, but might add energetic density. Here, the use of two different types
of additives: (i) nanomaterials and (ii) borane clusters will be explored as energetic additives to
manipulate key physical properties by tuning surface or bulk reactivity.

1.2.

Nanoparticle Stabilization
Particles with an average diameter ranging from a few nanometers to a few hundred

nanometers, generally referred to as nanoparticles, have been utilized as heterogeneous
catalysts,26-29 energetic additives,30,31 drug delivery vehicles,32,33 and contrast agents34 to name
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just a few of their many applications. Nanoparticles are attractive for use in these types of
applications due to a high surface area to volume ratio when compared with traditional methods
and customization of the particle composition.35 A high surface area to volume ratio allows for
enhanced interfacial processes, the ability to lower processing temperatures as compared to bulk
materials, and faster reaction times due to their higher surface reactivity. 36

The specific

composition of nanoparticles, comprised of transition metals,35 metal oxides,37,38 and many other
platforms, can be tailored to meet the desired application. These unique traits have led to the
exponential growth of the field of nanotechnology.
Nonetheless, due in part to the high surface reactivity, freshly synthesized nanoparticles
are typically kinetically unstable in solution. There is a constant requirement for a stabilizing
force in order to keep the nanoparticles the intended size. Four major stabilization techniques are
currently utilized to stabilize nanoparticles: (i) electrostatic, (ii) steric, (iii) electrosteric (a
combination of the previous two techniques), and (iv) ligand or solid support-assisted.39,40
Control of these stabilization forces can allow for nano-sized materials to exist in colloidal form.
The stabilization of nanoparticles requires a carefully designed synthetic strategy taking
into account a variety of practical conditions. Nanoparticles can be synthesized from atoms or
molecules in a bottom up approach or by decreasing the particle diameter from macro to nano
regimes through a top down approach.41 In the bottom up approach of chemical reduction,42-44 a
metal precursor is used with a reducing agent45 to obtain nanoparticles with salts as byproducts,
which provide electrostatic stabilization in aqueous solutions. Isolation of the nanoparticles is
also possible through chemical means, but require the addition of a surfactant-stabilizer to
protect the nanoparticles from oxidation and provide steric stabilization.46,47
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A top down approach can be utilized by starting with a macro-sized (micron) feedstock
and ball milling down to nano sized clusters.48 A ligand is utilized in this case to act as both the
surfactant and ligand to surface protect the nanoparticles to prevent aggregation. Other methods
for stabilization include modification of the surface chemically using such techniques as adding
polymers (e.g., polyethylene glycol; PEG-ylation49) or crosslinking to a polymer to provide a
solid support.50
Such techniques can be quite complicated and a detailed knowledge of each system is
typically needed. Not only does the user have to correctly choose the right starting materials, but
the appropriate stabilization mechanism must also be carefully designed. It is for these reasons
that the nanomaterial field is continually looking for new, simpler ways to stabilize nanoparticles
to allow for easier synthesis, storage, and use.

1.3

Stabilization of Nanoparticles with ILs – Current State-of-the-Art
The ionic and liquid nature of ionic liquids (ILs)51 has led to the study of ILs as both

solvent for the nanoparticle synthesis and means for electrosteric stabilization.52 Some metal
nanoparticles have been stabilized in such a manner with the IL acting as both the stabilizer and
the solvent,53 to create nanofluids. Two types of stabilization mechanisms have arisen in the IL
literature: non-functionalized stabilization54,55 and functionalized stabilization through either
covalent bonding56 or coordination.57
Non-functionalized stabilization focuses on utilizing electrostatic stabilization of the IL
while not chemically interacting with the surface of the nanoparticle. Early research using
imidazolium-based ILs suggests that ILs will form protective layers of cations to provide an
electronic and steric stabilization mechanism.54,58 Non-functionalized ILs have been shown to be
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effective solvents for the synthesis of nanoparticles, the stabilization of the resulting
nanoparticles, and used as an entire catalytic system while eliminating the need for an outside
stabilizer.59-63

A variety of catalytic systems have been effectively carried out utilizing

heterogeneous catalysis in ILs, such as the Heck reaction,64,65 catalytic hydrogenation,66-68
aromatic amination,69 and the Suzuki reaction70 to name only a few catalytic applications.
While non-functionalized stabilization has seen some success in a variety of applications,
the long-term stability is the limiting factor. Any application requiring a longer stabilization
period, such as in a recyclable catalytic cycle or use as an energy dense fuel component in an
energetic material, will require more than the electrosteric stabilization provided by the ILs.
Some of the first efforts to provide additional stabilization within IL systems used copolymers, 71
bipyridine ligands,72,73 montmorillonite,74 and 1-methylimidazole75 as additives to provide a
greater degree of stability and to improve the catalytic process. It has been suggested that some
imidazolium cations may also form a carbene at the C2 position of the cation and chemically
bond with the surface of the nanoparticle further increasing the stability.76
Others have used a strategy of covalent bonding to stabilize nanoparticles via
crosslinking with polymers,77,78 but this approach will limit the surface area in contact with the
IL and change the oxidation state of the metal along the surface. (In applications we envision
with EILs, this would also prevent clean oxidation and would limit utility as an energetic
material.) A similar strategy has demonstrated functionalizing the surface of a nanoparticle to
better interact with a chosen substrate,79,80 however in all of these strategies, covalent bonds,
which are not easily broken, must be utilized limiting one of the major advantages of using
nanomaterials in the first place; the high surface area to volume ratio.

6

By using the unique design flexibility of ILs to alter each ion independently,
functionalized ILs can be an extremely powerful tool to stabilize nanoparticles more effectively
through coordination instead of covalent bonding. This would allow for the IL to act as both the
solvent and the ligand to help further stabilize the nanoparticle without requiring modification of
the surface of the nanoparticle. The ease of displacing a coordination bond rather than a covalent
one will also have important implications in the use of such stabilized nanoparticles in catalysis,
where access of a desired ligand to the nanoparticle surface is essential.
It has been shown that by selecting the correct anion or cation, ILs can chemically
interact with the surface of a given nanoparticle. Both the thiocyanate and the dicyanamide
(N(CN)2-; [DCA]-) anions have been shown to interact with an iron carbide nanoparticle to create
a stable dispersion.55 Watanabe et al. has also reported unique interactions by utilizing an
alcohol functionalized cation with a silica colloid, showing the ability for hydrogen bonding and
chemical coordination to improve stability of nanoparticles.81 Phosphine functionalized ILs have
been used to help stabilize Pd nanoparticles for use in catalytic systems.57 These results are
promising, however, the surface chemistries of these systems are still not well understood.
Chemically designing the IL to interact with the surface of the nanoparticle via noncovalent interactions would allow one to also control the strength of such an interaction82 by
control of, for example, the donor strength of the substituent, the placement of the substituent on
a given ion, or the use of size and shape to modify the steric, as well as electronic environment.

1.4 Potential Nanoparticles for Energetic Applications and Catalysis
Nanoparticles, of certain elements, can provide increased energetic density and higher
heats of combustion by increasing the overall energy of the system far beyond the heat of
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formation of the typical products of combustion, CO2 and H2O without further increasing the
volume of the system.83 Utilizing the correctly chosen nanoparticle additives can lead to a
variety of performance increases, such as decreased ignition delay, decreased burning time, and
higher density impulse.84

In addition, non-metal nanomaterials in colloidal form, such as

graphene or graphene oxide, have also been shown to have a catalytic effect on heats of
combustion and burn rate of traditional energetic materials.85,86
Aluminum nanoparticles are some of the most widely studied energetic materials used as
additives. While as seen in Figure 1.2, the heats of oxidation are not as high as other elements,
Al has many beneficial characteristics including increased burn rate of the fuel.87,88 In addition,
nano-aluminum has unique ignition triggers that can be exploited including full combustion
when in contact with water,89 bombarded with a laser,90 and using a commercial camera flash.91
Unfortunately, Al does not have a very high density (Table 1.1).
Beryllium, although an excellent additive in terms of heat of oxidation, and related oxides
formed upon combustion are extremely toxic and are thus not typically used as additives. Boron
is considerably less toxic92 and has the highest volumetric heat of oxidation although has only
mediocre performance as an additive. Due to the formation of a thick oxide layer and HOBO
side products thermodynamically favored over oxidation, boron’s combustion performance
suffers.93 Nonetheless, boron’s unique chemistry a result of empty p orbitals suggests boron
nanoparticles would favorably react with correctly chosen functional groups.94
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Figure 1.2. Energetic content of metal(0) particles31

Table 1.1. Metal(0) densities31
Element

Density (g/cm3)

Aluminum (Al)

2.700

Boron (B)

2.340

Beryllium (Be)

1.850

Carbon (C)

2.267

Titanium (Ti)

4.510

Tungsten (W)

19.300

Zirconium (Zr)

6.520
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Titanium and zirconium provide a different set of properties including very high densities
(Table 1.1). Combustion of both Ti95,96 and Zr97 particles has been discussed in the literature
with Zr showing well controlled ignition including some stability in air at the micron level.
Titanium nanoparticles can be stabilized by a variety of interactions including Ti-C covalent
bonds.98
Metal nanoparticles and other materials such as graphene can also act as heterogeneous
catalysts for catalytic cycles, such as for Heck and Suzuki coupling,39 or act catalytically to
promote combustion.85 Metals, such as Pd/Al2O3,99 barium-aluminate,100 or other various metal
oxides101 promote catalytic combustion improvements in fuels or propellants. The strategy in
these cases is to add the least amount of catalyst while still improving the performance of the
fuel. A nano-sized catalyst would have a larger surface area to provide a greater catalytic effect.
Catalysts, such as nano-sized Pd, Pt, metal oxides, graphene, and carbon nanotubes, could be
used for catalytic advances in energetic density with very low loading concentrations. Metals
can also be embedded on a graphene sheet to allow for a highly active catalyst embedded on the
surface of the sheet to further increase the surface area of the catalyst in contact with the
fuel.102,103
Nanoparticles have been utilized in the energetic field as a propellant,88 an additive to
current energetic materials (EMs),87 and an ignition source.90,91 For these to be effective, the
nanoparticle must be surface protected, stabilized, and unoxidized in the correct EM.

1.5

Borane Clusters
Borane clusters, or a series of compounds comprised of boron hydride functional groups

with a cluster-like three dimensional geometry, provide a rich set of possible chemistries due to
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the unique electronic character of the B-H bond.

The slightly higher electronegativity of

hydrogen creates a polarized covalent bond consisting of an electron deficient boron atom and an
electron rich hydrogen atom possessing hydride like character.104,105 A boron atom only has
three valance electrons, which might lead to predictions of a stable BH3 monomer. However,
this neutral molecular can’t be isolated as a borane molecule consisting of three B-H terminal
bonds leads to an electron-deficient boron atom with an empty p molecular orbital. This empty p
orbital is extremely electrophilic and immediately forms B-H-B bridging bonds with a
neighboring BH3 molecule generating stable diborane, B2H6, clusters. These B-H-B bridging
bonds, the basis for the three-center bonding concept, dominate boron hydride chemistry and
allow for the synthesis of neutral and anionic boron clusters of up to twenty boron atoms.106
Boranes, known for their potential to form air stable clusters107 (including anionic
species,108) are known to be oxidized readily109 in hypergolic ignition reactions.20 Additionally,
due to the high hydrogen content in boranes, they have been explored in the past as potential
fuels,110,111 but interest slowed due to several critical issue, such as high volatility, toxicity,
reactivity with many organic solvents, solid product formation (B2O3) upon oxidation, and
several high profile and deadly accidents.109 However, the high reactivity of these clusters is
well known,109 and they still might be useful as additives instead of the main component of a
propellant formulation.
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One key challenge with the proposed first strategy of the incorporation of nanomaterials
into EILs was the limited colloidal stability observed. Instead, it was hypothesized that the
stability of energetic additives could be improved by reducing their size from suspended
nanoparticles to solutions of molecular clusters on the order of angstroms rather than
nanometers. Here, the highly energetic borane clusters could be solubilized in a catalytic ratio in
EILs to provide an energetic improvement without many of the negative properties reported
earlier.

1.6

Research Plan and Purpose of Project
The overall goal of this dissertation is to evaluate EILs as practical energetic materials

and hypergolic and explore methods to improve key properties that are currently deficient. In
order to determine methods to improve EILs, this dissertation will first explore which properties
are in need of improvement. Next, nanoparticles will be added directly to neat EILs and their
energetic and practical performance will be benchmarked against the neat salts. Each composite
system will be selected based on designable criteria, such as properties provided by the
nanomaterial and surface reactivity between the EIL and the nanomaterial surface. A second
strategy, the dissolution of borane clusters, will also be investigated for its potential to provide
energetic enhancement combined with a special emphasis on observed bulk chemical reactivity
between the EIL and the borane cluster.
Chapter 2 will introduce hypergolic ILs and their current limitations through the synthesis
and characterization of 39 EILs. The results obtained in Chapter 2 yielded critical ignition and
physical property values for a wide range of hypergolic ILs. However, certain properties, such
as density, viscosity, and heat of combustion were shown to be deficient in order to replace
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hydrazine as a practical rocket bipropellant.1,16,17 As a result, Chapter 3 investigates the use of
hypergolic ILs to mill, suspend and passivate unoxidized B(0) nanoparticles. Next, Chapter 4
explores the use of designable functional groups attached on the anion to tune the colloidal
stability of Ti(0) nanoparticles by modifying the strength of the surface reactivity.
While Chapters 3 and 4 attempted to improve the energetic density of EILs by
incorporating nanoparticles with high heat of oxidation energies, Chapter 5 will attempt to
improve the low temperature viscosity of hypergolic ILs through specific surface interactions
between ILs and the surface of graphene-based nanomaterials.
Typically, the colloidal stabilities of composite EIL-nanomaterial systems are still quite
poor and only on the order of 2-3 d. Instead, we hypothesized that we could improve the
colloidal stability by instead creating solutions by utilizing borane clusters as the energetic
additive. Chapter 6 will present the development of the chemistry of the unexpected reactivity
between nido-decaborane (B10H14) and EILs.
Finally, Chapter 7 will conclude the information developed within this dissertation while
providing future work needed continue the fundamental development of how energetic additives
interact with EILs and how that interaction influences the bulk properties of the material.

1.7
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CHAPTER 2

EVALUATING IONIC LIQUIDS AS HYPERGOLIC FUELS: EXPLORING REACTIVITY
FROM MOLECULAR STRUCTURE

Taken as a part of a manuscript in preparation for publication: McCrary, P. D.; Chatel, G.;
Alaniz, S. A.; Cojocaru, O. A.; Beasley, P. A.; Flores, L. A.; Kelley, S. P.; Barber, P. S.; Rogers,
R. D. Energy & Fuels, Submitted, 2014.

2.1

Introduction
Ionic liquids (ILs, generally defined as salts with melting points below 100 oC1) have

been previously proposed as hypergolic fuels2 for the replacement of hydrazine based on
inherent and designable properties, such as low volatility and favorable transport properties.
While many IL-forming anions (e.g., dicyanamide ([N(CN)2]- abbreviated here as [DCA]-),3
nitrocyanamide ([N(CN)(NO2)]- abbreviated here as [NCA]-),4 and dicyanoborohydride
([B(CN)2H2]-)5) have been shown to be hypergolic (i.e., exhibit spontaneous ignition upon
contact with an oxidizer6) with nitric acid3-5 or hydrogen peroxide,7 many other practical
properties must also be considered in the design of hydrazine replacements.
Currently, the basic design strategy to make hypergolic ILs is to incorporate reactivity in
the cation and/or anion through the incorporation of chemical bonds known to induce a
hypergolic reaction with common oxidizers, such as the N-C≡N bond (e.g., in [DCA]-) or B-H
bonds (e.g., in the [B(CN)2H2]- anion5 or the boronium8 cation).
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Even with this designed reactivity, many other physical and chemical properties, such as
viscosity9 or density,10 play a large role in the mixing, ignition, and combustion processes that
occur upon contact. However, much of the focus in the literature to date has been on the
synthetic development of new hypergolic ILs to improve on deficiencies in previous systems.2-8
As a result, it is hard to predict which cations should be paired with already known hypergolic
anions and whether the modified physical properties or the introduced functional groups are
responsible for any enhanced reactivity.
Here we present experimental data which might be used to provide reliable models that
would allow a design strategy for the improvement of ignition delays in hypergolic ILs. We
have explored whether incorporation of enhanced reactivity into an IL cation paired with the
known hypergolic anions [DCA]-, [NCA]-, and azide ([N3]-) (Figure 2.1) would result in
improved hypergolic reactivity as a result of new chemical functionality in the cation or as a
result of changed physical properties (e.g., viscosity). Of these, the [DCA]- anion is the most
well studied11-15 with a published ignition pathway11,13 and kinetic combustion studies.15 ILs
containing the [N3]- and [NCA]- anions4,16,17 have also been previously shown to exhibit
reactivity or hypergolicity with white fuming nitric acid (WFNA). The IL cations were chosen
based on heterocycle precursors known to form low melting salts (e.g., imidazole, 1,2,4-triazole,
pyrrolidine, and pyridine) functionalized with alkyl, alkenyl, alkynyl, or N-N groups (Figure
2.1).
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Figure 2.1. Energetic and/or hypergolic cation and anion combinations selected for this study.

2.2

Experimental
2.2.1

Chemicals

1-methylimidazole, 3-picoline, pyridine, 1-chlorobutane, 1-bromobutane, allyl chloride,
and 1-chloro-2-methoxyethane were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. Silver nitrate, sodium dicyanamide, sodium azide, 4-amino-1,2,4-triazole, N-methylpyrrolidone, iodomethane, propargyl bromide, and white fuming nitric acid were purchased from
Alfa Aesar (Ward Hill, MA) and used as received. N-methyl-N’-nitro-N-nitrosoguanidine was
purchased from TCI America (Portland, OR) and used as received. 1-methyl-1,2,4-triazole was
purchased from Matrix Scientific (Columbia, SC) and used as received.

[Pyrr14]Cl was

purchased from EMD (Darmstadt, Germany) and used as received.
2.2.2

Single Crystal X-ray Diffraction

Suitable single crystals were examined under an optical polarizing microscope, selected,
and mounted on a glass fiber using silicone grease. Crystals of [C1NTri][N3] proved to be
difficult to handle under ambient conditions, rapidly absorbing water and liquefying. Coating
23

the crystals with Paratone oil kept them viable for only a few minutes, precluding the isolation of
the highest quality single crystal.
Single crystal X-ray diffraction data were measured on a Bruker diffractometer equipped
with a PLATFORM goniometer and an Apex II CCD area detector (Bruker-AXS, Inc., Madison,
WI) using graphite-monochromated Mo-Kα radiation. Crystals were cooled during collection
under a cold nitrogen stream using an N-Helix cryostat (Oxford Cryosystems, Oxford, UK). A
hemisphere of data was collected for each crystal using a strategy of omega scans with 0.5 o
frame widths. Unit cell determination, data collection, data reduction, integration, absorption
correction, and scaling were performed using the Apex2 software suite.18
The crystal structures of [C1NTri]I, [C1NTri][N3], [C1C1im][NCA], and [PC1im][NCA]
were solved by direct methods. [C1C1im][N3] was solved by locating 10 non-hydrogen atom
peaks and refining the phases with dual-space recycling. All non-hydrogen atoms were refined
anisotropically through full-matrix least squares refinement against F2. Hydrogen atoms on
carbon were placed in calculated positions, although difference map peaks due to hydrogen
atoms were used to distinguish carbon from nitrogen in structures containing triazole rings.
Hydrogen atoms on nitrogen were located from difference maps.

Where possible, the

coordinates of hydrogen atoms were allowed to refine freely while the thermal parameters were
constrained to ride on the carrier atom. For hydrogen atoms which refined to unrealistic bond
distances or angles, both the coordinates and thermal parameters were constrained to ride on the
carrier atom. The coordinates of the amino hydrogen atoms in [C1NTri][N3] were refined to
convergence using a bond distance restraint and then constrained to ride on the carrier atom at
that distance.
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The SHELXTL-97 software suite was used for space group determination, structure
solutions by direct methods, model adjustment, and generation of ellipsoid plots.19 SHELXD
was used for structure solution by dual space recycling.20 Refinement was performed with
SHELXL 2013.21 Short contact analyses and packing diagrams were done using the CCDC
program Mercury.22
2.2.3

Synthesis of IL Precursors

1-methylimidazole,

1-methyl-1,2,4-triazole,

4-amino-1,2,4-triazole,

N-methyl-

pyrrolidone, 3-picoline, and pyridine were alkylated with either 1-chlorobutane, 1-bromobutane,
allyl chloride, iodomethane, or 1-chloro-2-methoxyethane. In the case of reactions with 1chlorobutane, 1-bromobutane, allyl chloride, or 1-choloro-2-methane, a 1.1 molar excess of
alkylating agent was drop-wise added to a neat sample of azole at 0 oC under a constant stream
of argon. The mixture was slowly brought to reflux for 24–96 h and monitored by 1H NMR. In
the cases of reactions of allyl chloride with 1-methyl-1,2,4-triazole, 3-picoline, and pyridine, a
small amount of acetonitrile or methanol was used to dissolve the base and during the course of
the reaction as the reaction either produced higher melting or hygroscopic salts. Special care was
taken while handling propargyl bromide due to its high reactivity. Purchased as a stabilized
solution in toluene, propargyl bromide was added drop-wise to a methanolic solution of 1methyl-imidazole at 0 oC under a constant stream of argon. The resulting solution was refluxed
for 24 h and the solvents were removed via reduced pressure (~ 9 torr).
2.2.4

Synthesis of Sliver Salt Precursors

Silver dicyanamide (Ag[DCA]).3 Silver dicyanamide was prepared by dropwise adding
aqueous AgNO3 (25 mmol, 4.247 g) into a saturated solution of equimolar sodium dicyanamide
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(25 mmol, 2.226 g). The resulting white solid was filtered and washed with cold methanol. The
light sensitive, white solid was dried in an oven over night at 90 oC.
Silver nitrocyanamide (Ag[NCA]).4 N-methyl-N-nitroso-N’-nitro-guanidine (MNNG, 6.8
mmol, 2.00 g of 50 % w/w solution) was added piecewise to a 13.5 mL solution of NaOH (9
mmol, 0.36 g) at 0 oC over 10 min. A few drops of acetone were added to aide in dissolution,
which turned bright orange. The solution was slowly warmed to room temperature. Once at 23
o

C, HNO3 (9 mmol, 0.5671 g) was added drop-wise to yield a yellow solution, once the addition

of HNO3 was completed, a saturated solution of AgNO3 (6.8 mmol, 1.155 g) was added dropwise. A white solid immediately precipitated.

The resulting mixture was stirred at room

temperature for 30 min. The solution with freshly precipitated Ag[NCA] was cooled to 0 oC in a
freezer and the resulting solid was filtered. Special care was taken to wash the solid with water
and methanol without allowing the solid to completely dry.
Silver Azide (Ag[N3]).16,17 A solution of sodium azide (25 mmol, 1.625 g) was dissolved
into the minimum amount of water. A solution of silver nitrate (25 mmol, 4.247 g) was dropwise
added to precipitate silver azide from the water. The excess water was decanted off and replaced
gradually with methanol. Methanol was decanted off 3 more times to fully replace water with
methanol. Ag[N3] was kept as a dispersion in methanol due to concerns about the sensitivity of
the dry Ag[N3] powder.
2.2.5

Metathesis Reactions to Synthesize Hypergolic Ionic Liquids

[DCA]--Based ILs.3

A suspension of silver dicyanamide (22 mmol, 3.826 g) was

prepared in 25 mL of methanol. The halide salt (20 mmol) was dissolved in methanol and added
drop-wise to the suspension of silver dicyanamide and the reaction was covered with aluminum
foil to prevent light oxidation. The reaction was stirred at room temperature for at least 3 days
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and the excess silver dicyanamide and resulting silver halide salt were filtered off. The targeted
dicyanamide IL was purified through solvent evaporation via reduced pressure.
[NCA]--Based ILs.4 A methanol solution (approximately 1 mmol/mL) of azolium halide
(5 mmol) was dropwise added to the suspension of silver nitrocyanamide in methanol. The
reaction was covered with aluminum foil and allowed to stir for 3 days to ensure metathesis
completion. The remaining silver salt starting material and resulting silver halide were removed
by vacuum filtration. The newly synthesized nitrocyanamide ILs were purified by salting out of
methanol with diethyl ether.
[N3]--Based ILs.16,17 A methanol solution (approximately 1 mmol/mL) of azolium halide
(20 mmol) was drop-wise added to the suspension of silver azide (22 mmol) in methanol. The
reaction was stirred overnight and covered with aluminum foil to prevent light oxidation. The
product was isolated by removing the excess silver azide and generated silver halide by filtration.
The targeted azide IL was purified through solvent evaporation via reduced pressure.
2.2.6

Compounds Synthesized

1,3-dimethyl-imidazolium dicyanamide ([C1C1im][DCA]). 1H NMR (500 MHz, DMSOd6) δ ppm: 9.02 (t, 1H, C2-H), 7.68 (d, 2H, C4/5-H), 3.85 (s, 6H, N-CH3); 13C NMR (125 MHz,
DMSO-d6) δ ppm: 137.5 (s), 123.8 (s), 119.5 (s), 36.1 (s). TGA: T5%onset = 274 oC. DSC: Tc =
41 oC, Tm = 22 oC, Ts-s = -7 oC. FTIR (cm-1): 2223 (vs C≡N), 2189 (vs N-C + vas N-C), 2123 (vas
C≡N).
1,3-dimethyl-imidazolium nitrocyanamide ([C1C1im][NCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.02 (t, 1H, C2-H), 7.67 (d, 1H, C4/5-H), 3.85 (s, 6H, N-CH3);

13

C NMR

(125 MHz, DMSO-d6) δ ppm: 137.6 (s), 124.1 (s), 117.2 (s), 36.4 (s). TGA: T5%onset = 272 oC.
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DSC: Tm = 42 oC. Single crystals were obtained after slowly cooling a molten liquid sample to
25 oC. FTIR (cm-1): 2167 (v C≡N).
1,3-dimethyl-imidazolium azide ([C1C1im][N3]). 1H NMR (500 MHz, DMSO-d6) δ ppm:
9.08 (t, 1H, C2-H), 7.70 (s, 2H, C4/5-H), 3.86 (s, 6H, N-CH3); 13C NMR (125 MHz, DMSO-d6)
δ ppm: 137.7 (s), 124.1 (s), 36.2 (s). TGA: T5%onset = 216 oC. DSC: Tm = 43 oC (decomposition
on melting). Single crystals were obtained after slowly evaporating methanol at 25 oC. FTIR
(cm-1): 1995 (v N=N=N).
1-ethyl-3-methyl-imidazolium dicyanamide ([C2C1im][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.11 (s, 1H, C2-H), 7.78 (s, 1H, C4/5-H), 7.70 (s, 1H, C4/5-H), 4.20 (q, 2H,
N-CH2-CH3), 3.85 (s, 3H, N-CH3), 1.42 (t, 3H, N-CH2-CH3); 13C NMR (125 MHz, DMSO-d6) δ
ppm: 136.1 (s, C2), 123.5 (s, C4/5), 121.9 (s, C4/5), 119.0 (s, N-C≡N), 44.0 (s, N-CH2-CH3),
35.6 (s, N-CH3), 15.0 (s, N-CH2-CH3). TGA: T5%onset = 281 oC. DSC: Tm = -16 oC, Tc = -45 oC.
FTIR (cm-1): 2223 (vs C≡N), 2189 (vs N-C + vas N-C), 2123 (vas C≡N).
1-ethyl-3-methyl-imidazolium nitrocyanamide ([C2C1im][NCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.09 (s, 1H, C2-H), 7.75 (s, 1H, C4/5-H), 7.67 (s, 1H, C4/5-H), 4.20 (q, 2H,
N-CH2-CH3), 3.85 (s, 3H, N-CH3), 1.42 (t, 3H, N-CH2-CH3); 13C NMR (125 MHz, DMSO-d6) δ
ppm: 136.7 (s, C2), 124.0 (s, C4/5), 122.4 (s, C4/5), 117.3 (s, O2N-N-C≡N), 44.6 (s, N-CH2CH3), 36.1 (s, N-CH3), 15.3 (s, N-CH2-CH3). TGA: T5%onset = 274 oC. DSC: Tg = -81 oC, Tm =
18 oC , Tc on heating = -49 oC, Tm = 18 oC, Tc on cooling = -28 oC. FTIR (cm-1): 2167 (v C≡N).
1-ethyl-3-methyl-imidazolium azide ([C2C1im][N3]). 1H NMR (500 MHz, DMSO-d6) δ
ppm: 9.14 (s, 1H, C2-H), 7.80 (s, 1H, C4/5-H), 7.71 (s, 1H, C4/5-H), 4.20 (q, 2H, N-CH2-CH3),
3.85 (s, 3H, N-CH3), 1.40 (t, 3H, N-CH2-CH3); 13C NMR (125 MHz, DMSO-d6) δ ppm: 136.7
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(s, C2), 124.0 (s, C4/5), 122.4 (s, C4/5), 44.6 (s, N-CH2-CH3), 36.1 (s, N-CH3), 15.6 (s, N-CH2CH3). TGA: T5%onset = 220 oC. DSC: Tm = 44 oC , Tc = -7 oC. FTIR (cm-1): 1995 (v N=N=N).
1-butyl-3-methyl-imidazolium dicyanamide ([C4C1im][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.11 (s, 1H, C2-H), 7.76 (s, 1H, C4/5-H), 7.70 (s, 1H, C4/5-H), 4.16 (t, 2H,
N-CH2-CH2-CH2-CH3), 3.85 (s, 3H, N-CH3), 1.76 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.24
(sextet, 2H, N-CH2-CH2-CH2-CH3), 0.90 (t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz,

DMSO-d6) δ ppm: 136.4 (s, C2), 123.5 (s, C4/5), 122.1 (s, C4/5), 119.0 (s, N-C≡N), 48.4 (s, NCH2-CH2-CH2-CH3), 35.6 (s, N-CH3), 31.2 (s, N-CH2-CH2-CH2-CH3), 18.6 (s, N-CH2-CH2-CH2CH3), 13.1 (s, N-CH2-CH2-CH2-CH3). TGA: T5%onset = 283 oC. DSC: No thermal transitions
were observed in the targeted range. FTIR (cm-1): 2223 (vs C≡N), 2189 (vs N-C + vas N-C),
2123 (vas C≡N).
1-butyl-3-methyl-imidazolium nitrocyanamide ([C4C1im][NCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.10 (s, 1H, C2-H), 7.75 (s, 1H, C4/5-H), 7.69 (s, 1H, C4/5-H), 4.16 (t, 2H,
N-CH2-CH2-CH2-CH3), 3.85 (s, 3H, N-CH3), 1.77 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.27
(sextet, 2H, N-CH2-CH2-CH2-CH3), 0.90 (t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz,

DMSO-d6) δ ppm: 137.0 (s, C2), 124.1 (s, C4/5), 122.7 (s, C4/5), 117.3 (s, O2N-N-C≡N), 49.0
(s, N-CH2-CH2-CH2-CH3), 36.2 (s, N-CH3), 31.8 (s, N-CH2-CH2-CH2-CH3), 19.2 (s, N-CH2CH2-CH2-CH3), 13.7 (s, N-CH2-CH2-CH2-CH3). TGA: T5%onset = 275 oC. DSC: Tg = -81 oC.
FTIR (cm-1): 2168 (v C≡N).
1-butyl-3-methyl-imidazolium azide ([C4C1im][N3]). 1H NMR (500 MHz, DMSO-d6) δ
ppm: 9.21 (s, 1H, C2-H), 7.81 (s, 1H, C4/5-H), 7.73 (s, 1H, C4/5-H), 4.17 (t, 2H, N-CH2-CH2CH2-CH3), 3.86 (s, 3H, N-CH3), 1.76 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.24 (sextet, 2H, NCH2-CH2-CH2-CH3), 0.87 (t, 3H, N-CH2-CH2-CH2-CH3);
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13

C NMR (125 MHz, DMSO-d6) δ

ppm: 137.1 (s, C2), 124.1 (s, C4/5), 122.8 (s, C4/5), 49.0 (s, N-CH2-CH2-CH2-CH3), 36.1 (s, NCH3), 31.8 (s, N-CH2-CH2-CH2-CH3), 19.2 (s, N-CH2-CH2-CH2-CH3), 13.7 (s, N-CH2-CH2-CH2CH3). TGA: T5%onset = 219 oC. DSC: No thermal transitions were observed in the targeted range.
FTIR (cm-1): 1998 (v N=N=N).
1-(2-methoxyethyl)-3-methyl-imidazolium dicyanamide ([C1O2C1im][DCA]).

1

H NMR

(500 MHz, DMSO-d6) δ ppm: 9.08 (s, 1H, C2-H), 7.73 (s, 1H, C4/5-H), 7.69 (s, 1H, C4/5-H),
4.35 (t, 2H, N-CH2-CH2-O-CH3), 3.87 (s, 3H, N-CH3), 3.68 (t, 2H, N-CH2-CH2-O-CH3), 3.27 (s,
3H, N-CH2-CH2-O-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 136.7 (s, C2), 123.4 (s,

C4/5), 122.5 (s, C4/5), 119.3 (s, N-C≡N), 69.5 (s, N-CH2-CH2-O-CH3), 58.0 (s, N-CH2-CH2-OCH3), 48.6 (s, N-CH2-CH2-O-CH3), 35.7 (s, N-CH3). TGA: T5%onset = 285 oC. DSC: Tg = -85 oC.
FTIR (cm-1): 2226 (vs C≡N), 2191 (vs N-C + vas N-C), 2124 (vas C≡N).
1-(2-methoxyethyl)-3-methyl-imidazolium nitrocyanamide ([C1O2C1im][NCA]).

1

H

NMR (500 MHz, DMSO-d6) δ ppm: 9.07 (s, 1H, C2-H), 7.71 (s, 1H, C4/5-H), 7.68 (s, 1H, C4/5H), 4.35 (t, 2H, N-CH2-CH2-O-CH3), 3.87 (s, 3H, N-CH3), 3.68 (t, 2H, N-CH2-CH2-O-CH3),
3.26 (s, 3H, N-CH2-CH2-O-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 137.2 (s, C2), 123.9

(s, C4/5), 123.0 (s, C4/5), 117.2 (s, N-C≡N), 70.0 (s, N-CH2-CH2-O-CH3), 58.5 (s, N-CH2-CH2O-CH3), 49.1 (s, N-CH2-CH2-O-CH3), 36.2 (s, N-CH3). TGA: T5%onset = 262 oC. DSC: Tg = -77
o

C. FTIR (cm-1): 2167 (v C≡N).
1-(2-methoxyethyl)-3-methyl-imidazolium azide ([C1O2C1im][N3]). 1H NMR (500 MHz,

DMSO-d6) δ ppm: 9.15 (s, 1H, C2-H), 7.76 (s, 1H, C4/5-H), 7.72 (s, 1H, C4/5-H), 4.37 (t, 2H,
N-CH2-CH2-O-CH3), 3.87 (s, 3H, N-CH3), 3.69 (t, 2H, N-CH2-CH2-O-CH3), 3.27 (s, 3H, N-CH2CH2-O-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 137.4 (s, C2), 123.9 (s, C4/5), 123.1 (s,

C4/5), 70.0 (s, N-CH2-CH2-O-CH3), 58.5 (s, N-CH2-CH2-O-CH3), 49.1 (s, N-CH2-CH2-O-CH3),

30

36.1 (s, N-CH3). TGA: T5%onset = 226 oC. DSC: Tg = -81 oC, Tc = -15 oC, Tm = 14 oC. FTIR
(cm-1): 1995 (v N=N=N).
1-allyl-3-methyl-imidazolium dicyanamide ([AC1im][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.10 (s, 1H, C2-H), 7.73 (s, 1H, C4/5-H), 7.71 (s, 1H, C4/5-H), 6.04 (ddt, 1H,
CH2-CH=CH2), 5.37 (dd, 1H, =CH2 cis to C-H), 5.30 (dd, 1H, =CH2 trans to C-H), 4.85 (d, 2H,
N-CH2-CH=CH2), 3.87 (s, 3H, N-CH3); 13C NMR (125 MHz, DMSO-d6) δ ppm: 137.1 (s, C2),
132.2 (s, -CH=CH2), 124.2 (s, C4/5), 122.8 (s, C4/5), 120.6 (s, -CH=CH2), 119.6 (s, N-C≡N),
51.3 (s, N-CH2-CH=CH2), 36.3 (s, N-CH3).

TGA: T5%onset = 266 oC.

DSC: No thermal

transitions were observed in the targeted range. FTIR (cm-1): 2225 (vs C≡N), 2191 (vs N-C + vas
N-C), 2123 (vas C≡N), 1645 (v C=C).
1-allyl-3-methyl-imidazolium nitrocyanamide ([AC1im][NCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.09 (s, 1H, C2-H), 7.71 (s, 1H, C4/5-H), 7.69 (s, 1H, C4/5-H), 6.03 (ddt, 1H,
CH2-CH=CH2), 5.37 (dd, 1H, =CH2 cis to C-H), 5.30 (dd, 1H, =CH2 trans to C-H), 4.84 (d, 2H,
N-CH2-CH=CH2), 3.87 (s, 3H, N-CH3); 13C NMR (125 MHz, DMSO-d6) δ ppm: 137.1 (s, C2),
132.1 (s, -CH=CH2), 124.2 (s, C4/5), 122.8 (s, C4/5), 120.7 (s, -CH=CH2), 117.3 (s, O2N-NC≡N), 51.3 (s, N-CH2-CH=CH2), 36.3 (s, N-CH3). TGA: T5%onset = 264 oC. DSC: Tg = -83 oC.
FTIR (cm-1): 2168 (v C≡N), 1645 (v C=C).
1-allyl-3-methyl-imidazolium azide ([AC1im][N3]).

1

H NMR (500 MHz, DMSO-d6) δ

ppm: 9.18 (s, 1H, C2-H), 7.75 (s, 1H, C4/5-H), 7.74 (s, 1H, C4/5-H), 6.03 (ddt, 1H, CH2CH=CH2), 5.34 (dd, 1H, =CH2 cis to C-H), 5.31 (dd, 1H, =CH2 trans to C-H), 4.86 (d, 2H, NCH2-CH=CH2), 3.88 (s, 3H, N-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 137.2 (s, C2),

132.2 (s, -CH=CH2), 124.2 (s, C4/5), 122.8 (s, C4/5), 120.7 (s, -CH=CH2), 51.2 (s, N-CH2-
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CH=CH2), 36.3 (s, N-CH3). TGA: T5%onset = 192 oC. DSC: No thermal transitions were observed
in the targeted range. FTIR (cm-1): 2002 (v N=N=N), 1644 (v C=C)
1-propargyl-3-methyl-imidazolium dicyanamide ([PC1im][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.20 (s, 1H, C2-H), 7.79 (s, 1H, C4/5-H), 7.75 (s, 1H, C4/5-H), 5.20 (d, 2H,
N-CH2-C≡C), 3.88 (s, 3H, N-CH3), 3.84 (t, 1H, C≡CH);

13

C NMR (125 MHz, DMSO-d6) δ

ppm: 136.5 (s, C2), 124.0 (s, C4/5), 122.0 (s, C4/5), 199.0 (s, N-C≡N), 78.8 (s, ≡CH), 76.0 (C≡), 38.4 (s, N-CH2-Alkyne), 35.9 (s, N-CH3). TGA: T5%onset = 197 oC. DSC: Tg = -74 oC.
FTIR (cm-1): 2234 (vs C≡N), 2195 (vs N-C + vas N-C), 2131 (v C≡C-H), 2127 (vas C≡N).
1-propargyl-3-methyl-imidazolium nitrocyanamide ([PC1im][NCA]).

1

H NMR (500

MHz, DMSO-d6) δ ppm: 9.22 (s, 1H, C2-H), 7.82 (s, 1H, C4/5-H), 7.64 (s, 1H, C4/5-H), 5.21 (d,
2H, N-CH2-C≡C), 3.88 (s, 3H, N-CH3), 3.85 (t, 1H, C≡CH); 13C NMR (125 MHz, DMSO-d6) δ
ppm: 136.0 (s, C2), 124.5 (s, C4/5), 122.6 (s, C4/5), 119.5 (s, O2N-N-C≡N), 79.4 (s, ≡CH), 76.6
(-C≡), 39.0 (s, N-CH2-Alkyne), 36.4 (s, N-CH3). TGA: T5%onset = 141 oC. DSC: Tc = -10 oC, Tm
= 76 oC. Single crystals were obtained after slowly cooling a molten liquid sample to 25 oC.
FTIR (cm-1): 2169 (v C≡N), 2131 (v C≡C-H).
1-methyl-4-butyl-1,2,4-triazolium dicyanamide ([C1C4tri][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 10.05 (s, 1H, C3-H), 9.20 (s, 1H, C5-H), 4.24 (t, 2H, N-CH2-CH2-CH2-CH3),
4.06 (s, 3H, N-CH3), 1.80 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.30 (sextet, 2H, N-CH2-CH2CH2-CH3), 0.91 (t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 145.0

(s, C3), 142.4 (s, C5), 119.4 (s, N-C≡N), 47.5 (s, N-CH2-CH2-CH2-CH3), 39.1 (s, N-CH3), 31.3
(s, N-CH2-CH2-CH2-CH3), 19.2 (s, N-CH2-CH2-CH2-CH3), 13.7 (s, N-CH2-CH2-CH2-CH3).
TGA: T5% nset = 188 oC. DSC: No thermal transitions were observed in the targeted range. FTIR
(cm-1): 2227 (vs C≡N), 2191 (vs N-C + vas N-C), 2124 (vas C≡N).
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1-methyl-4-butyl-1,2,4-triazolium nitrocyanamide ([C1C4tri][NCA]).

1

H NMR (500

MHz, DMSO-d6) δ ppm: 10.05 (s, 1H, C3-H), 9.20 (s, 1H, C5-H), 4.24 (t, 2H, N-CH2-CH2-CH2CH3), 4.06 (s, 3H, N-CH3), 1.80 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.30 (sextet, 2H, N-CH2CH2-CH2-CH3), 0.91 (t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm:

145.0 (s, C3), 143.3 (s, C5), 117.2 (s, N-C≡N), 47.6 (s, N-CH2-CH2-CH2-CH3), 39.1 (s, N-CH3),
31.3 (s, N-CH2-CH2-CH2-CH3), 19.2 (s, N-CH2-CH2-CH2-CH3), 13.7 (s, N-CH2-CH2-CH2-CH3).
TGA: T5%onset = 220 oC. DSC: Tg = -77 oC . FTIR (cm-1): 2168 (v C≡N).
1-methyl-4-butyl-1,2,4-triazolium azide ([C1C4tri][N3]). 1H NMR (500 MHz, DMSO-d6)
δ ppm: 10.11 (s, 1H, C3-H), 9.23 (s, 1H, C5-H), 4.26 (t, 2H, N-CH2-CH2-CH2-CH3), 4.07 (s, 3H,
N-CH3), 1.81 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.30 (sextet, 2H, N-CH2-CH2-CH2-CH3),
0.92 (t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 145.0 (s, C3),

143.4 (s, C5), 47.6 (s, N-CH2-CH2-CH2-CH3), 39.1 (s, N-CH3), 31.3 (s, N-CH2-CH2-CH2-CH3),
19.2 (s, N-CH2-CH2-CH2-CH3), 13.7 (s, N-CH2-CH2-CH2-CH3). TGA: T5%onset = 153 oC. DSC:
Tg = -73 oC, Tc on heat = -27 oC, Tc on cool, -19 oC, Tm = 15 oC. FTIR (cm-1): 1995 (v N=N=N).
1-methyl-4-allyl-1,2,4-triazolium dicyanamide ([C1Atri][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 10.06 (s, 1H, C3-H), 9.19 (s, 1H, C5-H), 6.06 (ddt, 1H, CH2-CH=CH2), 5.42
(dd, 1H, =CH2 cis to C-H), 5.38 (dd, 1H, =CH2 trans to C-H), 4.93 (d, 2H, N-CH2-CH=CH2),
4.08 (s, 3H, N-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 151.8 (s, C3), 145.0 (s, C5),

131.1 (s, -CH=CH2), 121.6 (s, -CH=CH2), 119.5 (s, N-C≡N), 49.8 (s, N-CH2-CH=CH2), 36.1 (s,
N-CH3). TGA: T5%onset = 172 oC. DSC: No transitions observed. FTIR (cm-1): 2229 (vs C≡N),
2192 (vs N-C + vas N-C), 2124 (vas C≡N), 1645 (v C=C).
1-methyl-4-allyl-1,2,4-triazolium nitrocyanamide ([C1Atri][NCA]). 1H NMR (500 MHz,
DMSO-d6) δ ppm: 10.05 (s, 1H, C3-H), 9.18 (s, 1H, C5-H), 6.06 (ddt, 1H, CH2-CH=CH2), 5.43
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(dd, 1H, =CH2 cis to C-H), 5.40 (dd, 1H, =CH2 trans to C-H), 4.93 (d, 2H, N-CH2-CH=CH2),
4.08 (s, 3H, N-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 151.8 (s, C3), 145.0 (s, C5),

131.2 (s, -CH=CH2), 121.6 (s, -CH=CH2), 117.2 (s, O2N-N-C≡N), 49.3 (s, N-CH2-CH=CH2),
36.2 (s, N-CH3). TGA: T5%onset = 212 oC. DSC: Tg = -74 oC. FTIR (cm-1): 2169 (v C≡N), 1645
(v C=C).
1-methyl-4-allyl-1,2,4-triazolium azide ([C1Atri][N3]). 1H NMR (500 MHz, DMSO-d6) δ
ppm: 10.08 (s, 1H, C3-H), 9.20 (s, 1H, C5-H), 6.06 (ddt, 1H, CH2-CH=CH2), 5.43 (dd, 1H,
=CH2 cis to C-H), 5.40 (dd, 1H, =CH2 trans to C-H), 4.94 (d, 2H, N-CH2-CH=CH2), 4.08 (s, 3H,
13

N-CH3);

C NMR (125 MHz, DMSO-d6) δ ppm: 151.8 (s, C3), 145.0 (s, C5), 131.2 (s, -

CH=CH2), 121.6 (s, -CH=CH2), 119.5 (s, N-C≡N), 49.8 (s, N-CH2-CH=CH2), 36.1 (s, N-CH3).
TGA: T5%onset = 129 oC. DSC: Tg = -75 oC . FTIR (cm-1): 1999 (v N=N=N), 1645 (v C=C).
1-methyl-4-amino-1,2,4-triazolium dicyanamide ([C1Ntri][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 10.07 (s, 1H, C3-H), 9.15 (s, 1H, C5-H), 6.95 (s, 2H, N-NH2), 4.03 (s, 3H, NCH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 144.5 (s, C3), 142.4 (s, C5), 118.6 (s, N-C≡N),

38.4 (s, N-CH3). TGA: T5%onset = 187 oC. DSC: Tg = -68 oC. FTIR (cm-1): 2233 (vs C≡N), 2195
(vs N-C + vas N-C), 2124 (vas C≡N).
1-methyl-4-amino-1,2,4-triazolium nitrocyanamide ([C1Ntri][NCA]).

1

H NMR (500

MHz, DMSO-d6) δ ppm: 10.07 (s, 1H, C3-H), 9.15 (s, 1H, C5-H), 6.96 (s, 2H, N-NH2), 4.04 (s,
3H, N-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 145.5 (s, C3), 143.3 (s, C5), 117.2 (O2N-

N-C≡N), 39.3 (s, N-CH3). TGA: T5%onset = 196 oC. DSC: Tg = -67 oC. FTIR (cm-1): 2171 (v
C≡N).
1-methyl-4-amino-1,2,4-triazolium azide ([C1Ntri][N3]). 1H NMR (500 MHz, DMSO-d6)
δ ppm: 10.14 (s, 1H, C3-H), 9.12 (s, 1H, C5-H), 7.11 (s, 2H, N-NH2), 4.04 (s, 3H, N-CH3);
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13

C

NMR (125 MHz, DMSO-d6) δ ppm: 144.5 (s, C3), 143.4 (s, C5), 39.3 (s, N-CH3). TGA: T5%onset
= 146 oC. DSC: Tg = -64 oC, Tm = 33 oC. Single crystals were obtained after slowly cooling a
molten liquid sample to 25 oC. FTIR (cm-1): 2001 (v N=N=N).
N-butyl-N-methyl-pyrrolidinium dicyanamide ([Pyrr14][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 3.44 (m, 4H, -CH2-N-CH2-), 3.30 (m, 2H, N-CH2-CH2-CH2-CH3), 2.98 (s,
3H, N-CH3), 2.08 (m, 4H, -CH2-CH2-), 1.68 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.32 (sextet,
2H, N-CH2-CH2-CH2-CH3), 0.94 (t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-

d6) δ ppm: 119.6 (s, N-C≡N), 63.90 (s, CH2-N-CH2-), 63.4 (N-CH2-CH2-CH2-CH3), 48.0 (s, NCH3), 25.4 (N-CH2-CH2-CH2-CH3), 21.6 (s, -CH2-CH2-), 19.8 (s, N-CH2-CH2-CH2-CH3), 13.9
(s, N-CH2-CH2-CH2-CH3). TGA: T5%onset = 274 oC. DSC: No thermal transitions were observed
in the targeted range. FTIR (cm-1): 2223 (vs C≡N), 2191 (vs N-C + vas N-C), 2124 (vas C≡N).
N-butyl-N-methyl-pyrrolidinium nitrocyanamide ([Pyrr14][NCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 3.44 (m, 4H, -CH2-N-CH2-), 3.30 (m, 2H, N-CH2-CH2-CH2-CH3), 2.98 (s,
3H, N-CH3), 2.08 (m, 4H, -CH2-CH2-), 1.68 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.33 (sextet,
2H, N-CH2-CH2-CH2-CH3), 0.94 (t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-

d6) δ ppm: 117.3 (s, O2N-N-C≡N), 63.9 (s, CH2-N-CH2-), 63.5 (N-CH2-CH2-CH2-CH3), 47.9 (s,
N-CH3), 25.5 (N-CH2-CH2-CH2-CH3), 21.6 (s, -CH2-CH2-), 19.8 (s, N-CH2-CH2-CH2-CH3), 13.9
(s, N-CH2-CH2-CH2-CH3). TGA: T5%onset = 270 oC. DSC: No thermal transitions were observed
in the targeted range. FTIR (cm-1): 2164 (v C≡N).
N-butyl-N-methyl-pyrrolidinium azide ([Pyrr14][N3]). 1H NMR (500 MHz, DMSO-d6) δ
ppm: 3.45 (m, 4H, -CH2-N-CH2-), 3.31 (m, 2H, N-CH2-CH2-CH2-CH3), 3.00 (s, 3H, N-CH3),
2.08 (m, 4H, -CH2-CH2-), 1.68 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.32 (sextet, 2H, N-CH2CH2-CH2-CH3), 0.93 (t, 3H, N-CH2-CH2-CH2-CH3);
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13

C NMR (125 MHz, DMSO-d6) δ ppm:

63.8 (s, CH2-N-CH2-), 63.4 (N-CH2-CH2-CH2-CH3), 47.9 (s, N-CH3), 25.5 (N-CH2-CH2-CH2CH3), 21.6 (s, -CH2-CH2-), 19.8 (s, N-CH2-CH2-CH2-CH3), 13.9 (s, N-CH2-CH2-CH2-CH3).
TGA: T5%onset = 175 oC. DSC: No thermal transitions were observed in the targeted range. FTIR
(cm-1): 1998 (v N=N=N).
N-allyl-N-methyl-pyrrolidinium dicyanamide ([Pyrr1A][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 6.07 (ddt, 1H, CH2-CH=CH2), 5.63 (dd, 1H, =CH2 cis to C-H), 5.61 (dd, 1H,
=CH2 trans to C-H), 3.97 (d, 2H, N-CH2-CH=CH2), 3.43 (m, 4H, -CH2-N-CH2-), 2.97 (s, 3H, NCH3), 2.09 ( m, 4H, -CH2-CH2-);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 127.4 (s, -CH=CH2),

127.2 (s, -CH=CH2), 119.3 (s, N-C≡N), 65.2 (s, N-CH2-CH=CH2), 63.4 (s, -CH2-N-CH2-), 48.5
(s, N-CH3), 21.7 (s, -CH2-CH2-). TGA: T5%onset = 249 oC. DSC: Tc = -64 oC, Tm = -21 oC. FTIR
(cm-1): 2223 (vs C≡N), 2189 (vs N-C + vas N-C), 2123 (vas C≡N), 1643 (v C=C).
N-methyl-N-allyl-pyrrolidinium nitrocyanamide ([Pyrr1A][NCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 6.07 (ddt, 1H, CH2-CH=CH2), 5.63 (dd, 1H, =CH2 cis to C-H), 5.61 (dd, 1H,
=CH2 trans to C-H), 3.97 (d, 2H, N-CH2-CH=CH2), 3.44 (m, 4H, -CH2-N-CH2-), 2.98 (s, 3H, NCH3), 2.10 ( m, 4H, -CH2-CH2-);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 127.4 (s, -CH=CH2),

127.2 (s, -CH=CH2), 117.2 (s, O2N-N-C≡N), 65.2 (s, N-CH2-CH=CH2), 63.4 (s, -CH2-N-CH2-),
48.5 (s, N-CH3), 21.7 (s, -CH2-CH2-). TGA: T5%onset = 258 oC. DSC: No thermal transitions
were observed in the targeted range. FTIR (cm-1): 2167 (v C≡N), 1643 (v C=C).
N-allyl-N-methyl-pyrrolidinium azide ([Pyrr1A][N3]). 1H NMR (500 MHz, DMSO-d6) δ
ppm: 6.07 (ddt, 1H, CH2-CH=CH2), 5.64 (dd, 1H, =CH2 cis to C-H), 5.59 (dd, 1H, =CH2 trans to
C-H), 4.02 (d, 2H, N-CH2-CH=CH2), 3.49 (m, 4H, -CH2-N-CH2-), 3.00 (s, 3H, N-CH3), 2.09 (
m, 4H, -CH2-CH2-);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 127.4 (s, -CH=CH2), 127.3 (s, -

CH=CH2), 65.1 (s, N-CH2-CH=CH2), 63.3 (s, -CH2-N-CH2-), 48.3 (s, N-CH3), 21.7 (s, -CH2-
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CH2-). TGA: T5%onset = 158 oC. DSC: No thermal transitions were observed in the targeted
range. FTIR (cm-1): 1992 (v N=N=N), 1643 (v C=C)
N-butyl-3-methyl-pyridinium dicyanamide ([C4C1py][DCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.00 (s, 1H, between N and Me), 8.92 (d, 1H, C-H ortho to N), 8.45 (d, 1H,
C-H para to N), 8.06 (t, 1H, C-H meta to N), 4.55 (t, 2H, N-CH2-CH2-CH2-CH3), 3.32 (s, 3H, CCH3), 1.90 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.30 (sextet, 2H, N-CH2-CH2-CH2-CH3), 0.92
(t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 146.5 (s, C between N

and Me), 144.6 (s, C ortho to N), 142.3 (s, C-CH3), 139.0 (s, C para to N), 127.8 (s, C meta to
N), 119.8 (s, N-C≡N), 60.8 (s, N-CH2-CH2-CH2-CH3), 32.8 (s, C-CH3), 19.7 (s, N-CH2-CH2CH2-CH3), 18.2 (s, N-CH2-CH2-CH2-CH3), 14.1 (s, N-CH2-CH2-CH2-CH3). TGA: T5%onset = 249
o

C. DSC: Tm = 20 oC. FTIR (cm-1): 2222 (vs C≡N), 2188 (vs N-C + vas N-C), 2121 (vas C≡N).
N-butyl-3-methyl-pyridinium nitrocyanamide ([C4C1py][NCA]).

1

H NMR (500 MHz,

DMSO-d6) δ ppm: 9.00 (s, 1H, between N and Me), 8.92 (d, 1H, C-H ortho to N), 8.45 (d, 1H,
C-H para to N), 8.06 (t, 1H, C-H meta to N), 4.55 (t, 2H, N-CH2-CH2-CH2-CH3), 3.32 (s, 3H, CCH3), 1.90 (quintet, 2H, N-CH2-CH2-CH2-CH3), 1.30 (sextet, 2H, N-CH2-CH2-CH2-CH3), 0.92
(t, 3H, N-CH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 146.5 (s, C between N

and Me), 144.6 (s, C ortho to N), 142.3 (s, C-CH3), 139.0 (s, C para to N), 127.8 (s, C meta to
N), 117.3 (s, O2N-N-C≡N), 60.8 (s, N-CH2-CH2-CH2-CH3), 32.8 (s, C-CH3), 19.7 (s, N-CH2CH2-CH2-CH3), 18.2 (s, N-CH2-CH2-CH2-CH3), 14.1 (s, N-CH2-CH2-CH2-CH3). TGA: T5%onset
= 265 oC. DSC: Tg = -79 oC. FTIR (cm-1): 2165 (v C≡N).
N-butyl-3-methyl-pyridinium azide ([C4C1py][N3]).

1

H NMR (500 MHz, DMSO-d6) δ

ppm: 9.06 (s, 1H, between N and Me), 8.97 (d, 1H, C-H ortho to N), 8.46 (d, 1H, C-H para to
N), 8.05 (t, 1H, C-H meta to N), 4.58 (t, 2H, N-CH2-CH2-CH2-CH3), 3.44 (s, 3H, C-CH3), 1.90
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(quintet, 2H, N-CH2-CH2-CH2-CH3), 1.29 (sextet, 2H, N-CH2-CH2-CH2-CH3), 0.90 (t, 3H, NCH2-CH2-CH2-CH3);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 146.2 (s, C between N and Me),

144.8 (s, C ortho to N), 142.4 (s, C-CH3), 139.3 (s, C para to N), 127.8 (s, C meta to N), 60.9 (s,
N-CH2-CH2-CH2-CH3), 33.0 (s, C-CH3), 19.2 (s, N-CH2-CH2-CH2-CH3), 18.3 (s, N-CH2-CH2CH2-CH3), 13.8 (s, N-CH2-CH2-CH2-CH3). TGA: T5%onset = 166 oC. DSC: Tg = -79 oC. FTIR
(cm-1): 2004 (v N=N=N).
N-allyl-pyridinium dicyanamide [Apy][DCA].

1

H NMR (500 MHz, DMSO-d6) δ ppm:

9.04 (d, 2H, C-H ortho to N), 8.64 (t, 1H, C-H para to N), 8.19 (t, 2H, C-H meta to N), 6.18 (ddt,
1H, CH2-CH=CH2), 5.47 (dd, 1H, =CH2 cis to C-H), 5.41 (dd, 1H, =CH2 trans to C-H), 5.28 (d,
2H, N-CH2-CH=CH2);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 146.4 (s, C ortho to N), 145.3

(s, C-para to N), 132.1 (C meta to N), 128.7 (s, -CH=CH2), 122.4 (s, -CH=CH2), 119.6 (s, NC≡N), 62.9 (s, N-CH2-CH=CH2). TGA: T5%onset = 170 oC. DSC: No thermal transitions were
observed in the targeted range. FTIR (cm-1): 2226 (vs C≡N), 2191 (vs N-C + vas N-C), 2123 (vas
C≡N), 1630 (v C=C).
N-allyl-pyridinium nitrocyanamide [Apy][NCA].

1

H NMR (500 MHz, DMSO-d6) δ

ppm: 9.06 (d, 2H, C-H ortho to N), 8.65 (t, 1H, C-H para to N), 8.20 (t, 2H, C-H meta to N),
6.18 (ddt, 1H, CH2-CH=CH2), 5.47 (dd, 1H, =CH2 cis to C-H), 5.42 (dd, 1H, =CH2 trans to CH), 5.29 (d, 2H, N-CH2-CH=CH2);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 146.4 (s, C ortho to

N), 145.3 (s, C-para to N), 132.1 (C meta to N), 128.7 (s, -CH=CH2), 122.4 (s, -CH=CH2), 117.3
(s, O2N-N-C≡N), 62.9 (s, N-CH2-CH=CH2). TGA: T5%onset = 210 oC. DSC: Tg = -80 oC. FTIR
(cm-1): 2167 (v C≡N), 1630 (v C=C).
N-allyl-pyridinium azide ([Apy][N3]).

1

H NMR (500 MHz, DMSO-d6) δ ppm: 9.08 (d,

2H, C-H ortho to N), 8.65 (t, 1H, C-H para to N), 8.20 (t, 2H, C-H meta to N), 6.18 (ddt, 1H,
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CH2-CH=CH2), 5.45 (dd, 1H, =CH2 cis to C-H), 5.42 (dd, 1H, =CH2 trans to C-H), 5.31 (d, 2H,
N-CH2-CH=CH2);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 146.3 (s, C ortho to N), 145.3 (s, C-

para to N), 132.1 (C meta to N), 128.7 (s, -CH=CH2), 122.4 (s, -CH=CH2), 62.9 (s, N-CH2CH=CH2). TGA: T5%onset = 110 oC. DSC: No thermal transitions were observed in the targeted
range. FTIR (cm-1): 1995 (v N=N=N), 1633 (v C=C).
2.2.7

Thermogravimetric Analysis (TGA)

Thermal decompositions experiments were conducted with a Mettler-Toledo (Columbus,
OH) TGA/DSC 1.

The instrument’s internal temperature was calibrated by observing the

melting point of Au, Zn, and In. Samples of 2–15 mg were analyzed on a 70 µL alumina pan
under a stream of nitrogen. Samples were heated from room temperature to 75 oC at 5 oC/min
with a 30 min isotherm at 75 oC in order to ensure excess volatiles or residual solvents were
removed. Following the isotherm, samples were heated to 800 oC at 5 oC/min. The 5% onset
temperature for decomposition (or T5%onset) was evaluated as the onset temperature where 5% of
the sample had decomposed.
2.2.8

Differential Scanning Calorimetry (DSC)

All experiments to determine thermal transitions were done on a Mettler-Toledo
(Columbus, OH) Differential Scanning Calorimeter (DSC), DSC 1.

The calorimeter was

calibrated for temperature and cell constants using In, Zn, H2O, and n-octane. Samples were
weighed and sealed in aluminum pans (5–15 mg) and heated at a rate of 5 oC/min to 75 oC.
Following the initial heating cycle the samples were cooled to -80 oC via a recirculating chiller
followed by a heating cycle to 75 oC at a rate of 5 oC/min. After each dynamic temperature
ramp, a 15 min isotherm was employed to ensure equilibration of the temperature in the cell.
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The entire cycle was repeated three times and the values for phase changes were analyzed. Each
sample was referenced to an empty aluminum pan.
2.2.9

Density

Density measurements were taken at 40 oC with an Anton Paar USA (Ashland, VA)
density meter, DMA 500. Samples of IL (~1 mL) were inserted via a syringe directly into the
instrument. The value for density was recorded and the sample was washed out with methanol
and water.
2.2.10 Viscosity
Viscosity measurements were taken at 40 oC with a Cambridge Viscosity (Medford, MA)
Viscometer, VISCOlab 3000.

Approximately 1 mL of each IL was placed in the sample

chamber. The correct sized piston corresponding to the expected viscosity range was added and
the measurement was taken.
2.2.11 Spectroscopy
All Nuclear Magnetic Resonance (NMR) spectra were recording utilizing a Bruker
Avance Spectrometer Bruker/Magnex UltraShield 500 MHz (Madison, WI) or a Bruker
Spectrospin DRX 360 MHz UltrashieldTM spectrometer (Madison, WI). 1H (500 MHz) and 13C
(125 MHz) were collected using DMSO-d6 as the solvent with TMS (unless otherwise noted) as
the standard and shifts reported in δ (ppm). Infrared (IR) spectra were collected using a Bruker
ALPHA-FTIR (Madison, WI) by direct measurement via attenuated total reflectance of the neat
samples on a diamond crystal. Assignments for peaks observed in the 1H and

13

C NMR were

determined by direct comparison to literature examples of ions with similar structures.

40

2.3

Results and Discussion
2.3.1

Synthesis of Hypergolic Ionic Liquids

Thirteen halide salt precursors were synthesized through typical quaternization reactions5,23-32
between the neutral heterocycles and respective alkylating agents, such as iodomethane,
chloroethane, 1-chlorobutane, 1-bromobutane, 1-chloro-2-methoxyethane, allyl chloride, and
propargyl bromide (Scheme 2.1). A typical quaternization reaction was conducted by first dropwise adding 1.1 molar excess of the alkylating agent under a constant stream of argon to a round
bottom flask containing the pure heterorcycle while being stirred at 0 oC. The reaction was then
slowly heated to a gentle reflux for between 24 and 96 h and monitored by 1H NMR until no
unreacted heterocycle was detected. In the case of the reaction between propargyl bromide and
1-methyl-imidazole, a small amount of acetonitrile was added to the flask containing the
heterocycle to help dissipate some of the heat generated upon addition.

For the reactions

between iodomethane, allyl chloride, or butyl chloride with 1-methyl-1,2,4-triazole, 4-amino1,2,4-triazole, 1-methyl-pyrrolidine, pyridine, and 3-methyl-pyridine, acetonitrile was added as a
solvent as either the starting heterocycle is a solid at 0 oC (1-methyl-1,2,4-triazole, 4-amino1,2,4-triazole, or 1-methyl-pyrrolidine) or the subsequent halide salt was previously reported to
have too high of a melting point to remain a liquid at the reflux temperature (e.g., the
pyridindium-based halide salts).30-32 In each case where acetonitrile was added as a solvent, the
halide could be easily precipitated from solution upon the addition of ethyl acetate.
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Scheme 2.1. Overall synthetic pathway for the synthesis of the ILs via silver salt metathesis
The anion precursors Ag[DCA] and Ag[N3] were prepared through a stoichiometric
reaction between saturated aqueous solutions of either Na[DCA] or Na[N3] with Ag[NO3] which
immediately resulted in the precipitation of the respective silver salts from water. Na[NCA] was
generated in situ from the reaction of N-methyl-N-nitroso-N’-nitro-guanidine with NaOH. The
resulting basic solution was neutralized with HNO3 and a saturated solution of AgNO3 was then
added to yield the precipitation of Ag[NCA].4 Due to the potential shock sensitivity of the
synthesized silver salts, special care was taken to not isolate more than 25 mmol at any given
time and to constantly keep the salts stored as a suspension in methanol.
A saturated solution of the halide precursors in methanol were added to the suspensions
of a 1.1 molar excess of the corresponding silver salt described above. The mixtures were then
allowed to stir at 25 oC for at least 3 days while completely covered by aluminum foil to prevent
light oxidation.3 The metathesis reactions were monitored via 1H NMR by observing the upfield
shift of the azolium peaks until only a single set of cation peaks were present. The presence of
the anion was confirmed via 13C NMR and fourier transform infrared spectroscopy (FTIR). The
resulting silver halide salts were removed by double filtration through a Teflon filter and
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methanol was removed by reduced pressure at 40 oC to yield the desired products as nonviscous
liquids or solids. Additionally, a AgNO3 test was performed to ensure the completeness of the
metathesis reaction by adding a saturated aqueous solution of each salt to an acidified saturated
solution of AgNO3 to visually observe if any silver halide precipitated from the solution.
Thirty-eight salts (32 liquids and 6 solids) were isolated from thirteen cations and three
anions. The only failed metathesis reaction was the reaction between [PC1im]Br and Ag[N3],
which resulted in a black tar, which could not be spectroscopically identified. This result
matched a previous report17 where the tar was believed to be a decomposition product of a
“click” reaction between the alkyne functional group in the [PC1im]+ cation and [N3]-, but this
was not further investigated in Schneider et al.17
Upon the removal of excess silver salts, each isolated IL was extensively dried under
high vacuum (~ 1  10-4 torr) while being stirred and heated at 50-70 oC for between 7 and 10 d.
Additionally, each salt was freeze-thawed three times to remove any entrapped gasses and trace
amounts of volatiles. The purity of each salt was evaluated by monitoring the cation-specific
peaks in the 1H and

13

C NMR. Due to the lack of hydrogen atoms in each anion,

13

C NMR

([DCA] = 119 ppm, [NCA] = 117 ppm, and [N3] = no peak) and IR were utilized to characterize
the anion in each case. As each IL was hygroscopic, after the extensive drying stage, samples
were immediately analyzed with the remainder of the compound stored under argon and sealed
using a septum. Samples were not exposed to atmospheric conditions again until the hypergolic
ignition tests were conducted.
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2.3.2

Single Crystal Analysis

Single crystals were isolated for the precursor salt [C1Ntri]I and for four of the six solid
ILs, [C1Ntri][N3], [C1C1im][N3], [C1C1im][NCA], and [PC1im][NCA]. Single crystal X-ray
diffraction experiments were conducted for both identification of the isolated salts and to
determine if any specific trends in intermolecular contacts might provide insight into the
observed melting behavior and physical properties. Diagrams of the asymmetric units, short
contacts around each ion, and packing environments are shown in Figure 2.2.
[C1Ntri]I crystallized in the monoclinic space group C2/c with three symmetryindependent formula units per asymmetric unit. The three unique [C1Ntri]+ ions have similar
bond distances and angles, but differ by the orientation of the 4-amino group. Based on the
positions of hydrogen atoms located from the difference map, the amino groups on rings A and C
are oriented such that the amino lone pair eclipses C3, while on ring B the amino lone pair
eclipses C5. As a result of this the three formula units cannot be reduced by crystallographic
symmetry.
All three cations and anions in [C1Ntri]I have different short contact environments with
the main interactions being hydrogen bonding to the anion (especially from the amino hydrogen
atoms), electrostatic stacking of the anion with the ring, and cation-
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[C1Ntri]I

[C1Ntri][N3]
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[C1C1im][N3]

[C1C1im][NCA]

[PC1im][NCA]
Figure 2.2. Single crystal analysis of isolated compounds. From left to right for each salt: 50%
probability ellipsoid ORTEP diagram of the formula unit with the shortest cation-anion contact
noted; short (< sum of the van der Waals radii) contacts around the cation; short contacts around
the anion; and packing diagram. The disorder in [C1C1im][N3] was omitted for clarity.
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cation interactions between amino lone pairs and triazolium rings. The packing appears to be
mainly dominated by charge ordering of anions and cations.
The high Z’ and different orientations of the amino groups (Figure 2.3), appear to be
structural features which optimize N-H∙∙∙I hydrogen bonding. The three unique cations interact
with each other through the amino-ring interactions to form a cluster such that the amino groups
lie on the vertices of a triangle with their hydrogen atoms pointing away from the center of the
triangle. Cations B and C interact with cations on the neighboring clusters along the c axis,
forming an infinite helix, and these helices are arranged side-by-side down the b axis, forming
layers. Anion B is in the optimum spot for hydrogen bonding with these cation structures and
accepts two strong N-H hydrogen bonds and a ring C-H hydrogen bond from one cluster and
another N-H hydrogen bond from a cation cluster in the neighboring helix along b. Anion A
packs into the cation helices alternating with Anion B and accepts one N-H bond, although it is
less directional. Anion C accepts two N-H hydrogen bonds and bridges adjacent cation layers
along the a axis, completing the 3-dimensional network. This arrangement allows for a large
degree of cation-cation pi stacking and cation-anion stacking. The triazolium rings jut out of the
cation cluster like propeller blades which are able to interlace with the anions and each other
[C1Ntri][N3] crystallized in the monoclinic space group P21/n with one formula unit per
asymmetric unit. Cation-cation hydrogen bonds are observed between ring or methyl hydrogen
atoms on the donor cation and nitrogen atoms on the acceptor. The amine lone pair to azolium
ring interactions found in [C1Ntri]I are not present in this structure. The hydrogen atoms
attached to C3, C5, and the amine functional group form hydrogen bonds with terminal nitrogen
atoms on three unique azide anion molecules.
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Figure 2.3. Packing diagrams of [C1Ntri]I showing cation cluster (top left), anion-mediated
bridges between adjacent clusters (top right), and side-by-side arrangement of two infinite
helices of cation-cation linked clusters (bottom).
Two anions interact with the C2 position through out-of-plane short contacts on either
side of the ring. The packing appears to be mainly dominated by charge ordering of anions and
cations. The anion molecules pack above and below the edge of the cation (N4-C5) contain the
amine functional group which allows for many short contacts between terminal nitrogen atoms in
the azide anion and hydrogen atoms on C3, C5, and N6.
[C1C1im][N3] crystallized in the orthorhombic space group Pnma. Every non-hydrogen
atom has unique coordinates but resides on a crystallographic mirror plane, so there is one half of
a formula unit per asymmetric unit. Four of the cation-anion interactions are hydrogen bonds in
the plane of the ring, while two are out-plane-hydrogen bonds between anions and methyl
hydrogen atoms. Surprisingly, the anion stacks over the methyl group rather than the more
typical position over the core of the ring. The shortest contact observed is between the most
acidic proton, C2H, and N6, a terminal nitrogen atom on an azide anion. The packing is chargeordered, where the cations and anions form alternating columns along all three crystallographic
axes.
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[C1C1im][NCA] crystallized in the triclinic space group P-1 with one formula unit per
asymmetric unit. The single cation-cation short contact is an edge-to-edge π···π interaction.
Hydrogen atoms on C4 and C5 form short contacts with the terminal nitrile nitrogen and oxygen
atoms of a single [NCA]- anion, which results in the shortest contact observed. C2H makes a
bifurcated short contact between the central nitrogen and an oxygen atom on the same [NCA]anion. The central nitrogen atom of the [NCA] anion forms two short contacts with protons from
the C2 and methyl positions of the same cation. The carbon atom is involved in a π···π
interaction with a neighboring cation ring, and the terminal nitrogen atom accepts a single
hydrogen bond. In comparison, the two oxygen atoms in the nitro functional group form short
contacts with a total of six neighboring cation molecules. The packing consists of chains of
alternating cations and anions along the a axis, with the anion centered over the C2 position of
the cation. These chains are surrounded by antiparallel chains along b and c, forming a chargeordered network.
[PC1im][NCA] crystallized in the triclinic space group P-1 with one formula unit per
asymmetric unit. The cation-cation short contacts are present as π∙∙∙π stacking between alkyne
functional groups on unique carbon atoms and as a hydrogen short contact between the
methylene hydrogen atoms and two unique oxygen atoms. The acetylenic hydrogen atom makes
a bifurcated short contact with O1 and O2 in the same [NCA]- anion.
The hydrogen atoms in the imidazolium ring are donated in hydrogen bonds to two
unique oxygen atoms in two nitrocyanamide anions. The terminal nitrogen atom of the anion
nitrile group forms three short contacts with three unique cation molecules through either C9H or
C8H. In comparison, the nitro functional group in [PC1im][NCA] shows more interactions, with
six short contacts to five different cations observed. The oxygen atoms also form hydrogen
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bonds with the most acidic hydrogen atoms (the ring and acetylenic hydrogen atoms), which lead
to overall stronger interactions.
The propargyl group of the cation is closely associated with the propargyl group of
neighboring cations through π∙∙∙π stacking interactions. Despite the presence of cation-cation
interactions, the packing is very salt like. The cations and anions stack in chains along a. The
propargyl groups extend away from the ring cores where they can interact with each other
without interfering with the charge ordering.
2.3.3

Differential Scanning Calorimetry (DSC)

Each salt was evaluated by DSC to determine melting (Tm) and glass transitions (Tg)
which are provided in Table 2.1. The six isolated solids had melting points below 100 oC:
[C1C1im][DCA] (Tm = 22

o

C), [C1C1im][NCA] (42

o

C), [C1C1im][N3] (43

o

C with

decomposition), [C2C1im][N3] (44 oC), [PC1im][NCA] (76 oC), and [C1Ntri][N3] (33 oC).
Although 32 liquids were obtained, some caution is required since 14 of these exhibited no
observable melting or glass transitions which might be a result of the hygroscopic nature
observed for these compounds. Even trace amounts of water could interfere with a glass or
melting transition based on previous reports of similar behavior upon the uptake of water in
imidazolium-based ILs.33 Additionally, many ILs containing the [DCA]- anion possess glass
transitions below -90 oC, which was the lowest temperature possible using our DSC.
ILs containing the [DCA]- anion possessed the lowest melting points (-21 to 23 oC) for a
given cation of any of the anions studied here, and [DCA] - salts have been previously reported to
possess low viscosities and melting points due to this anion’s shape and the presence of weakly
coordinating nitrile functional groups.34-41 The salts of the [NCA]- anion (essentially [DCA]with one of the nitrile functional groups substituted with a more coordinating nitro
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Table 2.1. Melting (Tm) or Glass (Tg) Transitions (oC).
[DCA][NCA]Cation
Tg
Tm
Tg
Tm
22d,e
(34)35

[C1C1im]

+

[C2C1im]

+

(104)30

[C4C1im]+

-83
(-90)33

[C1O2C1im]

a

+

-16d
(-21)30
33

(-6)
a

(-85)

[PC1im]+

-74
(-61)3

(17)3

a

a

a

a

+

[C1Ntri]
[Pyrr14]

a
30

(106)

Tm
43c

18d

44d

-81
(-90)4

a

a

(-74)17

(26)17

-77
(-82)4

-81

14

a

a

(77)17

(19)17

b

b

-77
-74

-73
-75

15

-67

-64

76

33

-68
(-66)3
a

+

Tg

42

-83
(-91)4

3

[AC1im]+

[C1C4tri]+
[C1Atri]+

-81
(-73)4

[N3]-

30

a

a

a

(43)16
a

(-55)

a
a
a
a
[Pyrr1A]+
-21d
a
a
[C4C1py]
20
-79
a
a
a
a
[Apy]+
-80
a
Due to the hygroscopic nature of this salt, no transitions were observed. bCompound not
isolated due to side reactions. cCompound decomposed upon melting. dValues for
crystallization temperatures (Tc) are included in the experimental section where observed.
e
Values forsolid-solid transitions (Ts-s) are included in the experimental section where observed.
(Literature values in italics).
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group) exhibit significantly higher melting points (18 to 76 oC) for a given cation. The highest
melting points were observed for salts of the same cation with the much smaller [N3]- anion (14
to 44 oC) with more salts with melting points above 0 oC than any other anion (Table 2.1). For
example, the [C2C1im]+ salts exhibited increasing melting points from -16 oC for the [DCA]- salt,
to 18 oC for the [NCA]- salt, to 44 oC for the [N3]- salt.
For linear alkyl derivatives of the cations, the longer the alkyl chain the lower the melting
(e.g., [C1C1im][NCA]: Tm = 42 oC and [C2C1im][NCA]: Tm = 18 oC). This trend has been
reported for other azolium ILs.33

Additionally, the exchange of a short alkyl chain

([C2C1im][NCA]: Tm = 18 oC; Tg = -81 oC) for an allyl functional group led to a salt with no
melting transition and the depression of its glass transition ([AC1im][NCA]: Tg = -83 oC), which
again matches previous IL-specific trends based on the modification of these functional groups
attached to an azolium core.33

However, here the use of an alkyne with two degrees of

unsaturation led to a dramatic rise in the observed melting point ([PC1im][NCA]: Tm = 76 oC),
which might be due to the additional π stacking found in the propargyl functional group by
analysis of its single-crystal structure (Figure 2.2).
2.3.4

Thermogravimetric Analysis (TGA)

The T5%onset, or the temperature at which 5% of the sample has decomposed when the
sample has been heated at a rate of 5 oC/min to 800 oC, was measured to serve as an initial
indicator of a sample’s overall thermal stability (Table 2.2). ILs containing the [DCA]- anion
were the most thermally stable (as represented utilizing butylated derivatives in Figure 2.4) with
T5%onset generally increasing in the order [N3]- < [NCA]- < [DCA]- as observed for example for
the [C4C1im]+ salts with T5%onset = 215, 226, and 283 oC, respectively (Table 2.2). This trend
matches previous reports that the overall IL stability was related to the relative nucleophilicity
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Table 2.2. Five Percent Onset of Decomposition Temperatures (oC)
[DCA][NCA]Cation
Literature
Literature
T5%onset
T5%onset
Value
Value

[N3]T5%onset

Literature
Value

[C1C1im]+

274

27035

272

[C2C1im]+

281

27530

274

2534

220

[C4C1im]+

283

30033

275

2564

219

[C1O2C1im]+

285

262

2664

226

[AC1im]+

266

2073

264

2204

192

15017

[PC1im]+

197

1443

141

a

a

[C1C4tri]+

188

220

153

[C1Atri]+

172

212

129

[C1Ntri]+

187

1433

196

146

[Pyrr14]+

274

28334

270

175

[Pyrr1A]+

249

258

158

[C4C1py]+

249

265

166

[Apy]+

170

210

110

a

216

12916

Compound not isolated due to side reactions.

and basicity of the anion.42 In the case of the ILs based on the triazolium and pyridinium cations,
however, T5%onset increased from the less stable [DCA]- salts to the more stable [NCA]- salts
(e.g., [Apy][NCA] (199 oC) vs. [Apy][DCA] (170 oC) and [C1Ntri][NCA] (191 oC) vs.
[C1Ntri][DCA] (187 oC)).
Of the cations studied here, those based on the imidazolium core gave salts which were
the most thermally stable, which matched previous comparisons of azolium and cyclic
ammonium salts.35,43 Salts prepared with pyrrolidinium and pyridinium cations were slightly
less thermally stable than the imidazolium cations, but were more thermally stable than the ILs
containing the 1,2,4-triazolium heterocycle which exhibited the lowest T5%onset of any the cation
types tested for a given functional group and anion.
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Figure 2.4. Five percent onset decomposition temperatures of ILs that have been alkylated with
a butyl functional group.
The cation’s substituents also greatly influenced the T5%onset of the overall IL. In the case
of all three anions, the thermal stability of each IL increased upon lengthening the attached alkyl
chain from methyl ([C1C1im][DCA]: 274 oC) to ethyl ([C2C1im][DCA]: 281 oC) to butyl
([C4C1im][DCA]: 283 oC; Table 2.2, Figure 2.5). However, upon modification of the butyl
substituent to include a single oxygen within the chain, as in [C1O2C1im]+, the thermal stability
trend was not as clear. In the cases of [C1O2C1im][DCA] (285 oC) and [C1O2C1im][N3] (226 oC),
the T5%onset increased slightly relative to the respective [C4C1im]+-ILs upon the incorporation of
the oxygen atom, while in [C1O2C1im][NCA] (262 oC) the onset temperature was slightly lower.
The literature also reports similar conflicting trends44 where one paper indicates that ILs
containing short chain alkoxy-functionalized cations are less stable than the corresponding alkylfunctionalized ILs,45 while other reports suggested improved thermal stability of ILs containing
alkoxy-functionalized cations.46.
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Figure 2.5. Onset decomposition temperatures of ILs based on the imidazolium cation paired
with a [DCA]-, [NCA]-, or [N3]- anion.
Exchanging any saturated alkyl chain for one containing a single degree of unsaturation,
such as in [AC1im]+-ILs (Figure 2.5), led to a decrease in thermal stability with all anions, such
as in [AC1im][DCA] (266 oC) or [Pyrr1A][DCA] (249 oC) in comparison to [C4C1im][DCA] (283
o

C) or [Pyrr14][DCA] (274 oC). Further unsaturation, as in [PC1im][DCA] (197 oC), led to an

even further decrease in thermal stability.
2.3.5

Physical Properties of [DCA] - ILs

Although salts of both the [NCA]- and [DCA]- anions3-5 have been previously shown to
be hypergolic (spontaneous ignition upon contact) with WFNA, we did not observe any
hypergolicity with the ILs containing the [NCA]- anion which were liquid at 25 oC. While
crystalline samples of [PC1im][NCA] (Tm = 76 oC) and [C1C1im][NCA] (Tm = 42 oC) were
hypergolic with WFNA upon contact, a diminished reactivity was observed if the samples were
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allowed to absorb water, which suggested that the lack of hypergolicity in liquid [NCA]-based
samples was due to their hygroscopic nature under the typical handing in preparation for
hypergolic testing. Additionally, the [N3]- anion has been shown to only mildly react16,17 with
WFNA upon contact unless coupled with an already hypergolic ion.47 Thus, we chose to focus
further study on the [DCA]--based ILs to find any correlation between the quantitative
hypergolic ignition tests and the measured physical properties.
The viscosity of each IL containing the [DCA]- anion was determined using 1 mL of
sample at 40 oC, the temperature chosen to minimize the effect of the ambient heat generated by
the movement of the piston during measurement. Of the cations studied here, those based on the
imidazolium core gave salts which had the lowest viscosity when the attached functional group
was held constant. For example, [C4C1im][DCA] (19.29 cP) was reported to have the lowest
viscosity of all of the ILs containing the butyl functional group while the viscosity increased
when the heterocyclic core was changed to pyridnium ([C4C1py][DCA] 20.20 cP), 1,2,4triazolium (C1C4tri][DCA] 43.47 cP), or pyrrolidinium ([Pyrr14][DCA] 58.45 cP). This trend
matched previous comparisons of the viscosity of imidazolium and pyridinium-based ILs at 40
o

C where [C4C1im][DCA] (16.8 cP) has been reported to possess a slightly higher viscosity than

[C4C1py][DCA] (23.1 cP).40,41
The cation’s substituents also greatly influenced the viscosity of the overall IL. The
exchange of the butyl group (e.g. [C4C1im][DCA] 19.28 cP) for an allyl function group (e.g.
[AC1im][DCA] 10.78 cP) led to a dramatic drop in viscosity for all heterocylic cores, consistent
with literature reports of imidazolium salts with attached allyl functional groups possessing
extremely low viscosities.48,49 [AC1im][DCA] possessed the lowest observed viscosity of any of
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Table 2.3. Physical Properties and Ignition Delays of Selected [DCA]-based ILs.
Viscosity
Density
Ignition Delay
IL
(cP)a
(g/mL)a
(ms)b
36(5)
[C2C1im][DCA]
11.30
1.103
[C4C1im][DCA]

19.28
(16.8)41

[C1O2C1im][DCA]

21.55

1.056
(1.053)38
(1.049)41
1.139

[AC1im][DCA]

10.78

1.101

[PC1im][DCA]

31.68

1.159

[C1C4tri][DCA]

43.47

[C1Atri][DCA]

40.17

1.110
1.166

[C1Ntri][DCA]

47.47

1.277

[Pyrr14][DCA]

58.45

1.046
(1.106)41

[Pyrr1A][DCA]

18.27
20.20
(23.1)41
18.15

1.048
1.039
(1.040)41
1.131

[C4C1py][DCA]
[Apy][DCA]

46(6)
(47)3
51(6)
31(1)
(43)3
19(0)
(15)3
151c
55(7)
34(10)
(31)3
50(13)
(44)3
26(3)
49(0)
(37)3
30(2)

a

Viscosity and density measurements taken at 40 oC. bIgnition delay values given as an average
of three hypergolic drop tests with the standard deviation of the 3 runs in parentheses. cDue to its
highly hygroscopic nature, the sample exhibited very poor and hard to replicate ignition.
(Literature values in italics).
the synthesized [DCA]--salts, (Table 2.3), however, a further increase in unsaturation index to
the propargyl functionalized salt led to an increase in viscosity ([PC1im][DCA] 31.68 cP).
Only small differences were observed for the density of the ILs based on the heterocyclic
core with the density remaining relatively constant from [C4C1im][DCA] (1.056 g/mL) to
[Pyrr14][DCA] (1.046 g/mL) to [C4C1py][DCA] (1.039 g/mL) before slightly increasing upon the
modification to a 1,2,4-triazolium core as in [C1C4tri][DCA] (1.110 g/mL).
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Much larger differences in the density of the ILs were observed based on differences in
the functional group attached to each core. For example, increasing the degree of unsaturation
from fully saturated ([C4C1im][DCA] 1.056 g/mL) to allyl functionalized ([AC1im][DCA] 1.101
g/mL) to propargyl functionalized ([PC1im][DCA] 1.159 g/mL) led to a direct increase in the
density of the overall IL.

This trend was observed with all heterocyclic cores upon the

substitution of an allyl functional group for a butyl or ethyl alkyl chain. However, the highest
density observed was for [C1Ntri][DCA] (1.277 g/mL), which might be due to the high
percentage of N atoms and the presence of a N-N single bond, which have been previously
reported to lead to ILs with higher densities.50
2.3.6

Hypergolic Tests

To prepare for the hypergolic tests, each IL containing a [DCA]- anion was dried under
high vacuum (~ 1  10-4 torr) while being stirred and heated at 70 oC for between 7 and 10 days.
Although all of the ILs reported have T5%onset values over 70 oC, special care must still be taken
when heating these samples for long periods as they can decompose if heated above a certain
threshold. For example, [C1Ntri][DCA] quickly decomposed upon heating above 100 oC while
under vacuum, which led to visible and vigorous gas formation.

After the samples had

thoroughly dried, the samples were further purified through three freeze-thaw cycles to remove
any entrapped gases by flash freezing the solids with liquid N2 followed by slowly melting the
sample while under reduced pressure (~1 x 10-4 torr). After this cycle was repeated, the samples
were backfilled with argon and never exposed again to air until the ignition tests were conducted.
Ignition delay, or the elapsed time between contact of fuel and oxidizer and the resulting
ignition, was measured through a standard hypergolic IL drop test as originally described by
Schneider et al.3 A single drop (10 µL) of fuel was added via Hamiltonian syringe to a vial
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containing 500 µL of WFNA. The top of the vial was vertically displaced from the bottom of the
syringe by 2 cm on every drop test. The resulting ignition was monitored by a Y4 Redlake high
speed camera at 1000 frames/s. Each sample was tested three times and the value for ignition
delay was averaged and the standard deviation determined (Table 2.3).
Due in part to the highly sensitive nature of the hypergolic test, it is generally very
difficult to compare values for ignition delay between different research groups and each slightly
modified drop test apparatus. Here, we sought to provide accurate ignition delays for a number
of unique IL structures provided from the same drop test set up in order to guide future
computational and experimental studies. However, comparing our ignition delay values against
Schneider et al.,3 indicated most of the values were in good agreement, for example the ignition
delay of [C4C1im][DCA] (46 ms) in our study compared with the literature value of 47 ms.3
Nonetheless, in two cases ([AC1im][DCA] and [C4C1py][DCA]) our experimentally determined
values differed by over 10 ms, even though our results were reproducible with a standard
deviation of 1 ms or less.
Perhaps surprisingly, the IL that had the lowest ignition delay was [PC1im][DCA] with a
value of only 19 ms although it had the second highest reported melting point of any of the
[DCA]-based ILs (17 oC) and a moderately high viscosity (31.68 cP). This value nearly reached
the 15 ms ignition delay value threshold determined for unsymmetrical dimethyl hydrazine in a
similar hypergolic drop test reported in the literature. 51 Nonetheless, [C4C1py][DCA], which had
the highest melting point (20 oC), exhibited a very poor ignition delay value of 50 ms, and thus
there were no discernible trends in ignition delay with respect to the melting point of the
hypergolic IL.
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Although many ILs that have been reported to be hypergolic possess a low viscosity,
viscosity was also not directly related to ignition delay in our data, indicating that viscosity may
be a perquisite instead of guiding modifications leading to reductions in ignition delay. There
were also no correlations observed between the densities and the resulting ignition delays (Figure
2.6).
While the specific physical or thermal properties of the ILs did not appear to correlate
with a given ignition delay change as noted above, several trends are apparent when the ignition
delays are compared to the chemical structure of the IL’s cation.

An attached alkyl or

methyoxyethyl group led to the highest ignition delays with an increasing delay observed upon
the addition of more alkyl subunits (e.g., [C2C1im][DCA] 36 ms; [C4C1im][DCA] 46 ms; Figure
2.7), or the introduction of an ether functionality ([C1O2C1im][DCA] 51 ms).
The nature of the heterocyclic core in the cation also was important in the series of ILs
tested here. For example, comparing different heterocycles with the same alkyl functional group
(butyl), the ignition delay was approximately the same for the imidazolium ([C 4C1im][DCA] 46
ms), pyridinium ([C4C1py][DCA] 49 ms), and pyrrolidinium ([Pyrr14][DCA] 50 ms) ILs (Figure
2.7), but dramaticallu higher for the triazolium heterocycle ([C4C1tri][DCA] 151 ms). A similar
trend was also observed when the allyl functional group was present. Here again, the ignition
delays were approximately the same for pyrrolidnium ([Pyrr1A][DCA] 26 ms), pyridinium
([Apy][DCA] 30 ms), and imidazolium ([AC1im][DCA] 31 ms) ILs, with a clear increase in
ignition delay observed for the related respective triazolium IL([AC1tri][DCA] 55 ms).
Interestingly, the N-NH2 functional group in [C1Ntri][DCA] led to a moderately fast ignition
delay even while being attached to the least reactive heterocyclic core tested, 1,2,4-triazolium.
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Figure 2.6. (left) Viscosity of hypergolic [DCA]--based ILs vs. ignition delay and (tight)
Density of hypergolic [DCA]--based ILs vs. ignition delay

Figure 2.7. Ignition delay for selected [RC1im][DCA] ILs.
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Figure 2.8. Ignition delay of [DCA]-based ILs with different heterocyclic cation cores which
contained either a butyl or allyl functional group.

2.4

Conclusions
Overall, the only trend observed for the ignition delay was based on the attached

functionality to the cation heterocycle core.

Increasing unsaturation index and N-NH2

functionality led to the shortest reproducible ignition delays. All allyl substituted cations (with
the exception of the poorly performing [C1Atri][DCA]) had ignition delays 31 ms or less. In
fact, increasing the unsaturation index by another unit to incorporate an attached alkyne
functional group led to the shortest reproducible ignition in this study at 19 ms for
[PC1im][DCA].

Incorporating N-NH2 functionality led to an ignition delay of 34 ms for

[C1Ntri][DCA], which was the lowest reported ignition delay for any 1,2,4-triazolium-based salt.
While ignition delay is a key component to a potential hydrazine replacement system,
other factors play crucial roles, such as energy density and viscosity.

Even though

[PC1im][DCA] exhibited the shortest ignition delay, numerous other negative factors weigh
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against it as a potential hypergolic bipropellant replacement for hydrazine. The same functional
group that promotes faster ignition (19 ms) also contributes to a higher viscosity (31.46 cP),
higher melting point (17 oC), and lower thermal stability (197 oC). Other functional groups that
also provide short ignition delays and lower viscosities (alkene) or higher densities (N-N) should
be considered further.
The development of hypergolic ILs has typically focused on the “hunt for new
hypergols” or the synthetic development of new ion platforms with desired physical properties.
While certain physical characteristics observed were likely prerequisites for the observation of
hypergolic behavior, such as low viscosity, below a certain threshold value no reduction of
ignition delay was observed by further improving these properties. Thus, a design strategy to
tune the chemical nature of the cation paired with known hypergolic anions is a critical
component to increase reactivity and provide lower ignition delays.
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CHAPTER 3

HYPERGOLIC IONIC LIQUIDS TO MILL, SUSPEND, AND IGNITE BORON
NANOPARTICLES

Taken as part of a published manuscript: McCrary, P. D.; Beasley, P. A.; Cojocaru, O. A.;
Schneider, S.; Hawkins, T. W.; Perez, J. P. L.; McMahon, B. W.; Pfeil, M.; Boatz, J. A.;
Anderson, S. L.; Son, S. F.; Rogers, R. D. Chem. Commun. 2012, 48, 4311-4313.

3.1

Introduction
Energetic ionic liquids (EILs, salts which melt below 100 oC with potential as energetic

materials)1 have been reported as hypergolic, indicating they spontaneously ignite on contact
with a variety of oxidizers,2,3,4 but many challenges still remain to their practical use such as low
density5 and relatively low heats of combustion6 when compared to the current state of the art
hypergols, such as hydrazine.7 One approach that can be taken to improve EIL performance is to
provide an additive which does not interfere with the desired IL traits such as low or negligible
vapor pressure. Ionic liquids are already known as a solvent media to synthesize and stabilize
nanoscale additives, such as Pt, Ir, and Pd;8,9,10,11 however, we are interested in the ability of an
IL to passivate the surface of nanoparticles while providing a stable suspension which could lead
to higher energy density EILs.
Boron (B) is widely studied for its use as an energetic additive in both micro12 and nano13
sizes as a result of its high heat of combustion; however, because it is normally coated by a
passivating oxide layer, it requires temperatures over 1500 oC to ignite.14 Anderson et al. have
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demonstrated that air-stable and hydrocarbon-dispersible, nanoparticulate B can be prepared by
milling macro B with a ligand to create ligand-protected B nanoparticles. For example, oleic
acid was utilized as a ligand to create unoxidized B nanoparticles (60 nm in diameter) that are
easily dispersible in petroleum based jet fuels.15,16 Here, we report the use of the IL 1-methyl-4amino-1,2,4-triazolium dicyanamide ([C1Ntri][DCA]) as milling agent for B. [C1Ntri][DCA]
was chosen based both on the hypergolic nature of this IL and the likely amine-B surface
interactions which we hypothesized would form.

3.2

Experimental
3.2.1

Chemicals

1-methylimidazole, 1-chlorobutane, sodium dicyanamide, silver nitrate, 4-amino-1,2,4triazole, methyl iodide, 1-ethyl-3-methylimidazolium acetate, potassium carbonate, and acetone
were purchased from either Sigma-Aldrich (St. Louis, MO) or Alfa Aesar (Ward Hill, MA). 1methylimidazole was redistilled and kept under vacuum prior to use while all other chemicals
were used without any further purification. Feedstock boron particles (2 µm in diameter, 97%)
were purchased from C.R. Supply Company (West Wills, CA). White Fuming Nitric Acid
(98%) was purchased from Alfa Aesar and stored in a refrigerator until ready for use.
3.2.2

Preparation of Boron Nanoparticles

Following a modified protocol developed by Anderson et al.,15,16 boron with an average
diameter of 2 µm was ball-milled using a planetary ball mill (Spex-CertiPrep 800 M, Metuchen,
NJ) with tungsten carbide milling jar and 1/8” diameter spherical balls to create B nanoparticles
(60 nm in diameter). The boron feedstock (2 g) was first milled for a total of 12 h (80:1 ball-topowder mass ratio; 300 rpm) to break the particles and expose more reactive surfaces.
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Subsequently the B was milled in the presence of surfactant or IL for an additional 6 h, and then
another 6 h with acetonitrile (200 mL) as a dispersive solvent. Boron feedstock was milled with
either no ligand, a combination of oleic acid and oleyl amine (1.5 mL, 1:1 v/v), or
[C1Ntri][DCA] (1.5 mL). In the case where B was milled without ligand, the surfactant milling
step was omitted from the procedure. Acetonitrile was added in the last milling step to help
reduce viscosity, disperse the particles, and to allow easy transfer the newly milled nanoparticles.
3.2.3

Combustion Microcalorimetry

The heat of combustion was determined using a Parr (Moline, IL) (series 1425)
semimicro oxygen bomb calorimeter. The substances were burned in an oxygen atmosphere at a
pressure of 30 atm. Each sample was loaded into a crucible and placed in the bomb with a 5 five
turn nichrome wire dipped into the liquid sample. The energy equivalent of the calorimeter was
determined with a standard reference sample of benzoic acid. Each sample was run twice and
the values averaged.

The ΔHc was determined to be -30970 J/g for the neat 1-butyl-3-

methylimidazolium dicyanamide ([C4C1im][DCA]), which compares favorably with the
literature results of ΔHc= -30605 ± 4.4 J/g.6
3.2.4

Ignition Delay and Burn Duration

A Redlake Motion Pro® HS 4 (Tallahassee, FL) was utilized to capture the hypergolic
process at 1000 fps at either 1280 X 1024 or 512 X 512 resolution depending on the size of the
flame.

Although the same vial size and procedures were utilized in the study of both

[C4C1im][DCA] and [C1Ntri][DCA], the camera resolution and frame size had to be adjusted for
the recording of the [C1Ntri][DCA] studies due to the larger flame size. The resulting images
make the vial sizes appear to be different, when in fact they are the same. The ignition delay was
determined by counting the frames from which the fuel hit the oxidizer until the first signs of a
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visible flame. Burn duration was determined to be the time from the first signs of visible ignition
until the last visible flame. Each sample was run three times and averaged.
3.2.5

Synthesis of Ionic Liquid Precursors

1-Butyl-3-methylimidazolium chloride ([C4C1im]Cl). 1-methylimidazole (150.00 g, 1.83
mol) was distilled directly into the reaction flask and a 1.1 molar excess of 1-chlorobutane
(204.64 g, 2.00 mol) was added and the reaction was refluxed under Argon through Schlenk-line
techniques. The reaction was monitored by NMR until all traces of 1-methylimidazole were no
longer visible, or 96 h. The remaining excess of 1-chlorobutane was removed under reduced
pressure and the product was slowly cooled to a white crystalline solid.

1

H NMR (360 MHz,

DMSO-d6) δ ppm: 9.12 (1H, s), 7.93 (1H, s), 7.85 (1H, s), 4.22 (2H, t, J = 7.132 Hz), 3.90 (3H,
s), 1.77 (2H, quintet, J = 7.427 Hz), 1.25 (2H, sextet, J = 7.538 Hz), 0.90 (3H, t, J = 7.310 Hz).
1-Methyl-4-amino-1,2,4-triazolium iodide ([C1Ntri]Cl).17 4-amino-1,2,4-triazole (400 g,
4.76 mol) was weighed out and piecewise added into a 6 L jacketed filter reaction flask
containing 2 L of reagent grade acetonitrile while agitating with a glass stir shaft and Teflon
paddle. The jacket was slowly heated to 35 oC during the addition. When the 4-amino-1,2,4triazole was inside the reactor an additional 2 L - 2.5 L of acetonitrile was added with continued
stirring at 35 oC until all of the solids dissolved (3 h to achieve dissolution). The reactor was
covered to minimize light exposure. While at 35 oC, the methyl iodide was added slowly dropwise 1688 g (11.9 mol) over ~ 2 h, keeping the temperature of the solution under 40 oC during
the addition. At the end of the methyl iodide addition, the chiller was turned off, and the reaction
mixture allowed to cool down while agitating overnight. The reaction was monitored by TLC
(7:3; ethyl acetate/methanol). When the reaction was complete, the jacket was cooled (chiller set
to 0 oC) with ensuing solid precipitation. The solids were then filtered directly through the
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reactor filter via nitrogen pressure (< 5 psi) and removed to obtain 1300 g crude product. The
crude solids were divided into 600 g – 700 g quantities and each recrystallized in 3000 mL
quantities of absolute ethanol to yield a white crystalline solid. Melting point 98 oC; 1H NMR
(360 MHz, DMSO-d6) δ ppm: 10.12 (1H, s), 9.16 (1H, s), 6.94 (2H, s), 4.02 (3H, s); 13C NMR
(125 MHz, DMSO-d6) δ ppm: 145.11 (s), 143.00 (s), 39.11 (s).
Silver dicyanamide (Ag[DCA]).2

Sodium dicyanamide (13.35 g, 150 mmol) was

dissolved in 20 mL DI water and added dropwise to a solution of silver nitrate (25.48 g, 150
mmol) in a 100 mL round bottom flask with a Teflon stirbar. The mixture was stirred overnight
in darkness at room temperature, and the resulting white solid was vacuum filtered and washed
with DI water followed by methanol. The solid was dried in a vacuum oven at 70 oC for 24 h.
3.2.6

Metathesis Reactions to Synthesize Hypergolic Ionic Liquids

1-Butyl-3-methyl-imidazolium dicyanamide ([C4C1im][DCA]). [C4C1im]Cl (12.482 g,
71.46 mmol) stored in separate vials was dissolved in 25 mL of dry methanol and transferred to a
250 mL round bottom flask containing a 1.1 molar excess of Ag[DCA] (13.670 g, 78.61 mmol)
as synthesized above containing 175 mL of dried methanol. An excess of Ag[DCA] was used to
ensure complete conversion due to the limited solubility in methanol. The flask was covered
with aluminum foil and stirred for 3 days. AgCl and remaining Ag[DCA] was filtered and the
solvent removed through reduced pressure.

The resulting clear oil was dissolved in the

minimum amount of methanol and filtered again to remove trace amounts of AgCl dissolved in
the IL. The methanol was removed through reduced pressure. The IL was dried by high vacuum
drying and freeze thawed to remove remaining gas. A clear nonviscous liquid was obtained.
TGA: Tdec5% = 257 oC; 1H NMR (360 MHz, DMSO-d6) δ ppm: 9.08 (1H, s), 7.74 (1H, s), 7.67
(1H, s), 4.16 (2H, s), 3.85 (3H, s), 1.78 (2H, quintet (triplet of triplets)), 1.27 (2H, sextet), 0.90
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(3H, t);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 136.95 (s), 124.03 (s), 122.69 (s), 119.55 (s),

49.07 (s), 36.183 (s), 31.81 (s), 19.26 (s), 13.65 (s).
1-Methyl-4-amino-1,2,4-triazolium dicyanamide ([C1Ntri][DCA]). [C1Ntri]I (50.0 g, 221
mmol) was dissolved in methanol with a 1.1 molar equivalent of Ag[DCA] (42.27 g, 243.1
mmol). An excess of Ag[DCA] was used to ensure complete conversion due to the limited
solubility in methanol. AgCl and any remaining Ag[DCA] was filtered and the solvent removed
through reduced pressure to yield a colorless liquid. TGA: Tdec5% = 161 oC; 1H NMR (500 MHz,
neat liquid) δ ppm: 10.67 (1H, s), 9.74 (1H, s), 7.39 (2H, s, NH2), 5.00 (3H, s, CH3); 13C NMR
(125 MHz, neat liquid) δ ppm: 146.2 (s), 144.0 (s), 120.1 (s), 40.4 (s); 15N NMR(400 MHz, neat
liquid)  ppm: 86.3 (s), -169.3 (s), -189.5 (s), -305.4 (t, 1JHz 72), -218.5 (s), -368.2 (s).
3.2.7

Thermogravimetric Analysis (TGA)

All experiments were done on a TA Instruments (New Castle, DE) model 2950
thermogravimetric analyzer. The instrument’s internal temperature was calibrated by observing
the Curie point of Nickel (358.15 oC). In order to investigate the decomposition profile of the
boron loaded ILs, samples of 5-25 mg were analyzed on a platinum pan under a purge of argon
and measured via dynamic heating. Samples were heated from room temperature to 75 oC at 5
o

C/min and held as an isothermic temperature for 30 min in order to ensure excess volatiles or

residual solvents were removed. Following the isotherm, samples were heated to 800 oC at 5
o

C/min. Decompositions temperatures were recorded as the onset to 5% weight mass loss

(T5%onset).
3.2.8

Spectroscopy

All Nuclear Magnetic Resonance (NMR) spectra were recording utilizing a Bruker
Avance Spectrometer Bruker/Magnex UltraShield 500 MHz (Madison, WI) or a Bruker
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Spectrospin DRX 360 MHz UltrashieldTM spectrometer (Madison, WI). 1H (500 MHz) and 13C
(125 MHz) were collected using DMSO-d6 as the solvent with TMS (unless otherwise noted) as
the standard and shifts reported in δ (ppm). Infrared (IR) spectra were collected using a Bruker
ALPHA-FTIR (Madison, WI) by direct measurement via attenuated total reflectance of the neat
samples on a diamond crystal. Assignments for peaks observed in the 1H and

13

C NMR were

determined by direct comparison to literature examples of ions with similar structures.

3.3

Results and Discussion
3.3.1

Loading of Boron Nanoparticle Colloids

Following the protocols developed by Anderson et al., B with an average diameter of 2
µm was ball-milled using a tungsten carbide milling jar and 1/8” diameter spherical balls to
create B nanoparticles (< 20 nm in diameter).15,16 Boron (2 g) was added to the ball milling
apparatus and dry milled, followed by additional milling with either no ligand, a combination of
oleic acid and oleyl amine (1.5 mL, 1:1 v/v), or [C1Ntri][DCA] (1.5 mL). Acetonitrile was then
added for the final milling as a co-solvent to help reduce the viscosity and easily transfer the
nanoparticles.
The resulting acetonitrile suspensions were stable to air and these samples were
manipulated on the benchtop. The solvent was removed by rotoevaporation followed by heating
and stirring under high vacuum. The samples were taken into a drybox where they were stored
in an Ar atmosphere until used.
The suspendability and stability of the milled B particles were investigated by preparing
mixtures with the IL 1-butyl-3-methylimidazolium dicyanamide ([C4C1im][DCA]).

This

hypergolic IL was chosen for the initial studies in determining the appropriate loadings and
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handling conditions due to its easier preparation,2 characterization,5,6 and availability.
[C4C1im][DCA] was freeze thawed to remove any dissolved gases or water by placing the vial in
a N2(l) bath while under high vacuum and subsequently allowed to warm, forcing out any
trapped gases.
Compositions of 0.2 % to 0.7 % w/w B from each of the three milled samples were
prepared by diluting the weighed B samples with neat [C4C1im][DCA] to prepare 1-2 mL
samples. Initially a clear IL phase with aggregated B particles resting on the bottom was
observed in each case. The vials were then removed from the drybox and vortex mixed and
stirred, but without dispersion.
Each of the samples was ultimately dispersed by using a Branson 5510 bath sonicator.
The vials were sonicated for consecutive 99 min cycles until no particles were visible, typically
at least eight cycles. In each case black colloids formed with very weak yellow-orange hues
around the edges. These suspensions did settle out over time (see below), however, each sample
(all milling conditions and loadings) was easily resuspended upon vortex mixing and sonication
(many fewer cycles were required). All colloids exhibited the same stability whether freshly
prepared or redispersed.
Interesting differences in the stabilities of the particles milled under different conditions
were noted. Boron milled with no surfactant gave the least stable colloids with aggregation in
less than 24 h. Boron particles milled with the surfactant mixture were slightly more stable,
lasting 24 h, however, the compositions with B milled in [C1Ntri][DCA] had the greatest stability
with colloids lasting 48 h. In all cases, higher B loadings (0.5-0.7%) were more prone to
aggregation, but little difference in stability was noted for either the 0.2% or the 0.33% loadings.
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Figure 3.1. Loading of nanoparticle-IL colloids: (a) [C1Ntri][DCA]-milled B nanoparticles; (b)
Neat [C1Ntri][DCA]; (c) Boron loaded in [C1Ntri][DCA] at 0.33 wt% B
Boron nanoparticles from the three milling conditions were next loaded to 0.33 wt% in
[C1Ntri][DCA] utilizing the methods described above (Figure 3.1).
Thermal gravimetric analyses were performed on the colloidal nanofluids in
[C4C1im][DCA] and [C1Ntri][DCA]. The addition of B nanoparticles from any preparation did
not have an effect on the decomposition temperature or the characteristic decomposition profile
of either IL (Figure 3.2). When these tests were conducted with an air purge, mass gain was
noted corresponding to the oxidation of the B above 400 oC.
Combustion microcalorimetry was used to determine the heats of combustion of neat
[C4C1im][DCA] and the colloids using a Parr (series 1425) semimicro oxygen bomb calorimeter.
The samples with B exhibited lower heats of combustion compared to the neat IL and to the
values expected when calculated using the B contributions indicating that the energies and
temperatures were insufficient to combust B.
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Figure 3.2. Thermal stability of nanoparticle-IL colloids: (top) [C4C1im][DCA] loaded colloid
and (bottom) [C1Ntri][DCA] loaded colloid.
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3.3.2

Hypergolic Ignition Tests

Hypergolic drop tests were then conducted to determine the effects, if any, the B
nanoparticles might have on ignition delay and other ignition characteristics. The hypergolic
apparatus and tests described by Schneider et al.2 were employed. A droplet (10 µL) of the IL
was added to a vial, via a Hamiltonian syringe, containing the oxidizer in large excess (500 µL of
98% white fuming nitric acid (WFNA)) at 20 ºC to ensure complete ignition of the fuel. The
ignition delay and flame duration times were determined using a Redlake MotionPro HS-4 high
speed camera at 1000 frames per second. Each experiment was repeated for three ignitions and
the values for ignition delay and ignition duration were averaged. The results are presented in
Table 3.1.
Table 3.1. Hypergolic and stability properties of nanoparticle dispersions.
Colloidal Ignition Ignition
Stability Delaya Duration
Compound
Notes
(h)
(ms)
(ms)

[C4C1im][DCA]
0.33% B no ligand
0.33% B surfactant
0.33% B [C1Ntri][DCA]

N/A

44(2)b

<24
24
48

44(3) 108(41)
43(3) 110(50)
44(3) 130(31)

N/A

37(6)

106(6)

77(18)

One Flame – Medium

One Flame – Very weak
Two Flames – Medium
Three Flames – Medium and High

One Flame – Medium

[C1Ntri][DCA]
0.33% B no ligand
<24
43(9) 52(12)
One/Two Flames – Very weak
0.33% B surfactant
24
45(11) 56(7)
One Flame - Medium
0.33% B [C1Ntri][DCA]
48
45(14) 43(4)
One Flame – Very Strong
a
As measured from the time the drop hits the oxidizer until the first sign of a flame; b47 ms has
been reported in the literature for this IL.2
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The incorporation of 0.33 wt% B from any of the three preparations did not have any
effect on the observed ignition delay of either IL tested (Table 3.1) within the accuracy of
determination. However, as discussed below, differences in the number, intensity, and duration
of the resulting flames were clearly different depending on which capping agent was utilized in
the B milling step.
Neat [C4C1im][DCA] exhibited a single medium intensity flame (Figure 3.3) as also
reported in the literature.2,18 Incorporation of the B milled with no ligand significantly reduced
hypergolic performance leading to smaller flames with observable residual mass deposited on the
sides of the vial after ignition.

Utilizing B particles milled in the oleic acid/olelyl amine

surfactant mixture led to a complex flame behavior reproducibly exhibiting two flames which
lengthened the overall time of combustion. The samples loaded with B milled in [C1Ntri][DCA]
gave the most complicated behavior with three flames (Figure 3.4).
It is clear from comparing the runs with neat [C4C1im][DCA] (e.g., Figure 3.3c in full
burn) with those loaded with B nanoparticles (e.g., Figure 3.4c-g) that addition of the B
nanoparticles did not enhance the reaction. There is also no evidence that the B ignited in these
experiments.

Additionally, such complicated behavior and multiple flames would provide

extremely poor performance.
The hypergolic behavior of [C4C1im][DCA] can be contrasted to that of [C1Ntri][DCA]
where significant differences suggest a more robust hypergolic system. Incorporation of B
nanoparticles milled with no ligand to [C1Ntri][DCA] shortened the duration of the burn and led
to very weak flames. Adding the B milled with the oleic acid/olelyl amine surfactant mixture
also led to a shorter burn, but flame intensity observed was only slightly reduced.
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Figure 3.3. Hypergolic test of neat [C4C1im][DCA] with 98% WFNA: (a) drop hitting, (b) first
sign of ignition, (c) burning, (d) last indication of burn.
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Figure 3.4. Hypergolic test of neat [C4C1im][DCA] with 98 % WFNA with 0.33% B milled in
[C1Ntri][DCA]: (a) drop hitting, (b) first sign of ignition, (c) flame from first ignition, (d) end of
first flame, (e) second flame, (f) second flame diminishes, (g) third flame starts (h) last indication
of burn.
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Adding B milled in [C1Ntri][DCA] led to significant enhancements in performance
(Figure 3.5). When the 0.33% B loaded [C1Ntri][DCA] was dropped into WFNA, an extremely
powerful and intense single flame appeared with a very short burn indicating a very quick and
powerful ignition. These drop tests led to the largest and most intense flames of any of the tested
materials. The extremely bright, white flames qualitatively indicated B ignition.13,14
3.3.3

Surface Reactivity of Boron Nanoparticles

FTIR data (Figure 3.6 and 3.7) suggests at least one partial explanation for the differences
in the hypergolicity after adding B to the two ILs. The data indicate that the hypergolic anion is
interacting with the B surface in [C4C1im][DCA], but not in [C1Ntri][DCA] with its coordinating
cation. Studies to confirm the exact nature of the IL/B surface interactions are currently in
progress.
Production of B nanoparticles by milling B in the presence of the hypergolic IL
[C1Ntri][DCA] leads to more stable dispersions of these nanoparticles in [C4C1im][DCA] and
[C1Ntri][DCA]. The presence of these nanoparticles does not change the hypergolic ignition
delay for these ILs, however, when added to [C4C1im][DCA] there is little enhancement of the
hypergolic burn and instead a complicated burn pattern emerges.

By contrast, when B

nanoparticles are milled in [C1Ntri][DCA] and then dispersed in this IL, a single, shorter, much
more intense burn is observed suggesting ignition of the B. These differences could be the result
of the differing coordinative abilities of the two ILs to B, where, for example [C4C1im][DCA]
can coordinate B via the anion, while [C1Ntri][DCA] can coordinate B with the cation, the anion
or both.
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Figure 3.5. Hypergolic test of neat [C1Ntri][DCA] neat (top) and loaded with 0.33% B milled in
[C1Ntri][DCA] (bottom) with 98% WFNA: (a) drop hitting, (b) first sign of ignition, (c) burn
ongoing, (d) last indication of burn. The resolution was lowered to fit the larger flames in the
camera frames: vial sizes in all runs are identical.
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Figure 3.6. [DCA]- interacts with the boron surface in [C4C1im][DCA]: (top) –CN asymmetric
and symmetric stretches are shifted to lower wavenumbers upon the addition of B nanoparticles;
(bottom) –N-CN stretch is shifted to lower wavenumbers upon the addition of B nanoparticles
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Figure 3.7. [C1Ntri]+ interacts with the boron surface in [C1Ntri][DCA]: (top) –N-H stretches
are broadened upon the addition of B nanoparticles; (bottom) –CN stretch are identical upon the
addition of B nanoparticles
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3.4

Conclusions
Taken as a whole, the results reported here suggest EILs can be designed to provide

unique stabilizing environments for reactive nanoparticles and that the nanoparticles can provide
unique enhancements of the EIL properties such as increased density or hypergolic performance.
Future work from our Groups will focus on understanding the surface interactions of the ILs and
nanoparticles in an effort to find suitable IL/nanoparticle combinations that will provide
infinitely suspendable nanofluids with appropriate properties needed for new energetic materials.
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CHAPTER 4

TUNING AZOLIUM AZOLATE IONIC LIQUIDS TO PROMOTE SURFACE
INTERACTIONS WITH TITANIUM NANOPARTICLES LEADING TO INCREASED
PASSIVATION AND COLLOIDAL STABILITY

Taken as part of a published manuscript: McCrary, P. D.; Beasley, P. A.; Kelley, S. P.;
Schneider, S.; Boatz, J. A.; Hawkins, T. W.; Perez, J. P. L.; McMahon, B. W.; Pfiel, M.; Son, S.
F.; Anderson, S. L.; Rogers, R. D. Phys. Chem. Chem. Phys. 2012, 14, 13194-13198.

4.1

Introduction
Unique, accessible properties, such as high thermal stability, large liquid ranges, high

heats of formation, and low to negligible volatility, have led to increased efforts to utilize ionic
liquids (ILs; salts with melting points below 100 oC) to replace currently used energetic materials
to promote safety and decrease environmental hazards.1 Our initial strategies have focused on
independent design of either ion to tune the physical and chemical properties of ILs; 2,3 however,
often the prospective energetic ionic liquids (EILs) suffer from low energetic densities and heat
of combustion.4,5 Nanoparticles, of certain elements, might provide increased energetic density
and higher heats of combustion by increasing the overall energy of the system far beyond the
heat of formation of the typical products of combustion without further increasing the volume of
the system.6 Incorporation of the correctly chosen nanoparticle additives can lead to a variety of
performance improvements, such as decreased ignition delay, decreased burn time, and higher
density impulse.7
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ILs have already been found to be excellent solvents for nanoparticle synthesis and
suspension as the ions provide a steric and electrostatic stabilizing force to prevent aggregation. 810

The use of non-functionalized ILs has led to some success in a variety of applications,11,12 but

the long-term stability is still an unknown factor with many of the ILs contemplated as energetic
materials. We, for example,13,14 demonstrated that boron nanoparticles can act as energetic
additives in EILs based on the dicyanamide ([DCA]-) anion when correctly passivated through
IL interactions along the surface of the nanoparticles. We found that if a non-coordinating cation
was utilized, the surface interactions take place with the [DCA]- anion leading to poor hypergolic
ignition. This suggested that a methodology was needed to induce more favorable surface
interactions with the non-trigger counter ion leaving the active ion free to ignite. These results
suggested that if the EIL could be designed to include specific metal-surface coordinative
interactions, one might be able to passivate and stabilize the nanoparticle dispersions, while
greatly enhancing the energetic density.
Chemically designing the IL to specifically interact with the surface of the nanoparticle
via coordination would allow one to alter the strength of such an interaction by control of the
coordinating functionality. It has been shown that coordination can be utilized to increase the
stability and catalytic activity of Rh and Pd nanoparticles in an IL by incorporating phosphine
functional groups.15,16 However, our challenge is greater than simply the stabilization of the
nanoparticles. A properly chosen energetic composite system, must maintain the appropriate
physical and chemical properties (e.g., high density, low viscosity, large liquid range, high
thermal stability) and the unique chemical properties (e.g., hypergolicity, short ignition delay,
improved energetic density), while simultaneously passivating and stabilizing the nanoparticle
suspension.
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4.2

Experimental
4.2.1

Chemicals

1-Methylimidazole, 1-chlorobutane, 5-amino-tetrazole, 4,5-dicyano-imidazole, 4-nitroimidazole, 2-methyl-4-nitro-imidazole, potassium carbonate, and anhydrous acetone were
purchased from Sigma-Aldrich (St. Louis, MO). 1-Methylimidazole was redistilled and kept
under Argon prior to use while all other chemicals were used without any further purification.
Titanium(0) nanoparticles (< 100 nm in diameter) were purchased from Sigma-Aldrich as a
dispersion in mineral oil. The dispersion was washed with freshly distilled n-hexane while under
inert atmosphere in a VAC-Omni drybox (Hawthorne, CA) to remove mineral oil. Titanium(IV)
dioxide rutile nanopowder (< 100 nm) was purchased from Sigma-Aldrich (St. Louis, MO) and
used as received. Ultra-pure Argon (> 99.999%) was purchased from Airgas (Radnor Township,
PA) and used as received.
4.2.2

X-ray Photoelectron Spectroscopy

All XPS analyses were run on a Kratos Axis 165 XPS/Auger (Manchester, UK)
containing an Al X-ray source. Samples were prepared neat by applying droplets of either neat
IL or dispersions of Ti in an IL to a copper stub with a depression to allow the liquid to reside.
Samples were brought under high vacuum (~1 X 10-8 torr) in the antechamber before allowed to
enter the sampling chamber (~1 X 10-9 torr).
4.2.3

Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-

ray Analysis (EDX)
Measurements for STEM were carried out on a FEI (Hillsboro, OR) Tecnai F-20 TEM
under high vacuum conditions (~1 X 10-9 torr) at 200 kV. EDX measurements were taken at an
accelerating voltage of 200 kv with an α tilt of 15.38 degrees at an input full width at half
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maximum of 150 eV @ 5.9 kEV. Samples were prepared on a copper disc and blotted to remove
excess ionic liquid.
4.2.4

Synthesis of Ionic Liquids

1-butyl-3-methylimidazolium chloride ([C4C1im]Cl). 1-methylimidazole (150.00 g, 1.83
mol) was distilled directly into the reaction flask and a 1.1 molar excess of 1-chlorobutane
(204.64 g, 2.00 mol) was added and the reaction was refluxed under Argon through Schlenk-line
techniques. The reaction was monitored by NMR until all traces of 1-methylimidazole were no
longer visible, or 96 h. The remaining excess of 1-chlorobutane was removed under reduced
pressure and the product was slowly cooled to a white crystalline solid.

1

H NMR (360 MHz,

DMSO-d6) δ ppm: 9.12 (1H, s), 7.93 (1H, s), 7.85 (1H, s), 4.22 (2H, t), 3.90 (3H, s), 1.77 (2H,
quintet), 1.25 (2H, sextet), 0.90 (3H, t).
1-butyl-3-methylimidazolium 5-amino-tetrazolate ([C4C1im][5-NH2-Tetra]).

5-amino-

tetrazole (6.447 g, 50 mmol) was combined with K2CO3 (13.821 g, 100 mmol) in 250 mL of
anhydrous acetone and stirred for 2 h to deprotonate the azole. [C4C1im]Cl (8.734 g, 50 mmol)
was added piecewise maintaining anhydrous conditions and stirred for 72 h. The mixture was
filtered and the acetone was removed under reduce pressure. The resulting oil was dissolved in
anhydrous acetone and filtered again and the acetone was removed under reduced pressure and
high vacuum techniques. The resulting liquid was freeze thawed with liquid N2 under high
vacuum to remove excess dissolved gas. The resulting red viscous liquid was stored under
argon. 1H NMR (360 MHz, DMSO-d6) δ ppm: 9.58 (1H, s), 7.89 (1H, s), 7.81 (1H, s), 4.21 (2H,
t), 3.89 (3H, s), 1.77 (2H, quintet), 1.25 (2H, sextet), 0.88 (3H, s); 13C NMR (125 MHz, DMSOd6) δ ppm: 164.68 (s), 137.37 (s), 124.10 (s), 122.83 (s), 48.93 (s), 36.18 (s), 31.87 (s), 19.23 (s),
13.71 (s).
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1-butyl-3-methylimidazolium 4,5-dicyano-imidazolate ([C4C1im][4,5-diCN-Im]).

4,5-

Dicyano-imidazole (5.96 g, 50 mmol) was combined with K2CO3 (13.821 g, 100 mmol) in 250
mL of anhydrous acetone and stirred for 2 h. [C4C1im]Cl (8.734 g, 50 mmol) was added
piecewise maintaining anhydrous conditions and stirred for 72 h. The mixture was filtered and
the acetone was removed under reduce pressure. The resulting oil was dissolved in anhydrous
acetone and filtered again and the acetone was removed under reduced pressure and high vacuum
techniques. The resulting liquid was freeze thawed with liquid N2 under high vacuum to remove
excess dissolved gas. The resulting yellowing non-viscous liquid was stored under argon.

1

H

NMR (360 MHz, DMSO-d6) δ ppm: 9.62 (1H, s), 7.74 (1H, s), 7.68 (1H, s), 7.31 (1H, s), 4.17
(2H, t), 3.88 (3H, s), 1.78 (2H, quintet), 1.28 (2H, sextet), 0.89 (3H, t);

13

C NMR (125 MHz,

DMSO-d6) δ ppm: 149.23 (s), 136.99 (s), 124.13 (s), 122.79 (s), 117.99 (s), 117.35 (s), 49.13 (s),
36.23 (s), 31.79 (s), 31.79 (s), 19.53 (s), 13.60 (s).
1-butyl-3-methylimdazolium

4-nitro-imidazolate

([C4C1im][4-NO2-Im]).

4-Nitro-

imidazole (5.829 g, 50 mmol) was combined with K2CO3 (13.821 g, 100 mmol) in 250 mL of
anhydrous acetone and stirred for 2 h. [C4C1im]Cl (8.734 g, 50 mmol) was added piecewise
maintaining anhydrous conditions and stirred for 72 h. The mixture was filtered and the acetone
was removed under reduce pressure. The resulting oil was dissolved in anhydrous acetone and
filtered again and the acetone was removed under reduced pressure and high vacuum techniques.
The resulting liquid was freeze thawed with liquid N2 under high vacuum to remove excess
dissolved gas. The resulting yellow-orange non-viscous liquid was stored under argon. 1H NMR
(360 MHz, DMSO-d6) δ ppm: 9.38 (1H, s), 7.84 (1H, s), 7.77 (1H, s), 7.76 (1H, s), 7.17 (1H, s),
4.18 (2H, s), 3.89 (3H, s), 1.76 (2H, quintet), 1.24 (2H, sextet), 0.87 (3H, t);
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13

C NMR (125

MHz, DMSO-d6) δ ppm: 146.51 (s), 137.15 (s), 132.06 (s), 131.95 (s), 124.11 (s), 122.77 (s),
49.06 (s), 36.09 (s), 31.86 (s), 19.22 (s), 13.46 (s). Tg: -72 oC.
1-butyl-3-methylimdazolium 2-methyl-4-nitro-imidazolate ([C4C1im][2-Me-4-NO2-Im]).
2-Methyl-4-nitro-imidazole (9.349 g, 72.8 mmol) was combined with K2CO3 (20.128 g, 145.6
mmol) in 250 mL of anhydrous acetone and stirred for 2 h. [C4C1im]Cl (12.719 g, 72.8 mmol)
was added piecewise maintaining anhydrous conditions and stirred for 72 h. The mixture was
filtered and the acetone was removed under reduce pressure. The resulting oil was dissolved in
anhydrous acetone and filtered again and the acetone was removed under reduced pressure and
high vacuum techniques. The resulting liquid was freeze thawed with liquid N2 under high
vacuum to remove excess dissolved gas. The resulting dark orange non-viscous liquid was
stored under argon. 1H NMR (360 MHz, DMSO-d6) δ ppm: 9.31 (1H, s), 7.83 (1H, s), 7.75 (1H,
s), 7.66 (1H, s), 4.17 (2H, t), 3.87 (3H, s), 2.14 (3H, s), 1.75 (2H, quintet), 1.24 (2H, sextet), 0.88
(3H, t).

13

C NMR (125 MHz, DMSO-d6) δ ppm: 154.90 (s), 147.99 (s), 137.18 (s), 133.80 (s),

124.08 (s), 122.75 (s), 49.00 (s), 36.15 (s), 31.85 (s), 19.26 (s), 18.02 (s), 13.67 (s).
4.2.5

Purification of Ionic Liquids

The isolated and purified EILs (as determined by NMR), were dried under high vacuum
at 60 oC while being stirred for 48 h. The ILs were dried through freeze-thawing the IL with
N2(l) while under high vacuum to remove excess gas trapped in the IL. The ILs were stored and
sealed after being back filled with Ar.
4.2.6

Density

Density measurements were taken at 40 oC with an Anton Paar USA (Ashland, VA)
density meter, DMA 500. Samples of IL (~1 mL) were inserted via a syringe directly into the
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instrument. The value for density was recorded and the sample was washed out with methanol
and water.
4.2.7

Viscosity

Viscosity measurements were taken at 40 oC with a Cambridge Viscosity (Medford, MA)
Viscometer, VISCOlab 3000.

Approximately 1 mL of each IL was placed in the sample

chamber. The correct sized piston corresponding to the expected viscosity range was added and
the measurement was taken.
4.2.8

Spectroscopy

All Nuclear Magnetic Resonance (NMR) spectra were recording utilizing a Bruker
Avance Spectrometer Bruker/Magnex UltraShield 500 MHz (Madison, WI) or a Bruker
Spectrospin DRX 360 MHz UltrashieldTM spectrometer (Madison, WI). 1H (500 MHz) and 13C
(125 MHz) were collected using DMSO-d6 as the solvent with TMS (unless otherwise noted) as
the standard and shifts reported in δ (ppm). Infrared (IR) spectra were collected using a Bruker
ALPHA-FTIR (Madison, WI) by direct measurement via attenuated total reflectance of the neat
samples on a diamond crystal. Assignments for peaks observed in the 1H and

13

C NMR were

determined by direct comparison to literature examples of ions with similar structures.

4.3

Results and Discussion
4.3.1

Loading of Nanoparticle Colloids

In order to test our hypothesis that coordinative ability of a functional group of an IL ion
could be used to tune nanoparticle stability, we chose to investigate a series of azolium azolate
ILs (Table 4.1) that had been prepared as part of our EIL project. 17 Azolium azolate based EILs,
by incorporation of aromatic nitrogen heterocycles in both cation and anion, have been
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previously reported to have many favorable energetic properties, such as high thermal stabilities,
low melting points, and low viscosities.18 Here we choose the non-coordinating and commonly
used cation, 1-butyl-3-methyl-imidazolium ([C4C1im]+) to allow focus on the potential
coordinating interactions of each type of anion.

The azolate anions studied, 4,5-dicyano-

imidazolate ([4,5-diCN-Imid]-), 5-amino-tetrazolate ([5-NH2-Tetra]-), 4-nitro-imidazolate ([4NO2-Im]-), and 2-methyl-4-nitro-imidazolate ([2-Me-4-NO2-Im]-), can interact with a metal
surface through direct interaction via the –CN, –NH2, and –NO2 functional groups.
Each of the ILs in Table 4.1 was prepared using metathesis reactions with [C4C1im]Cl
and the corresponding in situ generated potassium azolate salt as described in ref 17. Each IL
has the ability to interact though the azolate nitrogen atoms, the π-systems, and a designed
interaction through the incorporation of the functional groups on the azolate anion.
Titanium nanoparticles were chosen for this study, due to the high density (4.51 g/mL)
and moderately high heat of combustion (20 kJ/g)7 of titanium.

Based on the high bond

dissociation energy of a Ti-O bond (662 kJ/mol), the nitro functional group would be expected to
have the highest coordinating ability with two equivalent oxygen atoms available for
coordination per IL anion. A Ti-N bond would still provide adequate coordination (462 kJ/mol),
which would suggest that the primary amine would provide the second greatest coordinating
ability. The cyano functional group would be expected to show the least coordination based on
the predicted bond enthalpy and lower nucleophilicity when compared to the primary amine
functional group, however, in the dicyano-based anion studied chelation of two cyano groups is
possible.19

The predicted coordinating ability of the functional groups based on the bond

dissociation energies is -NO2 > -NH2 > -CN, which, as discussed below and reported in Table 4.1
corresponds to our experimental results.
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Table 4.1 First observable and complete sedimentation times for 100 nm Ti(0) Nanoparticles in
AzAz ILs.
Ionic Liquids

IL:Ti
Molar Ratio

[Ti]
(wt%)

Ts/Tf
(h)

100:1

0.186

24/36

150:1

0.124

24/36

200:1

0.093

24/36

250:1

0.075

24/36

100:1

0.214

24/72

150:1

0.143

24/72

200:1

0.107

36/120

250:1

0.086

36/120

100:1

0.190

36/144

150:1

0.127

48/144

200:1

0.095

48/168

250:1

0.076

48/168

100:1

0.180

36/168

150:1

0.120

48/168

200:1

0.090

72/168

0.072

120/336

[C4C1im][4,5-diCN-Im]
η =31.56 cP; ρ =1.080 g/cm3

[C4C1im][5-NH2-Tetra]
η =245.3 cP; ρ =1.096 g/cm3

[C4C1im][4-NO2-Im]
η =42.52 cP; ρ =1.201 g/cm3

[C4C1im][2-Me-4-NO2-Im]
250:1
η =150.2 cP; ρ =1.134 g/cm3
a
Viscosity and Density were determined at 40 oC.
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Titanium nanoparticles (davg = 100 nm) were obtained from Sigma-Aldrich (St. Louis,
MO) and separated from the oil stabilizer by washing with freshly distilled n-hexane under an Ar
atmosphere. The nanoparticles were dried by removal of the n-hexane at reduced pressure
utilizing Schlenk line techniques and then weighed into vials under Ar in a VAC-Omni Labs
(Hawthorne, CA) dry box as a black powder. To remove any remaining volatiles and entrapped
gas, the ILs were frozen using a N2(l) bath and allowed to slowly thaw while under high vacuum
(~1 x 10-4 torr). This process was repeated to ensure removal of gasses. Next, the predetermined
amount of IL was added to the vials containing the Ti nanoparticles inside the drybox. Four
concentrations of Ti in IL were investigated including molar ratios of 100:1, 150:1, 200:1, and
250:1 (IL:Ti), corresponding to Ti concentrations of 0.07 to 0.21 wt%.
The vials were capped, sealed, and removed from the dry box where it was initially
observed that the nanoparticles had settled on the bottom of the vials. Vortex mixing and
magnetic stirring were unable to disperse the Ti; however, sonication under ambient working
conditions, approximately 50 oC as the sonicator naturally provides thermal energy, for 24 h
using a Branson 5510 bath sonicator in 99 minute cycles resulted in black colloids with a light
green hue around the edge of the vial in each case (Figure 4.1). NMR spectroscopy of the ILs
after sonication did not reveal any degradation products and after sedimentation (discussed
below), the ILs had not visibly darkened.
4.3.2

Colloidal Stability

All combinations (Table 4.1) were monitored for colloidal stability and two timescales
were recorded: when sedimentation was first observed (Ts) and once all of the Ti had settled out
(Tf, Figure 4.1).

While higher concentrations of Ti were more prone, in general, to

sedimentation; the colloidal stability was also related to the coordinative ability of the functional
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group on the anion, with stability decreasing in the order [2-Me-4-NO2-Im]- ~ [4-NO2-Im]- > [5NH2-Tetra]- > [4,5-diCN-Im]-. The [C4C1im][2-Me-4-NO2-Im] colloid (100:1) was stable for at
least five days, compared to only 36 h for the 100:1 [C4C1im][4,5-diCN-Im] colloid.
Importantly, any settled particles were easily resuspended by a 3 to 5 min vortex mixing cycle
and upon resuspension exhibited the same colloidal stability as noted in Table 4.1 for all tested
samples. This indicates that the sedimentation is reversible after the initial sonication step
suggesting that an initial IL:Ti surface interaction is formed.
Sedimentation was not related to the viscosity or density of the neat ILs. As reported in
Table 4.1, [C4C1im][5-NH2-Tetra] was reported to have the highest viscosity of the four ILs
prepared, but only the third highest dispersion stability. Higher densities seemed to correspond
to higher stabilities, but this was not a direct trend. The data suggests a chemical stability
mechanism is responsible for the increased dispersion stability and not differences in physical
properties.

Figure 4.1. [C4C1im][4,5-diCN-Im] with 0.093% Ti: (a) before sonication, (b) immediately
following sonication, (c) 24 h (Ts), (d) 30 h, (e) 36 h (Tf).
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4.3.3

Loading of TiO2 Nanoparticles

The increased stability of the colloids formed with ILs containing a nitro group, suggest
that specific surface interactions with Ti(0) are responsible for the observed trends. To test this
hypothesis, TiO2 (rutile) particles (< 100 nm) were added to each of the four ILs originally
studied; however, in these experiments colloids could not be formed. A white mixture was
initially created after sonication with all four ILs, but rutile particles rapidly settled out on the
order of minutes in all cases (Figure 4.2). This result suggests that the surface of the Ti(0)
nanoparticles discussed above were not fully surface oxidized upon initial incorporation into the
EILs.

Figure 4.2. Comparison of Ti and TiO2 loaded colloids in [C4C1im][4-NO2-Im]
4.3.4

Infrared Spectroscopy of Nanoparticle Colloids

To determine whether the added functional groups on the azolate anion were chemically
interacting with the Ti(0) particles, infrared (IR) spectra of the colloids were compared to neat IL
samples. The least stable colloids containing [C4C1im][4,5-diCN-Im] did not show any new or
shifted bands and were essentially identical with or without Ti.
Addition of Ti(0) nanoparticles to [C4C1im][5-NH2-Tetra] resulted in enhanced and
increased absorbance for the N-H stretching ( ~3370 cm-1) and the N-H bending (~1620 cm-1)
modes (Figure 4.3) compared to the neat IL. This increase in absorption does not appear to be
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proportional to nanoparticle concentration and may result from a surface enhancement effect. It
has been theorized that aggregates of nanoparticles can enhance IR absorption in the mid-IR
range.20 If this effect is responsible for the increase in absorption of the N-H stretch it is also
consistent with the amine functional group donating, as the N-H bonds will be closest to the
surface and thus more strongly affected by the surface enhancement. The Ti surface should act
as an electropositive reducing agent since the Ti surface would donate electron density to the
protons attached to the amine as well as receiving net electron density from the Lewis basic
amine functional group. The results presented in Figure 4.3 indicate a potential surface enhanced
IR absorption effect with no net shift of the N-H stretch and bend vibrational modes, suggesting
that the surface of the Ti nanoparticle is at least partially unoxidized and coordinating with the
amine functional group, which stabilizes the [C4C1im][5-NH2-Tetra] Ti dispersions.
For [C4C1im][4-NO2-Im], the IR indicates the appearance of a new peak at 1650 cm-1, 90
cm-1 higher in energy than the –NO2 symmetric stretch at 1560 cm-1 (Figure 4.4). In order to
study this peak in more detail, a sample of the 100:1 colloid was concentrated by removing most
of the neat IL once the Ti nanoparticles had sedimented to the bottom of the vial. The resulting
concentrated sample was redispersed in the remaining IL and analyzed by IR, which indicated a
larger relative stretch at 1650 cm-1 (Figure 4.4). This peak corresponds to that expected for a
nitroso (R-N=O) functional group, which is a reduced form of a nitro group. With the relatively
high oxophilicity of the Ti(0) surface, it is not unreasonable to suggest the formation of a new TiO bond through the nitro functional group that can act to stabilize the nanoparticles. Others have
already shown that the formation of Ti-C bonds, a relatively weak bond compared to Ti-O based
on bond enthalpy, can help stabilize Ti nanoparticles in dispersion.21 Reduction of a nitro group
to a nitroso group has been reported using a Ti(0) slurry in nitrobenzene.22
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Figure 4.3. IR spectra of [C4C1im][5-NH2-Tetra]/Ti(0) colloids: N-H stretch (top, ca. 3370
cm-1) and N-H bend (bottom, ca. 1620 cm-1).
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Figure 4.4. Appearance of nitroso bands (ca. 1650 cm-1) in the IR spectra of [C4C1im][4-NO2Im] Ti(0) colloids.
4.3.5

X-ray Photoelectron Spectroscopy

In order to further investigate the interactions suggested by IR, X-ray photoelectron
spectroscopy (XPS) was utilized to study the surface of the nanoparticle systems in situ. The
inherent non-volatility of the ILs we studied allowed us the opportunity to directly study the
colloidal solutions under ultra-high vacuum (UHV) conditions.23-25 Samples were applied as
liquid droplets (either neat or as dispersions containing Ti nanoparticles) to Cu coated discs and
brought under UHV (< 1 x 10-9 torr) to perform the XPS experiments. A more stable sample
with a coordinating IL, [C4C1im][4-NO2-Im], and a less stable sample with the less coordinating,
[C4C1im][4,5-diCN-Im], were investigated.
The XPS spectra of [C4C1im][4,5-diCN-Im] with and without Ti were identical and no Ti
peak was observed (Figure 4.5). This suggests that in the time needed to prepare the samples for

101

measurement (~2-3 h), the nanoparticles had sedimented and were no longer freely dispersed.
While Table 4.1 suggested that these samples were dispersed for longer, XPS, surveying only the
top few nanometers of the droplet, suggested that the Ti nanoparticles are no longer evenly
dispersed, and thus not detected, during the sampling timescale.
The more stable colloid of [C4C1im][4-NO2-Im] loaded with Ti(0) at a molar ratio of
100:1, however, did provide some interesting results. A titanium peak (Figure 4.6) is visible
suggesting that the Ti nanoparticles are freely dispersed in the IL and able to access the very top
of the droplet as XPS only probes the top 2-5 nm of the droplet. The Ti 2p3/2 peaks indicate
oxidation at the surface accessible to the XPS probe (Figure 4.6).

Figure 4.5. XPS scan spectra of neat [C4C1im][4,5-diCN-Im] (black) compared with
[C4C1im][4,5-diCN-Im] with 100:1 ratio of loaded Ti nanoparticles
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Figure 4.6. XPS spectra of [C4C1im][4-NO2-Im] neat and 100:1 with dispersed Ti(0): (b) High
Resolution O 1s, (c) High Resolution N 1s
The O 1s spectrum (Figure 4.6) of the neat IL exhibits a single oxygen peak
corresponding to the two equivalent oxygen atoms in the nitro functional group of [C4C1im][4NO2-Im]. In the colloidal sample, a second O 1s peak at 531 eV, appears in the appropriate
range for a titanium oxygen bond.26 This may be indicative of the coordinated, reduced nitro
oxygen atom.
Figure 4.6, focused on the N 1s spectra, also shows evidence of reduction through
interaction with Ti where three distinct peaks are visible. The N atom at the highest binding
energy corresponds to the nitrogen in the nitro group, which carries a formal positive charge.
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The peak at 403 eV can be attributed to the two equivalent nitrogen atoms in the cation, [1-butyl3-methylimidazolium]+. Two equivalent nitrogen atoms in the azolate anion can be assigned to
lowest binding energy present in the neat spectrum, 399 eV. The N 1s peaks for the Ti
dispersion match with those of the neat IL, which is consistent with our proposed mechanism
that the nitrogen atom of the nitro group is reduced, and ring nitrogen atoms are not involved.
The lowest binding energy peak which only appears in the Ti dispersion is likely nitride impurity
which was initially on the surface.26
4.3.6

Thermogravimetric Analysis

Thermogravimetric analyses (TGA) were conducted to determine the passivation and
oxidation of the Ti(0) particles dispersed in the ILs. The TGA data could be separated into two
types of decomposition pathways: compounds without a nitro functional group and compounds
that contained a nitro functional group.

Figure 4.7 (left) compares the degradation of

[C4C1im][5-NH2-Tetra] neat and with 100:1 IL:Ti, representing the less stable colloids without
nitro groups. The neat sample was fully degraded by 700 oC, while the Ti loaded sample when
studied in an air atmosphere gained mass after the IL degraded suggesting Ti oxidation.
However, when the sample was studied in an Ar atmosphere, no mass gain was observed. Thus,
while the XPS data indicates a possible oxidized Ti surface, the TGA results indicate that at least
a portion of the surfaces of the nanoparticles are unoxidized. Similar results were observed for
all the ILs studied; even the [C4C1im][4,5-diCN-Im] system (Figure 4.8).
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For the ILs containing the more strongly coordinating anions and producing the more
stable colloids, [C4C1im][4-NO2-Im] and [C4C1im][2-Me-4-NO2-Im], the TGA results (Figure
4.7, right) suggested not only that the surfaces were at least partially unoxidized, but that there
was a new degradation pathway for the nitro groups in the anion, again suggesting surface
coordination.
Typically, ILs containing nitro functional groups exhibit a two- step decomposition27
associated with the degradation of the nitro functional group into an NO2 radical by bond
homolysis from a heterocycle.28 The second decomposition step observed in our nitro containing
ILs was assigned to the NO2 group based on the theoretical percent molecular weight of the
radical NO2 group relative to the molecular weight of the entire IL structure (18%). However,
when the Ti-loaded nitro-derivatized ILs were analyzed, the second decomposition step occurred
at an elevated temperature when under an Ar purge, but at the same temperature as the neat IL
when using an air purge. This data further suggests direct interaction of the nitro groups with the
Ti surface, which in the presence of ambient air will be disrupted by the reaction of Ti with O2.
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Figure 4.7. TGA data for neat and Ti loaded [C4C1im][5-NH2-Tetra] (top) and [C4C1im][4-NO2Im] (bottom).

106

Figure 4.8. TGA data for neat and Ti loaded [C4C1im][4,5-diCN-Im].
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4.4

Conclusions
In total, the results presented here suggest that EILs can not only stabilize metallic

nanoparticles through the steroelectronic effects of the individual ions,8 but that they can
chemically interact with the surface of nanoparticles via specific ions as well. Based on the IR,
XPS, and TGA data, we suggest stabilization of the Ti(0) particles via reaction with the nitro
groups resulting in Ti-O bond formation. Ti(0) donates electronic density to the nitro functional
group that allows for a reduced oxygen atom to bind to the newly oxidized Ti surface. This new
interaction stabilizes the dispersion, allowing for resuspension and decreased sedimentation.
Azolium azolate ILs can be functionalized to control and increase the stability of
suspensions of Ti(0) nanoparticles by adding specific groups to coordinate or interact with the
surface metal via only one ion as determined here via IR, XPS, and TGA analysis of the loaded
colloids. This approach also leads to surface passivation and safer/easier handing of these
particles, while leaving the counterion free to, for example, ignite in a hypergolic reaction. This
approach should be applicable to a wide variety of metal nanoparticles by specifically tuning the
chemistry of the IL to the surface chemistry of the nanoparticles.

The ability to increase the

stability of nanoparticles is crucial to the use of nanoparticles as energetic additives, as a catalyst,
or in a variety of specialized applications. The 5-7 day stabilities observed here, however, must
be further increased to allow for infinitely stable nanofluid systems for energetic materials and
these efforts are currently under way in our laboratories.
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CHAPTER 5

GRAPHENE AND GRAPHENE OXIDE CAN ‘LUBRICATE’ IONIC LIQUIDS BASED ON
SPECIFIC SURFACE INTERACTIONS LEADING TO IMPROVED LOW TEMPERATURE
HYPERGOLIC PERFORMANCE

Taken as part of a published manuscript: McCrary, P. D.; Beasley, P. A.; Alaniz, S. A.; Griggs,
C. S.; Frazier, R. M.; Rogers, R. D. Angew. Chem. Int. Ed. 2012, 51, 9784-9787.

5.1

Introduction
Graphene, a single layer of hexagonal, planar carbon atoms, has been proposed as a

potential energetic additive due to its energetic reactivity and high surface area.1

Dilute

dispersions of nanoscale additives, including reduced graphene oxide (r-GO) sheets, have been
previously utilized to catalytically increase burn rates.2,3 Graphene can also be incorporated into
ionic liquids (ILs, salts with melting points below 100 oC) either through direct exfoliation of
graphite to create pristine, or surface pure, graphene4,5 or through the dispersion of single r-GO
sheets via exfoliation of graphite oxide, which contains a degree of surface oxidation.6 While
sheets of pristine graphene and graphene oxide are discussed nearly interchangeably within the
literature, the dramatically different surface morphologies and compositions can lead to
extensive differences in bulk properties when utilized in dispersions. Here we demonstrate how
the use of graphene-based nanomaterials, with differing surface morphology and composition,
can improve the low-temperature physical properties of ILs through the manipulation of
intermolecular interactions between different IL molecular ions with specific types of graphene.
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Energetic ionic liquids (EILs, ILs with potential as energetic materials) have been
previously shown to be hypergolic (spontaneous ignition upon contact with an oxidizer)7 with
white fuming nitric acid (WFNA), inhibited red fuming nitric acid (IRFNA), or H2O2 by utilizing
carefully

selected

hypergolic

anions,

such

as

dicyanamide, 8

nitrocyanamide,9

and

dicyanoborates10 among others.11,12 As a result, these hypergolic ILs have been proposed as
replacements for hydrazine,13 which is toxic due to its dangerously high vapor pressure.14,15
However, hypergolic ILs have only been screened for performance features under ambient
conditions, which are not the typical temperatures associated with space or atmospheric flight.
For example, ILs based on the dicyanamide ([N(CN)2]-) anion have been widely proposed as
potential replacements for hydrazine as they has been reported as hypergolic with WFNA while
exhibiting low ignition delays8 and low viscosities under ambient conditions.16 However, these
values both exponentially rise with decreasing temperatures,17,18 which poses a major problem
for the use of these compounds in practical systems.

By controlling the low temperature

viscosity of hypergolic ILs, these materials could be more effectively employed under realistic
conditions.

5.2

Experimental
5.2.1

Materials

1-methylimidazole, 1-chlorobutane, and sodium dicyanamide were purchased from
Sigma-Aldrich (St. Louis, MO). Silver nitrate was purchased from Alfa Aesar (Ward Hill, MA).
N-butyl-N-methyl-pyrrolidinium dicyanamide ([Pyrr14][DCA]) was purchased from Merck
(EMD, Gibbstown, NJ). 1-Methylimidazole was redistilled and kept under Argon prior to use
while all other chemicals were used without any further purification. Graphite powder (< 20nm,
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synthetic) was purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Graphene
oxide was provided by Prof. Rodney S. Ruoff and Dr. Jonathan Edgeworth from the University
of Texas and used as received. Graphite oxide, used to prepare the graphene oxide, was prepared
from purified natural graphite (SP-1, 30-µm nominal particle size, Bay Carbon, Bay City, MI).19
5.2.2

Scanning Electron Microscopy

Dispersions of pristine graphene and GO were filtered through a 0.45 µm cellulose
acetate filter to remove excess IL, leaving larger aggregated graphene-based material on the filter
which were then subjected scanning electron microscopy (SEM). The filter was placed on a pinmount aluminum stub and brought under high vacuum to be brought into the sample chamber.
Scanning measurements were taken with an accelerating voltage of 10 kV with a Hitachi S-2500
SEM (Tokyo, Japan).
5.2.3

Ignition Delay

A Redlake Motion Pro® HS 4 (Tallahassee, FL) was utilized to capture the hypergolic
ignition process at 1000 fps at a 512 X 512 resolution. The ignition delay was determined by
counting the frames from which the fuel hit the oxidizer until the first signs of a visible flame.
Each sample was run three times and averaged at 23 and 0 oC while at lower temperatures the
samples were run twice and the value for the ignition delay was averaged. In order to run
hypergolic tests below room temperature, the oxidizer was precooled using a cooling bath
monitored using a standard thermometer. Figure 5.1 displays the drop test method utilized to test
the ignition properties of the graphene-based dispersions.
5.2.4

Viscosity

Viscosity measurements were taken at various temperatures with a Cambridge Viscosity
(Medford, MA) Viscometer, VISCOlab 3000. Approximately 1 mL of IL, either neat or as a
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Figure 5.1. Hypergolic drop test set up
dispersion of either pristine graphene or GO, were placed in the sample chamber. The correct
sized piston corresponding to the expected viscosity range was added and the measurement was
taken. The value for viscosity was not recorded until the error had averaged out to be less than
3%. The sample chamber was cooled by using a VWR (West Chester, PA) recirculating chiller
filled with a 50% (v/v) mixture of ethylene glycol in water.

The coolant mixture was

recirculated in TygonTM tubing that was wrapped around the stainless steel exterior of the
viscometer to cool the chamber to 0 oC. The viscosity measurements were taken as the chamber
heated up as the movement of the piston heated up the colloids during sample measurements.
5.2.5

Synthesis of EILs

1-Butyl-3-methylimidazolium dicyanamide ([C4C1im][DCA]). [C4C1im]Cl (12.482 g,
71.46 mmol) stored in separate vials was dissolved in 25 mL of dry methanol and transferred to a
250 mL round bottom flask containing a 1.1 molar excess of Ag[DCA] (13.670 g, 78.61 mmol)
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containing 175 mL of dried methanol. An excess of Ag[DCA] was used to ensure complete
conversion due to the limited solubility in methanol. The flask was covered with aluminum foil
and stirred for 3 days. AgCl and remaining Ag[DCA] was filtered and the solvent removed
through reduced pressure. The resulting clear oil was dissolved in the minimum amount of
methanol and filtered again to remove trace amounts of AgCl dissolved in the IL. The methanol
was removed through reduced pressure. The IL was dried by high vacuum drying and freeze
thawed to remove remaining gas. A clear non-viscous liquid was obtained. 1H NMR (360 MHz,
DMSO-d6) δ ppm: 9.08 (1H, s), 7.74 (1H, s), 7.60 (1H, s), 4.16 (2H, s), 3.85 (3H, s), 1.78 (2H,
quintet (triplet of triplets)), 1.27 (2H, sextet), 0.90 (3H, t);

13

C NMR (125 MHz, DMSO-d6) δ

ppm: 136.95 (s), 124.03 (s), 122.69 (s), 119.55 (s), 49.07 (s), 36.18 (s), 31.81 (s), 19.26 (s), 13.65
(s).
1-Methyl-4-amino-1,2,4-triazolium dicyanamide ([C1Ntri][DCA]). [C1Ntri]I (50.00 g,
221 mmol) was dissolved in methanol with a 1.1 molar equivalent of Ag[DCA] (42.27 g, 243.1
mmol). An excess of Ag[DCA] was used to ensure complete conversion due to the limited
solubility in methanol. AgCl and any remaining Ag[DCA] was filtered and the solvent removed
through reduced pressure to yield a colorless liquid.

1

H NMR (500 MHz, neat liquid) δ ppm:

10.67 (1H, s), 9.74 (1H, s), 7.39 (2H, s, NH2), 5.00(3H, s, CH3);
liquid) δ ppm: 146.20 (s), 144.05 (s), 120.12 (s), 40.46 (s);

15

13

C NMR (125 MHz, neat

N NMR (400 MHz, neat liquid) 

ppm: 86.3 (s), -169.3 (s), -189.5 (s), -305.4 (t, 1JHz = 72), -218.5(s), -368.2 (s).
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5.3

Results and Discussion
5.3.1

EIL Design

Graphene sheets have been proposed as lubricating compounds, which in a dispersion act
to reduce the system’s internal friction20 and could decrease the viscosity of these compounds.
For application with hypergolic ILs, we would need to design the IL/graphene interactions to
take place primarily with the cation to ensure that the hypergolic anion is not inhibited;21
however, the different surfaces and morphologies present in pristine graphene (flat and
unoxidized)5 and r-GO (crumpled and surfaced functionalized including a hydrogen bond
acceptor)3,22 provide different options to IL cation design as demonstrated in Figure 5.2. To test
this hypothesis we chose to compare (Table 5.1) a cation inherently non-coordinating and
aromatic (1-butyl-3-methyl-imidazolium, [C4C1im]+) with one which is non-coordinating and
non-aromatic (N-butyl-N-methyl-pyrrolidinium, [Pyrr14]+), and one capable of hydrogen bond
donation (1-methyl-4-amino-1,2,4-triazolium ([C1Ntri]+).
Even though the [C1Ntri]+ contains a hydrazine-like linkage and this contributes to its use
as an energetic material, such “trigger” groups are not the only requirements for the compound to
be a hypergol. There are numerous [C1Ntri]+ based ILs that are not hypergolic, including
[C1Ntri][N3], which demonstrates a very strong interaction with WFNA, but does not result in
hypergolic ignition as the oxidizer reacts with the cation and anion to form a variety of
intermediates instead of undergoing a rapid decomposition and ignition.23,24

However, the

reaction of WFNA and [DCA]- is fast enough and releases enough energy to undergo a rapid
decomposition and ignition before any subsequent competition with the [C1Ntri]+.8,25,26
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Figure 5.2 (a) SEM micrographs of partially aggregated pristine graphene sheets obtained from
the [C1Ntri][DCA] demonstrating a flat, sheet-like morphology (left) and dispersed r-GO
obtained from [C1Ntri][DCA] demonstrating a roughened surface (right); (b) Surface pristine
graphene (top) and the projected disruption of the flat surface morphology observed with
traditional graphene oxide chemical exfoliation (bottom)

117

Table 5.1. Hypergolic ILs utilized and evaluated for low temperature performance.
Dispersion Loading
Lowest Hypergolic
Ionic Liquids
Stability
(w/w)%
Temp.

[C4C1im][DCA]

Neat

N/A

0 oC

0.03% Graphene

48 h

-10 oC

0.03% r-GO

∞a

0 oC

Neat

N/A

N/Ab

0.03% Graphene

<4h

N/Ab

0.03% r-GO

<4 h

N/Ab

Neat

N/A

-20 oC

0.03% Graphene

48 h

-40 oC

0.03% r-GO

3 weeks

-40 oC

[Pyrr14][DCA]

[C1Ntri][DCA]

a

On the timescale of publication (~6 months); bHypergolicity not tested due to poor stability
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5.3.2

Exfoliation and Dispersion

Pristine graphene layers were exfoliated directly from graphite powder utilizing
procedures developed by our group.4 Graphite powder was added directly to the neat hypergolic
ILs to obtain a concentration of 0.03% (w/w), which initially deposited as a sediment at the
bottom of the vial. The mixture was capped and placed in a Branson 5510 bath sonicator for 3
consecutive 99 min cycles to obtain a black colloid with a deep green hue (Figure 5.3). Reduced
graphene oxide flakes were synthesized though the chemical reduction of exfoliated graphite
oxide with hydrazine hydrate and obtained from Prof. Rod Ruoff’s group.19 r-GO dispersions
were then prepared by the addition of r-GO flakes to the ILs to yield a concentration of 0.03 %
(w/w) to directly compare to the pristine graphene dispersions. The resulting mixtures were
dispersed after being capped and placed in a bath sonicator for 3 consecutive 99 min sonication
cycles, which resulted in a black colloid with no visible aggregated solid along the bottom of the
vial.

Figure 5.3. Samples of pristine graphene dispersions at 0.03% (w/w): [C1Ntri][DCA] (left) and
[C4C1im][DCA] (right)
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Graphene and r-GO dispersions in [Pyrr14][DCA] were not stable and sedimentation was
complete after less than 4 h. The lack of stability for this non-aromatic system supports earlier
theoretical evidence that the [Pyrr14]+ cation would adopt an unfavorable conformation leading to
a higher energy barrier when physically separating two graphene layers. 27 Conversely, colloids
of pristine graphene sheets were equally stable utilizing either [C4C1im][DCA] and
[C1Ntri][DCA] without any noticeable sedimentation up to 48 h. Any of the particles which did
sediment after 48 h were easily resuspended by repeating the original sonication cycle.
Interestingly, r-GO dispersions in [C4C1im][DCA] (no observable sedimentation) and
[C1Ntri][DCA] (three week stability) are extremely stable with no observed sedimentation after
extended periods of a few weeks. This might be expected as the oxidized surfaces could
interfere with the reformation of the graphite intersheet structures.
5.3.3

Low Temperature Viscosity of Colloids

A study of the effects on viscosity of the dispersion of the graphene and r-GO (Figure
5.4) reveal some interesting trends. The addition of graphene or r-GO to [C4C1im][DCA] results
in a slight reduction of the viscosity of the dispersion at 20 oC; however, at lower temperatures,
graphene’s ability to disrupt the interionic interactions becomes evident by large decreases in
viscosity.

There is not a major difference between the viscosities nor trends in lowering

viscosities for pristine graphene vs. r-GO dispersions in [C4C1im][DCA] where only aromaticaromatic interactions are expected with either type of graphene.
[C1Ntri][DCA] exhibits a much higher viscosity at room temperature than
[C4C1im][DCA], presumably due to the additional hydrogen bond donating and accepting sites in
the amine substituent.

While both graphene and r-GO do act to reduce the viscosity in

[C1Ntri][DCA], pristine graphene led to viscosity reductions of up to 350 cP at 0 oC compared to
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reductions of only 150 cP for r-GO dispersions. Interestingly, unlike the observations for
[C4C1im][DCA], the dispersions of [C1Ntri][DCA] varied greatly based on the chosen surface
morphology of the graphene-based nanosheet, which might suggest a unique surface-IL
interaction that causes the increase in viscosity seen in r-GO dispersions compared to those
dispersions containing pristine graphene.
In contrast to pristine graphene, r-GO has surface functional groups, such as epoxides,
alkoxides, and carbonyl derivatives,28 that can be involved in more than aromatic-aromatic
interactions with the [C1Ntri]+ cation; specifically hydrogen bond donation from the amine to the
oxide on the surface. Non-covalent interactions between graphene oxide sheets and ILs have
been previously shown to improve exfoliation of graphite oxide to graphene oxide,29 however,
these interactions produced increased viscosities compared with dispersions containing pristine
graphene layers. Thus, dramatically different physical properties can be obtained through proper
modification of the surface of the graphene-based nanomaterial.
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Figure 5.4. Viscosity versus temperature for neat ILs and dispersions of pristine graphene
versus r-GO.
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5.3.4

Low Temperature Hypergolic Tests

To determine if the reduced viscosity did indeed lead to lower temperature hypergolic
behavior, hypergolic drop tests were conducted on both the neat ILs, as well as the samples
loaded with pristine graphene and r-GO at 23, 0, -10, -20, and -40 oC. The test apparatus we
have used previously21 was slightly modified. A droplet (10 µL) of the IL, with or without added
graphene, was dropped into a vial containing 500 µL of 98% white fuming nitric acid (WFNA),
which was precooled for 5 min in a dry ice/solvent mixture to achieve the desired temperature.
The oxidizer was used in large excess to ensure the complete ignition of the entirety of the fuel,
as well as proper control of the temperature of the reaction. Values for the ignition delay,
defined as the time between contact with the surface and the first sign of ignition, were
monitored using a Redlake MotionPro HS-4 high speed CCD camera at 1000 frames/s.
Neat [C4C1im][DCA] was ignitable upon contact with the oxidizer only until 0 oC (Table
5.1), where intermittent ignitions were observed with an ignition delay of around 300 ms.
[C1Ntri][DCA] remained hypergolic to -20 oC where an ignition delay of 153 ms was observed.
The incorporation of pristine graphene or r-GO did result in reactions of the IL dispersions at
lower temperatures (Table 5.1). r-GO in [C4C1im][DCA] did not lead to ignition at lower
temperatures, however, significantly more smoke and visual evidence for a violent reaction was
observed at -10 oC. Incorporating pristine graphene layers in [C4C1im][DCA], however, were
consistently ignitable at -10 oC.

Interestingly, the ignition temperature for [C1Ntri][DCA]

dispersions were decreased to -40 oC by addition of r-GO or pristine graphene.
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Figure 5.5. Ignition delay of graphene or r-GO dispersions in [C1Ntri][DCA] vs. temperature.
As graphene-based nanomaterials have been previously reported as catalytic burn rate
enhancers for nitromethane,3 initially a catalytic process was suggested. However, by comparing
the ignition delays for the neat samples with the dispersions, it was evident that the ignition
delays actually increased in the dispersions, more so for r-GO than pristine graphene (Figure
5.5). The greater increase in ignition delay for r-GO vs. graphene was also observed when
dispersed in [C4C1im][DCA].

5.4

Conclusions
Incorporation of graphene or graphene oxide into hypergolic ILs can depress viscosities

leading to lower temperature hypergolic ignition, however, the type of graphene surface and the
potential IL/graphene interactions can lead to dramatically different behavior. Dispersions of rGO sheets led to lower viscosities than neat ILs at low temperatures, but its functionalized
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surface can form hydrogen bonds with the IL ions that can inhibit its viscosity reducing effect
when paired with an IL capable of such hydrogen bonding. IL dispersions containing pristine
graphene layers demonstrated improved low temperature ignition performance by sufficiently
controlling the typical viscosity increases associated with lower temperatures. These dispersions
in [C1Ntri][DCA] exhibited large viscosity decreases (~350 cP) at 0 oC compared with the neat
sample. Thus, proper consideration of the surface of the nanomaterial additive and matching
these surfaces with desired IL ion interactions can be a powerful tool towards control of bulk
physical and ignition properties of hypergolic ILs.
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CHAPTER 6

NEW INSIGHTS ON THE REACTIVITY AND STRUCTURAL CONFORMATION OF
NONABORONATE AND DECABORONATE CLUSTER ANIONS

Taken as part of a manuscript in preparation for publication: McCrary, P. D.; Barber, P. S.;
Kelley, S. P.; Rogers, R. D. In Preparation, 2014

6.1

Introduction
Boranes, or a series of compounds comprised of boron hydride functional groups, provide

a rich set of possible chemistries due to the unique electronic character of the B-H bond. The
slightly higher electronegativity of hydrogen creates a polarized covalent bond consisting of an
electron deficient boron atom and an electron rich hydrogen atom possessing hydride like
character.1,2 Based on this exclusive reactivity, borane compounds have been utilized in a wide
range of applications, such as reagents in organic synthesis,3,4 catalysis,5,6 and in medicinal
chemistry.7 The hydridic character inherent in B-H bonds has also led to the use of boranes in
chemical hydrogen storage8,9 and to generate of H2 through dihydrogen bonding with a proton
source.10
Additionally, through the same unique B-H bond, boranes are known for their potential to
form air stable clusters11 (including anionic species12) and to be oxidized readily13 in hypergolic
ignition reactions (a spontaneous ignition reaction upon contact between a suitable fuel and
oxidizer.) In fact, the reactivity between a neutral borane compound and a typical oxidizer, such
as white fuming nitric acid, can be viewed as an extremely fast hydrogen generation
128

reaction where the proton from nitric acid initially protonates the most basic site in the
molecule,1516 here the hydride-like hydrogen from the borane molecule. Indeed, boranes have
been explored in the past as potential fuels,17,18 but interest waned due to issues with high
volatility, toxicity, reactivity with many organic solvents, and solid product formation (B2O3)
upon oxidation.13 Here, we explore the use of these borane clusters as energetic additives,
instead, in order to harness its reactivity while minimizing some of its negative impacts.
In some of our previous work, we have incorporated nanoparticulate additives, such as
B(0),19,20 Ti(0),21 or graphene,22 to hypergolic ionic liquids (ILs, a class of salts with melting
points below 100 oC which spontaneously ignite upon contact with an oxidizer,)23-25 which have
been previously proposed as replacements for hydrazine as a rocket bipropellant but still lack
many necessary performance properties, such as heat of combustion, 26 ignition delay (ID),23 and
low temperature viscosity.27,28 One key challenge with these nanoparticulate systems has been
colloidal stability (< 2-3 days in many cases).18-21 We hypothesized that the stability of energetic
additives could be improved by reducing their size from suspended nanoparticles to solutions of
molecular clusters on the order of angstroms rather than nanometers.
Given the increased energy density we obtained by incorporating B(0) nanoparticles in
hypergolic ILs,18 we wondered if neutral or charged borane clusters could be dissolved in ILs at
a catalytic ratio to enhance the energetic properties. In fact, several molecules containing the BH functional group have been demonstrated as hypergolic salts 29-31 and BH3 hydrazine adducts
have been utilized in high concentrations as ignition delay enhancers by dissolving them in
hypergolic ILs.32
While our initial interest in utilizing molecular borane clusters as energetic additives
stemmed from their high reported reactivity with oxidizers,13 we were also interested in
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exploring how the dissolved borane clusters would interact with complex hypergolic IL-solvents,
much like our previous explorations of the surface reactivity of nanomaterials with hypergolic
ILs.18-21 We originally selected nido-decaborane (B10H14) as our molecular borane source as it is
air stable as a crystalline solid.33 B10H14 was also selected for its ability to chemically react to
form anionic species based on a reported pKa of 2.7,34 which has been previously utilized to
synthesize a variety of boronate clusters, such as [B10H13]-35,36 and [B9H14]-37 (Figure 7.1), by
acting as a Brønsted acid in the presence of bases.38

[B10H13][B9H14]Figure 6.1. Previously reported diagrams of stable boranate cluster anions generated from the
Cambridge Crystallographic database entry SATDOG ([PhCH2(CH3)3N][B10H13])35 and
MOTGIL (K[B9H14])42
For example, B10H14 has been reported to react with the slightly basic chloride anion
[C4C1im]Cl via an acid-base reaction to form [B10H13]- as an intermediate in the synthesis of ocarboboranes.34,39

However, [B10H13]- was generated utilizing only a catalytic portion of

[C4C1im]Cl, which did not provide any knowledge on the reactivity of the newly generated
[B10H13]- anion with the IL. Here, our aim was to explore and understand the reactivity between
the incorporated borane cluster, B10H14, and hypergolic ILs in molar quantities and to determine
the composition and energetic role any generated species.
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6.2

Experimental
6.2.1

Materials

1-chlorobutane, triethylamine, allyl chloride, methyl iodide, tetraethylammonium
hydroxide, and chloroethane were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. 1-methylimidazole was purchased from Sigma-Aldrich (St. Louis, MO) and distilled
prior to use. nido-Decaborane, 4-NH2-1,2,4-triazole, sodium dicyanamide, silver nitrate, and
sodium hydroxide were purchased from Alfa-Aesar (Ward Hill, MA) and used as received.
Ethanol and diethyl ether were purchased from Fischer Scientific (Hampton, NH) and used
without any further purification.
6.2.2

Hypergolic Ignition Tests

A Redlake MotionPro Y4 (Tallahassee, FL) at 1000 frames/s was utilized for the ignition
drop test. The ignition delay was measured as the time in ms for ignition to occur after the initial
contact of fuel and oxidizer.
6.2.3

Drying of Ionic Liquids

Each ionic liquid was dried using a high vacuum (1 x 10-4 torr) at 70 oC. The ionic
liquids were degassed using 3 separate freeze-thaw cycles. Liquid nitrogen was used to freeze
the ionic liquids while under high vacuum. The ionic liquids were dried to less than 500 ppm of
H2O as determined by Coulometric Karl-Fischer titration utilizing a Mettler-Toledo (Columbus,
OH) C20 Coulometric KF Titrator.
6.2.4

Synthesis of Ionic Liquid Precursors

1-Butyl-3-methylimidazolium chloride ([C4C1im]Cl). 1-methylimidazole (150.00 g, 1.83
mol) was distilled into a flask containing a 1.1 molar excess of 1-chlorobutane (204.64 g, 2.00
mol), and the resulting mixture was refluxed under argon gas through Schlenk-line techniques.
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The reaction was monitored by NMR until all traces of 1-methylimidazole were no longer visible
(96 h). The excess 1-chlorobutane was removed under reduced pressure, and the product was
1

slowly cooled forming a white, crystalline solid.

H NMR (360 MHz, DMSO-d6) δ ppm: 9.12

(1H, s), 7.93 (1H, s), 7.85 (1H, s), 4.22 (2H, t), 3.90 (3H, s), 1.77 (2H, quintet), 1.25 (2H, sextet),
0.890 (3H, t).

13

C NMR (125 MHz, DMSO-d6) δ ppm: 137.6 (s), 124.5 (s), 123.1 (s), 49.3 (s),

36.6 (s), 32.3 (s), 19.6 (s), 14.2 (s).
1-Methyl-4-amino-1,2,4-triazolium iodide ([C1Ntri]I).

4-amino-1,2,4-triazole (100 g,

1.19 mol) was weighed out and added piecewise into a 1 L reaction flask containing 0.5 L of
reagent grade acetonitrile while agitating with a Teflon stirbar. The flask was slowly heated to
35 °C during the addition. Once the 4-amino-1,2,4-triazole was completely dissolved (3 h to
achieve dissolution), the flask was covered to minimize light exposure. While at 35 oC, methyl
iodide was added slowly dropwise 422 g (2.98 mol) over ~ 2 h, keeping the temperature of the
solution under 40 oC during the addition. At the end of the methyl iodide addition, the heat was
turned off, and the reaction mixture allowed to cool down while stirring overnight. When the
reaction was complete as determined by 1H NMR, the flask was cooled to 0 oC and solid
precipitation occurred. The crude solids were recrystallized from absolute ethanol to yield a
white crystalline solid. Melting point 98 C;

1

H NMR (360 MHz, DMSO-d6) δ ppm: 10.12

(1H, s), 9.16 (1H, s), 6.93 (2H, s), 4.02 (3H, s); 13C NMR (125 MHz, DMSO-d6) δ ppm: 145.1
(s), 143.0 (s), 39.1 (s).
1-Allyl-3-methylimidazolium chloride ([AC1im]Cl). Allyl chloride (150 mmol, 11.478
g) was drop wise added to freshly distilled 1-methylimidazole (120 mmol, 9.852 g) at room
temperature. The solution was stirred at 55 oC for 18 h. The excess allyl chloride was removed
under reduced pressure to obtain an amber, viscous liquid.
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1

H NMR (360 MHz, DMSO-d6) δ

ppm: 9.65 (1H, s), 7.90 (1H, s), 7.88 (1H, s), 6.04 (1H, tdd), 5.31 (1H, dd), 5.28 (1H, dd), 4.94
(2H, d), 3.91 (3H, s);

13

C NMR (125 MHz, DMSO-d6) δ ppm: 137.3 (s), 132.4 (s), 124.2 (s),

122.8 (s), 120.5 (s), 51.1 (s), 36.2 (s).
Silver dicyanamide (Ag[DCA]).

Sodium dicyanamide (13.35 g, 150 mmol) was

dissolved in 20 mL DI water and added drop wise to a saturated aqueous solution of silver nitrate
(25.48 g, 150 mmol) in a 100 mL round bottom flask with a Teflon-coated magnetic stirbar. The
mixture was stirred overnight in darkness at room temperature, and the resulting white solid was
vacuum filtered and washed with DI water followed by methanol. The solid was dried in a
vacuum oven at 70 oC for 24 h.
6.2.5

Metathesis Reactions

1-Butyl-3-methylimidazolium dicyanamide ([C4C1im][DCA]). [C4C1im]Cl (12.482 g,
71.46 mmol) was dissolved in 25 mL of dry methanol and transferred to a 250 mL round bottom
flask containing a 1.1 molar excess of Ag[DCA] (13.670 g, 78.61 mmol) as synthesized above
containing 175 mL of dried methanol. An excess of Ag[DCA] was used to ensure complete
conversion due to the limited solubility in methanol. The flask was covered with aluminum foil
and stirred for 3 days.

AgCl and remaining Ag[DCA] were filtered, and the filtrate was

evaporated under reduced pressure. The resulting clear oil was dissolved in a minimal amount of
methanol and filtered again to remove trace amounts of AgCl dissolved in the IL. The methanol
was removed under reduced pressure. The IL was dried under high vacuum (1 x 10-4 torr) at 70
o

C and freeze thawed to remove remaining gas. A clear, non-viscous liquid was obtained.

1

H

NMR (500 MHz, neat liquid) δ ppm: 9.08 (1H, s), 7.74 (1H, s), 7.67 (1H, s), 4.16 (2H, s), 3.85
(3H, s), 1.78 (2H, quintet (triplet of triplets)), 1.27 (2H, sextet), 0.90 (3H, t);
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13

C NMR (125

MHz, neat liquid) δ ppm: 137.0 (s), 124.0 (s), 122.7 (s), 119.6 (s), 49.1 (s), 36.2 (s), 31.8 (s),
19.3 (s), 13.6 (s).
1-Methyl-4-amino-1,2,4-triazolium dicyanamide ([C1Ntri][DCA]). The iodide anion in
[C1Ntri]I was exchanged for a [DCA]- anion as described above.

1

H NMR (500 MHz, neat

liquid) δ ppm: 10.67 (1H, s), 9.74 (1H, s), 7.39 (2H, s, NH2), 5.00 (3H, s); 13C NMR (125 MHz,
neat liquid) δ ppm: 146.2 (s), 144.0 (s), 120.1 (s), 40.4 (s).
1-Allyl-3-methylimdazolium dicyanamide ([AC1im][DCA]).
[AC1im]Cl was exchanged for a [DCA]- anion as described above.

The chloride anion in
1

H NMR (500 MHz, neat

liquid) δ ppm: 9.09 (1H, s), 7.22 (1H, s), 7.20 (1H, s), 6.03 (1H, tdd), 5.36 (1H, dd), 5.31 (1H,
dd), 4.31 (2H, d); 13C NMR (125 MHz, neat liquid) δ ppm: 137.1 (s), 132.2 (s), 124.3 (s), 122.8
(s), 120.6 (s), 119.6 (s), 51.3 (s), 36.3 (s).
6.2.6

Synthesis of Boronate Salts

1-Ethyl-3-methylimidazolium arachno-nonaboronate ([C2C1im][B9H14]). Decaborane (3
mmol, 0.3666 g) dissolved in dry ethanol was added dropwise to an aqueous solution of NaOH
(3 mmol, 0.1200 g). Upon addition, the solution turned bright yellow and emitted a small
amount of H2 gas. [C2C1im]Cl (3 mmol, 0.440 g) dissolved in a minimum amount of water and
was added dropwise to the solution containing the newly generated Na[B9H14]. [C2C1im][B9H14]
immediately precipitated out of solution as a yellow powder. The crude solid was recrystallized
from hot 1-butanol. 1H NMR (CD3CN-d3): 8.41 (s, 1H, C2-H), 7.40 (s, 1H, C4-H), 7.35 (s, 1H,
C-H), 4.18 (q, 2H, N-CH2CH3), 3.84 (s, 3H, N-CH3), 1.48 (t, 3 H, -CH2CH3), 0.50-2.50 (q, 9H,
B-H terminal as overlapping 1:1:1:1 quartets), -1.50 (m, 5H, exchanging B-H);
(CD3CN-d3): -8.7 (d, 3B), -21.0 (d, 3B), -24.2 (d, 3B).
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B NMR

N-Butyl-N-methyl-pyrrolidinium arachno-nonaborante ([Pyrr14][B9H14]). Decaborane (3
mmol, 0.3666 g) dissolved in dry ethanol was added dropwise added to an aqueous solution of
NaOH (3 mmol, 0.1200 g). Upon addition, the solution turned bright yellow and bubbled.
[Pyrr14]Cl (3 mmol, 0.533 g) dissolved in a minimal amount of water and was added dropwise to
the solution containing the newly generated Na[B9H14].

[Pyrr14][B9H14] immediately

precipitated out of solution as a yellow powder. The crude solid was recrystallized from hot 1butanol.

1

H NMR (CD3CN-d3): 3.42 (m, 4H), 3.24 (t, 2H), 2.96 (s, 3H), 2.18 (m, 4H), 1.73

(quintet, 2H), 1.40 (sextet, 2H), 0.99 (t, 3H), 0.50-2.50 (q, 9H, B-H terminal as overlapping
1:1:1:1 quartets), -1.49 (m, 5H, exchanging B-H; 11B NMR (CD3CN-d3): -8.9 (d, 3B), -21.3 (d,
3B), -24.6 (d, 3B).
Triethylammonium nido-decaboronate ([H-N222][B10H13]). Decaborane (3 mmol, 0.3666
g) dissolved in diethyl ether was added dropwise to a solution of triethylamine (3 mmol, 0.3036
g) in diethyl ether. Immediately upon addition, a yellow solid precipitated. The solid was
separated by vacuum filtration and washed with 3 equivalents of anhydrous diethyl ether to yield
a bright yellow crystalline powder. The resulting powder was recrystallized by dissolving the
yellow solid into EtOAc followed by the slow addition of diethyl ether until precipitation was
observed, which resulted in a pale yellow crystalline powder.

1

H NMR (CD3CN-d3): 6.62 (t,

1H, H-N(Et)3), 3.18 (dq, 6H, H-N(-CH2-CH3)3), 1.5-3 (q, 8H, B-H Terminal), 1.28 (t, 9H, H-N(CH2-CH3)3), 0.05 (q, 2H, B-H Terminal), -2.86 (broad, 1H, B-H Bridging), -3.76 (broad, 2H, BH Bridging);

11

B NMR (CD3CN-d3): 7.2 (d), 2.8 (d), -4.8 (d), -35.9 (d). (Neutral B10H14 and

small amount of [B9H14]- were observed in the 11B NMR).
Tetraethylammonium nido-decaboronate ([N2222][B10H13]). Decaborane (3 mmol, 0.3666
g) dissolved in diethyl ether was drop wise added to solution of [N2222]OH (3 mmol, 0.7784 g) in
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methanol. Immediately upon addition, a yellow solid precipitated. The solid was separated by
vacuum filtration and washed with 3 equivalents of anhydrous diethyl ether to yield a bright
yellow crystalline powder. The resulting powder was recrystallized by dissolving the yellow
solid into EtOAc followed by the slow addition of diethyl ether until precipitation was observed,
which resulted in a pale yellow crystalline powder.

1

H NMR (CD3CN-d3): 6.62 (t, 1H, H-

N(Et)3), 3.18 (dq, 6H, H-N(-CH2-CH3)3), 1.5-3 (q, 8H, B-H Terminal), 1.28 (t, 9H, H-N(-CH2CH3)3), 0.05 (q, 2H, B-H Terminal), -2.86 (broad, 1H, B-H Bridging), -3.76 (broad, 2H, B-H
Bridging); 11B NMR (CD3CN-d3): 6.2 (d), 2.0 (d), -5.6 (d), -35.9 (d). (Neutral B10H14 and small
amount of [B9H14]- were observed in the 11B NMR).
6.2.7

Differential Scanning Calorimetry (DSC)

All experiments to determine thermal transitions were done on a Mettler-Toledo
(Columbus, OH) Differential Scanning Calorimeter (DSC), DSC 1.

The calorimeter was

calibrated for temperature and cell constants using In, Zn, H2O, and n-octane. Samples were
weighed and sealed in aluminum pans (5–15 mg) and heated at a rate of 5 oC/min to 100 oC.
Following the initial heating cycle the samples were cooled to -80 oC via a recirculating chiller
followed by a heating cycle to 100 oC at a rate of 5 oC/min. After each dynamic temperature
ramp, a 15 min isotherm was employed to ensure equilibration of the temperature in the cell.
The entire cycle was repeated three times and the values for phase changes were analyzed. Each
sample was referenced to an empty aluminum pan.
6.2.8

Spectroscopy

All Nuclear Magnetic Resonance (NMR) spectra were recording utilizing a Bruker
Avance Spectrometer Bruker/Magnex UltraShield 500 MHz (Madison, WI) or a Bruker
Spectrospin DRX 360 MHz UltrashieldTM spectrometer (Madison, WI). 1H (500 MHz) and 13C
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(125 MHz) were collected using DMSO-d6 as the solvent with TMS (unless otherwise noted) as
the standard and shifts reported in δ (ppm). Infrared (IR) spectra were collected using a Bruker
ALPHA-FTIR (Madison, WI) by direct measurement via attenuated total reflectance of the neat
samples on a diamond crystal. Assignments for peaks observed in the 1H,

13

C, and

11

B NMR

were determined by direct comparison to literature examples of ions with similar structures.

6.3

Results and Discussion
6.3.1

Reactivity of B10H14 with Hypergolic Ionic Liquids

In order to explore its potential as an energetic additive, B10H14 was dissolved in three
known hypergolic ILs14 1-butyl-3-methylimidazolium dicyanamide ([C4C1im][DCA]), 1-allyl-3methylimidazolium dicyanamide ([AC1im][DCA]), and 1-methyl-4-amino-1,2,4-triazolium
dicyanamide ([C1Ntri][DCA]) and the resulting hypergolic ignition delays compared with those
of the neat samples. Functional groups attached to the cation core were altered from an amine
([C1Ntri]+) to a alkene ([AC1im]+) to a cation with no reactive functional groups ([C4C1im]+).
We anticipated distinguishing different reactivity with B10H14 based on predicted reactivity with
the appended functional groups as observed with ILs and B nanoparticles.18,19
1-Methylimidazole and 4-amino-1,2,4-triazole were initially alkylated with typical
quaternization reactions40 with butyl chloride, allyl chloride, or methyl iodide. The hypergolic
ILs were then synthesized through metathesis reactions between the respective halide precursors
([C4C1im]Cl, [AC1im]Cl, and [C1Ntri]I) and silver dicyanamide in methanol.18,23 The AgX
precipitate was removed by vacuum filtration and the respective dicyanamide salts were isolated
after the removal of methanol under reduced pressure. Before use, each IL was dried under high
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vacuum (1 x 10-4 torr) at 70 oC, followed by three independent freeze-thaw cycles to < 500 ppm
H2O as measured by Karl-Fischer titration.
The B10H14 solutions were prepared by the dropwise addition of the IL to a corresponding
amount of B10H14 (to give 1:1000, 1:100, and 1:10 B10H14-IL molar ratios) in a pre-weighed 2
dram vial followed by vortex mixing for 15 sec. While we only anticipated solvation, upon
addition, a black precipitate and gaseous product was formed, and [C4C1im][DCA] and
[AC1im][DCA] turned bright orange while [C1Ntri][DCA] obtained a cloudy orange hue. In all
three ILs, the more concentrated solutions had darker orange hues, higher viscosities, and larger
amounts of gaseous product and black precipitate. Apart from the observation of the black
precipitates, which were easily separated after the sedimentation to the bottom the vial, the
orange solutions (Figure 6.2) did not show any signs of degradation or precipitation on the
timescale of publication (> 6 mo).

Figure 6.2. Stable orange solutions of a molecular borane cluster
In order to determine the structural identity of the borane cluster, infrared spectra of the
IL solutions were compared to a solid sample of neat B10H14 . A single, very weak B-H stretch
was observed in each spectra at a lower wavenumber (2500-2520 cm-1) relative to the several BH stretches observed in neat B10H14 (2530-2600 cm-1). A highly concentrated sample was then
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prepared by combining [C1Ntri][DCA] with an equimolar portion of B10H14, which resulted in a
dark orange gel after a large amount of bubbling and precipitation. The isolated gel yielded a
single B-H stretch at 2488 cm-1 in the IR spectrum indicative of the generation of a more
reduced,41 or negatively charged species (Figure 6.3). Additionally, the stretches corresponding
to the symmetric and asymmetric –CN stretches from the [DCA]- are shifted to a higher
wavenumber, which indicated the generation of a more neutral species.

Figure 6.3. Observation of a reduced B-H stretch upon the addition of B10H14 to [C1Ntri][DCA]
in a 1:1 molar ratio as compared to [C2C1im][B9H14]
Each of the 1:100 loaded ILs were further characterized neat by

11

B, 1H, and

13

C NMR

spectroscopy using a sealed capillary tube of the sample surrounded by an external locking
solvent (CDCl3) and compared with each pure IL.

Surprisingly,

11

B NMR revealed three

doublets at -8.4, -21.1, and -24.2 ppm, which were identified to be the [B9H14]- anion (Figure
6.4) based on a spectral match to the peaks present in the known compound K[B9H14].42 No
139

shifts were observed in any of the signals associated with the neat ILs in either the 1H or

13

C

NMR spectra upon the addition of B10H14. However, a new peak at 0.09 ppm in the 1H NMR in
all three solutions integrated to be approximately 14 hydrogen atoms at a concentration of 1:100,
which corresponds to the presence of the [B9H14]- anion.

11
Figure 6.4
B NMR Spectra of a “neat” sample of B10H14 added to [AC1im][DCA] at a 1 to
100 ratio in a sealed capillary tube. An external lock of CDCl3 was used with a magnetic pulse
delay of 1000 ms.
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Importantly, no differences in reactivity or final composition of the boronate cluster were
observed based on the alteration of the cation’s structure when added to hypergolic IL.
However, key FTIR stretches, such as the shift in the B-H stretch to lower wavenumbers and the
shift of the –CN stretches to higher wavenumbers, suggested that the reactivity was likely
between B10H14 and the [DCA]- anion.
While formation of [B10H13]- through a single proton abstraction was expected and has
been previously reported in solution with [C4C1im]Cl at catalytic ratios,34,39 the observations here
indicate a more complicated reaction pathway was present. We devised a series of scoping
reactions to determine which functional groups in the IL were reacting with B10H14 and gain
more mechanistic information on the reaction. As it has been reported that B10H14 reacts as a
Brønsted acid38 or as a Lewis acid,43 and [B10H13]- is reactive with nitriles,44 we initially tried to
combine [C1Ntri]I with B10H14. Due to the high melting point of [C1Ntri]I (98 oC), we added a
small amount of methanol as a solvent. Even though [C1Ntri]I contained both an amine in the
cation to act as a Lewis or Brønsted base as well as the iodide anion, which could react as a
Brønsted base similarly to the chloride in [C4C1im]Cl, 34,39 no reaction was observed with these
methods. Upon the removal of methanol, unreacted, single crystals of [C1Ntri]I were instead
obtained.
While this may suggest that that B10H14 does not chemically react or coordinate with
[C1Ntri]+, the iodide anion is a relatively weak base compared to the chloride anion. Thus, we
also reacted an unmethylated version of [C1Ntri]+, 4-amino-1,2,4-triazole (4-AT) with B10H14.
After addition of B10H14 to a solution of 4-AT in methanol, a clear glass was formed. Here, we
did observe a direct acid-base reaction indicated by the FTIR, which displayed a reduction of the
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B-H stretch to lower wavenumber, further suggesting that the B10H14 would only react with more
basic amines as the amine in [C1Ntri]+ is relatively non-reactive.
Our above reactivity studies suggest an acid-base reaction between the B10H14 and the
[DCA]-anion, which would result in the in situ formation of a reduced boronate species45 and the
protonation of [DCA]- which would lead to formation of melamine.46 The melamine derivatives
were likely the black precipitates that were initially separated. The newly formed [B10H13]anion was then in the presence of a large excess of potentially reactive ligands while dissolved in
[DCA]- ILs unlike previous reports with [C4C1im]Cl.34,39

The [B10H13]- anion has been

previously reported to be susceptible to nucleophilic attack47 and form the [B9H14]- anion48 as we
report here. Taken together, these observations suggests the reaction shown in Scheme 6.1.

Scheme 6.1. Proposed reaction pathway for the in situ generation of [B9H14]-.
6.3.2

Synthesis of Boronate Salts

To understand the composition, mechanism of formation, and reactivity of the reduced
boronate species, we isolated salts containing [B10H13]- or [B9H14]- anions. Our initial strategy
was to maximize the oxidation potential of B10H14 by abstracting a single proton in a direct acidbase reaction with either a soft nitrogen base or a hard oxygen-containing base (Scheme 6.2a).
Triethylammonium ([H-N222]+) and tetraethylammonium ([N2222]+) were selected based on
previous reports utilizing these cations to isolate boronate anions from B10H14.34,35
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Scheme 6.2. Synthesis of hypergolic boronate salts.
In the initial reaction, a solution of B10H14 in diethyl ether was added drop-wise to a
stirred solution of triethylamine (N222) in an equimolar ratio, whereupon a pale yellow powder
precipitated. The precipitate was recrystallized by dissolution in ethyl acetate followed by the
slow addition of diethyl ether, which resulted in pale yellow crystalline needles.

1

H and

11

B

NMR of the isolated needles dissolved in CD3CN confirmed formation of [H-N222][B10H13] (1H:
N-H triplet 6.7 ppm; 11B: 4 unique doublets 7.2, 2.8, -4.8, -35.9 ppm 2:1:5:2 matching previous
11

B results for this anion49,50). The

11

B NMR also suggested the presence of small amounts of

B10H14 and [B9H14]- . Even with extensive washing with diethyl ether and multiple attempts at
recrystallization, the product could not be further purified. Although the powder was crystalline,
no single crystals were isolated, but have been previously reported.35
In a second reaction, an aprotic salt of [N2222]+ was prepared by reaction of [N2222]OH in
methanol with B10H14 dissolved in absolute ethanol. Upon the drop-wise addition of the B10H14
solution, a light yellow crystalline solid immediately precipitated. After recrystallization of the
solid through the slow addition of diethyl ether to a dissolved sample in ethyl acetate, a yellow
powder, comprised of very small needles, was isolated.

11

B NMR of the isolated salt dissolved

in CD3CN displayed 4 unique doublets at 6.2, 2.0, -5.6, and -35.9 ppm (2:1:5:2 intensity)
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confirming formation of [N2222][B10H13]. Again, small amounts of B10H14 and [B9H14]- were
identified in the 11B NMR spectrum which could not be removed.
To prepare [B9H14]- salts with organic cations that are typically paired with hypergolic
ILs,18,23 a sodium salt was first made by adding a solution of B10H14 in anhydrous ethanol dropwise to a stirred, equimolar solution of NaOH48 in aqueous ethanol (Scheme 6.2b). Upon
addition, the solution turned a bright yellow indicative of the formation of Na[B10H13], but after
stirring for 12 h, the solution became clear. Solutions of 1-ethyl-3-methylimdazolium chloride
([C2C1im]Cl) or N-butyl-N-methylpyrrolidinium chloride ([Pyrr14]Cl) in ethanol were then added
drop-wise yielding immediate light yellow precipitates.

Each water insoluble powder was

collected by vacuum filtration and recrystallized from hot 1-butanol.

Single crystals were

isolated and crystal structures were determined by single crystal X-ray diffraction for
[C2C1im][B9H14] and [Pyrr14][B9H14].

1

H and

11

B NMR on solutions of the isolated crystals in

CD3CN also confirmed them to be [C2C1im][B9H14] and [Pyrr14][B9H14].
Three doublets observed at 8.7, -21.0, and -24.2 ppm in the 11B NMR matched previous
experimental42 and theoretical51 literature values for the [B9H14]- anion for [C2C1im][B9H14]
(Figure 6.5). In the 1H NMR spectra of [C2C1im][B9H14] (Figure 6.5), a broad peak at -1.50 ppm
was observed that corresponded to five hydrogen atoms which are rapidly exchanging in
solution. These five hydrogen atoms that were fluxional in solution correlated to the five
hydrogen atoms along the open face of the boronate cluster whose exact orientation and location
in the solid state are still in debate today.37,42,49 For example, the anion in K[B9H14]42 has been
reported as a C1 isomer with 3 bridging hydrides, while Cs[B9H14]37 was determined as a C1
isomer with only 2 bridging hydrides. The remaining nine terminal B-H hydrogen atoms along
the base of the boronate “bowl” were observed between 2.5 and 0.5 ppm as overlapping 1:1:1:1
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Figure 6.5. (top) 1H NMR of [C2C1im][B9H14] in CD3CN and (bottom)
[C2C1im][B9H14] in CD3CN
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11

B NMR of

Figure 6.6. (top) 1H NMR of [Pyrr14][B9H14] in CD3CN and (bottom)
[Pyrr14][B9H14] in CD3CN
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11

B NMR of

quartets based on the isotopic abundance and nuclear spin of

11

B.

The

11

B NMR of

[Pyrr14][B9H14] in CD3CN (Figure 6.6) also confirmed the composition of the anion based on
three doublets at 8.9, -21.3, -24.6 ppm. Once again, the 1H NMR spectra of [Pyrr14][B9H14]
(Figure 6.6) supported the formation of the [B9H14]- anion through the observation of the broad
peak corresponding to the five hydrogen atoms, which are fluxional in solution, at -1.49 ppm and
overlapping 1:1:1:1 quartets between 2.5 and 0.5 ppm corresponding to the remaining nine
terminal B-H hydrogen atoms.
6.3.3

Reactivity of Boronate Salts

All four of the salts, [H-N222][B10H13], [N2222][B10H13], [C2C1im][B9H14], and
[Pyrr14][B9H14], were then tested for hypergolic reactivity with a variety of oxidizers. In each
case, a small portion (~10-20 mg) of the solid salt was placed on a 10 cm watch glass. An
aliquot (2-3 drops) of each oxidizer (98% WFNA, 90% inhibited red fuming nitric acid
(IRFNA), and 70% nitric acid (NA)) was dropped directly onto the samples and the resulting
ignition monitored.

Upon contact with the oxidizers, all four salts exhibited essentially

instantaneous ignition (ID < 3 ms) with a green flame. The small impurities present in [HN222][B10H13] and [N2222][B10H13] did not seem to result in decreased reactivity, suggesting that
extensive purification may not be required. Other, more dilute, oxidizers such as 1 M nitric acid,
30% H2O2, and 50% H2O2, were tried, but did not result in ignition, perhaps due in part to the
low water solubility of the boronate salts.
The four boronate salts prepared here were tested to determine if they could induce
hypergolicity in a non-hypergolic molecular solvent. Small portions (~10-20 mg) of each salt
and of B10H14 were placed on a 10 cm watch glass and dissolved in approximately 10 mL of
molecular solvents which could serve as potential fuels. The solvents screened were chosen
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based on known energetic properties and potential for reactivity with the anion. Chlorinated
solvents were avoided due to the potential hazard of the generation of shock sensitive primary
explosives13 and low combustibility due to high chlorine contents. DMSO and acetonitrile were
also not utilized due to known reactivity with neutral B10H14 and similar anions.52 Water, diethyl
ether, and hydrocarbon based non-polar solvents did not dissolve any of the four isolated salts.
Polar protic solvents (e.g., MeOH and EtOH) were able to dissolve [H-N222][B10H13] and
[N2222][B10H13], but not either of the [B9H14]- salts. Only polar aprotic solvents (e.g., THF and
EtOAc) dissolved all four boronate salts, which led to a total of six testable fuel-salt solutions
(Table 6.1).
Table 6.1. Reactivity with WFNA and solubility in molecular solvents
Compound
THF
EtOAc
MeOH
Soluble
Soluble
B10H14
N/A
Not Hypergolic
Not Hypergolic
Soluble
Soluble
Soluble
[H-N222][B10H13]
Hypergolic
Hypergolic
Not Hypergolic
Soluble
Soluble
Soluble
[N2222][B10H13]
Hypergolic
Hypergolic
Not Hypergolic
Soluble
Soluble
[C2C1im][B9H14]
Not Soluble
Hypergolic
Hypergolic
Soluble
Soluble
[Pyrr14][B9H14]
Not Soluble
Hypergolic
Hypergolic

EtOH
N/A
Soluble
Not Hypergolic
Soluble
Not Hypergolic
Not Soluble
Not Soluble

Several drops of oxidizer (WFNA, IR, and NA) were dropped directly onto each of the
six prepared solutions on the watch glasses and the resulting ignition was monitored with the
high speed camera as previously discussed. Neutral B10H14 was not hypergolic either as a neat
solid or in THF or EtOAc. Similarly, none of the salts were hypergolic when dissolved in the
protic polar solvents. However, freshly prepared solutions of [H-N222][B10H13], [N2222][B10H13],
[C2C1im][B9H14], and [Pyrr14][B9H14] in THF or EtOAc were all hypergolic with WFNA,
igniting instantaneously on contact.

For example, [H-N222][B10H13] in EtOAc ignited
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instantaneously (Figure 6.7, Table 6.1) and burned for several hundred ms until all of the solvent
was consumed. Lower concentrations of nitric acid (i.e., IFNA, NA) did not result in hypergolic
ignition.

Figure 6.7. [H-N222][B10H13] as a trigger additive induces hypergolicity in solutions of EtOAc:
(a) 0 ms – initial contact with oxidizer, (b) 2 ms – hypergolic ignition, (c) dilute green flame
visible.
Interestingly, even though the [B9H14]- or [B10H13]- salts prepared were insoluble in
water, the presence of water did not prevent ignition. Floating any of the 4 salts on water
followed by addition of the oxidizer (WFNA) resulted in ignition. This might allow some design
flexibility if these salts were used in current propellant formulations, such as in RP-1.53
6.3.4

Reactivity of [B9H14] - Dissolved in Ionic Liquids

Hypergolic ignition tests (Table 6.2) for the nine [B9H14]- IL solutions were then
conducted utilizing a standard IL hypergolic drop test.23 A single aliquot (10 µL) of fuel (IL)
was added via Hamiltonian syringe to a vial containing 500 µL of 99.5% white fuming nitric
acid (WFNA) and the resulting ignition was monitored with a Redlake MotionPro Y4 high speed
camera at 1000 frames/s. Ignition delays (IDs) were measured as the time from when the
oxidizer first came into contact with the fuel until ignition was observed. Due to the high
viscosity of the most concentrated (1-10) [C1Ntri][DCA] solution, testing of this system was
conducted by placing ~10-20 mg onto a 10 cm watch glass and directly dropping a 2-3 drop
aliquot of WFNA onto the sample. Flames with a light green hue, indicative of the oxidation of
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B-H bonds to boron oxide13 and the reaction between proton and hydride, were observed upon
ignition in all cases.
Table 6.2. Ignition delays observed for three hypergolic ILs and their [B9H14]- solutions.
Molar ratio of [B9H14]--IL
Ionic Liquid

Neat

1:1000

1:100

1:10

Ignition delay (ms)
[C4C1im][DCA]

48(4)

58(3)

42(2)

5a

[C1Ntri][DCA]

39(2)

69(21)

31(1)

11(4)b

[AC1im][DCA]

35(5)

33(4)

30(6)

4(1)

a

b

Only one ignition delay obtained as a result of high viscosity. The drop test was performed in a
watch glass instead of a vial as a result of high viscosity. cValues in parenthesis denote the
standard deviation of three averaged tests.
While the viscosity of these IL solutions were not directly measured due to previous
reports of shock sensitivity of similar compounds13 the viscosity of the ILs dramatically
increased visually upon the addition of [B9H14]-. Thus, the slightly longer IDs observed in the
1:1000 samples might be expected due to mixing effects,21 however, at the 1:100 loadings the
IDs were shortened 15-20% despite the even higher viscosities. At the 1:10 loadings the
viscosity was high enough to limit the ability to use a syringe to conduct the test utilizing in the
same method for [C1Ntri][DCA] loaded samples, nonetheless, in both the case of the modified
testing conditions for [C1Ntri][DCA] (Figure 6.9) and the original testing conditions for
[C4C1im][DCA] and [AC1im][DCA] loaded samples, even greater reductions (89-97%) in the
IDs were observed with respect to the neat ILs (Figure 6.8).
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Figure 6.8. Resulting ignition of 10 µL of [AC1im][DCA] with a 1:10 molar ratio of [B9H14]upon contact with WFNA

Figure 6.9. Resulting ignition of 10 mg of [C1Ntri][DCA] with a 1-10 molar ratio of B10H14
upon contact with WFNA utilizing the modified testing procedure.
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While it was clear from the hypergolic reactivity tests that these boronate cluster anions
were extremely reactive, potentially producing ignitable hydrogen gas upon contact with an acid,
we next set out to explore how the molecular structure of the cluster might influence its
reactivity.
6.3.5

Single Crystal X-ray Diffraction

The structures of [C2C1im][B9H14] and [Pyrr14][B9H14] were determined by single-crystal X-ray
diffraction, and the intermolecular contacts were analyzed for any clues which might provide
insight into the isomers isolated for each molecular boronate anion cluster. Diagrams of the
asymmetric unit, cation and anion short contacts, and packing diagrams are shown in Figure 6.10
[C2C1im][B9H14] crystallized in the monoclinic space group P21/m with one formula unit
per asymmetric unit (Figure 6.10) and There are two symmetry-independent half anions which
reside on crystallographic mirror planes and thus have internal mirror symmetry, although they
are not symmetry-related to each other. The [C2C1im]+ cation is surrounded by five [B9H14]anions. They hydrogen atoms on C2 and C5 participate in dihydrogen bonds with hydrogen
atoms with hydride character attached to B5 and B9 respectively. Additional short contacts were
observed between every acidic hydrogen atom (H2A, H4A, H5A, H6A, and H7A) with boron
atoms along the open face of the boronate cluster and terminal boron atoms on the base of the
bowl. Electrostatic interactions between carbon atoms in the imidazolium ring (C2 and C5) and
boron atoms along the open face of the boronate cluster (B4 and B9) are present directly above
and below the imidazolium cation and appear to stabilize the packing structure leading to an
alternating cation-anion chain, which matches previous reports containing the [C2C1im]+
cation.54
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[C2C1im][B9H14] – All Anions are Cs isomers

Full Asymmetric Unit for [Pyrr14][B9H14]

[Pyrr14][B9H14] - Three Anions are C1 isomers

[Pyrr14][B9H14] - One Anion is a Cs isomer
Figure 6.10. From left to right for each salt: 50% probability ellipsoid ORTEP diagram of the
asymmetric unit, short (< sum of the van der Waals radii) contacts around the cation, short
contacts around the anion, and the packing diagram.
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The [B9H14]- anion is surrounded by four [C2C2im]+ cations. Two of the cation molecules
only provide an electrostatic interaction between C5 and B4. Four of the other boron atoms
around the ring (B5, B6, B8, and B9) and the remaining terminal boron atoms make short
contacts with C2H and C8H of the remaining two other cation molecules. B7 does not form a
short contact with any other atom. The second anion is surrounded by seven unique cation
molecules. Once again, two of the cations provide only an electrostatic, but in this case provide
it to two different positions on the boronate anion (B6 and B8). The remaining five cations form
short contacts between acidic hydrogen atoms and the remaining boron atoms around the ring
other than B7. Overall, both of the anions are Cs isomers, which has been suggested to be a
higher energy symmetry group for the [B9H14]- anion, requiring 2.4 kcal/mol stabilization
relative to C1.51
As described above, the

11

B NMR of [C2C1im][B9H14] in CD3CN contained three

equivalent doublets at 8.7, -21.0, and -24.2 ppm, which suggested that the anion possessed C2v
symmetry. However, as reported before, this phenomena was only observed due to the fluxional
nature of 5 hydrogen atoms in solution.42,51 Exactly where these five hydrogen atoms reside in
the solid state has been the source of some debate in the field. The [B9H14]- anion in Cs[B9H14]
was originally suggested to be a C1 isomer by Greenwood et al.,37 but also proposed the
hydrogen atoms to be in a {2 x µ, 3 x endo} (or 2 bridging hydrides and 3 hydrogen atoms in an
endo confirmation) structure. Many years later, Hofman et al.51 calculated and predicted a C1symmetry conformation with {3 x µ, 2 x endo} as the lowest energy isomer of [B9H14]-,
suggesting that Greenwood initially mischaracterized one hydride to be endo instead of bridging.
Further experimental support was provided by Bould et al.42 who isolated and determined the
crystal structure of K[B9H14] with C1 symmetry and {3 x µ, 2 x endo}.
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Table 6.3. Bond lengths (in Å)for [B9H14]- anion in Cs symmetry calculation by Hofman et al.51
and experimentally determined in [C2C1im][B9H14] and [Pyrr14][B9H14]
Bond

Calculated51

[C2C1im]+
A

[C2C1im]+
B

[Pyrr14]+

B4-B5

1.887

1.850(3)

1.891(3)

1.869(5)

B5-B6

1.834

1.850(4)

1.853(3)

1.850(5)

B6-B7

1.850

1.869(3)

1.884(3)

1.886(4)

B6-Hµ

1.324

1.300(3)

1.309(3)

1.387(4)

B6-Hexo

1.234

1.171(4)

1.139(3)

Not Found

B6-Hendo

1.196

1.097(3)

1.058(4)

1.154(3)

As indicated in Table 6.3, the bond lengths for the isomer isolated in [C2C1im][B9H14]
correspond to the bond lengths predicted for an isomer with Cs symmetry.51 Additional evidence
is provided by Fig. 7, which shows [C2C1im][B9H14] isolated with an anion as a Cs isomer in a {2
x µ, 3 x endo} hydrogen confirmation with the two bridging hydrides present between B5-B6
and B8-B9.

The anion isolated in [C2C1im][B9H14] was stabilized electrostatically by the

aromatic system in the [C2C1im]+ cation as seen in Fig. 5. This added degree of stabilization
allowed for the anion to remain in the Cs symmetry group instead of residing in the lower energy
C1 symmetry.

Figure 6.11. [B9H14]- (left) was observed as a Cs isomer when paired with [C2C1im]+ and
[Pyrr14]+ and as C1 isomer when paired with [Pyrr14]+
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[Pyrr14][B9H14] crystallized in the triclinic space group P-1 with four formula units within
its asymmetric unit. Three cations and anions contained the lowest energy conformations for
each ion.51,55

Three of the [Pyrr14]+ cations (cation A) were observed in a fully trans

conformation. One of the four [Pyrr14]+ cations (cation B) was observed with a single cis single
bond. Based on hydrogen atom locations determined from the difference map, three of the
[B9H14]- anions (anion A) were the same as the isomer observed in K[B9H14] and predicted to
have the lowest energy (the C1 isomer) . One of the four [B9H14]- anions (anion B) was found to
have the same hydrogen atom connectivity as the isomer with Cs symmetry observed in
[C2C1im][B9H14], although the molecule in [Pyrr14][B9H14] has neither crystallographic nor
molecular Cs symmetry (see Table 6.4).

The isolation of a single crystal containing four

different anions with two different isomeric symmetries confirms the prediction that the energy
difference between the two anion symmetries is quite small.
Both cation A and cation B made short contacts to five boronate anion molecules. Each
cation made short contacts with its most acidic hydrogen atoms, (C2H and C5H), to boron atoms
along the rim and base of the boronate cluster anion. However, anion A (C1 isomer) only made
short contacts to five cation molecules while anion B (Cs isomer) made short contacts to six
cation molecules. Importantly, while anion A only made short contacts through its boron atoms,
anion B participated in two dihydrogen bonds with two different [Pyrr14]+ cation molecules,
thereby, providing an added degree of extra stabilization.
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Table 6.4. Bond lengths (in Å) for [B9H14]- anion in C1 symmetry calculation by Hofman et
al.51and experimentally determined in K[B9H14]42 and [Pyrr14][B9H14]
Bond

C1 Calculated51

K[B9H14]42

[Pyrr14][B9H14]

B4-B5

1.797

1.775(12)

1.794(4)

B4-B9

1.778

1.794(13)

1.799(5)

B5-B6

1.931

1.989(13)

1.920(4)

B5-Hµ

1.323

1.30(4)

1.268(3)

B6-B7

1.881

1.883(14)

1.876(4)

B7-B8

1.878

1.855(12)

1.884(4)

B7-Hµ

1.277

1.04(5)

1.244(3)

B8-B9

2.023

1.924(12)

1.971(4)

µ

1.367

1.25(5)

1.410(3)

B9-H

6.3.6

Solid-Solid Transitions

In order to determine potential conformational transitions in the solid state, the isolated
crystals of [C2C1im][B9H14] and [Pyrr14][B9H14] were evaluated by differential scanning
calorimetry (DSC), which has been used previously to determine the relative thermodynamic
stabilities of possible solid-solid transitions.56 Each sample was placed in a sealed aluminum pan
and heated to 75 oC at a ramp rate of 5 oC/min. Samples were then cycled three times between
75 oC and -50 oC and the subsequent solid transitions measured (Figure 6.12). Based on the
crystal structures, once the [B9H14]- anion is isolated from solution, the five fluxional hydrogen
atoms settle into a specific locations. However, different constitutional isomers with very similar
relative potential energies are possible,51 which led to the isolation of different isomers based on
interactions between the cation and the [B9H14]- anion.
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Figure 6.12. Differential Scanning Calorimetry of isolated crystals of [C2C1im][B9H14] (top)
and [Pyrr14][B9H14] (bottom)
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Upon heating [C2C1im][B9H14] (Figure 6.12) from ambient conditions, a single broad
endothermic peak representing a solid-solid transition was visible at 56 oC. In order to confirm
that this peak did not correspond to a melting transition, a sealed vial containing
[C2C1im][B9H14] was heated in an oil bath beyond the transition temperature. No liquefaction
was visually observed. Additionally, the

11

B NMR, 1H NMR, and FTIR spectra were identical

before and after heating the sample, which rules out the possibility that the endotherm is a
chemical reaction. A very sharp exothermic peak was observed upon cooling [C 2C1im][B9H14]
at 17 oC. Additional solid-solid transitions were visible upon cooling at -28 oC and upon heating
at -8 oC.
While [Pyrr14][B9H14] possessed very similar solid-solid transitions upon cooling at -31oC
and upon heating at -9 oC, a dramatically different set of peaks were observed above 25 oC
(Figure 6.12). A set of weakly exothermic peaks were observed between 35 and 55 oC upon
heating. The appearance of multiple small peaks upon heating was repeatable upon successive
cycles, but the exact temperature was not conserved on each cycle. The same correlated set of
solid transitions were observed upon cooling in the exact same temperature range.
These small weak energy peaks represent a set of weak isomeric conversions57,58
indicative of a polycrystalline sample, which match our SCXRD data for [Pyrr14][B9H14]. In
comparison, [C2C1im][B9H14] exhibited a single, sharp, and highly endothermic conversion upon
cooling and single, moderately exothermic conversion upon heating in each case.

As we

hypothesized earlier, the preference for the Cs isomer over the C1 led from the added degree of
stabilization in [C2C1im][B9H14] provided by the aromatic cation.

However, this same

stabilization was not observed in the SCXRD of [Pyrr14][B9H14], which led to several isomers
with very similar energies. In fact, a mixture of two isomers were isolated in the same single
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crystal above.

This set of potential isomers of the [B9H14]- anion with very similar

thermodynamic stabilities led to the isolation of a polycrystalline salt containing multiple
conformational isomers and the observation of several smaller transitions in the DSC instead of a
single, preferred isomer (as in [C2C1im][B9H14]).

6.4

Conclusions
Boronate cluster anions, [B10H13]- and [B9H14]-, generated in situ from B10H14 or

synthesized as pure salts, can form stable solutions in ILs and certain molecular solvents leading
to enhanced ignition in known hypergols or induced hypergolicity in certain non-hypergolic
solvents. This new class of hypergolic trigger additives, on the order of angstroms rather than
nanometers, can easily be customized for specific requirements of solubility, reactivity, and
physical properties by the choice of cation.

The tested hypergolic reactivity is a unique

demonstration of the reactivity of these boron cluster anions and their potential for hydrogen gas
generation.
During our exploration of the borane clusters as energetic additives, we developed new
insights on the conformational stabilities of the nonaboronate anion. It was demonstrated that
the [B9H14]- anion can be composed of several different constitutional isomers that are similar in
thermodynamic stability, which are difficult predict and can be stabilized by even weak
interactions that are prone to be highly variable. The DSC results demonstrated the differences
in crystallinity based on different molecular structures of the cation through observation of a
single higher energy isomeric conversion in [C2C1im][B9H14] compared with multiple weaker
energy transitions in [Pyrr14][B9H14].
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CHAPTER 7

CONCLUSIONS

Although ILs have been evolving from non-volatile solvents to unique materials, there is
still the potential for an EIL to function as both. The unique solvent capability of EILs allows
for the incorporation of nanomaterial or cluster additives, which might allow for critical
enhancements in energetic content, ignition delay, and physical properties. In addition to the
stereoelectronic stabilization provided inherently by EILs, the molecular structure can be further
designed to also incorporate an added degree of ligand assisted stabilization for the incorporated
nanomaterials and molecular clusters. As EILs transition from novelty compounds to practical
energetic materials, a great deal of emphasis must be placed on the selection of key additives to
improve current deficient properties. Perhaps more importantly, the fundamental science based
on the surface and bulk chemistry of the additives must be developed to maximize performance
enhancements.
Chapter 2 demonstrated the need for an additive to be incorporated into EILs as of the 39
potentially hypergolic ILs synthesized, none had all of the required performance characteristics
in order to replace hydrazine as a rocket bipropellant. While some ILs, such as [PC 1im][DCA],
had an impressive ignition delay of 19 ms, only 4 ms slower than hydrazine, its melting point
was far too high and was too viscous in comparison to hydrazine. Others ILs had a low enough
viscosity, but a slower ignition delay was observed. However, this chapter provided valuable
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structure-property relationships, specifically observing that beyond a certain threshold, the
density and viscosity of the IL was not necessarily the only factor driving the ignition delay. In
fact, as long as the density and viscosity were within the same range, the molecular structure of
the counter-ion played a much larger role determining the ignition delay. Those counter-ions
with highly oxidizable functional groups, such as alkenes or alkynes, were observed to have
much quicker ignition delays than those with only alkyl functionality.
While a single, neat EIL matching all of the performance requirements as laid out by the
AFOSR has not yet been found, we sought to incorporate additives that might mitigate certain
deficiencies in a given IL while harnessing many of the key benefits of using an IL over a
traditional molecular compound, such as low volatility or improved thermal stability. The next
chapters focus on incorporating a different nanomaterial or molecular cluster directly into an EIL
in order to target a specific property deficiency.
For example, Chapter 3 investigated the use of B(0) nanoparticles as energetic additives
to hypergolic ILs. [C1Ntri][DCA] was utilized as a milling agent and passivating agent to
produce unoxidized B(0) nanoparticles which could be further stabilized in [DCA]-based ILs.
Importantly, the incorporated B(0) nanoparticles provided unique enhancements of the EIL
properties such as increased energetic density and improved hypergolic performance.
In addition, it was shown that depending on the strength of coordination of the
coordinating group, the cation and/or the anion can compete to act as the first passivating layer.
If the cation contained no functional groups, such as in [C4C1im][DCA], the hypergolic [DCA]anion would preferentially interact with the nanoparticle surface, which would lead decreased
hypergolic performance. However, if a functional group was incorporated into the cation, such
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as an amino group in [C1Ntri][DCA], the cation would instead preferentially interact with the
boron surface which would led to an enhanced performance.
With the initial observation of improved properties with designed surface reactivity in
Chapter 3, we opted to develop an approach to stabilize nanoparticles by tuning the coordinative
ability of functional groups present on IL ions. It was demonstrated in Chapter 4 that the
stronger interaction between the IL and the Ti(0) nanoparticle surface, the longer the colloid
remained in suspension. We found that by altering the functional group on the anion, the relative
stability of the Ti nanoparticles as a colloid could be controlled. The stability of the colloids
increased with the donor ability of the azolate functional groups -CN < -NH2 < -NO2. The ILs
containing a nitro functional group were able to chemically stabilize the nanoparticles more
effectively, while passivating the Ti surface and allowing for easy use under atmospheric
conditions.
Instead of attempting to increase energetic density as in the previous two examples,
Chapter 5 demonstrated that key physical properties could be improved through the
incorporation of graphene. Here, we attempted to help prevent the dramatic rise in viscosity
observed upon cooling, which plagues many EILs. Incorporation of graphene or graphene oxide
(r-GO) into hypergolic ILs can depress viscosities leading to lower temperature hypergolic
ignition, however, the type of graphene surface and the potential IL/graphene interactions can
lead to dramatically different behavior.
Dispersions of r-GO sheets led to lower viscosities than neat ILs at low temperatures, but
its functionalized surface can form hydrogen bonds with the IL ions that can inhibit its viscosity
reducing effect when paired with an IL capable of such hydrogen bonding. IL dispersions
containing pristine graphene layers demonstrated improved low-temperature ignition
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performance by sufficiently controlling the typical viscosity increases associated with lower
temperatures.
Even though Chapters 3-5 demonstrated that ILs can be designed to effectively stabilize
and passivate a variety of different nanomaterials, each offering a unique enhancement based on
tuned surface reactivity, the colloidal stabilities of these composite EIL-nanomaterial systems
were still only on the order of 2-3 d. In Chapter 6 molecular borane clusters, specifically B10H14,
were incorporated into hypergolic ILs. Not only was B10H14 immediately solubilized, rather than
suspended, into each [DCA]-based IL, but they reacted in bulk to generate the anionic boronate
cluster, [B9H14]-. The entire reaction scheme was then elucidated by synthesizing these anionic
clusters in bulk. The isolated boronate clusters were observed as a unique conformation by
SCXRD.
These anionic clusters were shown to not only be extremely reactive with an nitric acid
oxidizer, generating H2 on demand, but induced hypergolicity in combustible molecular solvents
or enhanced hypergolicity by decreasing the ignition delay while dissolved in hypergolic ionic
liquids. Additionally, the boronate clusters formed stable solutions in hypergolic ILs, which
dramatically improved upon the stability results presented in Chapters 3-5.
Overall, this dissertation has shown that the incorporation of nanomaterials can have a
dramatic impact on the IL’s energetic and physical bulk properties. These enhancements can
even be observed with only a catalytic ratio of energetic additives. Importantly, these composite
mixtures comprised of an EIL and a reactive nanomaterial or cluster have an improved
performance relative to the two components separately, which indicated a symbiotic effect based
on specific and designable surface reactivity.
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Even though we have had success in improving several properties, the search for a single
compound to replace hydrazine is far from complete. In many cases, improving one property led
to other negative property changes. For example, the incorporation of [B9H14]- directly into
[AC1im][DCA] led to extremely fast ignition delays, but also dramatically increased the
viscosity of the IL. Further research is still needed in maximizing energetic performance gains
while minimizing the effect on other properties.
In addition, a variety of safety and energetic properties are still missing and need to be
completed before any practical use. Such values, such as shock sensitivity, friction sensitivity,
fluid dynamics in bulk, etc., were not possible to measure in our laboratory with the scales we
were able to synthesize. Although our strategy throughout this body was to incorporate additives
to known EILs instead of synthesize new classes of salts, the development of new EILs must
never be ignored. Specifically, the development of salts containing elements with high heats of
combustion, such as B, Al, or transition metals, directly within the molecular structure would
bypass many of the colloidal stability deficiencies observed here.
Future work is also needed in order to continue to develop the fundamental chemistry of
boronate clusters to allow for a greater degree of size and conformational control of the
solubilized cluster. Additional work also needs to be completed to properly design the counter
ion associated with the boronate clusters. A degree of solubility of an ionic species in kerosene
and other hydrocarbon-based would allow for these additives to be incorporated into current
rocket propellant formulations.

Other unique aspects of boronate chemistry still need

fundamental research, such as designing a salt capable of generating H2 without resulting in
complete ignition as we observed in Chapter 6.
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While the goal of replacing hydrazine and its derivatives with an EIL is not yet fully
realize, this preliminary work has demonstrated that this goal can become a reality. Now,
utilizing the fundamental research develop here, I envision a world where technology,
sustainability, and safety are no longer three separate words, but a single entity that is used
inherently in the propellant community.
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