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ABSTRACT: Dicyanamide [N(CN)2−] is a common anionic component of ionic liquids,
several of which have shown hypergolic reactivity upon mixing with white-fuming nitric
acid. In this study, we explore the thermochemistry of dicyanamide and its reactivity with
nitric acid and other molecules to gain insight into the initial stages of the hypergolic
phenomenon. We have developed and utilized an electrospray ion source for our selected
ion ﬂow tube (SIFT) to generate the dicyanamide anion. We have explored the general
reactivity of this ion with several neutral molecules and atoms. Dicyanamide does not
show reactivity with O2, H2SO4, H2O2, DBr, HCl, NH3, N2O, SO2, COS, CO2, CH3OH,
H2O, CH4, N2, CF4, or SF6 (k < 1 × 10−12 cm3/s); moreover, dicyanamide does not react
with N atom, O atom, or electronically excited molecular oxygen (k < 5 × 10−12 cm3/s),
and our previous studies showed no reactivity with H atom. However, at 0.45 Torr
helium, we observe the adduct of dicyanamide with nitric acid with an eﬀective
bimolecular rate constant of 2.7 × 10−10 cm3/s. Intrinsically, dicyanamide is a very stable
anion in the gas phase, as illustrated by its lack of reactivity, high electron-binding energy, and low proton aﬃnity. The lack of
reactivity of dicyanamide with H2SO4 gives an upper limit for the gas-phase deprotonation enthalpy of the parent compound
(HNCNCN; <310 ± 3 kcal/mol). This limit is in agreement with theoretical calculations at the MP2/6-311++G(d,p) level of
theory, ﬁnding that ΔH298 K(HNCNCN) = 308.5 kcal/mol. Dicyanamide has two diﬀerent proton acceptor sites. Experimental
and computational results indicate that it is lower in energy to protonate the terminal nitrile nitrogen than the central nitrogen.
Although proton transfer to dicyanamide was not observed for any of the acidic molecules investigated here, the calculations on
dicyanamide with one to three nitric acid molecules reveal that higher-order solvation can favor exothermic proton transfer.
Furthermore, the formation of 1,5-dinitrobiuret, proposed to be the key intermediate during the hypergolic ignition of
dicyanamide ionic liquids with nitric acid, is investigated by calculation of the reaction coordinate. Our results suggest that
solvation dynamics of dicyanamide with nitric acid play an important role in hypergolic ignition and the interactions at the
droplet/condensed-phase surface between the two hypergolic liquids are very important. Moreover, dicyanamide exists in the
atmosphere of Saturn’s moon, Titan; the intrinsic stability of dicyanamide strongly suggests that it may exist in molecular clouds
of the interstellar medium, especially in regions where other stable carbon−nitrogen anions have been detected.

■

Dicyanamide, N(CN)2−, is a common anion of ionic liquids;
as an anion, it exhibits hypergolic behavior when paired with
certain cations. Furthermore, dicyanamide generates ionic
liquids with relatively low viscosities, allowing for more eﬃcient
delivery in propulsion applications. When paired with 1propargyl-3-methylimidazolium, the resulting ionic liquid melts
at 17 °C and is stable up to 144 °C. Upon mixing with whitefuming nitric acid, 1-propargyl-3-methylimidazolium dicyanamide will undergo hypergolic ignition with a 15 ms delay time.6
An ignition delay time of ≤5 ms is preferred for real-world
applications; this can be achieved by altering the cation or
creating ionic liquid mixtures.7
The hypergolic interaction between dicyanamide and nitric
acid has been a hot topic of study in the past decade.6,9,13,14 In
2008, Chambreau and co-workers proposed that 1,5-

INTRODUCTION
Although they have been known for more than 100 years,1
ionic liquids, or salts with a melting point ≤ 100 °C, have
recently received renewed interest in the chemical literature.
Ionic liquids exist with a wide variety of cation and anion
components; in fact, their properties can be customized by
switching or modifying the cations or anions. As a liquid salt,
they have many applications. Some synthetic chemists employ
ionic liquids as reusable solvents because of their low vapor
pressure,2 and ionic liquids have even been shown to participate
in synthesis reactions.3 Because of their inherent stability, they
are being used as the electrolytic medium in batteries,
capacitors, and solar cells.4,5 In addition, a number of materials
chemists are investigating ionic liquids as next-generation
bipropellant hypergolic fuels in eﬀorts to replace hydrazine
based fuels; storage of hydrazine based fuels is challenging
because of their toxic, corrosive, and volatile nature. Several
ionic liquids exhibit hypergolic behavior,6−12 providing a
possible replacement.
© 2016 American Chemical Society
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chamber. The capillary inlet is interchangeable. For the
experiments reported, a capillary with an inner diameter of
0.76 mm and a length of 98 mm was used. While these exact
dimensions are somewhat arbitrary, we found that, for our
experiments, a shorter capillary increased the ion-signal
intensity. The capillary inlet is seated in an aluminum block
that can be heated from 50 to 175 °C using heater cartridges
and a temperature controller. The entrance capillary is typically
biased at 100−300 V. As the ions exit the heated capillary inlet,
they enter the vacuum chamber (∼0.25 Torr), which is
pumped by a high-capacity roots blower and then concentrated
by an ion funnel.27 The ion funnel consists of 101 stainless steel
electrodes, but does not contain a “jet disruptor”. The ﬁrst 100
lenses have both radio frequency (RF) and constant (DC)
potentials applied to them. The RF potential amplitude is
approximately 25 V peak-to-peak and oscillates at a frequency
that can be adjusted; for these experiments, frequencies of 1.5−
2.8 MHz were used. Adjacent electrodes are supplied with RF
potentials of opposite polarities (180° out-of-phase). The RF
potentials radially conﬁne the ions to the center axis of the
funnel. Because the lenses are connected through a resistor
network, a potential gradient is applied along the ion funnel.
Both the entrance and exit DC potentials are adjustable, and
the gradient is typically 10−150 V/(10 cm). This potential
gradient transmits the ions toward the diﬀerentially pumped
mass-selection region. The 101st electrostatic lens of the funnel
is supplied with an independently adjustable DC potential. All
ESI source potentials discussed are referenced to a common
ground which is the stainless steel chamber housing. For more
information pertaining to the new source, including hardware
and electrical schematic, please view the Supporting Information (SI).
To generate the dicyanamide signal, a 6 × 10−5 M solution of
sodium dicyanamide (≥96%; Fluka) in acetonitrile (99.8%;
Sigma-Aldrich) is used with the ESI source. After the
dicyanamide ions are transmitted through the new source
region, they are sampled into a diﬀerentially pumped massselection region that contains a quadrupole mass ﬁlter. The
mass-selected ions of interest are then injected into the reaction
ﬂow tube, maintained at 0.45 Torr, where a ﬂow of helium
(99.999%; Airgas) entrains the ions. Before entering the ﬂow
tube, the helium is passed through a molecular sieve trap
immersed in liquid nitrogen. The ions are thermalized to 298 K
through multiple collisions with the helium gas, allowing the
determination of rate constants at well-deﬁned temperatures
and pressures. Temperature variable studies can be carried out
as described previously.25
The ions are detected downstream by a diﬀerentially pumped
triple quadrupole system coupled with an electron multiplier.
To illustrate the performance of the ESI source, Figure 2a
shows a spectrum of 1-butyl-2,3-dimethylimidazolium cation
that was generated from a 2.4 × 10−4 M solution of 1-butyl-2,3dimethylimidazolium tetraﬂuoroborate in methanol (99.8%,
EMD Millipore). This ion was mass-selected, injected into the
ﬂow tube, and detected. Figure 2b shows a spectrum of
dicyanamide anion that was generated from a 6 × 10−5 M
solution of sodium dicyanamide in acetonitrile (99.8%; SigmaAldrich). In this case, all negative ions were injected and
detected, but the desired dicyanamide anion dominates the
mass spectrum.
To determine the rate constant for the clustering reaction of
dicyanamide with nitric acid, a known ﬂow rate of nitric acid is
introduced at various distances along the reaction ﬂow tube

dinitrobiuret is formed during the hypergolic reaction between
dicyanamide containing ionic liquids and nitric acid.9 Since this
report, several studies have theoretically investigated the
decomposition dynamics of 1,5-dinitrobiuret.15−17 However,
fewer studies have focused on the formation pathway of 1,5dinitrobiuret. This study will computationally investigate
energetics of the previously proposed formation pathway9 of
1,5-dinitrobiuret through stationary points, including transition
states, along the reaction coordinate.
In addition to its unique properties in the liquid phase,
dicyanamide is one of the very few anions that has been found
not to exhibit reactivity with H atom,18 the most abundant
element in the universe. Dicyanamide is believed to be present
in the atmosphere of Saturn’s moon Titan.19 It is also likely a
component of the dense interstellar clouds where CN−, C3N−,
and C5N− have been observed.20−22 Because of its large
electron-binding energy, 4.135 eV,23 dicyanamide may survive
in regions of the interstellar medium where most anions would
undergo photodetachment. This study investigates the
reactivity of dicyanamide with many astronomically abundant
species, including N and O atoms.

■

EXPERIMENTAL SECTION
The experiments were carried out at 298 K with a selected ion
ﬂow tube (SIFT) that has been modiﬁed with a home-built
electrospray-ionization (ESI) source. The SIFT has been
described in detail previously.24,25 This work describes the
new ESI source, which replaces the source ﬂow tube and
electron ionization region; the remaining instrumental details
will be covered brieﬂy.
Recently, Viggiano and co-workers reported a new ESI
source, designed by Ardara Corp., for their SIFT.26 Our ESI
design utilizes an ion funnel27 and is similar to that developed
for guided-ion beam experiments.28,29 A schematic of our ESI
source is shown in Figure 1.

Figure 1. Electrospray ion source for the SIFT.

The ions are generated at ambient pressure by applying a
high potential (2−3 kV) to a conductive union. Solution is
pushed through this union by a syringe pump with ﬂow rates of
0.2−50 μL/min. The charged solution then exits through an
emitter made from a fused silica capillary, which has an inner
diameter of ≤50 μm. The ESI emitter is mounted to an X−Y−
Z stage (not shown in Figure 1) and positioned in front of a
stainless steel capillary inlet that leads into the vacuum
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W of microwave radiation. The overall eﬃciency of generating
N atoms from this technique is approximately 1−3%. The O
atoms are then formed by titrating the N atoms with NO (4%
in He; Airgas), which forms ground state O atom by the
reaction N + NO → N2 + O. The titration end point for this
process is found by plotting the natural log of the ion signal as a
function of NO ﬂow. The titration end point reveals the
concentration of O atoms introduced into the ﬂow tube and
subsequently determines the initial concentration of N atoms in
the absence of NO. The microwave discharge is also used to
obtain excited state O2 molecules, O2 (1Δ). This experiment is
performed by ﬂowing O2 through the microwave discharge.
Although no reactivity of dicyanamide anion with N(4S),
O(3P), and O2(1Δ) was observed, the presence of these neutral
reactants was conﬁrmed by studies with other ions that are
known to be reactive.
Finally, to investigate the reactivity of dicyanamide with
sulfuric acid, we coupled a low-volatility neutral reagent inlet to
our reaction ﬂow tube by adapting the methods used by
Viggiano et al.33 A Pyrex bulb was ﬁlled with glass wool and
then ﬁtted on both ends with 6 mm Pyrex tubing.
Approximately 1 mL of sulfuric acid was added to the glass
wool. A ﬂow of N2 (∼0.2 cm3(STP)/s, UHP; Airgas) enters the
glass bulb through a metering valve and ﬂowmeter and carries
sulfuric acid into the ﬂow tube. The glass bulb and reagent inlet
were heated to approximately 100 °C. Although no reaction
was observed between sulfuric acid and dicyanamide, the
presence of sulfuric acid was veriﬁed by investigating its proton
transfer reaction with NO3−, which occurs at the collision rate
(k ∼ 2.6 × 10−9 cm3/s).34 Proton transfer was conﬁrmed by
observing the loss of NO3− and generation of HSO4−.

■

Figure 2. ESI generated spectrum of (a) 1-butyl-2,3-dimethylimidazolium and (b) dicyanamide.

CALCULATIONS
All calculations were carried out with the Gaussian 09 suite of
programs.35 Intermediates and transition states along the
potential energy surface for the interaction of dicyanamide
with two nitric acid molecules were computed at the B3LYP/
aug-cc-pVDZ level of theory. Thermochemical values for
dicyanamide and the optimized geometries of dicyanamide
clusters with nitric acid are reported using the MP2/6-311+
+G(d,p) level of theory; MP2/6-311++G(d,p) provides good
agreement with experimental results in our previous studies.36−38 The thermochemical values on the multidimensional
reaction coordinate have been corrected for zero-point energy
using the rigid-rotor−harmonic-oscillator approximation at 298
K. Transition states were veriﬁed by the existence of one
imaginary vibrational frequency and conﬁrmed with IRC
calculations. Optimized intermediates contain no imaginary
frequencies. Cartesian coordinates for the optimized geometries
are reported in the SI.

through a series of seven inlets. This process depletes the
parent dicyanamide anion signal and increases the dicyanamide−nitric acid cluster signal, both of which are monitored
with the detection system. Nitric acid is a liquid at room
temperature, but it has suﬃcient vapor pressure for kinetic
studies. Since pure nitric acid is not commercially available, we
used fuming nitric acid (90%; Alfa Aesar), which contains 10%
water. The total nitric acid/water ﬂow was measured by
monitoring the pressure change with time in a calibrated
volume system. The ratio of vapor pressure of nitric acid to the
vapor pressure of water for a 90% solution of nitric acid at 298
K has been previously measured to be 27:1.30 Using this ratio,
we calculated the ﬂow rate of pure nitric acid.
The reactivity of dicyanamide with H2, O2, H2O2, DBr, HCl,
NH3, N2O, SO2, COS, CO2, CH3OH, H2O, CH4, N2, CF4, and
SF6 was also investigated, but the reaction rate constants are
below the detection limit. The lack of reactivity for these
neutral gases was conﬁrmed by introducing a high ﬂow of the
neutral gas into the ﬂow tube at the longest reaction distance.
Neither dicyanamide depletion nor new ionic products were
observed.
We have also investigated the reactivity of dicyanamide with
ground state N and O atoms, which were introduced into the
reaction ﬂow tube by use of a microwave discharge. Microwave
generation of N and O atoms is a well-established technique
and has been described by our laboratory previously.31,32 The
N atoms are generated by ﬂowing (∼0.6 cm3(STP)/s) N2 gas
(99.999%; Airgas) through an Evenson cavity supplied with 50

■

RESULTS AND DISCUSSION
The dicyanamide anion is a very stable species with an
experimental electron-binding energy of 4.135 ± 0.010 eV.23
Our work studied its reactivity with several neutrals. In eﬀorts
to characterize the reactivity of dicyanamide in the gas phase,
we explored its reactivity with HNO3, H2SO4, H, N, O, O2,
H2O2, DBr, HCl, NH3, N2O, SO2, COS, CO2, CH3OH, H2O,
CH4, N2, CF4, and SF6.
However, only one neutral reagent, nitric acid, reacted
rapidly enough with dicyanamide for product detection by the
SIFT technique. The reaction of dicyanamide with nitric acid
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Figure 3. Stationary points along the reaction coordinate of dicyanamide with two nitric acid molecules to form deprotonated 1,5-dinitrobiuret. The
energies listed are calculated with the B3LYP/Aug-cc-pVDZ method and presented in units of kilocalories per mole. Geometries are posted in the SI.

show no detectable reactivity with dicyanamide. Additionally, a
recent rendezvous of Saturn’s moon Titan by the Cassini
spacecraft provided a negative-ion mass spectrum of Titan’s
nitrogen- and methane-rich atmosphere. Dicyanamide is
inferred to be present, as there is a strong presence of m/z
66 and several other peaks corresponding to adducts of m/z 66
with neutral species, including HCN, HCCH, and H2.19 The
presence of dicyanamide is not surprising, since the
components of dicyanamide, i.e., N and C atoms, are abundant
in Titan’s atmosphere. The intense ionization environment
intrinsic to planetary atmospheres could provide a synthesis
route for dicyanamide, and upon its formation dicyanamide will
be long-lived due to its chemical stability. A laboratory study of
the microwave spectrum of dicyanamidewhich is a bent
molecule with a calculated dipole moment of approximately 1
Dwould allow observational astronomers to search for its
presence in the interstellar medium.

occurs with an eﬀective bimolecular reaction rate constant of
2.7 × 10−10 cm3/s at a pressure of 0.45 Torr helium. Only one
primary product, the adduct of nitric acid with dicyanamide,
was observed. However, subsequent addition of another nitric
acid was observed as a secondary product. The full mass spectra
for this reaction are provided in the SI.
For the unreactive neutral reagents, we can place an upper
limit on their reaction rate constants. These values are
estimated based on discernible ion-signal depletion and the
number density of the neutral reagent that can be introduced
into the reaction ﬂow tube. For the neutral reagents generated
from microwave discharge plasmas, i.e., N, O, and O2(1Δ), as
well as for sulfuric acid which has low volatility, we designate an
upper limit to the reaction rate constant of 5 × 10−12 cm3/s.
For the neutral reagents with high vapor pressures, i.e., O2,
H2O2, DBr, HCl, NH3, N2O, SO2, COS, CO2, CH3OH, H2O,
CH4, N2, CF4, and SF6, we assign an upper limit to their
reaction rate constant of 1 × 10−12 cm3/s. The lack of reactivity
with O(3P) and O2(1Δ) is surprising, as these reagents are
highly reactive with a wide variety of reagents. The absence of
reactivity with H2SO4 allows us to put an upper limit on the
deprotonation enthalpy of the parent molecule, HNCNCN, of
ΔH < 310 ± 3 kcal/mol.
The lack of reactivity of dicyanamide has some important
interstellar implications; i.e., dicyanamide could survive the
harsh chemical conditions of the interstellar medium (ISM) as
it will not react with the abundant atomic species, H(2S),
O(3P), and N(4S). Furthermore, the neutral molecules NH3,
H2O, CH3OH, H2, COS, SO2, CH4, N2O, N2, and O2 have
been detected in the ISM,39−48 but our experimental results

■

FORMATION OF 1,5-DINITROBIURET
The mixing of nitric acid with ionic liquids containing the
dicyanamide anion results in hypergolic behavior.6 For this
reason, the fundamental interaction between nitric acid and
dicyanamide is of great interest. An insightful study by
Chambreau and co-workers acquired infrared spectra of the
evolved vapor of 1-butyl-3-methylimidazole dicyanamide with
nitric acid.9 Their work suggests a mechanism where
dicyanamide interacts with two nitric acid molecules to form
deprotonated 1,5-dinitrobiuret; their studies computationally
deﬁned the thermochemical energetics of several reactions.
However, they did not characterize the entire mechanism;
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therefore, we have calculated stationary points along a
multidimensional surface for the gas-phase interaction of
dicyanamide with one and two nitric acid molecules (Figure 3).
The multidimensional potential energy diagram of dicyanamide with nitric acid to form 1,5-dinitrobiuret illuminates
several interesting points. First, the formation of dicyanamide−
nitric acid clusters are highly exothermic by 25 kcal/mol [2A]
and 45 kcal/mol [2B] for the addition of one or two nitric acid
molecules, respectively. Second, for our experiment, the
interaction of dicyanamide with one nitric acid is limited to
forming the hydrogen-bonded cluster [2A] because transferring
the nitrate to the nitrile carbon [3A] must overcome an
endothermic barrier of 3 kcal/mol [2A/3A]. Conversely, the
addition of a second nitric acid lowers the transition states
below the energy of the reactants, therefore supporting
Chambreau’s proposed formation of 1,5-dinitrobiuret. 9
Although it is possible that we are generating 1,5-dinitrobiuret
as a secondary product in our ﬂow tube, we cannot conﬁrm the
structure; in our experiment, products such as [2B], [3B], and
[4B], etc., cannot be diﬀerentiated because they possess the
same mass-to-charge ratio. Finally, the terminal product on the
potential energy surface, deprotonated 1,5-dinitrobiuret [7B], is
70 kcal/mol lower in energy than dicyanamide with two nitric
acid molecules, suggesting a strong thermodynamic driving
force for the formation of 1,5-dinitrobiuret.

Figure 4. Lowest-energy structures of (a) dicyanamide, (b) terminally
protonated dicyanamide, and (c) centrally protonated dicyanamide,
optimized at the MP2/6-311++G(d,p) level of theory. Geometries
posted in the SI.

■

DICYANAMIDE PROTON AFFINITY AND SOLVENT
MOLECULE AFFINITY
An important mechanistic step in the formation of 1,5dinitrobiuret is proton transfer between nitric acid and
dicyanamide. Chambreau’s method of forming 1,5-dinitrobiuret
requires proton transfer from nitric acid to dicyanamide,
followed by subsequent nucleophilic attack on the carbon atom
of protonated dicyanamide by nitrate. While our experimental
ﬁndings provide an upper limit for the proton aﬃnity of
dicyanamide (<310 ± 3 kcal/mol), we have further investigated
the proton aﬃnity of dicyanamide computationally with a
higher level of theory than was previously reported in the
literature, and the lowest-energy structures for the two
protonated forms of dicyanamide are shown in Figure 4.
As illustrated, dicyanamide has two protonation sites: the
terminal nitrile and central nitrogen. A summary of the
calculated and experimentally determined proton aﬃnities of
the two protonation sites is provided in Table 1. Our
computational studies, as well as computational and experimental reports from the literature, conclude that it is more
favorable to protonate dicyanamide on the terminal nitrile
nitrogen than on the central nitrogen.9,49 The B3LYP/631+G(d,p) calculations reported by Chambreau et al. and the
MP2/6-311++G(d,p) calculations from this work indicate that
protonation on the terminal nitrile nitrogen is more favorable
than on the central nitrogen by 7.6 and 1.1 kcal/mol,
respectively.9 This discrepancy might arise from diﬀerences in
the optimized geometry of the centrally protonated tautomer.
The optimization of centrally protonated dicyanamide (Figure
4c) at the MP2/6-311++G(d,p) level of theory positions the
hydrogen atom out of the molecular plane. This is distinctive
between the two levels of theory used, for the same tautomer
optimized at the B3LYP level, positioned the hydrogen atom
within the molecular plane, thereby preserving the intrinsic C2v
symmetry of dicyanamide. In moving from B3LYP/6-31+G(d,p) to MP2/6-311++G(d,p), the proton aﬃnity of the
terminal and central nitrogens of dicyanamide changed by −3.1

and 3.4 kcal/mol, respectively, further suggesting that the shift
in acidity value for the centrally protonated tautomer occurred
in large part due to the diﬀerences in the optimized geometry.
Nevertheless, even when structures are nearly identical,
diﬀerent theoretical methods can provide diﬀerent energetic
values. Further experimental and computational investigation
would be valuable to provide a better understanding of the
proton aﬃnity of dicyanamide.
The question remains: is it possible for dicyanamide to
accept a proton from nitric acid? In the SIFT experiment,
proton transfer is not observed when dicyanamide encounters a
single nitric acid molecule at room temperature. Theoretical
results support this observation; despite the level of theory
employed, proton transfer from nitric acid to dicyanamide is
endothermic by at least 15 kcal/mol.
We therefore have conducted calculations to examine higherorder clusters of dicyanamide with nitric acid to explore how
proton transfer energetics change as a function of the number
of nitric acid molecules in the cluster. Figure 5 shows the
optimized geometry of dicyanamide with one, two, and three
nitric acid molecules.
When a bimolecular cluster between dicyanamide and one
nitric acid forms, the hydrogen-bonded proton resides
predominantly on the oxygen atom of nitrate (Figure 5a).
However, when an additional nitric acid is added to the cluster,
the lowest-energy structure locates the shared proton
predominantly on dicyanamide (Figure 5b). Furthermore,
adding a third nitric acid molecule onto the ﬁnal unoccupied
nitrate oxygen (Figure 5c) results in a structure where the
dicyanamide hydrogen bond length is ∼0.5 Å shorter than the
oxygen−hydrogen bond length.
To further investigate the eﬀects of clustering, the
thermochemistry of proton transfer between dicyanamide and
nitric acid was investigated for the following reaction.
NCNCN−(HNO3)n + HNO3 → NCNCNH + NO3−(HNO3)n
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Table 1. Gas-Phase Deprotonation Enthalpy and Acidity of HC2N3
theorya
experiment

a

a

B3LYP/6-31+G(d,p)

MP2/6-311++G(d,p)

neutral

ΔH298 K

ΔH0 K

ΔH0 K

ΔH298 K

ΔG298 K

HNCNCN
HN(CN)2

<310 ± 3
<310 ± 3

310.4b
302.8b

307.3
306.2

308.5
307.3

301.6
300.8

Units are kilocalories per mole. bPrevious values; see ref 9.

of this study suggest that interactions at the gas−liquid or
liquid−liquid interface are very important for hypergolic
ignition. These results are consistent with a recent report by
Chambreau and co-workers50 that the basicity ordering of
dicyanamide and nitrate is reversed when moving from the gas
phase to the condensed phase. Indeed, hypergolic reactivity
occurs when a macroscopic droplet of ionic liquid is added to a
cuvette containing a macroscopic quantity of nitric acid.6 For
our gas-phase studies, we have determined that solvation of
dicyanamide by nitric acid is highly exothermic, and this excess
energy can be used to promote energetic chemistry such as, but
not limited to, proton transfer; even though the self-sustaining
hypergolic reactions are only observed when dicyanamide is
paired with certain cations such as 1-propargyl-3-methylimidazolium, “reactivity” is observed even when dicyanamide is
paired with inert cations such as Na + or 1-butyl-3methylimidazolium.9,13

■

CONCLUSIONS
The dicyanamide anion is extremely stable and exhibits no
reactivity with a variety of neutral reagents, including H2SO4,
H(2S), N(4S), O(3P), and O2(1Δ). Because dicyanamide does
not accept a proton from sulfuric acid, an experimental upper
limit on the proton aﬃnity is determined as <310 ± 3 kcal/mol.
Conversely, dicyanamide readily clusters with nitric acid, and
the ionic adducts are detected in our studies. Our computational results indicate that the association of dicyanamide and
nitric acid is exothermic by about 25 kcal/mol. This energy may
be responsible for initiating the hypergolic phenomenon that is
observed when the two liquids are mixed.
The intrinsic stability of dicyanamide suggests that it may
exist in many astrochemical environments; measurement of the
microwave spectrum of this anion would allow observational
astronomers to search for this species in the interstellar
medium.

Figure 5. Lowest-energy structures of dicyanamide clustered with one
(a), two (b), and three (c) nitric acid molecules optimized at the
MP2/6-311++G(d,p) level of theory. Geometries posted in the SI.

■

The thermodynamic values discussed later are reported for
proton transfer to the terminal nitrile nitrogen. For this
reaction, when n = 0, the zero-point thermally corrected
enthalpy for reaction at the MP2/6-311++G(d,p) level of
theory is 16.6 kcal/mol endothermic. Therefore, in the
bimolecular interaction of dicyanamide with nitric acid, proton
transfer would not occur. Increasing the solvation of
dicyanamide with nitric acid such that n = 1 decreases the
endothermicity from 16.6 to 9.8 kcal/mol. Subsequently
increasing the solvation to n = 2 and n = 3 further reduces
the endothermicity of proton transfer to 4.7 and 3.0 kcal/mol,
respectively. This trend and the results from Figure 5 suggest
that proton transfer can occur when dicyanamide encounters a
cluster of nitric acid molecules such as is possible on the surface
of a nitric acid droplet.
The interaction of dicyanamide-containing ionic liquids with
nitric acid has been of increasing interest because these liquids
hold promise as a next-generation hypergolic fuel. The results
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