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ABSTRACT: Understanding the reaction mechanisms of ionic liquids and their
oxidizers is necessary to develop the next generation of hypergolic, ionic-liquidbased fuels. We studied reactions between a levitated droplet of 1-allyl-3methylimidazolium dicyanamide ([AMIM][DCA]), with and without hydrogencapped boron nanoparticles, and nitrogen dioxide (NO2). The reactions were
monitored with Fourier-transform infrared (FTIR) and Raman spectroscopy. The
emergence of new structures in the FTIR and Raman spectra is consistent with the
formation of functional groups including organic nitrites (RONO), nitroamines
(R1R2NNO2), and carbonitrates (R1R2C=NO2−). Possible reaction mechanisms
based on these new functional groups are discussed. The reaction rates were
deduced at various temperatures by heating the levitated droplets with a carbon
dioxide laser. We thereby determined an overall activation energy of 38.5 ± 2.3 kJ
mol−1 for the oxidation of [AMIM][DCA] for the ﬁrst time.

1. INTRODUCTION
Ionic liquids (ILs) are deﬁned as liquid salts consisting of ion
pairs with melting points below 373 K (100 °C).1 There has

lium, triazolium, and tetrazolium along with anions dicyanamide ([DCA]−), nitrocyanamide (NCNNO2), azide (N3−),
borohydride (BH4−), and cyanoborohydride (BH3CN−). The
current standard for hypergolic fuels involves hydrazine along
with its derivatives and the oxidizer dinitrogen tetroxide in
equilibrium with nitrogen dioxide (N2O4 ⇌ 2NO2), which
have critical disadvantages, however, such as a high vapor
pressure, ﬂammability, toxicity, and a relatively low energy
density that can lead to high handling and storage costs.18
Studies of the ignition of EILs have suggested that the anion
plays a critical role in the ignition of EILs, whereas the cation
aﬀects the physical properties of the EIL such as the density
and viscosity.10,19−22 The ignition of [DCA]−-based EILs with
WFNA has been well studied and a mechanism has been
established.22−24 The initial step is proposed to be the
protonation of the [DCA]− at a nitrile nitrogen. This creates
an electrophilic carbon where NO3− can attack followed by a
1,3-shift of the NO2 moiety to the terminal nitrogen and the
formation of a C=O bond. A similar reaction sequence can
occur at the second terminal nitrogen followed by a
protonation of the central nitrogen to produce dinitrobiuret
(DNB), which decomposes into the observed products carbon
dioxide (CO2), nitrous oxide (N2O), and isocyanic acid
(HNCO).22−24
Although EILs show potential as hypergolic fuels, critical
improvements are still necessary such as increasing the energy

Scheme 1. Molecular Structures of [MAT][DCA] (1),
[BMIM][DCA] (2), and [AMIM][DCA] (3)

The numbering convention for the positions of the atoms in the
imidazolium ring is shown.

been an exponential growth in research on ionic liquids over
the last couple of decades because their unique, tunable
properties have interest in multiple disciplines including
organic, material, and physical chemistry due to their potential
roles in green chemistry,2,3 catalysis,2,4,5 fuels,4,6−11 nuclear
waste separation,12,13 electrochemistry,14,15 and pharmaceuticals.16,17 In particular, energetic ionic liquids (EILs) with
hypergolic properties provide a potential alternative for
hydrazine-based fuels (N2H4) that can be safer, greener, and
cheaper.6−11 Some EILs have potential as an alternative fuel
because these have been shown to be hypergolic with white
fuming nitric acid (WFNA), red fuming nitric acid (RFNA),
and hydrogen peroxide (H2O2).7,9,10 These EILs consist of ion
pairs including nitrogen-containing cations such as imidazo© 2018 American Chemical Society
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Figure 1. Photographs of droplets of [AMIM][DCA] (a,c) and boron-doped [AMIM][DCA] (b,d) levitated in 100% Ar (a,b) and 0.4% NO2 and
99.6% Ar (c,d).

using boron nanoparticles. However, the mass fraction of the
oxide layer also increases with the larger surface area. Capping
the boron nanoparticles with suitable ILs has been shown to
prevent the formation of the oxide layer.31,34−36 The Anderson
group had success in creating air-stable, unoxidized particles by
milling solid boron in a hydrogen atmosphere creating
hydrogen-loaded boron nanoparticles that are then capped
with an IL.36−38
It is important to understand the underlying reaction
mechanisms of EILs with oxidizers to improve the performance
of EIL-based fuels. Some of the potential EIL candidates
involve nitrogen-rich cations, such as imidazolium or
triazolium, and dicyanamide anions.24,39−41 We have previously studied the oxidation of levitated 1-methyl-4-amino1,2,4-triazolium dicyanamide ([MAT][DCA]; 1, Scheme 1)
and 1-butyl-3-methylimidazolium dicyanamide ([BMIM][DCA]; 2, Scheme 1) droplets by nitrogen dioxide (NO2)
with and without hydrogen-capped boron nanoparticles by
Fourier-transform infrared (FTIR), Raman, and ultraviolet−
visible (UV−Vis) spectroscopy.42,43 Electronic structure
calculations for the reaction of [MAT][DCA] with nitrogen
dioxide were used to aid the investigation of one possible initial
reaction intermediate, [O2N-NCNCN]−, where the nitrogen
atom of the NO2 bonded to a terminal nitrogen on the

density. One way to enhance the energy density of EILs is to
include ions that contain multiple nitrogen atoms and hence
nitrogen−nitrogen bonds.25,26 Another potential strategy is to
add energetic solids to the EIL. This pathway is already
common in solid rocket propellants. One such additive is
boron, which has a high gravimetric and volumetric energy
density of 51 kJ g−1 and 138 kJ cm−3 for combustion in oxygen,
respectively, which is higher than traditional hydrocarbon fuels
(35−40 kJ cm−3) and combustible metals such as aluminum
(84 kJ cm−3) or magnesium (43 kJ cm−3).27 Unfortunately, the
combustion of boron has limitations that prevent full energy
release. Ulas et al.28 suggested two reasons for this limitation:
(1) ignition of boron is delayed due to a boron oxide (B2O3)
layer that occurs from exposure to air, and (2) combustion of
boron in the presence of hydrogen-containing gases can lead to
the formation of gaseous metaboric acid (HOBO) instead of
boron oxide (B2O3), thereby creating an “energy trap” that
prevents the release of all the energy available from the
oxidation of boron. The formation of HOBO and B2O3 are
competitive at temperatures between their boiling points of
1398 and 2158 K, respectively.28 The combustion of boron is a
heterogeneous process limited by the diﬀusion to and from the
surface.29−33 One purposed solution to minimize the diﬀusion
limitation is to increase the surface area-to-volume ratio by
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Figure 2. Selected thermal images of three diﬀerent heating experiments used to determine the temperature of the droplets. The scale on the right
is in °C.

[DCA]−.42 More recently, we studied the oxidation of
[BMIM][DCA] droplets,43 analyzed in more depth the
formation of the new peaks in the FTIR, Raman, and UV−
Vis spectra, and produced a list of functional groups likely to
produce the new peaks, such as organic nitrites (RONO),
nitroamines (R 1 R 2 NNO 2 ), aromatic nitro-compounds
(ArNO2), and carbonitrates (R1R2C=NO2−). In addition, the
reaction rate constants, k, were determined for pure and borondoped [BMIM][DCA] droplets as well as for a pure
[MAT][DCA] droplet. The addition of the boron nanoparticles caused the reaction rate of [BMIM][DCA] to
decrease by a factor of ∼2, whereas the reaction rate of pure
[MAT][DCA] was slower by a factor of ∼20 than for pure
[BMIM][DCA].43
In the current work, we extended our studies on the
oxidation of EILs by probing the oxidation reaction of 1-allyl3-methylimidazolium dicyanamide, [AMIM][DCA] (3;
Scheme 1), with nitrogen dioxide. The main diﬀerence
between the three ILs shown in Scheme 1 is that [AMIM]+
contains an allyl group (−CH2−CH=CH2) and an imidazolium ring, whereas the [BMIM]+ contains a butyl group
(−C4H9) and an imidazolium ring, and the [MAT]+ carries an
amino group (−NH2) and has a triazolium ring (Scheme 1). In
this study, we ﬁrst aim to identify the key reaction
intermediates and functional groups formed during the
oxidation of [AMIM][DCA] with nitrogen dioxide. Second,
we determine the temperature dependence of the rate constant
for the oxidation processes by heating a droplet of the IL
levitated in NO2. Finally, these data are exploited to extract the
activation energies, Ea, for the oxidation of a pure [AMIM][DCA] droplet by NO2.

2. EXPERIMENTAL METHODS
A single droplet of the ionic liquid was levitated in an
ultrasonic levitator, which is housed within a pressurecompatible process chamber. This levitator apparatus has
been discussed in detail elsewhere.43−46 Brieﬂy, ultrasonic
sound waves produced by a piezoelectric transducer oscillating
at 58 kHz reﬂect between the transducer and a concave-shaped
reﬂector.44 The droplet can be levitated in the resulting
standing wave as the sound waves exert acoustic radiation
pressure on the droplet.47 The surrounding process chamber
allows for levitation in inert gases as well as in highly reactive
and toxic gases. In the present experiments, the chamber was
ﬁlled to a total pressure of 880 Torr with either argon (Ar;
Airgas, 99.9999%) or a gas mixture of 1.3% nitrogen dioxide
(NO2; Aldrich, ≥99.5%) and 98.7% Ar or 0.4% NO2 and
99.6% Ar.
[AMIM][DCA] was purchased from IoLiTec with a purity
of >98%, but the IL had a yellowish color that required
puriﬁcation to be removed. For [AMIM][DCA] to be puriﬁed,
10 mL of the IL was mixed with ∼60 g of activated charcoal
and 100 mL of dichloromethane (DCM) for 24−48 h. After
mixing, the charcoal solution was ﬁltered with a Buchner
funnel and washed with 100 mL of DCM. This solution was
further ﬁltered with a 0.20 μm syringe ﬁlter to ensure the
removal of any particulates. The DCM solvent was removed
using a rotary evaporator. Lastly, to ensure all the solvent was
removed, the IL was stirred under a vacuum until the
formation of bubbles stopped followed by an additional 30
min of stirring under vacuum. The puriﬁed [AMIM][DCA]
was stored in a dry cabinet. The [AMIM][DCA]-capped,
hydrogenated boron nanoparticles were produced by highenergy balling-milling boron powder in a hydrogen atmosphere
402

DOI: 10.1021/acs.jpca.8b08395
J. Phys. Chem. A 2019, 123, 400−416

Article

The Journal of Physical Chemistry A

Figure 3. FTIR spectra of [AMIM][DCA] (left column) and [AMIM][DCA] with hydrogen-capped boron nanoparticles (right column) along
with the individual peak ﬁts. The [AMIM]+ and [DCA]− peaks are labeled by 2−50 and 2*−9*, respectively. The peak assignments in Table 1 are
based on refs 48−51.
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Table 1. Vibrational Mode Assignments for the Observed Peaks in the FTIR Spectra of [AMIM][DCA] and Boron-Doped
[AMIM][DCA] Based on Refs 48−51 and 53
experimental wavenumber (cm−1)a
mode
2
3
4
9
11
B−H
6* + 7*
9*
8*
14
15
19
20
21
23
7*
31
32
33
36
38
40
6*
43
44
5*
49
50
2*

[AMIM][DCA]
3153
3097 ± 3
3014
2956 ± 3
2856 ± 2
2227
2191
2122
1647
1569
1471 ± 3
1448
1423
1385
1303
1164
1110 ± 20
1090 ± 20
1022 ± 2
995
945
902
847
754
669
621
565
520

expected wavenumber (cm−1)

boron-doped [AMIM][DCA]
3152
3100 ± 4
3013
2970 ± 10
2858 ± 2
2400−2600
2227
2191
2123
1647
1568
1468 ± 5
1447
1423
1387 ± 2
1303
1164
1120 ± 20
1090 ± 10
1022 ± 3
995
946
902
847
754
667
622
564
519

3146
3090
3022
2958
2888
2480−2565
2227
2192
2133
1646
1575
1470
1448
1423
1385
1309
1166
1108
1088
1020
997
947
904
846
758
666
622
568
517

assignmentb
v(C4−H, C5−H) out-of-phase
v(C2H)
vas(CH2(C = C))
vas(CH2)
vs(CH3)
v(BH)
DCA− combination
vs(C≡N)
vas(C≡N)
v(CC) + β(CH)
v(CC)
βas(CH2)
βs(CH3)
β(CH2)
Ras + β(CH)
vas(C−N)
v(CC) + β(CH)
β(CH) + Ras
β(CH) + Ras
Ras+v(CN)
ω(CH)
v(CC)
vs(C−N)
ω(CH)
v(CN) + β(CCN) + τ(CH)
βs(CNC)
τ(Ring)
τ(CH) + τ(Ring) + v(CN)
βas(NCN)

The uncertainties are equal to, or less than, 1 cm−1 unless otherwise stated. bKey: v, stretching; β, bending; R, ring; ω, wagging; τ, torsion; s,
symmetric; as, antisymmetric
a

The Raman-shifted photons, backscattered from the droplet,
were focused by a lens into a HoloSpec f/1.8 holographic
imaging spectrograph equipped with a PI-Max 2 ICCD camera
(Princeton Instruments). The spectra were collected simultaneously over two wavenumber ranges, 170−2450 and 2400−
4400 cm−1, with a resolution of 9 cm−1. The FTIR spectra
were collected in the range of 400−4000 cm−1 before and after
the reaction using an attenuated total reﬂection (ATR)
accessory located within a Nicolet 6700 FTIR spectrometer
(Thermo Scientiﬁc). A high-speed camera (Phantom Miro
3a10) was used to photograph visual changes occurring during
the reaction. The camera can record up to 1850 frames per
second with a maximum pixel resolution of 1280 × 1280 and is
capable of exposure times as short as 1 μs. A Navitar Zoom
6000 modular lens system can be used to zoom in on the
droplet. The ﬁeld of view (FOV) can be adjusted from 28 mm
× 28 mm to 4.4 mm × 4.4 mm at a working distance of 220
mm corresponding to a magniﬁcation range of 0.46−2.93. The
lowest FOV is equivalent to a full angle of 1.1° and provides
high-resolution images of the droplet.43

followed by capping the hydrogen-terminated nanoparticles
with [AMIM][DCA]. This results in unoxidized nanoparticles
that are air-stable.38
A microliter droplet deposition system was used to
introduce the [AMIM][DCA] droplet into the levitator.43
Brieﬂy, a syringe is interfaced to the chamber and connected to
a microneedle that is attached to a wobble stick, which allows
for full translational motion of the needle and hence permits a
single droplet to be deposited into a pressure minimum
(Figure 1). The levitated droplets were oblate spheroids with a
mean horizontal diameter of 3.2 ± 0.4 mm and a mean vertical
diameter of 0.9 ± 0.2 mm. The levitated droplets were heated
with a carbon dioxide laser emitting at 10.6 μm (Synrad
Firestar v40). The output power was increased by varying the
duty cycle of the discharge for each of the heating experiments
up to a maximum of 4.4 W. The temperature of the droplet
was measured using an FLIR A6703sc thermal imaging camera
(Figure 2). The camera uses a cooled detector composed of
640 × 512 pixels, covers the spectral range of 3−5 μm, and can
measure temperatures between 253 and 1773 K with an
accuracy of ±2% of the reading.
The chemical modiﬁcations of the levitated droplet were
monitored with Raman and Fourier-transform infrared (FTIR)
spectrometers. The spectrometers have been described in
detail previously.44 Brieﬂy, a Q-switched Nd:YAG laser
operating at 532 nm was used to excite the Raman transitions.

3. RESULTS
3.1. [AMIM][DCA]. 3.1.1. Infrared Spectroscopy. The ﬁrst
step to identify any changes in the spectra after the reaction
with nitrogen dioxide is to record spectra of the unreacted
[AMIM][DCA] and boron-doped [AMIM][DCA] for refer404
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Figure 4. Raman spectra of [AMIM][DCA] (top and center row) and [AMIM][DCA] with hydrogen-capped boron nanoparticles (bottom row)
in argon. The [AMIM]+ and [DCA]− peaks are labeled 1−55 and 2*−9*, respectively, and the assignments are compiled in Table 2.

found three stable conformers for the isolated [AMIM]+ cation
and eight stable conformers for the [AMIM][DCA] ion pairs.
In addition, Xuan et al. measured the FTIR and Raman spectra
of [AMIM][DCA] and [AMIM]Cl and compared the results
with their calculated vibrational frequencies. The assignments
were based on the potential energy distributions of the normal
modes calculated. Unfortunately, the theoretical vibrational
frequencies were insuﬃciently accurate to distinguish between
the diﬀerent conformers. The vibrational modes presented for
the FTIR (Figure 3, Table 1) and Raman (Figure 4, Table 2)
spectra can be separated into two parts: the vibrational modes
associated with the [AMIM]+ cation, which are labeled 1-55,
based on the observed IR and Raman spectra in refs 48 and 49,
and the vibrational modes associated with the [DCA]− anion,
which are labeled 2*−9*, based on the observed IR and
Raman spectra in refs 50 and 51.

ence (Figure 3). The spectra were decomposed into their
components peaks by a ﬁtting procedure, and the resulting
peak wavenumbers are compiled in Table 1. It should be noted
that there are regions in the spectra that contain many
overlapping peaks leading to degeneracy in the ﬁtting
procedure, and therefore the ﬁtted peak wavenumbers are
only compiled for clearly deﬁned peaks and prominent
shoulders. The ﬁtted peaks were also observed to be
superimposed on broad backgrounds produced by the
spectrometer, and these backgrounds were modeled by
optimizing a polynomial of ﬁfth to eighth order simultaneously
with the peak ﬁts. The vibrational mode assignments were
made by comparing the ﬁtted peak wavenumbers with the
measured and theoretical values of published [AMIM][DCA]
spectra.48−51 Xuan et al. studied the cation−anion interactions
of [AMIM]+-based ionic liquids using density functional
theory (DFT) with a B3LYP functional.48 The calculations
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are observed at 1647, 1569, and 945 cm−1. The largest
vibrational modes for the [DCA]− anion are observed at 2122,
2191, and 2227 cm−1, which are assigned to the asymmetric
C≡N stretching mode, symmetric C≡N stretching mode, and
a vs(C−N) and vas(C−N) combination band, respectively.50,51
This combination band is in a Fermi resonance with the
vas(C−N) fundamental mode, which causes a shift in the
frequency and an increase in the intensity of the combination
band.50,52 The vs(C−N) and vas(C−N) stretching modes are
observed separately at 1303 and 902 cm−1. In addition to the
stretching modes, the asymmetric NCN bending mode,
βas(NCN), and symmetric bending mode, βs(CNC), were
observed at 520 and 669 cm−1, respectively. The only
discernable diﬀerence between the pure and boron-doped
[AMIM][DCA] spectra is the small but broad absorption
feature in the 2400−2600 cm−1 region of the boron-doped
spectrum, which is assigned to a B−H stretching mode.53
3.1.2. Raman Spectroscopy. Figure 4 presents the Raman
spectra of an [AMIM][DCA] droplet and a boron-doped
[AMIM][DCA] droplet. The optimized wavenumbers of the
ﬁtted peaks are compiled and assigned in Table 2. The
vibrational assignments are based on refs 48−51 and 53. The
addition of the boron nanoparticles caused the sharp peaks of
the Raman spectrum to vanish, and so this section will focus on
the pure [AMIM][DCA]. In the ﬁtting procedure, the broad
backgrounds in the Raman spectra were treated in the same
manner as mentioned in section 3.1.1. The selection rules
diﬀer for IR and Raman spectroscopy,54 and therefore the
modes excited and their relative intensities usually diﬀer
between the two methods. The diﬀerences are apparent in the
modes of the [DCA]− anion. In the Raman spectrum, mode 9*
(vs(C≡N)) is much larger than mode 8* (νas(C≡N)) and
mode 5* (βs(CNC)) is signiﬁcantly more prominent than
mode 2* (βas(CNC)), whereas in the FTIR spectra the relative
amplitudes of these peaks is reversed with 9* < 8* and 5* <
2*. Furthermore, the 6* + 7* combination band is observed
only in the FTIR spectrum. For the Raman spectrum, the alkyl
group C−H stretching region between 2800 and 3050 cm−1 is
larger than the ring C−H stretching region between 3050 cm−1
and 3200 cm−1, whereas in the FTIR spectrum the relative
prominence of the ring and alkyl groups is reversed. In the
lower wavenumber region, the peaks at 1569, 1164, 754, and
621 cm−1 produced by modes 15 (ν(CC)), 31 (ν(CC) +
β(CH)), 44 (ν(CN) + β(CCN) + τ(CH)), and 49 (τ(Ring)),
respectively, have higher intensities in the FTIR spectrum. In
contrast, the peaks at 1641, 1410, 1015, and 406 cm−1
produced by modes 14 (ν(CC) + β(CH)), 22 (β(CH) +
ν(CN)), 35 (Rs + β(CH)), and 55 (β(CNC,CCC)),
respectively, are signiﬁcantly larger in the Raman spectrum.
3.2. [AMIM][DCA] Oxidation. 3.2.1. Infrared Spectroscopy. A droplet of [AMIM][DCA] or boron-doped [AMIM][DCA] was levitated in a 1.3% nitrogen dioxide and 98.7%
argon gas mixture. Figures 5 and 6 show the ATR-FTIR
spectra and optimized peak ﬁts of the pure and boron-doped
droplets after the reaction, respectively. The unreacted spectra
are also shown in Figures 5 and 6 and allow the newly formed
peaks to be identiﬁed. The wavenumbers of the new peaks are
compiled in Table 3. After oxidation, both the pure and borondoped spectra exhibit nearly the same new structures, which
indicates that the nitrogen dioxide reacts with the IL to form
organic nitro-compounds but does not react signiﬁcantly with
the boron nanoparticles. The analysis of the [AMIM][DCA]
spectrum to be discussed below therefore also applies to the

Table 2. Vibrational Mode Assignments for the Observed
Peaks in the Raman Spectrum of an [AMIM][DCA] Droplet
Based on Refs 48−51 and 53
mode

experimental
wavenumber (cm−1)a

expected
wavenumber
(cm−1)

3148

3160

3
4
6
10
11
9*
8*
14
16
20
22
23
26
7*
29
31
32
33
35
40
6*
43
44

3085
3016
2987
2957
2841 ± 3
2182
2123
1641
1560
1439 ± 3
1410
1378
1327
1286
1210
1162
1098 ± 4
1081
1015
947 ± 2
904 ± 2
870 ± 10
759

3090
3024
2987
2957
2888
2192
2133
1646
1565
1448
1412
1385
1329
1309
1229
1166
1108
1088
1023
947
904
846
758

5*
49
50

664
622
571 ± 6

666
622
568

2*
55

504 ± 6
406 ± 2

517
393

1

assignmentb
v(C4−H, C5−H)
in-phase
v(C2H)
vas(CH2(C = C))
vs(CH2(C = C))
vs(CH2)
vs(CH3)
vs(C≡N)
vas(C≡N)
v(CC) + β(CH)
v(CC)
βs(CH3)
β(CH) + v(CN)
Ras + β(CH)
Rs
vas(C−N)
v(CN) + β(CH)
v(CC) + β(CH)
β(CH) + Ras
β(CH) + Ras
Rs + β(CH)
v(CC)
vs(C−N)
ω(CH)
v(CN) + β(CCN) +
τ(CH)
βs(CNC)
τ(Ring)
τ(CH) + τ(Ring) +
v(CN)
βas(NCN)
β(CNC,CCC)

The uncertainties are equal to, or less than, 1 cm−1 unless otherwise
stated. bKey: v, stretching; β, bending; R, ring; ω, wagging; τ, torsion;
s, symmetric; as, antisymmetric
a

The FTIR spectra of pure and boron-doped [AMIM][DCA]
are shown in Figure 3. The assignments in Table 1 are nearly
equivalent with or without boron nanoparticles. The vibrational modes can be divided into two parts: [AMIM]+ and
[DCA]− modes. We ﬁrst discuss the modes of the [AMIM]+
cation. The peaks in the high-wavenumber region from 2800 to
3200 cm−1 are assigned to the C−H stretching modes of the
[AMIM]+ cation.48,49 More speciﬁcally, the C−H stretching
modes of the imidazolium ring occur in the range of 3050−
3200 cm−1 with the peaks at 3097 and 3153 cm−1 produced by
the C(2)-H and C(4,5)-H stretching modes, respectively (3,
Scheme 1). In contrast, the modes in the range of 2800−3050
cm−1 are assigned to C−H stretching modes of the allyl and
methyl side chains; that is, the peaks at 2856 cm−1, 2956 cm−1,
and 3014 cm−1 are produced by the stretches of the CH3, CH2,
and the terminal allylic CH2, respectively. The vibrational
modes below 1700 cm−1 are associated with various bending,
ring, wagging, torsion, and combination modes of the
[AMIM]+ cation.48,49 The strongest of these peaks occur at
1164, 754, and 621 cm−1 and are associated with stretching,
combination, and ring torsion modes of the imidazolium ring,
respectively. The vibrational modes associated with allyl group
406
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Figure 5. FTIR spectra of [AMIM][DCA] after reaction with nitrogen dioxide. The spectra of unreacted [AMIM][DCA] (blue lines) are shown
for comparison. The wavenumbers of the newly formed peaks are labeled, and their vibrational assignments are shown in Table 3. The unreacted
spectrum in the 2600−1900 cm−1 region is scaled by a factor of 0.1.

CN stretching of an aromatic nitro-compound. Lastly, the new
peak at 711 cm−1 might be caused by NO2 wagging of the
nitroamines or the NO2 deformation mode of the carbonitrates, and the new peak at 528 cm−1 can be produced by NO2
rocking of an aliphatic nitro-compound.53
In addition to the appearance of new peaks in Figures 5 and
6, there is a signiﬁcant reduction of the vas(C≡N), vs(C≡N),
and vs(C−N) + vas(C−N) modes of [DCA]− at 2122, 2191,
and 2227 cm−1, respectively. This suggests that the [DCA]−
anion has been degraded from oxidation by nitrogen dioxide.
In contrast, the structures assigned to the [AMIM]+ cation
show little change after the reaction, as evident in the C−H
stretching region from 2800 to 3200 cm−1. This suggests that
the [DCA]− anion reacts to a greater extent than the [AMIM]+
cation.
3.2.2. Raman Spectroscopy. The Raman spectra of an
[AMIM][DCA] droplet or a boron-doped [AMIM][DCA]
droplet levitated in 1.3% nitrogen dioxide and 98.7% argon are
shown in Figure 7. The unreacted spectra (blue lines) are also
shown in Figure 7. As for the FTIR spectra in Figures 5 and 6,
the pure and boron-doped Raman spectra after oxidation
exhibit similar new structures at comparable wavenumbers
(Table 4), indicating that the nitrogen dioxide reacted with the
IL and not the boron nanoparticles. Because both spectra must
be produced by the same reaction products, the Raman activity
of the ionic liquid and reaction products on the surface of the
boron-doped droplets must be higher than any contribution
from the boron nanoparticles. The reaction of nitrogen dioxide

boron-doped spectrum. Because of the complexity of the
oxidized [AMIM][DCA] spectrum, it is unlikely that speciﬁc
molecules can be identiﬁed from the FTIR spectra, but the
spectra can help determine which f unctional groups formed in
the oxidation products. The possible functional groups of
compounds that could form from the oxidation of [AMIM][DCA] by nitrogen dioxide with absorption ranges including
the newly formed peaks are compiled in Table 3. The list of
possible functional groups includes organic nitrites (RONO),
nitroamines (R 1 R 2 NNO 2 ), aromatic nitro-compounds
(ArNO2), aliphatic nitro-compounds (RNO2), and carbonitrates (R1R2C=NO2−). One of the most noticeable regions of
new peaks occurs in the 1500−1800 cm−1 range (Figures 5 and
6). The peaks at 1789, 1749, and 1716 cm−1 are in the range
dominated by the stretching modes of the carbonyl functional
groups, C=O, which may have been produced by higher-order
reactions.53 Alternatively, these new peaks might be accounted
for by the vibrational modes of NO2 or N2O4 dissolved in the
IL as suggested by UV−Vis spectroscopy.55 The N=O and
NO2 stretching modes of organic nitrites, nitroamines, and
aromatic nitro-compounds could explain the new peaks
observed at 1678, 1613, and 1524 cm−1, respectively.53 The
most intense new peaks occur at 1356 and 1269 cm−1 and
could be due to the NO2 stretching modes of aliphatic and
aromatic nitro-compounds, carbonitrates, and nitroamines,
whereas NO2 and N−O stretches of the carbonitrates and
organic nitrites can account for the peaks at 1040 and 827
cm−1, respectively. The peak at 1040 cm−1 could also be due to
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Figure 6. FTIR spectra of boron-doped [AMIM][DCA] after reaction with nitrogen dioxide. The spectra of unreacted boron-doped
[AMIM][DCA] (blue lines) are shown for comparison. The wavenumbers of the newly formed peaks are labeled, and their vibrational assignments
are shown in Table 3. The unreacted spectrum in the 2600−1900 cm−1 region was scaled by a factor of 1/15.

with the IL in the high Raman-shift region (3300−2400 cm−1)
caused the unreacted peaks to reduce in amplitude and be
replaced by a structureless continuum. Similarly, the NO2
caused a reduction of the peak amplitudes in the lower Ramanshift region (2400−400 cm−1), but new features also formed
(Figure 7). The resulting new features are labeled a−s in
Figure 7, and the wavenumbers of the individual peak ﬁts are
compiled in Table 4. Similarly to the FTIR spectra, the
possible functional groups that could explain the new peaks
were determined by comparing the known spectral regions of
the organic nitro-compounds with our experimentally
determined wavenumbers of the new peaks. The resulting
possible functional groups include organic nitrites (RONO),
nitroamines (R1R2NNO2), carbonitrates (R1R2C=NO2−),
nitroalkanes (R1R2CHNO2), dinitroalkanes (R1R2CH(NO2)2),
organic nitroso compounds (RNO), aliphatic (RNO2) and
aromatic (ArNO2) nitro compounds, and o-aminonitroaromatic compounds (NH2ArNO2). The measured wavenumbers and assignments for Figure 7 are compiled in Table 4.
These functional groups of the organic nitro compounds alone
cannot explain all the new peaks in the Raman spectra and,
more speciﬁcally, do not account for the peaks at wavenumbers
above 1700 cm−1 or below 450 cm−1. Many oxygen- and
nitrogen-containing molecules are Raman active outside the
1700 to 450 cm−1 region. To explain the new peaks in these
regions, moieties were therefore chosen that formed part of the
organic nitro compounds produced by the reaction of the IL
and NO2. Lastly, unreacted [AMIM][DCA] may also

contribute to the spectra after oxidation in regions where the
pure [AMIM][DCA] produces larger peaks.
3.3. Reaction Rates. Our experimental setup allows us to
heat and monitor the oxidation of [AMIM][DCA] or borondoped [AMIM][DCA] droplets by Raman spectroscopy in
situ. We can therefore extract the rates for the reaction
between the IL and nitrogen dioxide at various temperatures. A
small time delay is caused by the setup of the levitation
apparatus for the following reasons. For a droplet to be
levitated, the process chamber must already be ﬁlled with a gas,
such as the nitrogen dioxide and argon gas mixture used in the
present experiments. Consequently, the reaction begins as
soon as the IL is exposed on the needle tip. The minimum
time delay is ∼15−20 s from the ﬁrst appearance of the IL on
the needle tip to completing the collection of the spectrum and
depends on the number of accumulations in a spectral scan. To
minimize this time delay, the tip of the needle was placed near
the pressure minimum where the droplet will be levitated, and
a drop or two of the liquid was expended to avoid exposing the
droplet before moving the needle into position. The new peaks
shown in Figure 7 fully formed within this time delay, making
it infeasible to determine their formation rate with the present
experimental setup. Because we cannot prevent the initial time
delay with the current experimental apparatus, we decreased
the nitrogen dioxide concentration to slow the reaction rate
suﬃciently to allow monitoring. The concentration of nitrogen
dioxide was therefore reduced to 0.4%, and the resulting
Raman spectra are presented in Figure 8. The four peaks
studied are labeled (a−d). Peaks (a), (c), and (d) are three
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Table 3. Assignments of the New Vibrational Modes in the FTIR Spectra of Pure or Boron-Doped [AMIM][DCA] Produced
by Reaction with 1.3% Nitrogen Dioxide and 98.7% Argon with the Functional Groups, Regions of Maximum Absorption, and
Vibrational Modes from the Cited References

The uncertainties are equal to, or less than, 1 cm−1 unless otherwise stated.

a

exhibits a sharp increase followed by a gradual decline.
Therefore, the relevant formula56

major peaks in the unreacted [AMIM][DCA] spectrum
observed at 2128, 1015, and 664 cm−1 (Table 2), respectively,
whereas peak (b) at 1115 cm−1 is newly formed and appears to
the left of peak 31. The possible assignment of peak (b)
includes the CN stretching mode of an aromatic nitro
compound or the symmetric NO2 stretching mode of
carbonitrates (Table 4). Multiple Raman spectra were
recorded at diﬀerent time intervals from when the droplet
was ﬁrst levitated to the completion of the reaction. To
determine the reaction rate of the oxidation, the heights of
peaks (a−d) were ﬁrst measured as a function of time as shown
in Figures S1−S4. The resulting decay or growth curves for
each peak were studied at temperatures between 306 and 491
K.
To determine the rate constant, the decay proﬁles of peaks
(a), (c), and (d) were ﬁt with a ﬁrst-order rate equation, y =
Ae−kt (Figures S1, S3, and S4). The growth curve in Figure S2

y=

k1b
(e−k1t − e−k 2t )
k 2 − k1

(1)

was ﬁt to data for peak (b) to determine the rate constants k1
and k2 at each temperature, where b is an adjustable scale
factor. Although eq 1 gives a rate constant, k2, for the decay
portion of the curve, we are only concerned with the growth
rate, so the decay rate constant is not discussed further. The
resulting decay, k, and growth rate, k1, constants are compiled
in Table 5. The rate constants for the decay of peaks (a), (c),
and (d) range from (0.92−1.1) × 10−3 s−1 at 306 K to 0.18−
0.22 s−1 at 491 K. Peaks (a) and (d) are associated with the
[DCA]− anion, whereas peak (c) is associated with the
[AMIM]+ cation. The comparable rate constants for these
three peaks suggests that the anion and cation are similarly
degraded by the nitrogen dioxide. The rate constants for the
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Figure 7. Raman spectra of [AMIM][DCA] (top row) and boron-doped [AMIM][DCA] (bottom row) after reaction with nitrogen dioxide. The
unreacted spectra (blue lines) are shown for comparison. The wavenumbers of the newly formed peaks are labeled (a−s) and their vibrational
assignments are compiled in Table 4. The unreacted spectra for the [AMIM][DCA] sample were scaled by a factor of 2/7 in the 3300−2400 cm−1
region and 1/2 in the 2400−400 cm−1 region, respectively.

mol−1) and NCN (45.4 kJ mol−1), suggesting that NO2 reacts
with the [DCA]− anion or the allyl side chain of the [AMIM]+
cation. Chambreau et al. proposed that the initial reaction of 1propagyl-3-methylimidazolium dicyanamide with nitric acid
(HNO3) involves the nitric acid reacting with the anion in the
preignition phase.22 The initial step was the protonation of the
[DCA]− followed by the NO3− attacking one of the C atoms of
the anion. The NO2 oxidizer in our experiments clearly cannot
act as the proton source. For protonation to occur in our
reaction, proton transfer must therefore occur from the cation
to the anion. It has been reported previously that [DCA]− can
receive a proton from imidazolium-based cations.58 After the
proton transfer, the NO2 may react with the protonated
[DCA]− similarly to the known reaction of HNO3 with
[DCA]−, leading to the decay of the [DCA]− vibrational peaks
because of the formation of possible new functional groups
such as organic nitrites, nitroamines, and carbonites. Additionally, the loss of a proton from the cation may allow a
reaction of the NO2 with the cation, which may lead to the
formation of functional groups such as organic nitrites,
aromatic and aliphatic nitro compounds, carbonitrates, and
nitroamines. The addition of the nitrogen atom of the nitrogen
dioxide oxidizer to a nitrogen atom of [DCA]− may be the
simplest explanation for the formation of nitroamines.
Furthermore, the addition of the nitrogen atom of the NO2
to a carbon atom of the anion could also account for the
formation of carbonitrates.
The rate constants for the oxidation of [AMIM][DCA] are
compared below to the corresponding rate constants

growth of peak (b) are nearly the same at all temperatures and
lie in the range of 0.27−0.31 s−1. This suggests that the growth
is occurring at a rate faster than our experimental setup can
measure and, hence, we can only report the lower limits of the
rate constant, k1.
The temperature dependence of the rate constant is given by
the Arrhenius equation, k = Ae−Ea/RT, where Ea is the activation
energy, A is the pre-exponential factor, and R is the ideal gas
constant. As shown in Figure 9, an Arrhenius plot of the rate
constants as a function of temperature for peaks (a), (c), and
(d) was used to determine three values of the activation
energy, Ea, for the oxidation of [AMIM][DCA] by nitrogen
dioxide. Table 6 presents the values of Ea thereby determined.
Comparing the Ea in Table 6 with the known activation
energies for reactions involving nitrogen dioxide may provide
some details into the reaction mechanisms for the oxidation of
[AMIM][DCA]. Table 7 presents values of Ea for selected
reactions involving NO2 obtained from the NIST Chemical
Kinetics Database.57 These include NO2 reacting with double
bonds in the molecules isobutene (i-C4H8), 1-butene (1C4H8), 2-butene (2-C4H8), 1-pentene (l-C5H10), propene
(CH3CHCH2), isoprene (CH2C(CH3)CHCH2), ethylene
(C2H4), and 1,3-cyclohexadiene (c-1,3-C6H8); triple bonds in
dimethylacetylene (CH 3 CCCH 3 ), methylacetylene
(CH3CCH), and acetylene (C2H2); and the N-containing
molecules hydrogen cyanide (HCN) and cyanonitrene
(NCN). The activation energy for the oxidation of [AMIM][DCA] when averaged over the three peaks studied at 38.5 ±
2.3 kJ mol−1 lies between the values for propene (33.0 kJ
410

DOI: 10.1021/acs.jpca.8b08395
J. Phys. Chem. A 2019, 123, 400−416

Article

The Journal of Physical Chemistry A

Table 4. Possible Assignments of New Peaks in the Raman Spectra of an [AMIM][DCA] or a Boron-Doped [AMIM][DCA]
Droplet Levitated in 1.3% Nitrogen Dioxide and 98.7% Argon with the Functional Groups, Regions of Maximum Scattering,
and Vibrational Modes Obtained from the References
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Table 4. continued

The uncertainties are equal to, or less than, 1 cm−1 unless otherwise stated.

a

Table 5. Rate Constants, k, for Peaks (a−d) in the Raman
Spectra of an [AMIM][DCA] Droplet Levitated in 0.4%
Nitrogen Dioxide and 99.6% Argon at Diﬀerent
Temperatures
peak

wavenumber
(cm−1)

a

Figure 8. Raman spectrum of an [AMIM][DCA] droplet levitated in
0.4% nitrogen dioxide and 99.6% argon (red line). The Raman
spectrum of an [AMIM][DCA] droplet before the reaction with NO2
is shown (black line). The peaks labeled (a), (c), and (d) are present
in the unreacted spectrum, whereas peak (b) is a newly formed peak
produced by the reaction with nitrogen dioxide.

previously reported for [BMIM][DCA] and [MAT][DCA].43
The experiments discussed in ref 43 for [BMIM][DCA] and
[MAT][DCA] were performed at room temperature and at a
concentration of 0.2% NO2, so the rate constants can only be
compared with the present values at 306 K. The ﬁts to the
decay proﬁles in section 3.3 suggest ﬁrst-order reaction
processes, and therefore the reaction rates will scale in
proportion to the concentration of the nitrogen dioxide.
When comparing the reaction rates for the diﬀerent ionic
liquids below, we will consequently ﬁrst scale the reaction rates
presented in ref 43 for [BMIM][DCA] and [MAT][DCA] by
a factor of two. The rate constants of [BMIM][DCA] ranging
from (3.0−5.0) × 10−3 s−1 are higher than the rate constants
for [AMIM][DCA] from (0.98−1.1) × 10−3 s−1. In contrast,
the rate constants for [MAT][DCA] from (1.5−2.1) × 10−4
s−1 are one order of magnitude lower than for [AMIM][DCA].
Thus, the oxidation rate by nitrogen dioxide increases in order
of [MAT][DCA], [AMIM][DCA], and [BMIM][DCA]. If the
reaction of nitrogen dioxide with the [DCA]−-based ILs
requires the initial protonation of [DCA]−, then the diﬀerences
in the rate constant may be because [BMIM]+ has the most H
atoms available for proton transfer followed by [AMIM]+ and
ﬁnally [MAT]+. Another possible reason for the diﬀerent
reaction rates may be the result of diﬀerences in the interaction
strength between the anion and cation, because a stronger

assignmenta

temp (K)

2182

vs(C≡N)

b

1115

see text

c

1015

Rs + β(CH)

d

664

306
308
338
368
470
491
306
308
338
368
470
491
306
308
338
368
470
491
306
308
338
368
470
491

βs(CNC)

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

2
1
1
5
10
4
2
1
1
5
10
4
2
1
1
5
10
4
2
1
1
5
10
4

rate constant (s−1)
(9.8
(9
(1.6
(1.9
0.12
0.18
0.27
0.3
0.3
0.3
0.31
0.28
(9
(9
(1.8
(1.9
0.18
0.18
(1.1
(1.1
(1.7
(1.7
0.17
0.2

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.8) × 10−4
1) × 10−4
0.1) × 10−3
0.4) × 10−3
0.01
0.02
0.06
0.2
0.2
0.1
0.01
0.09
2) × 10−4
1) × 10−4
0.1) × 10−3
0.1) × 10−3
0.01
0.04
0.1) × 10−3
0.1) × 10−3
0.1) × 10−3
0.1) × 10−3
0.01
0.1

Key: v, stretching; β, bending; R, ring; ω, wagging; τ, torsion; s,
symmetric; as, antisymmetric.

a

cation−anion interaction will make it harder for the nitrogen
dioxide to interact with the ions.

4. CONCLUSION
We have studied the oxidation by nitrogen dioxide of levitated
droplets of [AMIM][DCA] and [AMIM][DCA] doped with
hydrogen-capped boron nanoparticles and thereby extended
our previous work on the oxidation of the [DCA]−-containing
ionic liquids [MAT][DCA] and [BMIM][DCA].42,43 The
oxidation reaction was studied using FTIR and Raman
spectroscopy. The ﬁrst step was to collect the FTIR and
Raman spectra of a pure or boron-doped [AMIM][DCA]
droplet before the reaction. The vibrational modes were
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Figure 9. Fits to the Arrhenius plots for the rate constants k of peaks
(a) (black), (c) (red), and (d) (blue) versus temperature to
determine the activation energies Ea.

Figure 10. Summary of the possible functional groups formed when
NO2 reacts with the [DCA]− anion (left) or the [AMIM]+ cation
(right).

Table 6. Activation Energies, Ea, Calculated from Arrhenius
Plots for Peaks (a), (c), and (d)
peak

wavenumber (cm−1)

a
c
d
weighted mean

2182
1115
664

Ea (kJ mol−1)
38.7
38.3
37.8
38.5

±
±
±
±

For the reaction with nitrogen dioxide, a pure or borondoped [AMIM][DCA] droplet was levitated in 1.3% nitrogen
dioxide and 98.7% argon. By comparing the FTIR spectra
before and after the reaction, new peaks could clearly be
identiﬁed. Because of the complexity of the oxidation reaction
and the numerous vibrational modes of the product molecule,
FTIR and Raman spectroscopy alone cannot identify the
molecules formed but can be used to identify possible
emerging functional groups. To explain the new structures,
we suggested that the nitrogen or oxygen atom of the NO2
bonds to a carbon or nitrogen atom of the IL. The resulting
possible functional groups formed with absorption ranges
including the new peaks were compiled, namely, organic
nitrites, nitroamines, aromatic and aliphatic nitro compounds,
and carbonitrates. These functional groups can account for
most of the new features, although not for the new peaks in the
1700−1800 cm−1 region. These peaks could be produced by
N2O4 dissolved in the IL droplet or the carbonyl functional
group. Boron-doped [AMIM][DCA] after the reaction
produces a spectrum with nearly the same new structures as
emerged in the oxidized [AMIM][DCA] spectrum, and
therefore the new structures for the boron-doped sample can
be explained by the same functional groups as formed for the
pure [AMIM][DCA]. This also indicates that the nitrogen
dioxide reacts with the [AMIM][DCA] rather than the boron
nanoparticles. Lastly, comparing the change in the intensities
of peaks before and after the reaction indicates that the
[DCA]− anion was degraded to a greater degree by NO2 than
the [BMIM]+ cation.
The reaction of nitrogen dioxide with [AMIM][DCA]
caused the sharp peaks in the Raman spectrum to reduce and
be replaced by multiple broader new features. Similarly to the
FTIR spectrum, the new features can be explained by the
formation of new nitrogen- and oxygen-containing functional
groups. The boron-doped [AMIM][DCA] spectrum before
the reaction is a broad, featureless continuum; however, after
the reaction, the boron-doped spectrum contains many broad
new peaks similar to the oxidized spectrum without boron
nanoparticles. This conﬁrms that nitrogen dioxide reacts with
the IL and not the boron nanoparticles.

2.7
5.7
6.3
2.3

Table 7. Activation Energies, Ea, for Selected Reactions
Involving NO2 Obtained from the NIST Chemical Kinetics
Database57
NO2
NO2
NO2
NO2

+
+
+
+

reaction

Ea (kJ mol−1)

CH3CCCCH3
i-C4H8
l-C4H8
2-C4H8

50.1
16.7
30.5
47.7
46.9
48.6
30.1
23.5
33.1
8.8
53.5
60.3
75.3
52.3
33.9
58.5
269.0
45.4
25.5

NO2 + l-C5H10
NO2 + CH3CHCH2
NO2
NO2
NO2
NO2

+
+
+
+

CH2C(CH3)CHCH2
CH3CCH
C2H2
C2H4

NO2 + HCN
NO2 + NCN
NO2 + c-1,3-C6H8

assigned based on published spectra of [AMIM][DCA].48−51
The FTIR spectra of [AMIM][DCA] with and without boron
nanoparticles were found to be very similar except for a small
absorption feature in the region of 2400−2600 cm−1, which
was assigned to a B−H stretching mode. Unlike the FTIR
spectra, the addition of the boron nanoparticles caused the
sharp peaks in the Raman spectrum of the pure IL to be
replaced by a broad, featureless continuum.
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The reaction rates for the oxidation of an [AMIM][DCA]
droplet levitated in a 0.4% nitrogen dioxide and 99.6% argon
gas mixture were monitored using Raman spectroscopy. The
change in the height of the new peak and those present in the
unreacted spectrum were determined as a function of time.
From the resulting decay curves for the degradation of
[AMIM][DCA] and the growth curve for the newly formed
peak, the rate constants, k, were determined. The reaction rate
constants for the oxidation reactions were determined at
various temperatures by heating the droplet with a carbon
dioxide laser. For the decay of selected [AMIM][DCA] peaks,
the rates k ranged from (0.92−1.1) × 10−3 s−1 at 306 K to
0.18−0.22 s−1 at 491 K. An Arrhenius plot for the rate
constants as a function of temperature was used to determine
the mean activation energy, Ea, from the three peaks of 38.5 ±
2.3 kJ mol−1 for the oxidation of [AMIM][DCA]. For the
selected peaks studied, the rate constants of [BMIM][DCA]
and [MAT][DCA] were previously determined to be (1.5−
2.5) × 10−3 s−1 and (7.3−10.4) × 10−5 s−1, respectively, at
room temperature for an NO2 concentration of 0.2%. After
accounting for the diﬀerent NO2 concentrations between the
two experiments,43 the oxidation rate of [AMIM][DCA] is
lower than for [BMIM][DCA], whereas [AMIM][DCA]
oxidized one order of magnitude faster than [MAT][DCA].
The similarity of the pure and boron-doped [AMIM][DCA]
spectra after oxidation with NO2 in both the FTIR and Raman
data suggests that the nitrogen dioxide reacts with the IL and
not signiﬁcantly with the boron nanoparticles. Therefore, the
[AMIM][DCA] capping of the nanoparticles signiﬁcantly
reduced the oxidation of the boron. This work provides
fundamental insight into the oxidation of [AMIM][DCA] by
suggesting which new functional groups form. The formation
of these possible new functional groups may be explained by a
reaction mechanism that initially requires a proton to be
transferred from the [AMIM]+ cation to the [DCA]− anion;
the NO2 can then react with the protonated anion or the
deprotonated cation. In addition, a direct reaction of NO2 with
the [DCA]− anion might also be possible. A summary of the
possible functional groups that could form via the reaction of
NO2 with each ion is shown in Figure 10. Further theoretical
studies are required to fully understand the complete reaction
mechanisms.
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