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ABSTRACT: To optimize the performance of hypergolic,
ionic-liquid-based fuels, it is critical to understand the
fundamental reaction mechanisms of ionic liquids (ILs) with
the oxidizers. We consequently explored the reactions
between a single levitated droplet of 1-butyl-3-methylimidazolium dicyanamide ([BMIM][DCA]), with and without
hydrogen-capped boron nanoparticles, and the oxidizer
nitrogen dioxide (NO2). The apparatus consists of an
ultrasonic levitator enclosed within a pressure-compatible
process chamber interfaced to complementary Fourier-transform infrared (FTIR), Raman, and ultraviolet−visible
spectroscopic probes. First, the vibrational modes for the
Raman and FTIR spectra of unreacted [BMIM][DCA] are assigned. We subsequently investigated the new structure in the
infrared and Raman spectra produced by the reaction of the IL with the oxidizer. The newly produced peaks are consistent with
the formation of the functional groups of organic nitro-compounds including the organic nitrites (RONO), nitroamines
(RR′NNO2), aromatic nitro-compounds (ArNO2), and carbonitrates (RR′CNO2−), which suggests that the nitrogen or
oxygen atom of the nitrogen dioxide reactant bonds to a carbon or nitrogen atom of [BMIM][DCA]. Comparison of the rate
constants for the oxidation of pure and boron-doped [BMIM][DCA] at 300 K shows that the boron-doping reduces the
reaction rate by a factor of approximately 2. These results are compared to the oxidation processes of 1-methyl-4-amino-1,2,4triazolium dicyanamide ([MAT][DCA]) with nitrogen dioxide (NO2) studied previously in our laboratory revealing that
[BMIM][DCA] oxidizes faster than [MAT][DCA] by a factor of about 20. The present measurements are the ﬁrst studies on
the reaction rates for the oxidation of levitated ionic-liquid droplets.

1. INTRODUCTION

Scheme 2. Optimized Structures of [BMIM][DCA] (Left)
and [MAT][DCA] (Right) Displaying the Numbering
Convention for the Positions of the Atoms in the
Imidazolium or Triazolium Ring, Respectivelya

A room-temperature ionic liquid (RTIL) is deﬁned as a
substance composed of ions that is liquid at room temperature
(293 K).1 Whereas conventional liquids like water (H2O)
Scheme 1. (Left) Structure of [BMIM][DCA] Showing the
[DCA]− Anion and the Positions of the Methyl (−CH3) and
Butyl (−C4H9) Functional Groups on the Imidazolium Ring
(C3N2H3); (Right) Structure of [MAT][DCA] Showing the
[DCA]− Anion and the Locations of the Methyl (−CH3)
and Amino (−NH2) Functional Groups on the Triazolium
Ring (C2N3H2)

a

For the [BMIM][DCA], the locations of the three ring protons H2,
H4, and H5 are shown.
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[DCA]) can prevent formation of oxide layers.20,21 Although
stable in air, for application in hypergolic fuels, it is vital to
understand the extent to which the passivation layer of these
IL-capped boron nanoparticles can also resist oxidation by
more reactive oxidizers such as dinitrogen tetroxide (N2O4)
employed in bipropellants9 and nitrogen dioxide (NO2).
Therefore, to signiﬁcantly enhance the performance of
hypergolic, EIL-based fuels, it is crucial to elucidate the
underlying reaction mechanisms of EILs with the oxidizers.
EILs composed of imidazolium or triazolium cations and
dicyanamide anions (Schemes 1 and 2) are promising
candidates for the next generation of hypergolic fuels.7,11,15,16
To this end, we previously explored spectroscopically the
reaction between [MAT][DCA] (Schemes 1 and 2) and the
oxidizer nitrogen dioxide (N2O4 ⇌ 2NO2) and probed for one
of the possible initial reaction intermediates, [O2 N−
NCNCN]−.5 Here, we expand our studies on the oxidation
and reactivity of levitated EIL droplets by comparing
quantitatively the reactivity and rate constants of pure and
boron-doped [BMIM][DCA] and [MAT][DCA] with nitrogen dioxide (NO2). Both EILs contain the [DCA]− anion, but
the [BMIM]+ cation diﬀers from the [MAT]+ cation by
carrying a butyl chain (−C4H9) in place of the amino
functional group (−NH2) and having one nitrogen atom fewer
in its imidazolium ring (Scheme 1). In addition to the rate
constants, our spectroscopic investigations aim to identify the
key initial intermediates and functional groups formed upon
reaction of [BMIM][DCA] with nitrogen dioxide. Each system
was explored with and without hydrogen-capped boron
nanoparticles to investigate the possible (catalytic) oxidation
processes of the boron and the eﬀect on the reaction rate by
the nanoparticles. These experiments were carried out for
single, levitated droplets in an ultrasonic levitation device.
Acoustic levitation of a single droplet of an EIL has several
important advantages over traditional bulk experiments.22,23
Levitation avoids the complicating eﬀects of a contacting
surface, which permits the so-called container-less processing
of a droplet. By enclosing the levitator within a pressurecompatible process chamber, a single droplet can be suspended
in the reactive gas of interest at a well-deﬁned temperature and
pressure. Furthermore, for the present experimental layout
with the droplet levitated in the center of the process chamber,
complementary Raman (Ra), ultraviolet−visible (UV−Vis),
and Fourier-transform infrared (FTIR) spectrometers can
simultaneously probe for chemical modiﬁcations of the droplet
in real time and in situ. The levitation device is thus ideally
suited to study reactions between ionic liquids and oxidizers.

primarily consist of electrically neutral molecules, ionic liquids
are constituted of ions and short-lived ion pairs.1−3 Also
named as a “salt in the liquid state”, RTILs possess unique
properties such as low vapor pressures, ionic conductivities,
high-temperature stabilities of up to 718 K for 1-ethyl-3methylimidazolium tetraﬂuoroborate ([EMIM][BF4]), and the
ability to dissolve a wide range of substances including carbon
dioxide (CO2) or aldehydes.4 Consequently, RTILs have
received considerable interest in the past decade from the
green chemistry, catalysis, fuel, nuclear waste separation,
electrochemistry, rocket propulsion, and pharmaceutical
communities.5 A crucial property of ionic liquids is the
possibility of chemically tuning their physical properties such as
the melting point, density, radiation stability, and viscosity for
the required application by synthesizing distinct anions,
cations, and adding diﬀerent functional groups.4,6
The implementation of RTILs in rocket propulsion systems
is a key area of intense research.7 Traditional rocket engines
employ hydrazine (N2H4) and the dinitrogen tetroxide (N2O4)
oxidizer as a hypergolic fuela propellant combination the
components of which spontaneously ignite upon mutual
contact.8,9 However, hydrazine has signiﬁcant disadvantages
including toxicity, high volatility, ﬂammability, and a relatively
low energy density of only 19 kJ cm−3 for combustion in
oxygen.8 Consequently, hypergolic ionic liquids with a low
vapor pressure, for example, 1-butyl-3-methylimidazolium
dicyanamide ([BMIM][DCA]), which is pyrophoric with
oxidizers like white-fuming nitric acid (HNO3), have been
synthesized to potentially replace hydrazine.7,10−12 These
RTILs with potential energetic applications are known as
energetic ionic liquids (EILs) and contain organic cations with
a high nitrogen content such as imidazolium or triazolium to
increase the energy density (Schemes 1 and 2);13 the
incorporation of dicyanamide anions (Schemes 1 and 2)
results in lower viscosities and hence reduced ignition
times.7,14 Chambreau et al. combined aerosol generation
with tunable vacuum ultraviolet (VUV) photoionization mass
spectrometry to identify several products of the hypergolic
reaction of [BMIM][DCA] with gaseous nitric acid (HNO3)
including carbon dioxide (CO2), nitrous oxide (N2O), and
isocyanic acid (HNCO).15
The energy density of these EILs can be further enhanced by
adding high energy-density solids. Boron represents an ideal
additive,16 since it holds a higher energy density for
combustion in oxygen (138 kJ cm−3) than alternative
combustible metals such as aluminum (84 kJ cm−3) or
magnesium (43 kJ cm−3) and traditional hydrocarbon fuels
(35−40 kJ cm−3).17 However, a layer of boron oxide (B2O3)
forms on the surface of boron when exposed to air, which
inhibits ignition.18,19 This complication of utilizing boron as a
high-energy additive is exacerbated by the high temperature of
vaporization of boron at 4200 K, which results in chemical
reactions occurring predominantly on the surface of a liquid.
Consequently, the rate of combustion is severely limited by
diﬀusion to and from the gas−liquid interface. Therefore,
boron nanoparticles have been employed to increase the
surface area-to-volume ratio and thereby reduce the limitation
by diﬀusion; however, the mass fraction of the oxide layer
increases as the diameter of the boron particles reduces. As a
possible solution to the oxidation problem, Anderson et al.
demonstrated that incorporating hydrogen-capped boron
nanoparticles in air-stable ionic liquids such as [BMIM][DCA]
and 1-methyl-4-amino-1,2,4-triazolium dicyanamide ([MAT]-

2. EXPERIMENTAL METHODS
The levitation experimental apparatus has been described in
detail previously.22,23 The experiments exploit an acoustic
levitator operated at a frequency of 58 kHz. Here, ultrasonic
sound waves produced by a piezoelectric transducer placed at
the bottom of the levitation device reﬂect from a concaveshaped plate to generate a standing wave.22 The sound waves
exert acoustic radiation pressure on the droplet,24 so that the
droplet is levitated slightly below the pressure nodes of the
standing wave. The levitator device is enclosed within a
pressure-compatible process chamber, which enables levitation
in an inert gas such as argon (Ar), or the introduction of highly
reactive and toxic gases to study reactions between the gas and
the levitated droplet. The present experiments were performed
with either 98.7% argon (Ar) and 1.3% nitrogen dioxide
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mm diameter droplet, which exceeds the 10-pixel minimum
required for accuracy.
To characterize the chemical and physical changes of the
levitated droplet, the chamber is interfaced to complementary,
high-sensitivity Raman, FTIR, and UV−Vis spectroscopic
probes. The Raman transitions are excited by the 532 nm line
of a diode-pumped, Q-switched Nd:YAG laser.25 The Ramanshifted photons, backscattered from the droplet, are focused by
a lens into a HoloSpec f /1.8 holographic imaging spectrograph
equipped with a CCD camera (Princeton Instruments PI-Max
2 ICCD). Two overlaid holographic transmission gratings
simultaneously cover the spectral ranges from 170 to 2450
cm−1 and 2400 to 4400 cm−1 with a resolution of 9 cm−1. The
apparatus can also collect infrared spectra from 400 to 4000
cm−1 in the region of a levitated droplet in situ by employing a
Thermo Scientiﬁc Nicolet 6700 FTIR spectrometer. To
increase the detection eﬃciency, the infrared beam is focused
by two stages of mirror optics to a diameter of 4 mm in the
region of the droplet. The transmitted IR radiation
subsequently enters an identical optical system in the reverse
order, so that the original unfocused IR beam is recovered
before entering the liquid-nitrogen cooled, MCT-B (mercury
cadmium telluride, wide-band) IR detector. The infrared
spectra of liquids can also be recorded by an attenuated total
reﬂection (ATR) accessory located within the FTIR
spectrometer. Finally, within a Hamamatsu L10290 UV−
visible ﬁber light source, the outputs from a high-brightness
deuterium lamp and tungsten-halogen lamp combine to
produce radiation in the 200−1600 nm wavelength range.
The output from the UV−Vis source is transmitted via a ﬁberoptic feedthrough on a conﬂat ﬂange to a Y-type reﬂectance
probe located inside of the process chamber. In the reﬂectance
probe, seven 400 μm diameter illuminating ﬁbers surround one
600 μm diameter read ﬁber. An optional half-ball lens can be
attached to the end of the probe to focus the beam onto the
droplet and, hence, signiﬁcantly increase the detection
eﬃciency. The probe end is attached to an xyz manipulator,
so that the ﬁber optics can be positioned to maximize the
count rate. The light backscattered by the droplet is collected
by the read ﬁber, exits the chamber via a second connector on
the same conﬂat ﬁber-optic feedthrough, and lastly enters a
StellarNet SILVER-Nova UV−visible spectrometer. The
spectrometer covers the 200−1100 nm spectral range and
provides a resolution of 2 nm with the 50 μm entrance slit. The
sensitivity of the spectrometer system versus wavelength was
calibrated using a UV-enhanced aluminum mirror with an
accurately known reﬂectance in the relevant spectral region
(Thorlabs Inc., part number: PFSQ05-03-F01).
In our studies, the oxidation processes can occur over time
scales as short as a few tens of milliseconds.16 To document
such high-speed events, a Phantom Miro 3a10 camera is
interfaced to the levitator. This camera can record up to 1850
frames per second at the maximum resolution of 1280 × 1280
pixels and is capable of exposure times as short as 1 μs. To
zoom-in on the small droplet and thereby study in detail the
visual changes induced by the chemical reactions, a Navitar
Zoom 6000 modular lens system is attached to the camera.
The ﬁeld of view (FOV) can be reduced from 28 mm × 28
mm to 4.4 mm × 4.4 mm at the camera−droplet distance of
220 mm. The lowest ﬁeld of view corresponds to a full angle of
only 1.1° and consequently gives the required high-resolution
images of the droplets. By calibrating the length scale using an

Figure 1. Photographs of droplets of (a) [BMIM][DCA], (b) borondoped [BMIM][DCA], (c) [MAT][DCA], and (d) boron-doped
[MAT][DCA] levitated in 1.3% nitrogen dioxide and 98.7% argon.
Bubbles produced by the reaction between the ionic liquid and the
oxidizer gas can be seen below the surfaces. The [MAT][DCA]
droplet shown in (c) has enlarged signiﬁcantly, and for the boroncontaining [MAT][DCA] sample displayed in (d) crystal-like
protrusions also appeared above the surface. The yellowish hue is
caused by the nitrogen dioxide.

(NO2) or 99.8% Ar and 0.2% NO2. The temperature and total
pressure of the gas in the chamber were 298 K and 880 Torr,
respectively.
To levitate droplets with diameters of typically 2 mm, we
incorporated a microliter droplet deposition system. A syringe
is interfaced via a vacuum-compatible valve to a conﬂat ﬂange
on the outside port of an ultra-high vacuum chamber. The
valve allows the main chamber to be evacuated and then ﬁlled
with the required process gas before levitating a droplet. Inside
the chamber, the valve is connected via chemically inert
polyetheretherketone (PEEK) tubing to a microneedle which,
in turn, is attached to the end of a wobble stick. The wobble
stick is ﬁxed to the side port located above the syringe and
enables full translational motion of the needle and rotation
about its central axis. The ﬂexible tubing permits the needle to
be moved to the center of the chamber to levitate the droplet
and the deposition device to be withdrawn prior to the
spectroscopic measurements.
The levitated droplet can be heated to the desired
temperature by the output of a 40 W carbon dioxide laser
emitting at 10.6 μm (Synrad Firestar v40). The output power
of the laser can be adjusted between 1 and 40 W by varying the
duty cycle of the discharge. A planar copper mirror and zinc
selenide (ZnSe) window on the chamber transport the infrared
beam to the levitated particle. The temperature of the levitated
droplet is determined by a thermal imaging camera (FLIR
A6703sc). The camera employs a cooled detector composed of
640 × 512 pixels, which covers the spectral range from 3 to 5
μm. This system can determine temperatures between 253 and
1773 K with an accuracy of ±2% of the reading. When a 50
mm lens with a 12.7 mm extender ring is used, the eﬀective
pixel size produced on the droplet at the working distance of
220 mm is 56 μm. Consequently, there are 18 pixels across a 1
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Figure 2. continued
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Figure 2. FTIR spectra and individual peak ﬁts of [BMIM][DCA] (left column) and [BMIM][DCA] with hydrogen-capped boron nanoparticles
(right column). The vibrational assignments for the [BMIM]+ and [DCA]− peaks labeled a−ap and ν3−ν9, respectively, are given in Table 1. The
background has been subtracted from the spectra to display the peaks with improved clarity.

object of known dimensions, the small FOV of the camera also
enables the size of the droplet to be determined precisely.
[BMIM][DCA] was purchased from IoLiTec Inc. with a
purity greater than 98%. The boron nanoparticles were
produced by ﬁrst high-energy ball-milling boron powder in a
hydrogen atmosphere, resulting in hydrogen-terminated nanoparticles, and then capping with [BMIM][DCA] to generate
air-stable, unoxidized particles.26 The boron-doped [BMIM][DCA] studied in the present experiments was prepared by
adding 5% by weight of the boron nanoparticles so produced
to the pure ionic liquid. Photographs of droplets of
[BMIM][DCA], boron-doped [BMIM][DCA], [MAT][DCA], and boron-doped [MAT][DCA] levitated in 1.3%
NO2 and 98.7% Ar are shown in Figure 1. Bubbles produced
by the reaction between the ionic liquid and the oxidizer gas
can be seen below the surfaces of the droplets.

in Figure 2 with the resulting peak wavenumbers compiled in
Table 1.27−30 In some regions of the spectra with many
overlapping peaks, there is a signiﬁcant degeneracy or
nonuniqueness in the ﬁtting procedure. Therefore, we only
report the optimized peak wavenumbers for clearly deﬁned
peaks or prominent shoulders. Furthermore, the ﬁtted peaks
are observed superimposed on broad backgrounds produced
by the operation of the ATR-FTIR spectrometer. The
backgrounds were modeled by optimizing a polynomial of
ﬁfth to eighth order simultaneously with the parameters for the
peaks.
To assign the vibrational modes to the peaks in the spectra,
the ﬁtted wavenumbers were compared with the measured and
theoretical values for similar ionic liquids published in the
literature.27−29 The vibrational modes for ionic liquids
containing 1-alkyl-3-methylimidazolium cations have been
extensively studied by means of quantum chemistry calculations. In this section, we use the common notation for 1alkyl-3-methylimidazolium cations, [CnC1im]+, where the
subscripts n and 1 denote the number of carbon atoms in
the alkyl chains attached to the imidazolium ring (im). Berg
applied MP2 calculations to determine the vibrational
frequencies for the isolated [C4C1im]+ (or [BMIM]+) cation
with the butyl chain in the anti-anti (AA) or gauche-anti (GA)
conformations.31 Density functional theory (DFT) in combi-

3. RESULTS AND DISCUSSION
3.1. [BMIM][DCA]. 3.1.1. Infrared Spectroscopy. To
identify the newly formed peaks in the spectra following
reaction with the oxidizer, it is ﬁrst necessary to collect and
interpret the spectra of the unreacted ionic liquids as
references. The ATR-FTIR spectra of pure and boron-doped
[BMIM][DCA] are shown in Figure 2. The curve ﬁts to
decompose the spectra into the component peaks are included
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Table 1. Wavenumbers and Vibrational Modes for the Observed Peaks in the FTIR Spectra of [BMIM][DCA] and
[BMIM][DCA] with Hydrogen-Capped Boron Nanoparticlesa
peak
labelb

vibrational modec

a
ν(C4H), ν(C5H)
out-of-phase
ν(C4H), ν(C5H) in-phase
b
c
d

ν(C2H)
no assignment27
νas[CH3(Me)]

e
νas(CH2)
f
νas(CH2)
g
h
i
j
k
ν6 + ν7
ν9
ν8
l
m
n

νs[CH3(Bu)]
combination band, e.g.,
(ν6 + ν7) + ν4 or n + w
combination band, e.g., ν3 + ν9
combination band, e.g., ν4 + ν8
BH
Fermi enhanced νs(NC) +
νas(NC) combination band
νs(CN) (A1)
νas(CN) (B2)
ν(CN)
no assignment27

3163m
3160−3163t
3178−3183t
3123m
3122−3152t
3105m
3004−3030t
2966m
2957−2983t
2942m
2934−2943t
2878m
2869−2886t

2480-256530
222829
219228
213328
210229

r(CH)
r(CH3), r[CH3(Bu)]

1568m
1563−1575t
1575m
1581−1584t
1467m
1470−1474t
1454m, 1459m
1446−1454t
1450−1457t
1455−1458t
1431m
1430−1432t
1387m
1383−1395t
1373m
1369−1387t
1339m
1330−1359t
130928
1253m
1255−1260t
1213m
1214−1222t
1172m
1153−1165t
1116m
1103−1116t
1093m
(Raman)
1090−1091t
1106−1193t

ν(CC), r(CH)
ν(CC)

1051−1071t
1066t

νas(N1C2N3), r(C2H)
ν(CC)
o
δs(CH3)
p
δs(CH2)
δas[CH2(Me)]
δs(CH2)
q
δs[CH3(Me)]
r
w(CH2)
s
ν(C2N1C5), w(CH2)
t
ν7
u

reference wavenumbers
[measuredm, theoreticalt] (cm−1)

breathing, ν(NBu), ν(NMe)
νas(N−C) (B2)
t(CH2), r(C2H)

v
t(CH2)
w
ν(NBu), ν(NMe), r(CH)
x
r(CH3), r[CH3(Bu)]
y

z

7356

present measured wavenumbers
[BMIM][DCA] (cm−1)d

present measured wavenumbers
boron-doped [BMIM][DCA] (cm−1)d

3149

3150

3105

3106

3078 ± 6
3015

3080 ± 5
3017

2963

2962

2936 ± 3

2936 ± 2

2875

2875

2740

2740

2690
2667
2225

2693
2672
≈2400−2640
2228

2191
2123
2102
1617
1569

2191
2124
2105 ± 2
1641 ± 6
1569

1465

1465

1450

1457

1426

1425

1383

1383

1370

1370

1326

1325 ± 7

1302
1250

1304
1251

1210 ± 3

1210 ± 2

1167

1166

1112

1112

1090

1090

1055

1054
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Table 1. continued
peak
labelb

vibrational modec

reference wavenumbers
[measuredm, theoreticalt] (cm−1)

ν(CC)

1037m
1039−1046t

δ ring

1022−1036t

breathing, ν(NBu), ν(NMe)

1015−1020t
992m
982−983t
975m
954−976t
948m
945, 973t
90428
849m
813−815t
835m
805, 807t
808m
785−796t
755m
741−760t
737m
731t
697m
686−692t
660m
672t
651m
656−662t
66628
623m
625−634t
600m
582−595t
52428
50828

aa
ab
ac
ad
γ(CH)
ae
νas(CC)
af
ν6
ag

r[CH3(Bu)], r(CH2)
νs(NC) (A1)
γ(C4H), γ(C5H)

ah
νs(CCC)
ai
νs(CCC)
aj
r(CH2)
ak
r(CH2)
al
ν(NMe), ν(NBu)
am
ν(NMe), ν(NBu)
an
ν5
ao

γ(NMe), γ(NBu)
δ(CNC) (A1)
γ(NBu), ring-puckering

ap
ν4
ν3

δ(N1C2N3)
γs(NCN) (A2)
γas(NCN) (B1)

present measured wavenumbers
[BMIM][DCA] (cm−1)d

present measured wavenumbers
boron-doped [BMIM][DCA] (cm−1)d

1028

1028

1021

1021

1010

1010

988

987

975

975

948

948

903
839 ± 9

903
837 ± 2

823

822

810 ± 3

810

751

751

737

737

697

697.3

663 ± 4

663 ± 2

651

651

621
600

605

523
510

522
509

The assignments were performed for the [BMIM]+ cation using the theoretical calculationst and measurementsm of ref 27, for the [DCA]− anion
by comparison with the measured values of ref 28 and ref 29, and ref 30 for the B−H modes. bThe letters a−ap correspond to the [BMIM]+ peak
labels in Figure 2 and ν3−ν9 are the vibrational mode numbers of the [DCA]− anion. cKey: ν, stretch; δ, bend; w, wagging; t, twisting; r, rocking; γ,
out-of-plane; s, symmetrical; as, antisymmetrical. dThe quoted errors combine the uncertainties from determining the peak wavenumbers in the
ﬁtting procedure and calibrating the wavenumber scale. The uncertainties are equal to, or less than, 1 cm−1 unless stated otherwise.
a

vibrational mode numbers ν1−ν75 are unavailable in ref 27,
and therefore the peaks and corresponding vibrational modes
of the [BMIM]+ cation are labeled by the letters a−ap in Table
1 and Figure 2. The range of theoretical wavenumbers for each
vibrational assignment in Table 1 is a consequence of the six
diﬀerent conformations of the butyl chain accounted for in the
calculations. The vibrational modes ν3−ν9 for the [DCA]−
peaks were assigned by comparison with the observed infrared
and Raman spectra of [C2C1im]+[DCA]−.28,29
The diﬀerent types of vibrational modes of the [BMIM]+
cation generally occur in multiple spectral regions. In the highwavenumber range, the bands from 2800 to 3030 cm−1 are
attributed to the C−H stretching modes of the methyl and
butyl groups attached to the imidazolium ring. From 3030 to
3200 cm−1, the C−H stretching modes are associated with the
imidazolium ring, for example, the peaks at 3105 and 3150
cm−1 are produced by the C(2)−H and C(4),(5)−H
stretching modes, respectively. In the 600−1600 cm−1 region,

nation with a 6-31+G(d,p) basis set and a B3LYP functional
was employed by Talaty et al.32 to calculate the vibrational
frequencies for the [CnC1im][PF6] ionic pair, and by Heimer
et al.33 and Katsyuba et al.27 for [CnC1im][BF4], where n = 2,
3, or 4. Holomb et al.34 used similar ab initio calculations and
Raman spectroscopy measurements to study [C4C1im][BF4]
and thereby identiﬁed the four conformers GG, AG, AA, and
GA in the room-temperature ionic liquid. However, to our
knowledge, a corresponding detailed experimental or theoretical study has not been performed for the [C4C1im]+ and
[DCA]− ionic pair ([BMIM][DCA)]. After accounting for
small shifts in the peak positions produced by having a
[DCA]− anion in place of a [BF4]− anion, we found our
[BMIM]+ wavenumbers corresponded with suﬃcient accuracy
to the values for [BMIM]+ in [BMIM][BF4] as measured and
calculated by Katsyuba et al.27 to permit assignments in most
regions of the spectra. In Table 1, the present [BMIM]+ peaks
are therefore assigned in accordance with ref 27. The
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Figure 3. Raman spectra and individual peak ﬁts of a [BMIM][DCA] droplet levitated in argon. The vibrational assignments for the [BMIM]+ and
[DCA]− peaks labeled a−aq and ν4−ν9, respectively, are given in Table 2. The background has been subtracted from the spectra to display the
peaks with improved clarity.

the asymmetric stretching mode νas(CN), symmetric
stretching mode νs(CN), and the νs(C−N) + νas(C−N)
combination band, respectively.28,29 The [DCA]− anion also
produces the relatively small peak at 903 cm−1 due to the ν5
mode, and a broader structure between 500 and 550 cm−1
arising from the merged ν3 and ν4 peaks. The weak absorption
at 2490 cm−1 is unique to the boron-doped sample and is
assigned to the ν(BH) stretching mode.30

vibrations of the imidazolium ring produce multiple overlapping peaks, for instance, those at 1010, 1325, 1370, and
1568 cm−1 are associated with the ac, t, s, and n ring modes,
respectively (Table 1). In the lower-wavenumber range from
600 to 800 cm−1, in addition to the ring vibrations, the methyl
and butyl groups contribute signiﬁcantly to the spectrum.
Regarding the [DCA]− anion, the peaks at 2126, 2197, and
2237 cm−1 are intense spectral features, which are assigned to
7358
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Table 2. Wavenumbers and Vibrational Modes for the Observed Peaks in the Raman Spectrum of [BMIM][DCA]a
peak
label

vibrational modeb

a
ν(C4H,C5H) in-phase
b
ν(C4H,C5H) out-of-phase
c
ν(C2H)
d
νas[CH3(Me)]
e
νas(CH2)
f
νas(CH2)
g
νs[CH3(Me)]
νs[CH3(Me)]
νas(CH3), νas(CH2)
h
νs(CH2)
νs[CH3(Bu)]
i
j
ν6 + ν7
ν9
ν8
k

νs(CH2)
combination band, e.g., n + p
Fermi enhanced νs(NC) + νas(NC)
combination band
νs(CN) (A1)
νas(CN) (B2)
νas(N1C2N3), r(C2H)

l

m
n

δs(CH2)
δas[CH2(Me)]
δs(CH2)
δs(CH2)
δs[CH3(Bu)]
νring, δ(CH2)

o
νas(C2N1C5), w(CH2)
w(CH2)
p
breathing, ν(NBu), ν(NMe)
q
t(CH2)

ν7
r

w(CH2)
νas(NC) (B2)
r(CH), t(CH2)
r(CH), t(CH2)

s
t(CH2), r(C2H)
t
r(C2H), t(CH2)
t(CH2)
u
ν(NBu), ν(NMe), r(CH)
v
r(CH3), r[CH3(Bu)]
r(CH3), r[CH3(Bu)]
w

reference wavenumbers
[measuredm, theoreticalt] (cm−1)

present measured wavenumbers
[BMIM][DCA] (cm−1)c

3173m
3178−3183t
3157m
3160−3163t
3127m
3122−3152t
3001m
2982−3020t
2969m
2957−2983t
2942m
2934−2943t
2917m
2902−2910t
2904−2918t
2912−2936t
2877m
2857−2874t
2869−2886t
2840m
2840−2850t

3183 ± 1

222829
219228
213328
1568m
1563−1575t
1448m
1446−1454t
1450−1457t
1455−1458t
1439−1447t
1421m
1397−1407t
1417−1421t
1391m
1369−1387t
1383−1395t
1342m
1330−1359t
1303m
1293−1312t
1311m
1315−1328t
130928
1286m
1270−1273t
1279−1287t
1254m
1255−1260t
1212m
1199t
1214−1222t
1173m
1153−1165t
1117m
1093−1106t
1103−1116t
1093m
7359

3163 ± 4
3116 ± 1
2986 ± 7
2960 ± 1
2937 ± 2
2910 ± 1

2869 ± 1

2832 ± 2
2733 ± 1
2237 ± 2
2192 ± 1
2131 ± 1
1563 ± 1
1445 ± 1

1438 ± 1
1411 ± 1

1381 ± 1

1329 ± 1
1299 ± 1

1270 ± 2

1239 ± 2
1201 ± 1

1159 ± 2
1102 ± 1

1077 ± 1
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Table 2. continued
peak
label

vibrational modeb

reference wavenumbers
[measuredm, theoreticalt] (cm−1)

ν(CC)
x
ν(CC)
y
breathing, ν(NBu), ν(NMe)
z
νas(CC)
aa

ν6
ab

ac
ad

γ(C2H)
γ(C2H)
r[CH3(Bu)], r(CH2)
νs(NC) (A1)
ν(CC)
ν(CC)
no assignment27
νs(CCC)
γ(C4H), γ (C5H)

ae
af
ag

νs(CCC)
r(CH2)
ν(NMe), ν(NBu)
γ(C4H), γ(C5H)
r(CH2)

ah
ν(NMe), ν(NBu)
ai
ν5
aj

γ(NMe), γ(NBu)
δ(CNC) (A1)
γ(NBu), ring puckering

ak
ν4
al

δ(N1C2N3)
γs(NCN) (A2)
δ(NCC), δ(CCC)

am
δ(NCC), δ(CCC)
an
r(NBu), r(NMe), δ(NCC),
δ(CCC)
ao
r(NBu), r(NMe), δ(CCC)
r(NBu), r(NMe)
ap
δ(CCC)
δ(NMe), δ(NBu)
aq
δ(CCC)

1069−1089t
1057m
1039−1046t
1024m
1015−1020t
976m
954−976t
951m
926−929t
930−946t
945−973t
90428
884m
870−878t
874−894t
825m
805−807t
813−815t
810m
785−796t
741−760t
734m
724t
722−724t
731t
699m
686−692t
651m
656−662t
66628
624m
625−634t
601m
582−594t
52428
501m
481−499t
473m
465−476t
435m
442t
415m
398t
415−424t
352m
341−350t
356−360t
325m
319−329t

present measured wavenumbers
[BMIM][DCA] (cm−1)c
1044 ± 1
1011 ± 1
963 ± 1
934 ± 1

894 ± 1
871 ± 1

850 ± 1
812 ± 1

795 ± 1
740 ± 2
722 ± 2

686 ± 1
652 ± 1

611 ± 1
589 ± 1
525 ± 2
490 ± 2
459 ± 2
426 ± 9
403 ± 3

325 ± 13

312 ± 1

The assignments were performed for the [BMIM]+ cation using the theoretical calculationst and measurementsm of ref 27, and for the [DCA]−
anion by comparison with measured values of ref 28 and ref 29. The letters a−aq correspond to the [BMIM]+ peak labels in Figure 3 and ν4−ν9 are
the vibrational mode numbers of the [DCA]− anion. bKey: ν, stretch; δ, bend; w, wagging; t, twisting; r, rocking; γ, out-of-plane; s, symmetrical; as,
antisymmetrical. cThe quoted errors combine the uncertainties from determining the peak wavenumbers in the ﬁtting procedure and calibrating the
wavenumber scale.
a

optimized peak wavenumbers are compiled in Table 2.27−29
The excitation of the sample by the 532 nm laser beam causes
ﬂuorescence. The resulting broad backgrounds were modeled

3.1.2. Raman Spectroscopy. The Raman spectra of a
[BMIM][DCA] droplet levitated in argon are shown in Figure
3. The ﬁts to the spectra are included in Figure 3 and the
7360
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Figure 4. FTIR spectra and individual peak ﬁts of [BMIM][DCA] after oxidation. The spectra of [BMIM][DCA] before the reaction are presented
for comparison purposes (blue lines). The wavenumbers of the newly formed peaks are identiﬁed by the vertical lines, and the vibrational
assignments are given in Table 3. The unreacted spectrum in the 2650−1900 cm−1 region has been scaled by the factor of 0.05.

Owing to the diﬀerent selection rules for infrared and Raman
spectroscopy,35 the relative amplitudes of the 75 fundamental
modes of [BMIM][DCA] often diﬀer signiﬁcantly in their
respective spectra (cf. Figures 2 and 3). For the [DCA]− anion,
the ν3, ν4, ν7, ν8, and (ν6 + ν7) peaks are much smaller in the
Raman than the infrared spectrum; whereas the ν5 and ν9
peaks are more prominent in the Raman spectrum than the

by optimizing a polynomial simultaneously with the peak
functions. The vibrational modes are assigned in Table 2 for
the [BMIM]+ cation by comparison with ref 27 and for the
[DCA]− anion using the measurements of refs 28 and 29. The
interpretation of the unreacted [BMIM][DCA] Raman
spectrum will be used in section 3.2.2 when identifying the
newly formed bands following reaction with nitrogen dioxide.
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Table 3. Possible Assignments of Vibrational Modes for the New Peaks in the FTIR Spectra of a Pure or Boron-Doped
[BMIM][DCA] Droplet Levitated in 1.3% NO2 and 98.7% Ara
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Table 3. continued

a

The measured wavenumbers are from the present experiments, whereas the functional groups, regions of maximum absorption, IR intensities, and
vibrational modes are from ref 30. Key: vs = very strong, s = strong, m = medium, w = weak, p = polarized. The quoted errors combine the
uncertainties from determining the peak wavenumbers in the ﬁtting procedure and calibrating the wavenumber scale. The uncertainties are equal
to, or less than, 1 cm−1 unless stated otherwise.

infrared spectrum; and for the ν6 mode the peaks are of
comparable amplitudes in both spectra. The vibrational modes
of the imidazolium ring are generally enhanced in the Raman
spectra, for example, the breathing + ν(N−Bu) + ν(N−Me),
breathing + ν(N−Bu) + ν(N−Me), and δs[CH3(Bu)] + νring +
δ(CH2) vibrational modes of the imidazolium ring at 1011,
1329, and 1411 cm−1, respectively (Table 2). In the alkyl
group C−H stretching region between 2800 and 3030 cm−1,
except for the one additional Raman peak labeled g at 2910
cm−1, the infrared and Raman spectra are very similar. In
contrast, in the ring C−H stretching region from 3030 to 3200
cm−1, the broad structure in the FTIR spectrum formed by the
overlap of peaks a to d is signiﬁcantly enhanced compared to
the corresponding structure in the Raman spectrum. Finally,
we note that the peaks at 621, 751, and 1166 cm−1 produced
by the γ(N−Bu), r(CH2), and ν(N−Bu) + ν(N−Me) + r(C−
H) modes, respectively, show higher intensities in the FTIR
spectra, whereas the peak at around 1102 cm−1 corresponding
to the r(CH3) + r(CH3(Bu)) mode is signiﬁcantly larger in the
Raman spectrum.
3.2. [BMIM][DCA] Oxidation. 3.2.1. Infrared Spectroscopy. We next discuss the oxidation of [BMIM][DCA] by
nitrogen dioxide. After levitating the droplet in 1.3% NO2 and
98.7% Ar, the reaction products were transferred to the ATRFTIR spectrometer. The resulting FTIR spectra are shown in
Figure 4 together with the individual peak ﬁts and the
spectrum of unreacted [BMIM][DCA] (blue line) for
comparison. The reaction between the [BMIM][DCA] and
nitrogen dioxide produced numerous new peaks in the
spectrum at the wavenumbers listed in Table 3.30,36 The
newly formed peaks were identiﬁed by comparing the spectra
and individual peak ﬁts before and after reaction of
[BMIM][DCA] with the oxidizer (Figure 4). For complex
organic molecules such as the oxidized ILs, infrared spectroscopy rarely enables identiﬁcation of the individual, oxidized

molecules. However, infrared spectroscopy is a powerful tool
to identify the f unctional groups emerging in the oxidation
process. The simplest mechanism to form the new structure
would involve the nitrogen or oxygen atom of the nitrogen
dioxide reactant bonding to a carbon or nitrogen atom of
[BMIM][DCA]. In Table 3, we therefore list functional groups
of organic nitro-compounds with ranges of absorption that
include the measured wavenumbers of the new peaks.30 These
assignments reveal that a surprisingly narrow range of organic
nitro-compounds can account for the new structure including
organic nitrites (RONO), nitroamines (RR′NNO2), aromatic
nitro-compounds (ArNO2), and carbonitrates (RR′C
NO2−). The most intense absorption at 1323 cm−1 can be
accounted for by the symmetric NO2 stretch of the
nitroamines or aromatic nitro-compounds. The corresponding
ATR-FTIR spectrum and individual peak ﬁts for an oxidized
[BMIM][DCA] droplet doped with hydrogen-capped boron
nanoparticles are shown in Figure 5. The oxidizer gas has
produced essentially the same new structures as for the pure
[BMIM][DCA] sample, and therefore the appearance of the
new peaks can be attributed to nitrogen dioxide bonding to the
ions of [BMIM][DCA] to form nitro-compounds instead of an
initial reaction of nitrogen dioxide with the boron-based
nanoparticles. The measured peak wavenumbers and vibrational mode assignments of the new peaks formed for the
boron-containing sample are included in Table 3.
As evident in Figures 4 and 5, the peaks between 2100 and
2300 cm−1 produced by the ν8 and ν9 fundamental modes and
the ν6 + ν7 combination band of the [DCA]− anion have
decreased in amplitude by the factor of approximately 20
following oxidation, which suggests that the [DCA]− anion has
essentially been degraded by reaction with the nitrogen
dioxide. In contrast, the bands produced by the [BMIM]+
cation, for example the structure between 2800 and 3400 cm−1,
7363

DOI: 10.1021/acs.jpca.8b05244
J. Phys. Chem. A 2018, 122, 7351−7377

Article

The Journal of Physical Chemistry A

Figure 5. FTIR spectra and individual peak ﬁts of boron-doped [BMIM][DCA] after the oxidation. The spectra of boron-doped [BMIM][DCA]
before the reaction are presented for comparison purposes (blue lines). The wavenumbers of the newly formed peaks are identiﬁed by the vertical
lines and the vibrational assignments are given in Table 3. The unreacted spectrum in the 2650−1900 cm−1 region has been scaled by the factor of
0.05.

produce bands with wavenumbers above approximately 1700
cm−1.30 The 1700−1800 cm−1 wavenumber region is, however,
dominated by absorptions from the stretching modes of the
carbonyl functional group (CO).30 The new peaks could
therefore be produced by a CO functional group that forms

are almost the same before and after reaction, and therefore the
cation must remain mainly intact.
Finally, note that several new peaks occur between 1700 and
1800 cm−1, in particular those at 1716, 1743, and 1788 cm−1.
Functional groups of organic nitrogen compounds do not
7364

DOI: 10.1021/acs.jpca.8b05244
J. Phys. Chem. A 2018, 122, 7351−7377

Article

The Journal of Physical Chemistry A

could be caused by dinitrogen tetroxide (N2O4) dissolved in
the droplet. The possibility of dissolved N2O4 is supported by
the UV−visible spectra of the same droplet, as discussed in
section 3.2.3, which closely resemble the combined spectra of
N2O4 and NO2. Furthermore, the wavenumbers of ν5, ν9, ν4 +
ν5 modes of N2O4 at 1712, 1758, and 1791 cm−1 are similar to
the experimental values.36
3.2.2. Raman Spectroscopy. The Raman spectra of a
[BMIM][DCA] droplet levitated in 1.3% NO2 and 98.7% Ar
are shown in Figure 6. The bottom curves in each ﬁgure
display the spectra before reaction (blue line), whereas the top
curves are the spectra produced after reaction with the
nitrogen dioxide gas (black circles). In the high Raman-shift
region between 3800 and 2400 cm−1, the nitrogen dioxide
causes the amplitudes of the peaks for the unreacted
[BMIM][DCA] nearly to vanish and a broad, structureless
continuum to appear. Similarly, in the low Raman-shift region
from 2450 to 300 cm−1, the reaction causes the sharp peaks
from the unreacted [BMIM][DCA] to reduce signiﬁcantly, but
here multiple broad, new features appear. The total ﬁt to the
new features (red line) and individual peak ﬁts (green lines)
are shown in Figure 6 with the wavenumbers of the peaks
presented in Table 4.30,36−47 Although the ﬁtting procedure is
considerably complicated by the series of broad, overlapping
new peaks, it is possible to identify the individual bands
composing the total spectrum in most wavenumbers regions.
The only clear exception occurs in the region between
approximately 2150 and 1900 cm−1, where the three ﬁtted
peaks are probably better regarded as an unresolved
combination of modes from 1950−2040 cm−1.
To assign vibrational modes to the new peaks, we searched
for suitable functional groups that are active in the range of the
new structure from 2300 to 230 cm−1.30 As for the FTIR
spectra, the simplest mechanism to form the new peaks would
involve the nitrogen or oxygen atom of the nitrogen dioxide
reactant bonding to a carbon or nitrogen atom of [BMIM][DCA]. In Table 4, we therefore list functional groups of
organic nitro-compounds with ranges of absorption closest to
the measured wavenumbers of the new peaks. Thus, the
appearance of the new structure is consistent with formation of
the organic nitro-compounds including organic nitrites
(RONO), nitroamines (RR′NNO2), dinitroalkanes (RR′CH(NO2)2), carbonitrates (RR′CNO2−), aromatic nitro-compounds (ArNO2), and saturated primary (H2CNO2) and
secondary aliphatic nitro-compounds (RR′CHNO2). However,
functional groups of organic nitro-compounds only produce
bands in the 1680−475 cm−1 region.30 We therefore searched
for molecules containing oxygen and nitrogen atoms which are
Raman active in the 2300−1700 cm−1 and 450−230 cm−1
ranges. To select suitable candidates from the large number of
possible molecules, moieties were chosen that formed part of
the organic nitro-compounds produced by reaction between
[BMIM][DCA] and nitrogen dioxide. Unreacted [BMIM][DCA] might contribute to the ﬁnal reacted spectrum in some
wavenumber regions, for example, from 2250 to 2150 cm−1
and 1510 to 1260 cm−1 where the original molecule produces
large peaks (Table 4).
The corresponding Raman spectra for a boron-doped
[BMIM][DCA] droplet levitated in the same nitrogen dioxide
and argon gas mixture are shown in Figure 7. The total ﬁt to
the new structure (red line) and individual peak ﬁts (green
lines) are displayed in Figure 7. The best-ﬁt peak wavenumbers
are presented in Table 4. As comparison of the unreacted

Figure 6. Raman spectra of a levitated [BMIM][DCA] droplet after
the oxidation (black circles). Spectra of nonreacted [BMIM][DCA]
are displayed for comparison purposes (blue lines). In the low
Raman-shift region from 2450 to 210 cm−1, the total ﬁt (red line) and
individual peak ﬁts (green lines) are shown. The wavenumbers of the
newly formed vibrational modes are identiﬁed by the vertical lines,
and the assignments for the peaks labeled a−al are given in Table 4. A
linear background has been removed from the reacted spectra for
comparison purposes.

part of molecules produced by higher-order reactions.
Alternatively, the new peaks in the 1700−1800 cm−1 region
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Table 4. Wavenumbers and assignments of the New Peaks a−al in the Raman Spectra of Pure or Boron-Doped [BMIM][DCA]
after Levitation in 1.3% NO2 and 98.7% Ar (Figures 6 and 7)a
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Table 4. continued

a
The assignments in the 1700−450 cm−1 range were performed by comparison with the regions of maximum absorption, Raman intensities, and
vibrational modes of the functional groups tabulated in ref 30. The vibrational energy levels from refs 36−47 were used to assign the remaining
spectral regions. *Key: v = very strong, s = strong, m = medium, w = weak, p = polarized.

spectra in Figures 6 and 7 (blue lines) shows, adding the boron
nanoparticles to [BMIM][DCA] causes the sharp peaks to
vanish and a large structureless continuum to appear. Similar
spectra with broad continua and an absence of sharp features
are characteristic of the Raman spectra of amorphous boron.48
The large reduction in the [BMIM][DCA] peaks is also a
consequence of absorption of the 532 nm laser beam by the
boron nanoparticles, which results in a signiﬁcantly reduced
path length of the ionic liquid sampled. Although the
unreacted pure and boron-doped samples produce distinct
spectra, following reaction with nitrogen dioxide the resulting
spectra are almost identical with or without the boron
nanoparticles. Consequently, the same reaction products
must form on the surface of the droplet as for the pure
[BMIM][DCA] sample. Furthermore, the Raman activity of
the newly formed molecules must be high to dominate the
initial contribution from the boron nanoparticles. As for the
FTIR data discussed in section 3.2, the formation of most of

the new peaks can therefore be explained by the nitrogen
dioxide molecule bonding to [BMIM][DCA] to form nitrocompounds instead of an initial reaction of nitrogen dioxide
with the boron-based nanoparticles. There are, however, a few
small but signiﬁcant diﬀerences between the spectra with or
without the boron nanoparticles. First, the broad peak at
around 1440 cm−1 is more prominent for the boron-containing
sample, which could be caused by a contribution from the B−
N stretching mode (Table 4).30 Second, a very small peak at
732 cm−1, which could be produced by the B−OH functional
group of boronic acid,30 is present only for the boroncontaining sample.
3.2.3. UV−Visible Spectroscopy. We employed in situ UV−
visible reﬂectance spectroscopy in the 200−1100 nm wavelength range to provide further information about the
oxidation of pure or boron-doped [BMIM][DCA] droplets.
First, the spectra before the reaction with the nitrogen dioxide
gas are discussed. As shown in Figure 8a (black line), there is a
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Figure 8. UV−visible reﬂectance spectra for a levitated droplet of (a)
[BMIM][DCA] and (b) [BMIM][DCA] doped with hydrogencapped boron nanoparticles. Reference spectra collected before the
reaction (black lines) are compared with the spectra after reaction
with the nitrogen dioxide (red lines). (c) Fits to the absorption peaks
of the reacted [BMIM][DCA] in the 200−650 nm region (a linear
background has been subtracted).

Figure 7. Raman spectra of a levitated, boron-doped [BMIM][DCA]
droplet after oxidation (black circles). Spectra of nonreacted, borondoped [BMIM][DCA] are displayed for comparison purposes (blue
lines). In the low Raman-shift region from 2450 to 210 cm−1, the total
ﬁt (red line) and individual peak ﬁts (green lines) are shown. The
wavenumbers of the newly formed vibrational modes are identiﬁed by
the vertical lines, and the assignments for the peaks labeled a−ak are
given in Table 4. A linear background has been removed from the
reacted spectra for comparison purposes.

reﬂectance of [BMIM][DCA] was placed on an absolute scale
by substituting the value for the refractive index of [BMIM][DCA] at 589 nm (sodium D-line)49 (nD(589 nm) = 1.50890
± 0.00004) into the Fresnel equation at normal incidence. The
resulting value for the reﬂectance of [BMIM][DCA] at 589 nm
is 0.0411. The correction factor so obtained to convert the

minimum in the reﬂectance of [BMIM][DCA] or a maximum
in the absorption from approximately 220 to 310 nm. The
7369

DOI: 10.1021/acs.jpca.8b05244
J. Phys. Chem. A 2018, 122, 7351−7377

Article

The Journal of Physical Chemistry A

are produced with maxima at approximately 350 and 470 nm;
and three new smaller peaks occur at 269, 579, and 607 nm. As
evident in Figure 8b, the new structure produced by the
nitrogen dioxide is less prominent for the boron-containing
sample. The two minima in the reﬂectance at around 220 and
270 nm can also be discerned in Figure 8b, but only one very
broad reﬂectance minimum appears from approximately 300 to
700 nm.
In Figure 8c, the relatively sharp peak at 215 nm and the
broad absorption structure with a maximum at around 470 nm
resemble the absorption spectrum of nitrogen dioxide in the
same spectral range.52 Furthermore, the broad peak with a
maximum near 350 nm is similar to the peak in the absorption
spectrum of dinitrogen tetroxide (N2O4) in the 180−390 nm
wavelength range.53 Therefore, the largest structures in Figure
8c could have formed by nitrogen dioxide and dinitrogen
tetroxide dissolving in the droplet. The contribution of
unreacted [BMIM][DCA] to the spectra of the processed
droplet in Figure 8a or Figure 8c appears to be small, whereas
the absorption structure of the newly formed or introduced
molecules dominates. Therefore, the nitrogen dioxide and
dinitrogen tetroxide would need to have a relatively high
concentration near the surface of the droplet where the
detection sensitivity of the UV−visible probe is highest.
Dissolved dinitrogen tetroxide in the droplet is consistent with
the analysis of the FTIR and Raman spectra of [BMIM][DCA]
after reaction with nitrogen dioxide (section 3.2), where new
features at several wavenumbers possibly could be explained by
vibrational modes of the dinitrogen tetroxide molecule (Tables
3 and 4).
3.3. Reaction Rates. In addition to identifying the newly
emerging bands, we also extracted reaction rates for the
oxidation of the pure and boron-doped [BMIM][DCA] and
[MAT][DCA] droplets by nitrogen dioxide. We consider the
decay of the peaks associated with the anion and cation of the
unreacted ionic liquid and also the formation of the newly
emerging peaks produced by the oxidation. It is important to
highlight that, when levitating a droplet, there is a minimum
time delay of approximately 20 s between when the liquid ﬁrst
appears on the end of the needle and completing collection of
the Raman spectrum. At nitrogen dioxide concentrations of
1.3%, the heights of the broad peaks in the Raman spectra
(section 3.2.2) reached their ﬁnal values within 20 s and,
hence, it is not feasible to determine the corresponding rates of
formation with the present experimental set up. However,
when the concentration of the nitrogen dioxide is reduced
from 1.3% to 0.2%, the relatively sharp peaks b−e shown in
Figure 9 appear in place of the broad structure. The formation

Figure 9. Bottom curve (black line) and the top curve (red line)
display the Raman spectra of a levitated [BMIM][DCA] droplet
before and after oxidation, respectively. The peaks labeled (a) and (f)
are present in unreacted [BMIM][DCA], whereas peaks b−e are new
and form because of oxidation by the nitrogen dioxide.

observed reﬂected intensity to the absolute reﬂectance was
applied to the other reﬂectance spectra presented here.
However, owing to changes in the dimensions, shape, and
position of the droplet during the reactions, for example, such
as occurs when a bubble forms inside the droplet (Figure 1),
the absolute reﬂectance scale for samples other than pure
[BMIM][DCA] is only approximate. The ionic liquid blackens
when the boron nanoparticles are added. Therefore, as
comparison of the unreacted spectra in Figure 8a, b (black
lines) shows, the region of high absorption previously from
220 to 310 nm extends across the full wavelength range. The
absorption of electromagnetic radiation from 200 to 1100 nm
is the result of interband transitions in the boron nanoparticles.50,51
As shown in Figure 8a, because of interaction with the
nitrogen dioxide at a concentration of 1.3%, the reﬂectance
spectrum of [BMIM][DCA] developed several new minima in
the 200−650 nm range. To help visualize and identify the
corresponding new absorption structures, in Figure 8c we
present ﬁts to the spectrum of 1 − reﬂectance (R) in the 200−
650 nm region. The resulting peaks, although related to the
absorption, A, of the processed ionic liquid, cannot be placed
on an absolute scale, since A = 1 − R − T and the
transmittance, T, cannot be measured with the present
experimental set up. The ﬁts reveal that a relatively sharp
absorption peak appears at 215 nm; two very broad structures

Table 5. Wavenumbers and Assignments of Vibrational Modes for the New Peaks Formed in the Raman Spectra of Pure or
Boron-Doped [BMIM][DCA] Droplets When Levitated in 0.2% NO2 and 99.8% Ara
peak

wavenumber [BMIM]
[DCA] (cm−1)

wavenumber boron-doped [BMIM]
[DCA] (cm−1)

b

1698 ± 2

1699 ± 1

c

1603 ± 1

1600 ± 1

d
e

1275 ± 2
1219 ± 1

1275 ± 2
1220 ± 1

functional group
organic nitrites,
trans-form
organic nitrites, cisform
nitroamines
nitro-aromatic
compounds

region
(cm−1)

Raman
intensityb

vibrational mode

1650−1680

s

1610−1625

s

NO str.
Primary ∼1675 cm−1
NO str.

1260−1315
1215−1260

v, p
s

sym. NO2 str.
sym. NO2 str.

a

The peak wavenumbers are from the present measurements, whereas the functional groups, regions of maximum absorption, Raman intensities,
and vibrational modes are from ref 30. bKey: v = very strong, s = strong, m = medium, w = weak, p = polarized.
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Figure 10. Fits to the decay or rise of peaks a, b, c, e, and f in Figure 9 for a [BMIM][DCA] droplet levitated in 0.2% NO2 and 99.8% Ar.

same procedure as discussed in section 3.2, the vibrational
modes and functional groups of the new peaks b to e are
assigned in Table 5.30 The peaks at 1603 and 1698 cm−1 could
be accounted for by the NO stretching modes of the cis- and
trans-forms of the organic nitrites (RONO), respectively. The
smaller peak at 1275 cm−1 might be attributed to a symmetric
NO2 stretching mode of the nitroamines (RR′NNO2). Finally,
the largest peak at 1219 cm−1 occurs in the wavenumber range
of the symmetric NO2 stretching modes of the aromatic nitrocompounds (ArNO2). The wavenumber range for the nitro-

of peaks b−e can be traced on timescales of up to 120 min,
thus permitting a study of the corresponding reaction rates
and, therefore, of the decomposition of the ILs. In Figure 9, the
newly emerged peaks b−e are compared with the unreacted
[BMIM][DCA] spectrum. The peaks labeled a and f in Figure
9 are present in the unreacted [BMIM][DCA] and correspond
to the ν9 mode of [DCA]− and the imidazolium ring mode y of
[BMIM]+ (section 3.1.2; Table 2), respectively; these modes
were selected to investigate possible diﬀerences in reactivity for
the [BMIM]+ cation and the [DCA]− anion. Following the
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aromatic compounds from 1215 to 1370 cm−1 includes the
possible eﬀects of strong o- or p-electron donors, which can
shift the absorption region to lower wavenumbers.30 These
ﬁndings suggest that the nitrogen dioxide oxidizes the
[BMIM][DCA] through bond formation via carbon−oxygen
linkages for absorptions b and c and nitrogen−nitrogen
linkages for peak d. Furthermore, the formation of peak e,
which is possibly produced by an aromatic nitro-compound,
requires the nitrogen atom of the nitrogen dioxide molecule to
bond with the 6π imidazolium ring (C3N2H3); since nitrogen
cannot be pentavalent, the nitrogen−nitrogen bond must be
formed at the N(3) atom holding the methyl group (Schemes
1 and 2).
Raman spectra were recorded from the beginning to the
completion of the oxidation process, so that the decrease in the
heights of peaks a and f and the increase in the heights of peaks
b to e could be traced as a function of time. The resulting
decay and growth curves are compiled in Figure 10. Since
peaks b−d are small and appear superimposed upon a
signiﬁcant background, it is only possible to obtain their
heights with accuracy after the initial stages of the reactions
and, hence, some of the growth curves have no data points at
the beginning of the reactions. We found that the timedependent curves are well-described by a ﬁrst-order
exponential decay or rise formula. Clearly, there is an initial
time period, Δt, when the peak areas did not change
signiﬁcantly, after which the time-dependent curves begin the
usual exponential rise, 1 − e−k(t−Δt), or decay, e−k(t−Δt), where k
is the reaction rate. The time delay, Δt, is likely a consequence
of reactions occurring mainly near the surface of the droplet.
Consequently, there is a delay in the increase in the
concentration of the product molecules because of the time
required for the less reacted ionic liquid in the central regions
of the droplet to diﬀuse to the surface. The time delay is
included in Table 6 and was determined by using the ﬁtted
parameters for the growth curves to calculate the time when
the peak height would have been zero. As an example of a time
delay, see curve c in Figure 10 for which the time delay is
around 10 min. The time delay cannot be calculated for the
decay curves using the ﬁtted parameters, since the eﬀect of a
Δt here is to multiply the overall curve by a scale factor, c, that
cannot be determined (e−k(t−Δt) = ce−kt). Table 6 shows that
the reaction rates lie within the range of (1.5−2.5) × 10−3 s−1.
The reaction rate for peak d is not included in Table 6, since it
could not be calculated with satisfactory accuracy because of
structure from unreacted [BMIM][DCA] present in the same
wavenumber region at early stages of the reactions (Figure 9).
After accounting for the experimental uncertainties, it is not
possible to discern clear, statistically signiﬁcant diﬀerences
between the reaction rates of the peaks in Figure 9. Thus, the
results are consistent with the diﬀerent functional groups
corresponding to the new peaks b, c, and e forming at the same
rate, peaks a and f associated with the unreacted ionic liquid
decaying at the same rate as the new peaks appear, and the
cation (peak a) and anion (peak f) being equally degraded by
the oxidation. The comparable decay and formation rates for
all peaks considered suggest a ﬁrst-order reaction mechanism.
We next determine the eﬀect on the reaction rate of adding
hydrogen-capped boron nanoparticles to the [BMIM][DCA]
droplet. In Figure 11, the Raman spectra are compared after
levitating a droplet in 0.2% NO2 and 99.8% Ar for 3 and 121
min. The same peaks a−e appear or decay as for the pure
[BMIM][DCA] sample, although the imidazolium ring mode y

Table 6. Time Delays, Δt, and Reaction Rates, k, for the
Formation or Decay of Peaks a−f in the Raman Spectra of
Pure or Boron-Doped [BMIM][DCA] Droplets When
Levitated in 0.2% NO2 and 99.8% Ara
no boron
peak
a
b
c
d
e
f

time delay Δt
(min)

reaction rate k
(10−3 s−1)

14 ± 12
11.2 ± 9.9

1.90 ± 0.10
2.5 ± 1.4
2.0 ± 1.0

9.5 ± 3.2

1.54 ± 0.27
2.28 ± 0.57

with boron
time delay Δt
(min)

reaction rate k
(10−4 s−1)

±
±
±
±

7.74 ± 0.52
10.5 ± 1.4
6.69 ± 0.97
9.8 ± 2.0
8.53 ± 0.53

16.7
13.1
20.0
14.2

3.7
3.7
6.4
1.5

a

Parameters are unavailable for two of the peaks for reasons explained
in the text.

Figure 11. Bottom curve (black line) and the top curve (red line) are
the Raman spectra of a boron-doped [BMIM][DCA] droplet before
and after levitating in 0.2% NO2 and 99.8% Ar, respectively. The peak
labeled (a) is present in unreacted boron-doped [BMIM][DCA],
whereas peaks b−e are new and form because of reaction with the
nitrogen dioxide.

Figure 12. Diﬀerence between the Raman spectra of a boron-doped
[BMIM][DCA] droplet before and after levitating in 0.2% NO2 and
99.8% Ar (see Figure 11) to emphasize the newly formed peaks.
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Figure 13. Fits to the decay or rise of peaks a−e in Figure 11 for a boron-doped [BMIM][DCA] droplet levitated in 0.2% NO2 and 99.8% Ar.

(6.7−10.5) × 10−4 s−1. After accounting for the experimental
uncertainties, the results are consistent with a single reaction
rate for largest peaks a and e and also for the smaller peak d.
The reaction rate for the very small peak c is slightly lower than
the other values because of a systematic error produced by the
presence of unreacted [BMIM][DCA] at early times. Table 6
reveals that the nanoparticles slow the reaction rate by a factor
of approximately 2.4 when averaged over the same peaks.
[BMIM][DCA] is known to bind to the surface of boron
nanoparticles to form a monolayer with a thickness of

corresponding to peak f cannot be observed because of the
large background produced by the boron. To display the newly
formed peaks with improved clarity, in Figure 12 the diﬀerence
is shown between the Raman spectra at 121 and 3 min. The
measured wavenumbers and possible vibrational mode assignments for peaks a−e are given in Table 5. The decay and
growth curves for peaks a−e are shown in Figure 13. The time
delays and reaction rates obtained by ﬁtting ﬁrst-order
exponential decay or rise formulae to the time-dependent
curves are presented in Table 6. The reaction rates range from
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decay curves for peaks a, g, h, and i are presented in Figure 15,
and the reaction rates, obtained by ﬁtting a ﬁrst-order
exponential decay formula to the time-dependent curves, are
included in Table 7. Systematic (or nonrandom) errors
produced by changes in the droplet size, shape, and position
during the measurements are evident in the data. The reaction
rates range f rom (7.3 −10.4) × 10−5 s−1 and so are a factor of
approximately 20 lower than for the pure [BMIM][DCA]
when averaged over the dif ferent peaks. For the slower reaction
rates of [MAT][DCA] compared to [BMIM][DCA], time
delays of around 10 min (Table 6) are not apparent in the
ﬁtted curves and, hence, are not presented.

4. CONCLUSION
We have extended our previous studies on the oxidation of
levitated droplets of [MAT][DCA] and [MAT][DCA] doped
with hydrogen-capped boron nanoparticles by nitrogen dioxide
in an argon atmosphere.5 The experiments utilize an ultrasonic
levitator enclosed within a pressure-compatible process
chamber equipped with complementary Raman, UV−visible,
and FTIR spectroscopic probes. We ﬁrst analyzed the FTIR
spectra of pure and boron-doped [BMIM][DCA] before
reaction with nitrogen dioxide. To assign vibrational modes to
the peaks in the experimental spectra, the ﬁtted wavenumbers
were compared with measured and theoretical values for
similar ionic liquids.27−29 The FTIR spectra with and without
the boron nanoparticles are very similar, except for a small
absorption peak at 2490 cm−1 assigned to the ν(B−H)
stretching mode. The peaks in the Raman spectrum of a
[BMIM][DCA] droplet levitated in argon were assigned by an
analogous procedure.
After levitating a droplet in 1.3% NO2 and 98.7% Ar, the
reaction between the [BMIM][DCA] and the nitrogen dioxide
produced numerous new peaks in the FTIR spectra. The
simplest mechanism to explain the new structure would involve
the nitrogen or oxygen atom of the nitrogen dioxide reactant
bonding to a carbon or nitrogen atom of [BMIM][DCA]. We
therefore listed functional groups of organic nitro-compounds
with ranges of absorption that include the measured wavenumbers of the new peaks, namely, the organic nitrites,
nitroamines, aromatic nitro-compounds, and carbonitrates.
Several new peaks occur between 1700 and 1800 cm−1, which
is outside the wavenumber range of the bands produced by
organic nitrogen compounds. The new peaks in the 1700 and
1800 cm−1 region could be produced by carbonyl functional
groups (CO) that form part of molecules produced by
higher-order reactions or possibly N2O4 dissolved in the
droplet. The oxidizer gas produced essentially the same new
structure with the boron-doped [BMIM][DCA], and so the
formation of the new peaks can also be explained by the
nitrogen dioxide molecule bonding to the [BMIM][DCA]
rather the boron.

Figure 14. Raman spectra of an [MAT][DCA] droplet before (black
line) and after (red line) levitation in 0.2% NO2 and 99.8% Ar,
respectively. The peaks labeled (a), (g), (h), and (i) are present in
unreacted [MAT][DCA] and are assigned in Table 7.

approximately 1 nm.20 The interaction of the [BMIM][DCA]
with the boron reduces the availability of suitable sites where
the nitrogen dioxide can bond with the ionic liquid and, hence,
the reaction rate is potentially reduced. However, for boron
nanoparticles with typical diameters of 20 nm20 at a
concentration of 5% (by weight), less than 1% of the
[BMIM][DCA] from the droplet is required to fully coat the
surfaces, where 1.06 g cm−3 has been used for the density of
the IL.49 Thus, chemical interactions between the ionic liquid
and the homogeneously distributed boron nanoparticles
cannot explain the reduced reaction rate. The slower reaction
rate could be caused by the increase in the viscosity of a liquid
that is known to accompany the introduction of a suspension
of small particles.54 By increasing the viscosity of the droplet,
the boron nanoparticles slow the rate at which the less reacted
ionic liquid in the central regions of the droplet diﬀuses to the
surface, reduce the diﬀusion of the oxidizer into the droplet,
hinder the escape of gaseous reaction products from within the
droplet, and consequently lower the reaction rate.
Finally, in Figure 14 the Raman spectra of an [MAT][DCA]
droplet are compared after levitating in 0.2% NO2 and 99.8%
Ar for 1 and 343 min. For [MAT][DCA], in contrast to
[BMIM][DCA], sharp new peaks formed by reaction with
0.2% NO2 are not observed, and so we can only study the
reduction in the amplitudes of peaks produced by the
unreacted ionic liquid. The peaks labeled a, g, h, and i in
Figure 14 were selected for study because of their large
amplitudes and to investigate possible diﬀerences in the
reaction rates between the [DCA]− anion and [MAT]+ cation.
The peak wavenumbers and vibrational mode assignments5 for
the selected peaks of [MAT][DCA] are given in Table 7. The

Table 7. Wavenumbers, Vibrational Mode Assignments,5 and Reaction Rates k Corresponding to Peaks a, g, h, and i in the
Raman Spectra of an [MAT][DCA] Droplet When Levitated in 0.2% NO2 and 99.8% Ar
peak
a
g
h
i

wavenumber (cm−1)
2193 ± 1
1402 ± 1
652 ± 1
603 ± 1

anion or cation
−

[DCA]
[MAT]+
[DCA]−
[MAT]+

number

vibrational mode

ν9
ν37
ν5
ν17

νs(CN) (A1)
CH2 wag
δ(CNC) (A1)
symmetric N−NH2 and N−CH3 stretch
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reaction rate k (10−5 s−1)
10.37
8.24
8.16
7.34

±
±
±
±

0.62
0.70
0.73
0.65
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Figure 15. Fits to the decay of peaks a, g, h, and i in Figure 14 for an [MAT][DCA] droplet levitated in 0.2% NO2 and 99.8% Ar.

mixture. The reaction rate constants, k, were determined by
analyzing the growth curves for formation of the new peaks or
the decay curves for the reduction of the unreacted
[BMIM][DCA] peaks in the Raman spectra as a function of
time. A delay in the increase in the concentration of the
product molecules was observed, which was probably a
consequence of the time required for the less reacted ionic
liquid in the central regions of the droplet to diﬀuse to the
surface. For the pure [BMIM][DCA], the reaction rates for the
diﬀerent peaks studied range from (1.5−2.5) × 10−3 s−1,
whereas for the boron-doped [BMIM][DCA] sample the
reaction rates are in the region of (6.7−10.5) × 10−4 s−1. Thus,
the nanoparticles slow the reaction rate by a factor of
approximately 2.4 when averaged over all the peaks. The
slower reaction rate could be caused by the increased viscosity
of the droplet accompanying suspension of the small boron
particles54 rather than by chemical reactions between the
boron and IL (section 3.3). For [MAT][DCA], in contrast to
[BMIM][DCA], sharp new peaks formed by reaction with
nitrogen dioxide were not observed, and so we could only
consider the reduction in the amplitudes of peaks from the
unreacted ionic liquid. The [MAT][DCA] reaction rates range
from (7.3−10.4) × 10−5 s−1 and so are a factor of
approximately 20 lower than those for the pure [BMIM][DCA]. The slower reaction rate is a consequence of the
[BMIM]+ cation diﬀering from the [MAT]+ cation by carrying
a butyl chain (−C4H9) in place of the amino functional group

For the Raman spectrum of a [BMIM][DCA] droplet
levitated in 1.3% NO2 and 98.7% Ar, the reaction caused the
sharp peaks from the unreacted [BMIM][DCA] to reduce
signiﬁcantly and multiple broad, new features to appear. We
again showed that the appearance of the new structure is
consistent with the formation of organic nitro-compounds and
their moieties. Adding boron nanoparticles to the unreacted
[BMIM][DCA] caused the sharp peaks in the Raman
spectrum to vanish and a large, structureless continuum to
appear. However, after reaction with the NO2, the new
structure formed is very similar with or without the boron
nanoparticles. Only a few small but signiﬁcant diﬀerences
could be discerned for the boron-containing sample, that is,
peaks at 1440 and 732 cm−1 possibly produced by the B−N
stretching mode and the B−OH group of boronic acid,
respectively.
In situ UV−visible reﬂectance spectra in the 200−1100 nm
range were collected for pure and boron-doped [BMIM][DCA] droplets levitated in 1.3% NO2 and 98.7% Ar. Owing
to interaction with the NO2 gas, the spectra developed several
new reﬂectance minima or absorption peaks in the 200−650
nm wavelength range. The largest new structures in the UV−
visible spectrum were probably formed by NO2 and N2O4
dissolved in the droplet.52,53
Reaction rates for the oxidation processes were studied by
levitating droplets of [BMIM][DCA], boron-doped [BMIM][DCA], or [MAT][DCA] in a 0.2% NO2 and 99.8% Ar gas
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(−NH2) and having one nitrogen atom fewer in its ring
(Scheme 1). A full understanding of the diﬀerent reaction rates
will require calculating how the diﬀerent functional groups
attached to imidazolium or triazolium rings or the additional
ring nitrogen atom aﬀect the activation energies for the
formation of the relevant organic nitro-compounds. For a given
ionic-liquid sample, after accounting for the experimental
uncertainties, the kinetic results are consistent with the anion
and cation being equally degraded by the oxidation, the
functional groups corresponding to the diﬀerent new peaks
forming at the same rate, and comparable decay and
production rates.
The absence of clear evidence for the formation of new
peaks in the FTIR spectra involving boron and only very minor
modiﬁcations in the Raman spectrum produced by boroncontaining functional groups is consistent with the [BMIM][DCA] capping limiting the oxidation of the nanoparticles.
Further theoretical studies are required to better understand
the cause of the new structure in the FTIR and Raman spectra
and, hence, supplement the present empirical assignments
based on functional groups. Our experimental approach thus
enables the identiﬁcation of the reaction intermediates and
determination of the rate constants in the oxidation of ionic
liquids.
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