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ABSTRACT: Understanding the reaction mechanisms of ionic liquids and
oxidizers is necessary to develop the next generation of hypergolic, ion
based fuels. We studied reactions between a levitated droplet of
methylimidazolium dicyanamide ([AMIM][DCA]), with and without hydrog
capped boron nanoparticles, and nitrogen dioxidg).(Ne reactions werg
monitored with Fourier-transform infrared (FTIR) and Raman spectroscof
emergence of new structures in the FTIR and Raman spectra is consisten
formation of functional groups including organic nitrites (RONO), nitroa
(R'R°NNO,), and carbonitrates IRC=NO, ). Possible reaction mechanis
based on these new functional groups are discussed. The reaction ra
deduced at various temperatures by heating the levitated droplets with §
dioxide laser. We thereby determined an overall activation energy 8f38b
mol * for the oxidation of [AMIM][DCA] for therst time.

1. INTRODUCTION lium, triazolium, and tetrazolium along with anions dicyana-

lonic liquids (ILs) are deed as liquid salts consisting of ion Mide (IDCA]), nitrocyanamide (NCNN£), azide (N ),

pairs with melting points below 373 K (10).* There has  Porehydride (Bi#), and cyanoborohydride (BEN ). The
current standard for hypergolic fuels involves hydrazine along

Scheme L. Molecular Structures of MATIDCA] (L. {0 it e i mtogen dioxide 0% 2O, which
[ I 1(2), and | I 1) have critical disadvantages, however, such as a high vapor
© &) ) o . . .
N § \ pressure, ammability, toxicity, and a relatively low energy
7N, Z N, 7 N, density that can lead to high handling and storage®costs.
) ! D :
~9AN M~ N\ Ao Studies of the ignition of EILs have suggested that the anion
\—/ \_ 7/ /\/\ \:\ :/Nl/\/ plays a critical role in the ignition of EILs, whereas the cation
5

a ects the ph¥sical properties of the EIL such as the density
and viscosity*° 2 The ignition of [DCA]-based EILs with

The numbering convention for the positions of the atoms in th&/FNA has been well studied and a mechanism has been
imidazolium ring is shown. established. * The initial step is proposed to be the
protonation of the [DCA] at a nitrile nitrogen. This creates

been an exponential growth in research on ionic liquids ovef! elﬁ%ro?hrillic carbon wherehg\l(oan ‘."‘tt"’llCK followed gyﬁ
the last couple of decades because their unique, tunapié-Shift of the NOmoiety to the terminal nitrogen and the
properties have interest in multiple disciplines includingPrmation of a C=O bond. A similar reaction sequence can

organic, material, and physical chemistry due to their potentRfcU’ at the second terminal nitrogen followed by a

roles in green chemistrycatalysig*® fuels’® ** nuclear protonation of the central nitrogen to produce dinitrobiuret

waste separatibf® electrochemistiy*® and pharmaceut- (PNB), which decomposes into the observed products carbon
icals'®' In particular, energetic ionic liquids (ElLs) with dioxide (CQ), nitrous oxide (BD), and isocyanic acid
hypergolic properties provide a potential alternative fGHNCO). . . .
hydrazine-based fuels,#y) that can be safer, greener, and . Although EILs shqw potential as hyper.gollc fqels, critical
cheape?. ! Some EILs have potential as an alternative fudinprovements are still necessary such as increasing the energy
because these have been shown to be hypergolic with whita

fuming nitric acid (WFNA), red fuming nitric acid (RFNA), Received: August 29, 2018

and hydrogen peroxideBb).**° These EILs consist of ion Revised: October 1, 2018

pairs including nitrogen-containing cations such as imidazedblished: October 18, 2018
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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 Q.486NO
99.6% Ar (c,d).

density. One way to enhance the energy density of EILs istsing boron nanoparticles. However, the mass fraction of the
include ions that contain multiple nitrogen atoms and hencexide layer also increases with the larger surface area. Capping
nitrogen nitrogen bond$*?° Another potential strategy is to the boron nanoparticles with suitable ILs has been shown to
add energetic solids to the EIL. This pathway is alreadyrevent the formation of the oxide Idy&t.%° The Anderson
common in solid rocket propellants. One such additive igroup had success in creating air-stable, unoxidized particles by
boron, which has a high gravimetric and volumetric energgilling solid boron in a hydrogen atmosphere creating
density of 51 kJ §and 138 kJ crfor combustion in oxygen, hydrogen-loaded boron nanoparticles that are then capped
respectively, which is higher than traditional hydrocarbon fuelsth an 1L.3° *®

(35 40 kJ cm®) and combustible metals such as aluminum It is important to understand the underlying reaction
(84 kJ cm®) or magnesium (43 kJ cth?’ Unfortunately, the  mechanisms of ElLs with oxidizers to improve the performance
combustion of boron has limitations that prevent full energgf ElL-based fuels. Some of the potential EIL candidates
release. Ulas et’dlsuggested two reasons for this limitation:involve nitrogen-rich cations, such as imidazolium or
(2) ignition of boron is delayed due to a boron oxid@4jB triazolium, and dicyanamide anidris.** We have pre-

layer that occurs from exposure to air, and (2) combustion efously studied the oxidation of levitated 1-methyl-4-amino-
boron in the presence of hydrogen-containing gases can lead {,4-triazolium dicyanamide ([MAT][DCAl; Scheme )1

the formation of gaseous metaboric acid (HOBO) instead &fnd 1-butyl-3-methylimidazolium dicyanamide ([BMIM]-
boron oxide (BD;), thereby creating d®nergy trdpthat [DCA]; 2, Scheme )ldroplets by nitrogen dioxide (MO
prevents the release of all the energy available from théth and without hydrogen-capped boron nanoparticles by
oxidation of boron. The formation of HOBO an@iBare Fourier-transform infrared (FTIR), Raman, and ultraviolet
competitive at temperatures between their boiling points efsible (UV Vis) spectroscopy:® Electronic structure
1398 and 2158 K, respectiv&ljhe combustion of boronisa calculations for the reaction of [MAT][DCA] with nitrogen
heterogeneous process limited by thesidin to and from the  dioxide were used to aid the investigation of one possible initial
surfacé? *° One purposed solution to minimize thaision ~ reaction intermediate, J&NCNCN] , where the nitrogen
limitation is to increase the surface area-to-volume ratio layom of the N@ bonded to a terminal nitrogen on the
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Figure 2.Selected thermal images of threerdnt heating experiments used to determine the temperature of the droplets. The scale on the right
is in°C.

[DCA] *?* More recently, we studied the oxidation of 2. EXPERIMENTAL METHODS

[BMIM][DCA] droplets,”” analyzed in more depth the A single droplet of the ionic liquid was levitated in an
formation of the new peaks in the FTIR, Raman, and UV jyasonic levitator, which is housed within a pressure-
Vis spectra, and produced a list of functional groups likely (mpatible process chamber. This levitator apparatus has
produce the new peaks, such as organic nitrites (RONOpeen discussed in detail elsewtiete.Briey, ultrasonic
nitroamines (RR°NNO,), aromatic nitro-compounds sound waves produced by a piezoelectric transducer oscillating
(ArNO,), and carbonitrates fRC=NG, ). In addition, the  at 58 kHz reect between the transducer and a concave-shaped
reaction rate constarkswere determined for pure and boron- re ector?* The droplet can be levitated in the resulting
doped [BMIM][DCA] droplets as well as for a pure standing wave as the sound waves exert acoustic radiation
[MAT][DCA] droplet. The addition of the boron nano- pressure on the dropfétThe surrounding process chamber
particles caused the reaction rate of [BMIM][DCA] to allows for levitation in inert gases as well as in highly reactive
decrease by a factor i, whereas the reaction rate of pure and toxic gases. In the present experiments, the chamber was
[MAT][DCA] was slower by a factor of20 than for pure  lled to a total pressure of 880 Torr with either argon (Ar;
[BMIM][DCA]. 3 Airgas, 99._9999%) or a gas mixture of 1.3% nitrogen dioxide
In the current work, we extended our studies on thdNOgz Aldrich, 99.5%) and 98.7% Ar or 0.4% ,Néhd
oxidation of EILs by probing the oxidation reaction of 1-allyl99-6% Ar. i . .
3-methylimidazolium dicyanamide, [AMIM][DCAB: ( [AMIM][DCA] was purchased from loLiTec with a purity
Scheme )1 with nitrogen dioxide. The main elience of >98%, but the IL had a yellowish color that required
between the three ILs shownSicheme 1s that [AMIM] puri cation to be removgd. For_ [AMIM][DCA.‘] to be pued,
contains an allyl group CH, CH=CH,) and an imidazo- 10 mL of the Illc_ v_vahsI mixed r\1N|ﬂ60 g of a(f:tlvatedhcharcoal
lium ring, whereas the [BMIM]contains a butyl group and 100 mL of dichloromethane (DCM) for 28 h. Aiter

S . . : mixing, the charcoal solution wétered with a Buchner
( C_:4H9) and an imidazalium fing, an_d the_ [MATarries an funnel and washed with 100 mL of DCM. This solution was
amino group (NH,) and has a triazolium rin§¢heme)lin

: : X ) ) further Itered with a 0.20m syringe lter to ensure the

this study, we rst aim to identify the key reaction romoyal of any particulates. The DCM solvent was removed
intermediates and functional groups formed during thgsing a rotary evaporator. Lastly, to ensure all the solvent was
oxidation of [AMIM][DCA] with nitrogen dioxide. Second, removed, the IL was stirred under a vacuum until the
we determine the temperature dependence of the rate constggiimation of bubbles stopped followed by an additional 30
for the oxidation processes by heating a droplet of the Ikin of stirring under vacuum. The pedii [AMIM][DCA]
levitated in N@ Finally, these data are exploited to extract thgvas stored in a dry cabinet. The [AMIM][DCA]-capped,
activation energies, for the oxidation of a pure [AMIM]-  hydrogenated boron nanoparticles were produced by high-
[DCA] droplet by NG. energy balling-milling boron powder in a hydrogen atmosphere

402 DOI:10.1021/acs.jpca.8b08395
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Figure 3.FTIR spectra of [AMIM][DCA] (left column) and [AMIM][DCA] with hydrogen-capped boron nanoparticles (right column) along
with the individual peaks. The [AMIM]" and [DCA] peaks are labeleddy50and2* 9*, respectively. The peak assignmeiitsiile lare
based on ref$3 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 Refs48 51 and 53

experimental wavenumber (&

mode [AMIM][DCA] boron-doped [AMIM][DCA] expected wavenumber (@m assignmehit

2 3153 3152 3146 V(C4 H, C5 H) out-of-phase
3 3097+ 3 3100+ 4 3090 V(C2H)

4 3014 3013 3022 V,{CH,(C = C))

9 2956+ 3 2970+ 10 2958 V,{CH»)

11 2856+ 2 2858+ 2 2888 V(CH3)

B H 2400 2600 24802565 V(BH)

6* + 7* 2227 2227 2227 DCAcombination

9* 2191 2191 2192 v{C N)

8* 2122 2123 2133 Vv,{C N)

14 1647 1647 1646 V(CC) + (CH)

15 1569 1568 1575 V(CC)

19 1471+ 3 1468+ 5 1470 {CH))

20 1448 1447 1448 {CH»)

21 1423 1423 1423 (CH))

23 1385 138% 2 1385 R+ (CH)

* 1303 1303 1309 v,{C N)

31 1164 1164 1166 V(CC) + (CH)

32 1110+ 20 1120+ 20 1108 (CH) + Ry

33 1090+ 20 1090+ 10 1088 (CH) + Ry

36 1022+ 2 1022+ 3 1020 Bsvcn)

38 995 995 997 (CH)

40 945 946 947 V(CC)

6* 902 902 904 v{C N)

43 847 847 846 (CH)

44 754 754 758 V(CN) + (CCN) + (CH)
5* 669 667 666 {CNC)

49 621 622 622 (Ring)

50 565 564 568 (CH) + (Ring) +V(CN)
2* 520 519 517 {NCN)

3The uncertainties are equal to, or less than, 1uciess otherwise statBeey:v, stretching;, bending; R, ring;, wagging;, torsion; s,
symmetric; as, antisymmetric

followed by capping the hydrogen-terminated nanoparticl@he Raman-shifted photons, backscattered from the droplet,
with [AMIM][DCA]. This results in unoxidized nanoparticles were focused by a lens into a HoloS{e8 holographic
that are air-stabi. imaging spectrograph equipped with a PI-Max 2 ICCD camera

A microliter droplet deposition system was used tdPrinceton Instruments). The spectra were collected simulta-
introduce the [AMIM][DCA] droplet into the levitafbr. neously over two wavenumber ranges, 2850 and 2400
Brie y, a syringe is interfaced to the chamber and connected4400 cm?, with a resolution of 9 ch The FTIR spectra
a microneedle that is attached to a wobble stick, which allowere collected in the range of 40000 cm® before and after
for full translational motion of the needle and hence permitsthe reaction using an attenuated totakation (ATR)
single droplet to be deposited into a pressure minimuraccessory located within a Nicolet 6700 FTIR spectrometer
(Figure ). The levitated droplets were oblate spheroids with &Thermo Scientt). A high-speed camera (Phantom Miro
mean horizontal diameter of 8.2.4 mm and a mean vertical 3a10) was used to photograph visual changes occurring during
diameter of 0.8 0.2 mm. The levitated droplets were heatedthe reaction. The camera can record up to 1850 frames per
with a carbon dioxide laser emitting at 106 (Synrad second with a maximum pixel resolution of 2880 and is
Firestar v40). The output power was increased by varying thapable of exposure times as short as A Navitar Zoom
duty cycle of the discharge for each of the heating experimeRf00 modular lens system can be used to zoom in on the
up to a maximum of 4.4 W. The temperature of the drople#roplet. The eld of view (FOV) can be adjusted from 28 mm
was measured using an FLIR A6703sc thermal imaging canierd8 mm to 4.4 mnx 4.4 mm at a working distance of 220
(Figure 3. The camera uses a cooled detector composed &M corresponding to a magaition range of 0.4@.93. The
640x 512 pixels, covers the spectral rangesofi@, and can  lowest FOV is equivalent to a full angle &fandl provides
measure temperatures between 253 and 1773 K with Kigh-resolution images of the droplet.
accuracy of 2% of the reading.

The chemical modiations of the levitated droplet were 3. RESULTS
monitored with Raman and Fourier-transform infrared (FTIR) 3.1. [AMIM][DCA].3.1.1. Infrared Spectroscofjhe rst
spectrometers. The spectrometers have been describedstep to identify any changes in the spectra after the reaction
detail previousfi. Briey, a Q-switched Nd:YAG laser with nitrogen dioxide is to record spectra of the unreacted
operating at 532 nm was used to excite the Raman transitiofSMIM][DCA] and boron-doped [AMIM][DCA] for refer-

404 DOI:10.1021/acs.jpca.8b08395
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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 labeléd55 and2* 9*, respectively, and the assignments are compiledlén2

ence Figure 3 The spectra were decomposed into theirfound three stable conformers for the isolated [AMiadion
components peaks by t&ing procedure, and the resulting and eight stable conformers for the [AMIM][DCA] ion pairs.
peak wavenumbers are compil@cbie 11t should be noted  |n addition, Xuan et al. measured the FTIR and Raman spectra
that there are regions in the spectra that contain maryt [AMIM][DCA] and [AMIM]CI and compared the results
overlapping peaks leading to degeneracy in tting with their calculated vibrational frequencies. The assignments
procedure, and therefore thited peak wavenumbers are \ere hased on the potential energy distributions of the normal
only compiled for clearly aed peaks and prominent ., 4o cajculated. Unfortunately, the theoretical vibrational
shoulders. The tted peaks were also observed to befrequencies were instiently accurate to distinguish between

superimposed on broad backgrounds produced by t"@g di erent conformers. The vibrational modes presented for

spectrometer, and these backgrounds were modeled . ,
optimizing a polynomial dth to eighth order simultaneously the FTIR Figure 3Table } and RamanRigure 4Table 3

with the peak ts. The vibrational mode assignments Werespectr.a can bg separated into.two parts: the vibrational modes
made by comparing théted peak wavenumbers with the associated with the [AMIMEation, which are label®éb5,
measured and theoretical values of published [AMIM][DCAJased on the observed IR and Raman spectraiiiaeds!o,
spectrd® °* Xuan et al. studied the cati@mion interactions ~ and the vibrational modes associated with the [D&#dn,

of [AMIM]*-based ionic liquids using density functionalwhich are labeleg* 9*, based on the observed IR and
theory (DFT) with a B3LYP functiof&IThe calculations Raman spectra in ré&@and5.1.

405 DOI:10.1021/acs.jpca.8b08395
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Table 2. Vibrational Mode Assignments for the Observed are observed at 1647, 1569, and 945. chhe largest
Peaks in the Raman Spectrum of an [AMIM][DCA] Droplet vibrational modes for the [DCA&nion are observed at 2122,

Based on Refd8 51 and53

2191, and 2227 chy which are assigned to the asymmetric
C N stretching mode, symmetric KT stretching mode, and

experimental xpected av(C N)andv,{C N) combination band, respectivefy.

mode wavenumber (cr)® (cm Y assignmefit This combination band is in a Fermi resonance with the

1 3148 3160 V(C4 H, C5 H) v,{C N) fundamental mode, which causes a shift in the
in-phase frequency and an increase in the intensity of the combination

3 3085 3090 V(C2H) band?®? The v{C N) and v,{C N) stretching modes are

4 3016 3024 Vo{CH(C = C)) observed separately at 1303 and 902 tmaddition to the

6 2987 2987 V(CH,(C = C)) stretching modes, the asymmetric NCN bending mode,

10 2957 2957 V{CH,) {NCN), and symmetric bending modeg(CNC), were

1 2841+ 3 2888 V(CH,) observed at 520 and 669 é&mrespectively. The only

9 2182 2192 WC N) discernable dérence between the pure and boron-doped

8 2123 2133 VwdC N) [AMIM][DCA] spectra is the small but broad absorption

14 1641 1646 MCC) + (CH) feature in the 240@600 cm' region of the boron-doped

16 1560 1565 V(CC) spectrum, which is assigned to & Btretching mod&'

20 1439+ 3 1448 {CHy) 3.1.2. Raman Spectroscopygure 4presents the Raman

22 1410 1412 (CH) + V(CN) spectra of an [AMIM][DCA] droplet and a boron-doped

23 1378 1385 R+ (CH) [AMIM][DCA] droplet. The optimized wavenumbers of the

26 1327 1329 R tted peaks are compiled and assignedaiie 2 The

s 1286 1309 vwdC N) vibrational assignments are based oAgefd and53 The

29 1210 1229 MCN) + (CH) addition of the boron nanoparticles caused the sharp peaks of

31 1162 1166 MCC) + (CH) the Raman spectrum to vanish, and so this section will focus on

32 1098+ 4 1108 (CH) + Rag the pure [AMIM][DCA]. In the tting procedure, the broad

33 1081 1088 (CH) + Ras backgrounds in the Raman spectra were treated in the same

35 1015 1023 R+ (CH) manner as mentioned @rction 3.1.1The selection rules

40 947+ 2 947 CO) di er for IR and Raman spectrosc8pgnd therefore the

6 904+ 2 904 WC N) modes excited and their relative intensities usuadly di

43 870+ 10 846 (CH) between the two methods. Theetiénces are apparent in the

44 759 758 "(C(g};)“ (CCN) + modes of the [DCA]anion. In the Raman spectrum, mdde 9

g 664 666 (CNC) (w(C N)) is much Iarggr t_han mode § {C N)) and

49 622 622 (Ring) mode 3 ( {CNC)) is signicantly more prominent than

50 571+ 6 568 (CH) + (Ring) + mode 2 ( . {CNC)), whereas in the FTIR spectra the relative
W(CN) amplitudes of these peaks is reversed w#h89 and 5 <

2 504+ 6 517 ANCN) 2*. Furthermore, the*6+ 7¢ combination band is observed

55 406+ 2 393 (CNC,CCC) only in the FTIR spectrum. For the Raman spectrum, the alkyl

2The uncertainties are equal to, or less than,“luatess otherwise
stated®Key:v, stretching;, bending; R, ring;, wagging;, torsion;

S, symmetric; as, antisymmetric

The FTIR spectra of pure and boron-doped [AMIM][DCA]
are shown irigure 3 The assignments Tiable lare nearly

group C H stretching region between 2800 and 3056ism
larger than the ring G stretching region between 3050'cm

and 3200 cmt, 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?! produced by modes 15(CC)), 31 ( (CC) +

equivalent with or without boron nanoparticles. The vibra-(CH)), 44 ( (CN) + (CCN) + (CH)), and 49 ((Ring)),

tional modes can be divided into two parts: [AMIMd
[DCA] modes. Werst discuss the modes of the [AMIM]

respectively, have higher intensities in the FTIR spectrum. In
contrast, the peaks at 1641, 1410, 1015, and 466 cm

cation. The peaks in the high-wavenumber region from 2800psoduced by modes 14(CC) + (CH)), 22 ( (CH) +

3200 cm* are assigned to the 8 stretching modes of the

[AMIM] * cation®*” More specically, the CH stretching

(CN)), 35 (R, + (CH)), and 55 ((CNC,CCCQC)),
respectively, are sigrantly larger in the Raman spectrum.

modes of the imidazolium ring occur in the range of 3050 3.2. [AMIM][DCA] Oxidation. 3.2.1. Infrared Spectros-

3200 cm? with the peaks at 3097 and 3153'gmnoduced by

copy.A droplet of [AMIM][DCA] or boron-doped [AMIM]-

the C(2)-H and C(4,5)-H stretching modes, respectigely ( [DCA] was levitated in a 1.3% nitrogen dioxide and 98.7%

Scheme)l In contrast, the modes in the range of 28080

argon gas mixtur&igures 5and 6 show the ATR-FTIR

cm ! are assigned to @ stretching modes of the allyl and spectra and optimized pedk of the pure and boron-doped
methyl side chains; that is, the peaks at 28362966 cn,
and 3014 cnt are produced by the stretches of thg, CH,,
and the terminal allylic GHrespectively. The vibrational peaks to be identéd. The wavenumbers of the new peaks are
modes below 1700 ctrare associated with various bending,compiled infable 3 After oxidation, both the pure and boron-
ring, wagging, torsion, and combination modes of thdoped spectra exhibit nearly the same new structures, which
[AMIM] * cation’®*° The strongest of these peaks occur atindicates that the nitrogen dioxide reacts with the IL to form
1164, 754, and 621 chand are associated with stretching, organic nitro-compounds but does not react sinily with
combination, and ring torsion modes of the imidazolium ringhe boron nanoparticles. The analysis of the [AMIM][DCA]
respectively. The vibrational modes associated with allyl grasgectrum to be discussed below therefore also applies to the

droplets after the reaction, respectively. The unreacted spectra
are also shown ffigures @and6 and allow the newly formed

DOI:10.1021/acs.jpca.8b08395
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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 assignmenisaie 3ibwmunreacted
spectrum in the 2600900 cm? region is scaled by a factor of 0.1.

boron-doped spectrum. Because of the complexity of th@&N stretching of an aromatic nitro-compound. Lastly, the new
oxidized [AMIM][DCA] spectrum, it is unlikely that speci peak at 711 crh might be caused by N@agging of the
molecules can be ideetil from the FTIR spectra, but the nitroamines or the NOdeformation mode of the carboni-
spectra can help determine whighctional groufigmed in trates, and the new peak at 528'@an be produced by NO

the oxidation products. The possible functional groups abcking of an aliphatic nitro-compotnd.

compounds that could form from the oxidation of [AMIM]- In addition to the appearance of new pedkigjiines and

[DCA] by nitrogen dioxide with absorption ranges includings, there is a sigrdéant reduction of the{C N), v(C N),

the newly formed peaks are compiletiainle 3 The list of andv{C N) + v,{C N) modes of [DCA] at 2122, 2191,
possible functional groups includes organic nitrites (RONOjNnd 2227 cnt, respectively. This suggests that the [DCA]
nitroamines (BR?NNO,), aromatic nitro-compounds anion has been degraded from oxidation by nitrogen dioxide.
(ArNO,), aliphatic nitro-compounds (RMQand carboni- In contrast, the structures assigned to the [AMbdiion

trates (RRZC=NQO, ). One of the most noticeable regions of show little change after the reaction, as evident in tHe C
new peaks occurs in the 150800 cm! range Figures @and stretching region from 2800 to 3200 ‘crfihis suggests that

6). The peaks at 1789, 1749, and 1716 ame in the range  the [DCA] anion reacts to a greater extent than the [AMIM]
dominated by the stretching modes of the carbonyl functionehtion.

groups, C=0, which may have been produced by higher-order3.2.2. Raman Spectroscopyhe Raman spectra of an
reactions? Alternatively, these new peaks might be accountddMIM][DCA] droplet or a boron-doped [AMIM][DCA]

for by the vibrational modes of N@ N,O, dissolved in the  droplet levitated in 1.3% nitrogen dioxide and 98.7% argon are
IL as suggested by UVis spectroscopy.The N=O and shown inFigure 7 The unreacted spectra (blue lines) are also
NO, stretching modes of organic nitrites, nitroamines, anshown inFigure 7 As for the FTIR spectrafingures and6,
aromatic nitro-compounds could explain the new peakbe pure and boron-doped Raman spectra after oxidation
observed at 1678, 1613, and 1524 craspectivel. The exhibit similar new structures at comparable wavenumbers
most intense new peaks occur at 1356 and 126%unch (Table 4, indicating that the nitrogen dioxide reacted with the
could be due to the NGstretching modes of aliphatic and IL and not the boron nanoparticles. Because both spectra must
aromatic nitro-compounds, carbonitrates, and nitroamindse produced by the same reaction products, the Raman activity
whereas NP@and N O stretches of the carbonitrates and of the ionic liquid and reaction products on the surface of the
organic nitrites can account for the peaks at 1040 and 8®bron-doped droplets must be higher than any contribution
cm 1, respectively. The peak at 1040'@muld also be due to  from the boron nanoparticles. The reaction of nitrogen dioxide
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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 assignment
are shown ifable 3 The unreacted spectrum in the 268D0 cm* region was scaled by a factor of 1/15.

with the IL in the high Raman-shift region (330 cm?) contribute to the spectra after oxidation in regions where the
caused the unreacted peaks to reduce in amplitude and fmere [AMIM][DCA] produces larger peaks.

replaced by a structureless continuum. Similarly, the NO 3.3. Reaction RatesOur experimental setup allows us to
caused a reduction of the peak amplitudes in the lower Ram#&gat and monitor the oxidation of [AMIM][DCA] or boron-
shift region (2400400 cm?), but new features also formed doped [AMIM][DCA] droplets by Raman spectroscopy in
(Figure ¥. The resulting new features are labeles ia situ. We can therefore extract the rates for the reaction
Figure 7and the wavenumbers of the individual psadre between the IL and nitrogen dioxide at various temperatures. A
compiled inTable 4 Similarly to the FTIR spectra, the small time delay is caused by the setup of the levitation
possible functional groups that could explain the new pea@gParatus for the following reasons. For a droplet to be
were determined by comparing the known spectral regions 8¥itated, the process chamber must alreadlgdwith a gas,

the organic nitro-compounds with our experimentallf”Ch as the nitrogen dioxide and argon gas mixture used in the

determined wavenumbers of the new peaks. The resultiREFSeNt experiments. Consequently, the reaction begins as

possible functional groups include organic nitrites (RONO)S on as the IL is exposed on the needle tip. The minimum

) i > . _ time delay is 15 20 s from therst appearance of the IL on
2:::3:&:122? (QQ?CNHN?JZZ; d(i:r?li;?ooar;lfgifss (’RGE(Q:ZS(_NN(%)Z; the needle tip to completing the collection of the spectrum and
ic nit ’ ds (RNO). aliohati N@]d depends on the number of accumulations in a spectral scan. To
organic nitroso_compounds ( ), aliphatic _(B . minimize this time delay, the tip of the needle was placed near
aromatic (ArNGQ nitro compounds, and-aminonitro-

X the pressure minimum where the droplet will be levitated, and
aromatic compounds (NANO,). The measured wave- 5 qrop or two of the liquid was expended to avoid exposing the

numbers and assignments-fgure 7are compiled ifiable 4 droplet before moving the needle into position. The new peaks
These functlo_nal groups of the organic nitro compounds aloRgown inFigure 7iully formed within this time delay, making
cannot explain all the new peaks in the Raman spectra afidnfeasible to determine their formation rate with the present
more spectally, do not account for the peaks at wavenumbetsyperimental setup. Because we cannot prevent the initial time
above 1700 crh or below 450 cm. Many oxygen- and delay with the current experimental apparatus, we decreased
nitrogen-containing molecules are Raman active outside @ nitrogen dioxide concentration to slow the reaction rate
1700 to 450 cnt region. To explain the new peaks in thesesu ciently to allow monitoring. The concentration of nitrogen
regions, moieties were therefore chosen that formed part of thiexide was therefore reduced to 0.4%, and the resulting
organic nitro compounds produced by the reaction of the IRaman spectra are presentedrifure 8 The four peaks

and NQ. Lastly, unreacted [AMIM][DCA] may also studied are labeled (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

2The uncertainties are equal to, or less than, luciess otherwise stated.

major peaks in the unreacted [AMIM][DCA] spectrum exhibits a sharp increase followed by a gradual decline.
observed at 2128, 1015, and 664 ¢ifable }, respectively, ~ Therefore, the relevant fornitila

whereas peak (b) at 1115 éiis newly formed and appears to kb .. &
the left of pealBL The possible assignment of peak (b) Y=+ é ” (e S gk "
2 1

includes the CN stretching mode of an aromatic nitro

compound or the symmetric BiGtretching mode of \as t to data for peak (b) to determine the rate conskants
carbonitrates Tiable 4. Multiple Raman spectra were andk, at each temperature, whérés an adjustable scale
recorded at derent time intervals from when the droplet factor. Althougleq 1gives a rate constaky, for the decay

was rst levitated to the completion of the reaction. Toportion of the curve, we are only concerned with the growth
determine the reaction rate of the oxidation, the heights &fte, so the decay rate constant is not discussed further. The

peaks (ad) were rst measured as a function of time as showj€Sulting decak, and growth ratd, constants are compiled
in Figures S1S4 The resulting decay or growth curves for'N Table 5 The rate constants for the decay of peaks (a), (c),

. d) range from (0.92.1)x 10 *s * at 306 K to 0.18
each peak were studied at temperatures between 306 and 3_82‘32(52 at 4991 K. P((aaks (a% and (d) are associated with the

K. ) [DCA] anion, whereas peak (c) is associated with the
To determine the rate constant, the decaygwof peaks  [AMIM] * cation. The comparable rate constants for these
(@), (c), and (d) weret with a rst-order rate equation= three peaks suggests that the anion and cation are similarly

Ae " (Figures S1, S3, ang.Skhe growth curve ifigure S2  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 ayeatabébed (abrational
assignments are compiledale 4 The unreacted spectra for the [AMIM][DCA] sample were scaled by a figtior thie 3300 2400 cm'

region and/, in the 2400400 cm? region, respectively.

growth of peak (b) are nearly the same at all temperatures aml 1) and NCN (45.4 kJ mol), suggesting that N@eacts
lie in the range of 0.20.31 s. This suggests that the growth with the [DCA] anion or the allyl side chain of the [AM{M]
is occurring at a rate faster than our experimental setup ceation. Chambreau et al. proposed that the initial reaction of 1-
measure and, hence, we can only report the lower limits of theopagyl-3-methylimidazolium dicyanamide with nitric acid
rate constank;. (HNO,) involves the nitric acid reacting with the anion in the
The temperature dependence of the rate constant is given jmeignition phasé.The initial step was the protonation of the
the Arrhenius equatidoz= Ae ¥RT, whereE, is the activation  [DCA] followed by the N@ attacking one of the C atoms of
energyA is the pre-exponential factor, &id the ideal gas the anion. The NQoxidizer in our experiments clearly cannot
constant. As shown fifigure 9an Arrhenius plot of the rate act as the proton source. For protonation to occur in our
constants as a function of temperature for peaks (a), (c), amdaction, proton transfer must therefore occur from the cation
(d) was used to determine three values of the activatioto the anion. It has been reported previously that [DE|
energyE, for the oxidation of [AMIM][DCA] by nitrogen receive a proton from imidazolium-based cafiévter the
dioxide.Table 6presents the valuesgfthereby determined. proton transfer, the NOmay react with the protonated
Comparing theé, in Table 6with the known activation [DCA] similarly to the known reaction of HN®@ith
energies for reactions involving nitrogen dioxide may provi§@CA] , leading to the decay of the [DCA{Jbrational peaks
some details into the reaction mechanisms for the oxidation lsécause of the formation of possible new functional groups
[AMIM][DCA]. Table 7presents values Bf for selected such as organic nitrites, nitroamines, and carbonites. Addi-
reactions involving NQbtained from the NIST Chemical tionally, the loss of a proton from the cation may allow a
Kinetics DatabaséThese include NQreacting with double  reaction of the NOwith the cation, which may lead to the
bonds in the molecules isobutei,Hg), 1-butene (1-  formation of functional groups such as organic nitrites,
C,Hg), 2-butene (2-¢Hg), 1-pentene KCsH,y), propene aromatic and aliphatic nitro compounds, carbonitrates, and
(CH3CHCH,), isoprene (CHC(CH3)CHCH,), ethylene nitroamines. The addition of the nitrogen atom of the nitrogen
(C.Hy), and 1,3-cyclohexadiemel (3-GHy); triple bonds in dioxide oxidizer to a nitrogen atom of [DCAjay be the
dimethylacetylene (C}CCH;), methylacetylene simplest explanation for the formation of nitroamines.
(CH,CCH), and acetylene {R,); and the N-containing Furthermore, the addition of the nitrogen atom of the NO
molecules hydrogen cyanide (HCN) and cyanonitrenéo a carbon atom of the anion could also account for the
(NCN). The activation energy for the oxidation of [AMIM]- formation of carbonitrates.
[DCA] when averaged over the three peaks studied at 38.5 The rate constants for the oxidation of [AMIM][DCA] are
2.3 kJ mot lies between the values for propene (33.0 ktompared below to the corresponding rate constants
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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

2The uncertainties are equal to, or less than, lucess otherwise stated.

Table 5. Rate Constantk, for Peaks (ad) in the Raman
Spectra of an [AMIM][DCA] Droplet Levitated in 0.4%
Nitrogen Dioxide and 99.6% Argon at [Rrent

Temperatures
wavenumber
peak  (cm Y assignmefit temp (K)  rate constant (§
a 2182 vwC N) 306+ 2 (9.8+ 0.8)x 104

308+ 1 9+ 1)x10%
338+ 1 (1.6 0.1)x 103
368+ 5 (1.9£ 0.4)x 103
470+ 10  0.12+ 0.01
491+ 4 0.18+ 0.02

b 1115 see text 3662 0.27+ 0.06
308+ 1 0.3£ 0.2

338+ 1 0.3+ 0.2
Figure 8.Raman spectrum of an [AMIM][DCA] droplet levitated in 368+ 5 0.3+ 0.1
0.4% nitrogen dioxide and 99.6% argon (red line). The Raman 470+ 10 0.31+ 0.01
spectrum of an [AMIM][DCA] droplet before the reaction with NO 491+ 4 0.28+ 0.09
is shown (black line). The peaks labeled (a), (c), and (d) are present n AN

in the unreacted spectrum, whereas peak (b) is a newly formed peak 1015 R+ (CH) 306+ 2 Q% 2)x 101
produced by the reaction with nitrogen dioxide. 308+ 1 (9£1)x10

338+ 1 (1.8 0.1)x 103
previously reported for [BMIM][DCA] and [MAT][DCAF 368f 5  (L9%01)x10°
The experiments discussed intBfor [BMIM][DCA] and 470+ 10 0.18t 0.01

491+ 4 0.18+ 0.04

664 {CNC) 306+ 2 (1.1+ 0.1)x 108
308+ 1 (1.1£ 0.1)x 103
338+ 1 (1.7£ 0.1)x 103
368+ 5 1.7+ 0.1)x 103

[MAT][DCA] were performed at room temperature and at a
concentration of 0.2% NGo the rate constants can only be
compared with the present values at 306 K. fEh® the
decay prdes in section 3.3 suggesst-order reaction
processes, and therefore the reaction rates will scale in
proportion to the concentration of the nitrogen dioxide. 470+ 10 0.17+ 001

When comparing the reaction rates for thereint ionic _ ) 49_)1i 4 C_J'Zi 01 _

liquids below, we will consequentbf scale the reaction rates “Key:V stretching; , bending; R, ring;, wagging;, torsion; s,
presented in ref3 for [BMIM][DCA] and [MAT][DCA] by symmetric; as, antisymmetric.

a factor of two. The rate constants of [BMIM][DCA] ranging

from (3.0 5.0) x 10 3 s * are higher than the rate constants cation anion interaction will make it harder for the nitrogen

for [AMIM][DCA] from (0.98 1.1)x 10 s L In contrast,  dioxide to interact with the ions.

the rate constants for [MAT][DCA] from (1.8.1) x 10 *

s Lare one order of magnitude lower than for [AMIM][DCA]. 4. CONCLUSION

Thus, the oxidation rate by nitrogen dioxide increases in ordéfe have studied the oxidation by nitrogen dioxide of levitated
of [MAT][DCA], [AMIM][DCA], and [BMIM][DCA]. If the droplets of [AMIM][DCA] and [AMIM][DCA] doped with
reaction of nitrogen dioxide with the [DCApsed ILs  hydrogen-capped boron nanoparticles and thereby extended
requires the initial protonation of [DCAfhen the dierences  our previous work on the oxidation of the [DGédntaining

in the rate constant may be because [BMig$ the most H  ionic liquids [MAT][DCA] and [BMIM][DCA]**** The
atoms available for proton transfer followed by [AlVdAkG oxidation reaction was studied using FTIR and Raman
nally [MAT]". Another possible reason for theeudint spectroscopy. Therst step was to collect the FTIR and
reaction rates may be the result afrdinces in the interaction Raman spectra of a pure or boron-doped [AMIM][DCA]

strength between the anion and cation, because a strongeoplet before the reaction. The vibrational modes were
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Figure 9.Fits to the Arrhenius plots for the rate constantpeaks

(a) (black), (c) (red), and (d) (blue) versus temperature to Figure 10.Summary of the possible functional groups formed when

determine the activation enerdigs

Table 6. Activation Energiek,, Calculated from Arrhenius

Plots for Peaks (a), (c), and (d)

peak wavenumber (ch E, (kJ mol?)
a 2182 38.% 2.7
[+ 1115 38.3 5.7
d 664 37.& 6.3
weighted mean 38t52.3

Table 7. Activation Energiek,, for Selected Reactions
Involving NG, Obtained from the NIST Chemical Kinetics

Databas
reaction E, (kJ mol?)

NO, + CH,CCCCH, 50.1
NO, + i-C;Hg 16.7
NO, + I-C;Hg 30.5
NO, + 2-GHg 47.7

46.9

48.6
NO, + I-CsHyo 30.1
NO, + CH,CHCH, 23.5

33.1
NO, + CH,C(CH3)CHCH, 8.8
NO, + CH,CCH 53.5
NO, + CH, 60.3
NO, + CH, 75.3

52.3

33.9

58.5
NO, + HCN 269.0
NO, + NCN 45.4
NO, + ¢1,3-GHs 25.5

assigned based on published spectra of [AMIM][YCA].

NO, reacts with the [DCA]anion (left) or the [AMIM] cation
(right).

For the reaction with nitrogen dioxide, a pure or boron-
doped [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
identi ed. 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 NO
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! region. These peaks could be produced by
N,O, dissolved in the IL droplet or the carbonyl functional
group. Boron-doped [AMIMDCA] 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 Hthii©
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

The FTIR spectra of [AMIM][DCA] with and without boron formation of new nitrogen- and oxygen-containing functional
nanoparticles were found to be very similar except for a smgdbups. The boron-doped [AMIM][DCA] spectrum before

absorption feature in the region of 24BD0 cm?, which

the reaction is a broad, featureless continuum; however, after

was assigned to a BB stretching mode. Unlike the FTIR the reaction, the boron-doped spectrum contains many broad
spectra, the addition of the boron nanoparticles caused thew peaks similar to the oxidized spectrum without boron
sharp peaks in the Raman spectrum of the pure IL to beanoparticles. This cams that nitrogen dioxide reacts with

replaced by a broad, featureless continuum.

the IL and not the boron nanoparticles.
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