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ABSTRACT:To investigate the suitability of ionic-liqu
based hypergolic fuels as replacements for tradi
hydrazine-based propellants, a 1-methyl-4-amino-1,2,4
lium dicyanamide ([MAT][DCA]) droplet, with and witho
hydrogen-capped boron nantipkes, was acousticall§®
levitated in argon and heated to successively higher tg
atures by a carbon dioxide laser. At each tempédrasite,
Fourier-transform infrared and near-infrared, Raman
UV visible spectra were recorded. The droplet beg
increasingly yellow before exploding at 400 K to prod
brown foam-like substance and dense smoke. The foam was
subsequently studied situby X-ray photoelectron spectroscopy, infrarededreectance spectroscopy, and elemental

analysis. The combined spectroscopic analyses suggest that the foam is formed by linking two or more melamine molecules t
yield a combination of melem, melon, and possibly graphitic carbon nitride. At [8%s08The [MAT][DCA] liquid was

transformed into the stable, solid-state foam, which would be problematic for the use of such an IL-based hypergolic fuel in
rocket engines. 1-Butyl-3-methylimidazolium dicyanamide ([BMIM][DCA]) did not explode and form the foam even at
temperatures of up to 430 K. Elimination of the amino grdid.f during the decomposition of [MAT{o volatile

products or the increased energy density provided by the additional nitrogen atom in the triazolium ring therefore seem to be
required to produce the foam. The present results, provided by an original and accurate experimental technique, elucidate hov
the nitrogen content acts the stability of an ionic liquid and reveal potential hazards when implementing ionic liquids in
bipropellant systems.

1. INTRODUCTION a high nitrogen content such as imidazolium or triazolium

1 . . .
A hypergolic propellant is composed of a fuel and an oxidizépceme )1~ Furthermore, dicyanamide anions are often

which spontaneously ignite upon mutual contact. The modicorporated to produce reduced viscosities and, therefore,
frequently employed hypergolic propellants consist of 'QWer ignition timesScheme )1 Another advantage of
dinitrogen tetroxide (J0,) oxidizer and hydrazine M) using ionic liquids is the pqtentlal_to tune their physmal
or its methylated derivatives such as monomethylhydraziREPPerties such as the melting point, energy density, and
(CHNHNH,) for the fuel:? However, hydrazine possesses\{'sco7§l'%5by selecting efient anion and cation combina-
several disadvantages including extreme toxicity, corrosive . . o

ammability, a high vapor pressure, and a relatively low energy €MPIoying electrospray ionization mass spectrometry,
density compared to cryogenic propellant combinations su&j!ngin et al” found that [DCA]-containing ILs react with

as liquid nitrogen and liquid oxygémthe past decade, it has White fuming nitric acid (WFNA) to produce a precipitate
been reported that several ionic liquids are hypergolic wiiPnsisting of cyclic triazines including melamine and its
common oxidizets’ such as 1-butyl-3-methylimidazolium POlymers melam and melegtifeme )2 Approximately 25%
dicyanamide ([BMIM][DCA]) and white fuming nitric acid ©f the [DCAJ-containing IL was transformed into the
(HNO2).2 An ionic liquid (IL) is a liquid salt consisting of ions Precipitate following ignition. The production of the
and ion pairs that is commonly uied to have a melting point  Precipitate poses at least two problems for employment of
below 373 K. ' Owing to suitable properties of ionic liquids he [PCAl-IL and WFENA combination in bipropellant rocket
including a low vapor pressure and high-temperature stabiliti@E,g'”eé- First, the formation of the precipitate during ignition
there has been considerable interest in developing ionic-liquf§duces the energy available from the fietsecond,
based hypergolic fuels that are more environmentally friendbz

are safer to handle, and have higher energy densities thRateived: September 13, 2018

hydrazine-based propelldn{sTo increase the energy density Revised: December 19, 2018

of the ionic liquids, organic cations have been synthesized withblished: February 4, 2019
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Scheme 1. (Left) Structure of [BMIM][DCA] Showing the
[DCA] Anion and the Positions of the Methyl CH5) and
Butyl ( C4Hg) Functional Groups on the Imidazolium Ring
(C3N,Hy); (Right) Structure of [MAT][DCA] Showing the
[DCA] Anion and the Locations of the Methyl CH5)

and Amino ( NH,) Functional Groups on the Triazolium

Ring (CNgH,)®
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2The labelling conventighfor the positions of the nitrogen and
carbon atoms in the anion and cations are showse(dem 3.2.4
for further details).

Scheme 3. Reaction of Protonated Dicyanafidéh
Ammonia To Form Cyanoguanidine, Which Subsequently
Polymerizes to Melamine
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3The proton bonded to the central nitrogen of the dicyanamide was
previously donated by the H)

oxidizer such as nitric acid. For example, Stonéf stugied
the gases produced by heating energetic materials such as
dicyandiamide at the rate of 100 Kis argon for pressures

up to 5.2x 10* Torr. Cyclic residues including melamine and
melon were found to form in addition to the gases ammonia
(NH ), carbon dioxide (C£, hydrogen cyanide (HCN), and

production of a stable solid-state residue within the rockeitrous oxide (BD). Stoner et al. suggested that the cyclic

engine clearly would represent a safety hazard. As showranines reduce the burn rate in composite propellantstpy,
Scheme ,3protonated dicyanamide reacts with ammonidowering the gas pressure; second, forming on the burning
(NH ) to form cyanoguaniditiavhich subsequently polymer- surfaces and thereby lowering the heat and mass transfer; and,
izes to yield melamilgu‘éChingin et al® therefore concluded  third, producing ammonia. Williams &f aéported similar

that ammonia is required to form melamine in the hypergoliesults for a derent selection of energetic materials. 1-Ethyl-3-
ignition process and suggested the ammonia is produced rogthylimidazolium dicyanamide ([EMIM][DCA]), with its
the reaction between [DCARNd nitric acid. The polymer N-containing cation [EMIM] also condenses to form triazine
condensates subsequently form by the thermal condensatiomin§s when heated in a nitrogew to 773 K and, after further
melamine via one of the two pathways proposed in thieeating to temperatures of up to 1273 K, produces nitrogen-
literature Gcheme)2* For route (a) shown iSicheme,2wo doped graphitic carbon.

molecules of melaminest link to form melam with the Wooster et &F studied the thermal degradation of cyano-
release of ammonita.Melam subsequently condenses tocontaining ionic liquids in a nitrogen atmosphere by
melemi*** and thence to melon accompanied with thetemperature-ramped thermogravimetric analysis. ILs with N-
production of ammonia at each step. Finally, by losing furtheontaining cations and [DCAhnions were found not to
ammonia, the melon may condense to graphitic carbon nitrideympletely decompose to volatile products but produced a

g-GN,.>° Route (b), also shown fcheme ,2di ers from

route (a) only by the exclusion of melam in one of theonly occurred for ILs consistin

intermediate steps.

large mass of charred residue. It was concluded tltdtathe
of N-containing cations and
cyano-based anions. Wooster®etsalggested that amines (R-

Melamine polymer condensates can be produced frolH,) produced when the N-containing cation decomposes
energetic materials by pyrolysis without requirement for anitiate the polymerization of cyano-containing anions.

Scheme 2. Thermal Condensation of Melarfitne
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The temperature at which [DCA]J-containing ionic liquids2. EXPERIMENTAL METHODS
form polymer condensates has been found to depegg on t
composition of the cation. For example, Perez “ét al. etail in : 42020 o ;

; previous publicatiors. Briey, the equipment
gﬁtc?rr[n|3|,r|l/(|a|(|j\/|]t[h|§c,ro)\(]ercveenr?3§ trgassercei]ti?geind O[J:AAZ]rEDgA onsists of an acoustic levitatmperated at the frequency of
: . . P Y9 Y 58 kHz, enclosed within a pressure-compatible process
thermogravimetric analysis. For [MAT][DCAY, as the temper, mber. The chamber enables levitation in an inert gas, or

. . . . h
ature increased, the mass fraction remained approxmat%fgl%a - . . . : .
constant until 465 K, after which there was a rapid mass Iosst introduction of highly reactive gases to study reactions with

53%. Thereafter, the remaining mass percentage decreagg%dgoaﬂlz['tgrzeg;i?gta?:jperrgzzi vc\)/?rzegge}zf%rr:gesolslg 'Igg{re
more gradually between 643 and 853 K toward 1%. Perez %P . peral P : ' g '
al?’ suggested that the sudden mass loss at 465 K is cause ectively. To levitate a droplet with a diameter typically

decomposition of the [MAT]cation to mostly volatile the een 1 anﬁ 3 rt‘)nm, adsyrlngaeixjéobthehoutsldﬁ port ?I bi
products, and the substance remaining after [MAT]t € process CdIa”? e.rdar][h coEnecbe T%C em:jcla Y |nt$r hu dlr;g
decomposed was a polymer derived from [DOAE initial 0 @ microneedie Inside the chamber. The needie IS atlached to

o the end of a wobble stick and, hence, can be moved to the
?heecomgr? s:tl(ign?;é?a'\gma][%?AQSO?,CCE”Z?]dm?A:gSgrggg%goitsﬁgnter of the chamber to levitate the drop_let and be withdrawn
attributed to the [BMIM] cation forming volatile products. Peioré the measurements. An ultra-high vacuum (UHV)
In the present experiments, we used an original apparaﬁ%mpa“b'e valve, located between the syringe _and the needle,
consisting of an ultrasonic levitator enclosed within a pressu 1ables the chamber to be sealed after levitating the droplet.

compatible process chamber interfaced to complementaf e(lje_vita_lted ﬁroplet was heate? to the requireddter_nperatures
Fourier-transform infrared (FTIR), Raman, and Visible adjusting the output power of a 40 W, Synrad Firestar v40

spectroscopic probes. Previously, we demonstrated that §fPon dioxide laser emitting at the wavelength of 0.6
apparatus is well suited to study the oxidation of levitatelf1€ temperature of the .heat‘?d droplet was measured using an
droplets of energetic ionic liquids (Efi28J.We employ here ~ FLIR A6703sc thermal imaging camera.

the same experimental apparatus to investigate spectroscopl'€ Process chamber is coupled to complementary FTIR,
cally the polymer condensates formed by pyrolysis of energét@man, and UWisible spectroscopic probes to detect any
ionic liquids. The sigmiant advantages of studying the heatingtémical or physical changes of the processed droplet. In the
of single levitated droplets using the present experimentd®Man spectrometer, the 532 nm beam emitted by a diode-
technique have been discussed in tietdiee, in particular, Pumped, Q-switched Nd:YAG laser is focused by a lens onto
section Il F in reB0). ILs consisting of dicyanamide anions the droplet®*® The Raman-shifted, backscattered photons are
and imidazolium or triazolium cations, such as 1-methyl-gubsequently focused by a camera lens into a HdldSpec
amino-1,2,4-triazolium dicyanamide ([MAT][DCA]) or holographic imaging spectrograph and the spectrum recorded
[BMIM][DCA], are promising possibilities for the next by @ CCD camera (Princeton Instruments Pl-Max 2 ICCD).
generation of hypergolic fiE1s32 However, the production ~TWo overlaid holographic transmission gratllngs simultaneously
of stable solid-state residues when a [DCA]-containing IL goVver the Raman shift ranges of 2880 cm" and 2400

heated or reacts with the oxidizer clearly poses problems, 490 cm™ with a resolution of 9 crh Infrared and near-
discussed above, for implementation in bipropellant enginddfrared spectra in the 408000 cm*and 200010000 cm*
We therefore investigate spectroscopically the polymié@venumber ranges, respectively, were collected from within a
condensates formed by pyrolysis of [MAT][DCA], and aim4 mm dlametgr v'qu.me surrounding the droplet by combining
to identify the composition of the solid-state residue, measufel hermo Scientt Nicolet 6700 FTIR spectrometer and two

the temperature at which the rapid polymerization occurs, asérges of mirror optics. For the Wisible spectrometer, the
determine the fraction of the ionic liquid transformed into thédutput from a UV visible source is transmitted byper-optic

solid. The energy density of EILs can be increased by addiggdthrough on a coat ange to a Y-type rectance probe

high energy-density solids such as BOe measurements inside of the process chamber. The radiation backscattered by
were therefore performed with and without hydrogen-cappé@ie droplet is collected by the reaer, leaves the chamber
boron nanoparticles to investigate the possibtésefor the ~ Via the same coat ber-optic feedthrough, anaally enters
pyrolysis processes. The [BMiMption diers from the a StellarNet SILVER-Nova WX¥sible spectrometer. The
[MAT]* cation by having a butyl chainQyH,) rather than spectrometer operates in the 20000 nm wavelength range

an amino functional group NH,) and possessing one Wwith a resolution of 2 nm. Hypergolic ignition processes can
nitrogen atom fewer in its imidazolium riggcheme )1 occur over time scales as short as a few tens of millidgconds.
Considering the importance of nitrogen-containing com¥o photograph such high-speed events, we installed a Phantom
pounds to initiate the polymerization, such as anifhonia Miro 3al0 camera combined with a Navitar Zoom 6000
the amine$® it is highly relevant to determine how the modular lens system. The smelt of view of the camera-lens

di erent nitrogen contents of the rings and functional groupgystem also enables the dimensions of the droplet to be
of [MAT][DCA] and [BMIM][DCA] a ect the polymer- determined precisely.

ization process. Finally, graphitic carbon nitride and the In addition to then situspectroscopic techniques discussed
superhard substanceC;N, are much sought after materi- above, the processed samples were removed from the chamber
als?*** partly owing to the wide range of potential applicationgnd studied by elemental analysis, infraradedieectance

such as optical and electronic engineering, and wear resistgpectroscopy, and X-ray photoelectron spectroscopy (XPS).
coatings® Considering the diculty in producing - First, the percentages by weight of carbon, hydrogen, and
C:N,** 3%t is important to investigate alternative possiblenitrogen in the sample were determined by combustion
methods of synthesis such as the pyrolysis of suitaldealysis using a PerkinElmer 2400 CHN elemental analyzer.
precursors with a high nitrogen content. Second, infrared spectra of the samples were recorded by a

l‘Ilf"le levitator experimental gﬁ aratus has been reviewed in
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di use-reectance accessory (Selector, part number GS190
installed within the FTIR spectrometer. To permit compariso
with the absorption coeient determined by transmission
spectroscopy, the observeduste-reectance spectra of the
samples are shown transformed using a Kubkikk
functiori” in section 3.2.Finally, X-ray photoelectron spectra
were recorded by an Ulvac PHI Quantera SXM instrume
The sample was ground to a powder and then mounted ont
stainless-steel disc before analysis. A monochromatized Al
source supplied photons with an energy of 1486.6 eV acros
area of 1.4 mm 0.3 mm. The energies of the photoelectrons
ejected from the sample at an angle ofvéte measured by
an electron energy analyzer. The pass energy for the elect
energy analyzer was 26 eV, which results in an ene
resolution of approximately 1.7 eV full-width at half-maximurjs
The electron energy scale was calibrated using the C(1s) p&. ...
of adventitious carbon at 284.8'&¥nd hence the possible
shifts produced by charging@e&s were removed.

The [MAT][DCA] was synthesized as described by
Hawkins et &' The [MAT][DCA]-capped hydrogen-
terminated boron nanoparticles were prepared according
the procedure discussed in ¥8f The boron-doped
[MAT][DCA] was made by mixing 5% by weight of the
boron nanoparticles with the pure ionic liquid.

3. RESULTS AND DISCUSSION

3.1. Heating the Levitated [MAT][DCA] Droplet. The
duty cycle of the carbon dioxide laser was increased from 3%
8% in increments of 1% and the droplet irradiated for 10 mi
at each step. The temperature of the droplet was measurec
each duty cycle by the IR thermal imaging camera. Fouril

traSSfS\r/m .'r.lglared’ Fourlgr-trﬁr&_sform neaf:-lnfrare(i], Ramalﬂgure 1.Photographs of droplets of [MAT][DCA] (left column)
an visible spectra in addition to p o_tograp S Wer&ng boron-doped [MAT][DCA] (right column) heated by a carbon
recorded at room temperature before heating and at eagyide laser from room temperature (298 K) to 389 and 400 K. The

successively higher temperature. Photographs O_f the dr_0P|et§r@f)lets became increasingly yellow before exploding to form a brown
[MAT]IDCA] and boron-doped [MAT][DCA] levitated in  foam-like substance at 400 K.

argon when heated from 298 to 400 K are shokigune 1
The unheated [MAT][DCA] droplet is a spheroid with
horizontalh, and vertical,, diameters df = 2.9+ 0.1 mm di use-reectance infrared spectroscopgction 3.2)1
andv=3.1+ 0.1 mm, anti=2.9+ 0.1 mmand= 1.7+ 0.1 whereas the smoke must be examimesitu within the
mm for the unheated boron-doped sample. The [MAT][DCA]chamber using the combined FTIR spectrometer and mirror
droplet became increasingly yellow before exploding at 400skstem operated in transmission meeetibn 3.2)2Raman
to form a brown foam-like substance dlimtj the chamber  scattering provides information complementary to infrared
with a dense smoke. For the droplet containing borombsorption spectroscopy about the rovibrational modes of
nanoparticles, yellow bubble-like structures appeared beneathiecules section 3.2)3 In particular, a Raman transition
the surface prior to the explosion. By measuring thdoes not require a permanent electric dipole moment, and so
dimensions of a droplet using the visible camettan }, Raman lines are observed for symmetric molecules. UV
using 1.277 g crhfor the density of [MAT][DCA], and visible spectroscopy enables investigation of electronic
removing the foam from the process chamber to be weighdrnsitions and, of particular relevance here, determination of
we determined that 37 3% (by weight) of the ionic liquid whether the sample has polymerized because of the heating
was transformed into the foam. Since the smoke is likefgection 3.2)3 X-ray absorption spectroscopy provides
composed ofne particles of the foametion 3.2)2 the information regarding the chemical environment of the atom
value of 37% is a lower limit. In contrast to [MAT][DCA], we emitting the radiation and, hence, can identify chemical states
found that [BMIM][DCA] does not explode to form the suchasCN C,C N H,andN C N presentinthe
brown foam at 400 K or even at higher temperatures of up wolymer condensatese¢tion 3.2)4 Finally, elemental
433 K. analysis gives molar ratios including N/C and so can discern
3.2. Composition of the Heating Products. In this between the derent polymer condensates of melamine,
section, the déerent spectroscopic techniques discussed inamely, melam, melem, melon, and graphitic carbon nitride
section Zare used to identify the composition of the foam and section 3.2)5 Combining the above complementary and
smoke. Infrared (IR) spectroscopy rarely permits ickian distinct spectroscopic techniques into a single coherent picture
of specic complex organic molecules, but IR spectroscopy isi& a powerful approach to identify the product molecules
powerful approach to identify any new functional group&®rmed. Insection 3.,3we discuss a remarkable phenomenon,
formed. The foam is opaque and hence best stxdsitdby not related to identifying the heating products, in which the
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Figure 2.nfrared diuse-reectance spectra of melamine. The spectrum for the full wavenumber range is shown in (i) and the indisidual peak
are presented in (ii), (i), and (iv). The vibrational assignments for the peaks |azek® given ihable 1

near-infrared beam appears to pass through the levitatactual description is more complicated, as sholablia 1
droplet without signtant deection to record undistorted because of coupling between therdnt vibrational modes.
The infrared diuse-reectance spectrum of the [MAT]-
[DCA] foam is shown ifrigure 3together with ts to the
[MAT][DCA] FoamAs a guide to interpreting the infrared individual peaks aa. The wavenumbers and vibrational mode
spectrum of the [MAT][DCA] foam, werst studied the
infrared spectrum of melamine. The infraretsdireectance
spectrum of melamine is showirigure Zogether with the

absorption lines.

3.2.1. Infrared Duse-Reectance Spectroscopy of the

assignments for peaksaa are presented irable 2 The
assignments were performed by comparison with the vibra-
tional modes of melamine framble 1and [MAT][DCA].?®

curve ts to decompose the spectrum into the componen comparison of the full-range spectra for melafimer e

peaks. The best- wavenumbers and vibrational mode 2i) and the [MAT][DCA] foam Eigure 8 reveals similarities
assignments for the individual peaks#aaare presented in in the overall shape and main features. For example, the broad
Table 1 The fundamental modes were assigned by comparisdee that starts at approximately 3700!cmeaches a

with the measurements and theoretical calculations of Yuanneaximum near 3350 chnand then gradually decreases as
al®® for crystalline melamine. The infrared spectrum ofhe wavenumber reduces to 2000'cAlso, the largest peaks
melamine has been studied by other authors in both the gamsthe [MAT][DCA] foam and melamine spectra occur at
phas&® and crystalline forfii The present peak wavenumbers similar wavenumbers, that is, 1712 and 1699, cm
correspond to the values in48fwith su cient accuracy to  respectively. Furthermore, peak y at 813 imthe foam

permit clear assignments in most spectral regions. For thpectrum clearly corresponds to peak z in the melamine spectra
present measurements, however, peaks s, u, and v are splitahi®9 cm! and the 814 cm peak in refi3 However, many
several very narrow peaks that extend to higher wavenumbefrshe sharper features in the melamine spéatyare 2,

than the corresponding peaks indi&fperhaps because of such as peaks & produced by NH stretches and peaks u

di erences in the molecular geometry and intermoleculand v assigned to the @ modes, are not clearly evident in
hydrogen-bonding environments for the two samples studigtle [MAT][DCA] foam. A similar loss of sharp structure
The di erent types of vibrational modes of melamine generalgccurs in the FTIR spectra when melamine thermally
occur in dierent spectral regions. According to normalcondenses to melémBy tting to the [MAT][DCA] foam
coordinate analysis, the M stretching modes occur in the spectra, it is nevertheless possible to decompose the almost
3100 3650 cm! region, the CN ring modes are prominent shapeless structure into many of the same peaks as present in
from 1100 to 1700 crh and the peaks around 814 tare melamine. For example, ltfing to the indistinct shoulders
produced by the NH or C N bending modes. However, the and peaks in the region from 3700 to 3308 itris possible

1157 DOI:10.1021/acs.jpca.8b08993
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Table 1. Wavenumbers and Vibrational Mode Assignments for the Observed Peaks in the InfrassdR3ectance
Spectrum of Melamirfe

present measured reference measuredreference theoretical

peak wavenumbers wavenumbets wavenumbe
labe? (cm he (cm b (cm b vibrational mode assignment
a 3614 possible 3 x combination mode
b 3554 possible 2 v + aa combination mode
c 3475 3468 3555 NH bond asym. stretch vib.
d 3429 3420 3494 NH bond asym. stretch vib.
e 3364 3331 3393 NH bond asym. stretch vib.
3370
f 3224 3221 N H bond sym. stretch vib.
g 3166 3129 3170 NH bond sym. stretch vib.
h 3077+ 4 u + v combination mode
i 2989+ 6 2 v combination mode
j 2828 u + x combination mode
k 2751 s + y combination mode
| 2684 v + X combination mode
m 2553 very weak
n 2486 3 z combination mode
o] 2333+ 2 v + z combination mode
p 2206 t + aa combination mode
q 2058+ 2 v + aa combination mode
r 2019+ 3 z + X combination mode
s 1718 1650 1651 NH bond in-plane bend and shear vib.
1712
1705
1699
1693
t 1647 2 z combination mode
u 1614 1548 1549 NH in-plane bend and rock vib. + in-plane bend vib. of out-of-rihg+C
1605 stretch vib. of out-of-ring ON + stretch vib. of in-ring CN bond
v 1529+ 21 1469 1462 N H bond in-plane rock, bend and sym. stretch vib. + in-plane bend vib. of out-of-
1516+ 10 1438 1435 ring C N + stretch vib. of out-of-ring QN + stretch vib. of in-ring CN bond
1503+ 3
1487+ 3
1482
w 1458
X 1207+ 6 1195 1190 N H bond in-plane bend and rock vib.
y 1040 1026 1031 NH bond in-plane bend and rock vib.
z 829 814 850600 N H bond out-of-plane bend vib. + out-of-plane bend vib. of out-of-riRg+C
out-of-plane bend vib. in-ring ©l
aa 588 582 85®00 same assignment as peak z

3The assignments of the fundamental modes were performed by comparison with the theoretical calculations and meattifémeats of ref
correspond to the peak label&igure 2°The quoted errors combine the uncertainties from determining the peak wavenumbéisgn the
procedure and calibrating the wavenumber scale. The uncertainties are equal to, or less$ tidesslstated otherwise.

to extract peaks le associated with the NH stretches. The  [MAT][DCA] modes studied in re28 and so are assigned
best-t peak wavenumbers of the foam and melamine aig Table 2to small quantities of the unreacted ionic liquid.
compared iffable 2 which reveals a clear similarity between In summary, the similar wavenumbers for many of the peaks
the Wavenumbers for peakS,a] q’ and yaa in the foam in the foam and melamine Spectra SuggeStS that the two
spectrum and wavenumbers for the corresponding peaksshl‘bstances share the same functional groups. _FTI.R spectros-
melamine. Therefore, Table 2 peaks ae, | g, and y aa are copy does not, however, enable clear identification of the

assigned to the same vibrational modes as the peaks in ﬁﬁ’%c'f'c polymer formed Sekeme 2 Several minor features_
: : o In the [MAT][DCA] foam spectrum not present in melamine
melamine spectrum with similar wavenumbers. There are

: Adicate that small quantities of unreacted [MAT][DCA]
however, several features in the foam spectrum not present

. : . thain
the melamine spectrum. In particular, pe#iati2228, 2192, 3.2.2. In Situ Infrared Absorption Spectroscopy of the

and 2133 cnt, which are attributed to the(C N) + Smokelnfrared absorption spectra of [MAT][DCA] levitated
2{C N) combination band, the{(C N) symmetric i argon are shown Figure 4as the droplet is heated to
stretching mode, and thg{C N) asymmetric stretching successively higher temperatures by the carbon dioxide laser.
mode of dicyanamide, respecti?¥élyAlso, the very small When the temperature is increased from 298 to 389 K, there
peaks rx have similar wavenumbers as some of thare no signcant changes in the FTIR spectra. The only
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Figure 3.Infrared diuse-reectance spectra of the [MAT][DCA] foam. The spectrum for the full wavenumber range is shown in (i) and the
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individual peakts are presented in (ii) to (v). The vibrational mode assignments for the peaks labelexigiven ifiable 2 A background
has been subtracted from the spectrum in (iv) to display the very small structure with increased amplitude.

observable structure consists of oscillations at wavenumbeesivative-like lineshape caused by scattering of the infrared
below approximately 1300 émroduced by scattering from beam from the smoke particles. Fits to the individual
the droplet®*° However, following production of the foam at lineshapes a in the infrared absorption spectrum of the

400 K, a larg&dispersion artefaetppears at 1706 chwith a

smoke are presented figure 5 The wavenumbers and
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Table 2. Wavenumbers and Vibrational Mode Assignments for the Observed Peaks in the InfrassdR3ectance
Spectrum of the [MAT][DCA] Foarit

foam peak melamine peak

peak  wavenumbér wavenumber [MAT][DCA% peak o _
labeP (cm Y (cm Y wavenumbét (cm %) vibrational mode assignment
a 3574+ 2 3614 combination modes
3555 (sedable )
b 3480 3475 N H bond asym. stretch vib.
c 3423 3429 N H bond asym. stretch vib.
d 3363 3364 N H bond asym. stretch vib.
e 3216+ 5 3224 N H bond sym. stretch vib.
i 2237 2228 Fermi enhancefN C) + (N C) combination band
j 2177 2192 {C N) Ay
k 2140 2133 4C N) (By
| 1699 1712 N H bond in-plane bend and shear vib.
m 1654 1647 combination mode (3eéle )
n 1639 1614 N H in-plane bend and rock vib. + in-plane bend vib. of out-of-riNgtGtretch vib.
0 1618+ 3 1605 of out-of-ring C N + stretch vib. of in-ring CN bond
p 1529+ 21 N H bond in-plane rock, bend and sym. stretch vib. + in-plane bend vib. of out-of-ring
1520+ 2 1516+ 10 C N + stretch vib. of out-of-ring QN + stretch vib. of in-ring CN bond
1503+ 3
q 1490+ 2 1487+ 3
1482
r 1454+ 3 1458
r 1454+ 3 1455 Vag
N(2) C(3) and N(4) C(5) sym. stretch
s 1418+ 1 very weak
t 1342+ 2 1310 7l
u 1282+ 2 C N C asym. stretch of [DCA]
% 1153+ 1 1171 Vao
C(5) H wag + N(1) CHj stretch
w 1070 1071 Vo7
ring C N C sym. stretch + C(5)H wag and Ckirock
X 978 978 Vog
N(1) N(2) stretch + C(3) H in-plane wag
y 813 829 N H bond out-of-plane bend vib. + out-of-plane bend vib. of out-of-riNgt@ut-
z 784 of-plane bend vib. in-ring QN
aa 744

3The assignments were performed by comparison with the vibrational modes of m@knengaind [MAT][DCA] from ref28 a aa
correspond to the peak label&igure 3°The quoted errors combine the uncertainties from determining the peak wavenumbéisgn the
procedure and calibrating the wavenumber scale. The uncertainties are equal to, or less tidesslstated otherwise.

vibrational mode assignments for lineshapeseapresented absorb c (/12)B+( S ) A
in Table 3 In order to interpret the spectra, it is necessary to sorbance (¥ S )24 ( /2)?2

) . . (S 9°+(12) 1)
account for the absorption and scattering of light by small
particles. The interaction between electromagnetic radiatisthere C( ) is a background that varies slowly with the
and a dielectric particle with dimensions comparable to tH&avenumber (=1/ ), , is the peak wavenumberis the
wavelength results in Mie scattéfinglonresonant Mie ~'ésonance width, and A and B are proportional to the

scattering causes broad sinusoidal-like oscillations acrossq%mmet”c and symmetric _ampllltudes, fespeqtlvely._ To
.account for baseline oscillations in the high-shift regions

baseline of FTIR spectra. In contrast, resonant Mie scatteri fhduced by nonresonant Mie scattering, a sinusoidal term of
arises when the wavenumber passes through an absorpfi98 form Dsinkx + ) with variable amplitudeD,

band. Consequently, absorption lines have an asymmetfigvenumbek (=2 / ), and phase,, was included in the
shape, and a sharp decrease is observed on the higtiing function. The resulting resonance wavenumjiers
wavenumber side of the b&hdBoth nonresonant and lineshape h at 1706 chand lineshape i at 816 crare close
resonant Mie scattering can siganitly alter the position, 0 the values of 1699 and 813 trrespectively, for the foam
intensity, and shape of an absorption line, which maké&S€€Table 3. Therefore, mode h is assigned to théiend

o . . d shear vibration, and mode i to the out-of-plane bending
retrieving the undistorted spectrum challenging. The spectruw rations of the NH and C N bonds. After accounting for

in Figure Ss clearly signtantly distorted by the scattering of the oscillatory background, it becomes possibtetdothe

the infrared beam from the smoke particles. To account f@foad, distorted structure between 3600 and 23G0anch
resonant Mie scattering, for modes h and i asymmettéspro thereby assign the retrieved symmetric peaks a to dHto N
were optimized in theting procedure of the Shore fottn: stretchesTable 3. The undistorted peaks e, f, and g at 2233,
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Figure 4.Infrared absorption spectra of boron-doped [MAT][DCA]
levitated in argon as the droplet is heated to successively higl
temperatures by the carbon dioxide laser. The curve corresponding
400 K is the spectrum of the smoke produced following formation « i
the [MAT][DCA] foam. The curvets to decompose the 400 K
spectrum into its component peaks are preserftégliie 5

14

2176, and 2140 cfmare produced by vibrational modes of the o ' 133 ~

[DCA] anion’®*’ The remainder of the spectrum is too § N
distorted by scatteringets to permit further information to g 12 182 5 ]
be extracted by the present technique. In our analysis, t & . \
unlabeled, tted peaks ifrigure 5are therefore ectively a < ‘

background for lineshapes a tdhus, by accounting for B o )

1.1

scattering effects, we have analyzed some spectral regions Experimental data | 1
absorption spectrum showrFigure 5and shown that the —— Total fit ]
foam and smoke particles appear to be composed of the s Individual peak fits| 1
substance. r : —— Baseline ]

700 500
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3.2.3. In Situ UWisible and Raman Spectroscopi€ke
UV visible reectance spectra in the 20000 nm wave-
length range of [MAT][DCA] levitated in argon as the droplet
is heated to successively higher temperatures are showr:if)re 5 individual peakts to the infrared absorption spectrum of
Figure 6 Clearly, the heating generally causes the absorptigit smoke produced following formation of the [MAT][DCA] foam
(1 re ectance) in the UV region to increase relative tg(see the 400 K curve ffigure 3. To account for scatteringeets,
that in the optical and near-infrared ranges, and the absorptiasymmetric prdées for modes h and i and an oscillatory baseline were
maximum to extend to longer wavelengths. It is welbptimized in the tting procedure. Vibrational assignments for the
established that conjugateeklectron systems involving peaks labeled aare given ifable 3
double bonds, such as NC N (Scheme )2 absorb in
the UV spectral region, and each additional double bond The Raman spectra of [MAT][DCA], with or without
causes the absorption maxima for the * excitations to  boron nanoparticles, levitated in argon as the droplet was
shift to longer wavelengthdhe spectra ifigure @herefore heated to successively higher temperatures are shgunein
suggest that heating produced an increase in the number7ofThus, the heating caused the peaks to vanish and produced
conjugated double bonds, which is consistent with polymdarge uorescent backgrounds, so that no information could be
ization. For the boron-doped [MAT][DCA], the boron extracted about the chemical changes.
nanoparticles cause the ionic liquid to blacken, and therefore3.2.4. X-ray Photoelectron Spectroscopy of the [MAT]-
the region of high absorption extends across the fulDCA] Foam.The X-ray photoelectron spectrum of the
wavelength range. Aside from a small increase in tfRIAT][DCA] foam in the N(1s) spectral region is shown in
re ectance at longer wavelengths, there are no noteworthjgure &ogether withts to the individual peaks labeled.a
changes in the UWisible spectra between 298 and 389 K. InThe binding energies and relative areas for peakara
contrast, after production of the foam, the spectrum changpesesented ifiable 4 To model the step-like, slow onset of the
dramatically to resemble the foam spectrum without the borocontinuum, the background was represented by a broadened,
To summarize, UWisible spectroscopy suggests that tharctangent function in theting procedurg® As shown in
[MAT]IDCA] has polymerized because of the heating, whichcheme ,1there are seven chemical environments for the
would be consistent with either condensation pathway mitrogen atoms in [MAT][DCA](, namely M Nga Ng, Na,
Scheme .2 Npc, Nor1, and Nypo. Perez et al.measured the experimental

Wavenumber (cm™)
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Table 3. Wavenumbers and Vibrational Mode Assignments [
for the Peaks in the Infrared Absorption Spectrum of the 0.04 | .
Smoke Compared with the Peak Wavenumbers of the Foarr [ ]
Spectra fronrable 2 I w

o
o
w
T
1

foam-smoke
peak foam peak
peak wavenumb8&r wavenumb@&r
labef* (cm Y (cm Y vibrational mode assignment
a 3494+ 2 3480 asym. Npbtretch
3420 3423 asym. Nidtretch
3331t 2 3363 asym. Npktretch
3205+ 3 3216+ 5 sym. NH stretch

2233 2237 Fermi enhancgdN C) +
N C) combination band

2176 2177 {C N)(A) 400 K
2140 2140 C N)(B) 000 T
1706 1699 N H bond in-plane bend and 200 300 400 500 600 700 800 900 1000 1100

shear vibration Wavelength (nm)
i 816+ 2 813 N H bond out-of-plane bend 9

vib. + out-of-ring C N bond
bend. vib. + in-ring CN bond
bend. vib. T T T T T T T T T
33 i correspond to the peak label§igure 5PThe quoted errors 004 | 298K ]
combine the uncertainties from determining the peak wavenumbers b _Zggﬁ 4
the tting procedure and calibrating the wavenumber scale. TF
uncertainties are equal to, or less than, 4iriiess stated otherwise.

Reflectance (arb. units)
=
N

® Q O T

— 298 K
— 389K

—h

>

o «Q

units)
o
o
w
T
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binding energies and calculated the core energies for the se

chemical environments. Owing to smalkrdnces in the

binding energies forgN and N4 (402.3 and 402.1 eV)gN

and N, (400.5 and 400.5 eV), angNand Nyr, (397.9 and

397.7 eV), the observed XPS spectrum of [MAT][DCA] [

appears as four peaks spanning the binding energy range f% 0.01

approximately 396.2 to 403.8 eV. The [MAT][DCA] spectrum

is thus dissimilar to the N(1s) XPS spectruRigare 8and,

hence, [MAT][DCA] is not anajorconstituent of the foam. [ . . L
We next compare the N(1s) spectrurfrigure 8with the 00000 300 400 500 600 700 800 00 1000 1100

corresponding XPS spectrum of melamingcliames and

3 show, there are two chemical environments for the nitrogen

atoms in melamine, namely, 8 Cand C N H, The Figure 6.UV visible spectra of [MAT][DCA] (top) and boron-

experimental N(1s) XPS spectrum of melamine is composeddsfped [MAT][DCA] (bottom) levitated in argon as the droplets are

three peaks at 398.5, 399.1, and 40(33.37T¢}é.peaks at 398.5 heated to successively higher temperatures by the carbon dioxide

and 399.1 eV were assigned to the\C H,andC N C laser.

chemical states, respectively. By comparison with the XPS

spectrum of anilirfé,the remaining peak at 400.7 eV wasAlthough the uncertainties are large owing to the overlap of

tentatively attributed to a second chemical state for the aminpeaks b and c, the present measured ratio of 3.3 consequently

nitrogen atom, CN* H, (Table 4. AsTable 4shows, the  suggests that the foam is composed of molecules more

binding energies of peaksat 398.7, 399.1, and 400.7 eV, polymerized than melamine.

respectively, for the [MAT][DCA] foam coincide closely with  The XPS spectrum of the [MAT][DCA] foam in the C(1s)

the values for melamine. Furthermore, the overall shapes of pectral region and the individual pe&kdabeled dg are

XPS spectra for the foam and melamine are similar. Thighown inFigure 8 The binding energies and relative areas for

N(1s) XPS spectroscopy suggests that the nitrogen atomeaks dg are presented irable 4 As evident ischeme ,2

reside in essentially the same chemical states in melamine #Hate is only one chemical environment for the carbon atoms

the foam. Further signant information can be deduced from in melamine, in which the carbon has two single bonds and

the observation that the relative areas of the peaksdhe one double bond with the nitrogen atoms, ®@ N. The

foam and melamine. In the XPS spectra of melamine, the ra@i¢ls) XPS spectrum of melamine irbBdfas two main peaks

of the peak areas corresponding to theNC C and C at 284.6 and 287.9 eV, which are assigned to adventitious

N H, chemical states is $*1which is consistent with the carbon and the N C N chemical state, respectively. The

relative number of these two chemical states in the molecuse-called‘adventitious carbbrrefers to the carbonaceous

In contrast, the ratio of the N C to C N H, peak adsorbates that deposit onto a sample when exposed to the

areas in the present measurements ist 3138. When  atmosphere. In support of the assignment by Dementjev et

eflectance (arb
o
)
N

Wavelength (nm)

melamine polymerizes to melam, melem, melomalhd - al>® for the 287.9 eV peak, Ronning &P atedict a single

C;N, (seeScheme )2 the relative number of ON  C to emission line for-C;N, at approximately 288 eV in the C(1s)

C N H, bonds increases as 1, 3/3/;27, and . spectrum produced by the NC N chemical state. The
1162 DOI:10.1021/acs.jpca.8b08993
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Figure 7.Raman spectra of [MAT][DCA] (top) and boron-doped
[MAT][DCA] (bottom) levitated in argon as the droplet is heated to
successively higher temperatures by the carbon dioxide laser. Higure 8.X-ray photoelectron spectra of the [MAT][DCA] foam in
spectrum of pure [MAT][DCA] at 298 K has been displacedthe (i) N(1s) and (ii) C(1s) spectral regions. The assignments for the
vertically for clarity. The,s and ¢ peaks for boron-doped peaks labeled g are presented irable 4

[MAT][DCA] can be discerned above the continuum produced by

the boron (see re28 for the vibrational mode assignments of with and without boron nanoparticles, are presentebia
[MATIDCAD)- 5. Repeated measurements of the molar ratio N/C évedt
[MAT][DCA] foam samples gave consistent results in the
binding energy for adventitious carbon has recently beeange from approximately 1.43 to 1.46, whereas the molar
revised upward to 284.8‘®\Thus, we assign peaks e and g atratios involving hydrogen, namely, N/H and C/H, varied by
the binding energies of 288.1 and 285.2 eV to,th€N N factors of up to nearly 2. The larger variations in N/H and C/
chemical state and adventitious carbon, respectively. Peak Hadre probably a consequence of the absorptioneoérti
286.7 eV is tentatively assigned to theCN N chemical guantities of water by the sample. When using elemental
state of dicyanamide Finally, the very small peak d at analysis to determine the composition of the foam, we
approximately 294 eV, which is also present in melamine,tierefore only consider the molar ratio, N/C. The N/C
attributed to -excitation of the CN bond>® molar ratios for melamine, melam, melem, melon, and
In summary, the N(1s) and C(1s) XPS measurementgraphitic carbon nitride are 2, 1.83, 1.67, 1.5, and 1.33,
suggest that the nitrogen and carbon atoms occupy essentiabpectivelyThe N/C molar ratios of 1.43 and 1.46 for the
the same chemical states in the foam and melamine, nam@hAT][DCA] foam with and without boron nanoparticles,
C N C,CN H, and N C N. However, in the respectively, consequently indicate that the foam is in a

N(1s) spectral region, the ratio of thelC CtoC N H, condensed form of the polymer such as melon or some
peak areas in the present measurementstal 83uggests combination of condensates with low N/C ratios.

that the foam is more polymerized than melamirec{seme 3.3.In SituNear-Infrared Absorption Spectroscopy of

2) an [MAT][DCA] Droplet. The near-infrared absorption

.3.2.5. Elemental Analysis of the [MAT][DCA] FoEtme. spectra in the 2408000 cm! spectral region of an
molar ratios N/C, N/H, and C/H for the [MAT][DCA] foam, [MAT][DCA] droplet levitated in argon are showrigure

1163 DOI:10.1021/acs.jpca.8b08993
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Table 4. Binding Energies, Relative Areas, And Assignments
for the Peaks in the X-ray Photoelectron Spectra (XPS) of
the [MAT][DCA] Foam in the N(1s) and C(1s) Spectral
Regions

Figure 9.Near-infrared absorption spectra of [MAT][DCA] levitated

in argon as the droplet is heated to successively higher temperatures
by the carbon dioxide laser. Except for the 298 K data, the spectra

have been displaced vertically for comparison purposes. The spectrum
of the foam formed at 400 K has also been scaled by the factor of 0.25.

which corresponds to the similar structure observed in the
infrared spectrun{gure %. In Figure 10the individual peak

33 g correspond to the peak labelSiijure 8°The quoted errors
combine the uncertainties from determining the peak wavenumbers in
the tting procedure and calibrating the wavenumber scale. The
uncertainties are equal to, or less than, urriess stated otherwise.

°The assi% ments were performed bg/ comparison with XPS studies of
melaminé?® carbon nitride (-C;N,),>® dicyanamid®, and pure
carborf®

Table 5. Molar Ratios N/C, N/H, and C/H for the i o
[MAT][DCA] Foam, with and without Boron Figure 10.Individual peakts for an [MAT][DCA] droplet at 298 K

; ; ; in the region of the near-infrared absorption spectrum not
Nanoparticles, Determined by Combustion Methodology signi cantly distorted by scatteringeets. The vibrational assign-

molar ratio [MAT][DCA]  molar ratio [MAT][DCA] + B ments for the peaks labeled a to k are preserifetlinS1
elements foam foam
N/C 1.434+ 0.008 1.462 0.008
N/H 232+ 001 1.32% 0.007 ts are shown for the unheated [MAT][DCA] droplet at 298
C/H 1615+ 0.009 0.902 0.005 K in the 5500 to 8000 crh spectral region, where the

spectrum is not sigeiantly distorted by scatteringets and
consequently the peaks are symmetric. The fundamental
9. As the droplet is heated to successively higher temperaturasdes of [MAT][DCA] occur at wavenumbers below
the observable structure reduces in amplitude and rapproximately 3500 ctand have sigrdantly higher
signi cant spectral changes are observed before the resonabsorption cross sections than the combination bands and
structure becomes hidden by oscillations produced by tlevertone$® It is therefore remarkable that no structure is
scattering. The reduction in the amplitudes of the peaksbserved from 2400 to 3500 ¢nmwhereas relatively large
suggests that the [MAT][DCA] is decomposing because of theymmetric peaks occur in the region from 5700 to 7960 cm
heating. After formation of the foam, a large, broad structukes a possible explanation, we note that if the refractive,index,
appears in the region from approximately 2500 to 3680 cm were to reduce to 1.0 between 5700 and 7900 trthen

1164 DOI:10.1021/acs.jpca.8b08993
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the near-infrared beam would pass through the droplet withoparticles, by combustion methodology. The N/C molar ratios
being signicantly deected or phase-shifted and, hence, reaclbf 1.43 and 1.46 for the [MAT][DCA] foam with and without

the detector to record undistorted symmetric absorption lineboron nanopatrticles, respectively,roothat the foam is in a

The peaks between 5700 and 7900'amay then be more condensed form than melamine such as melon or
interpreted as the combination bands or overtones of the largessibly a combination of melamine condensates with lower
fundamental modes of [MAT][DCA] below approximately N/C ratios.

3500 cm?. In contrast, ifi > 1 in the wavenumber region of  For thein situUV visible spectra from 200 to 1100 nm,

the fundamental modes, as is typical for ionic [tk heating caused the absorption in the UV spectral region to
the infrared beam would be refracted oreaed before increase relative to that in the optical and near-infrared ranges,
reaching the detector so that no absorption peaks would b@d the absorption maximum to extend to longer wavelengths.
recorded. The large, rapid reduction in the absorbance as thiee UV visible spectra therefore imply that the heating
wavenumber increases above 5008 isnsonsistent with a  produced an increase in the number of conjugated double
decrease in the refractive index toward one. The wavenumbieesids, which is consistent with polymerization. For Raman
and possible vibrational mode assignments for péaks a spectroscopy, the heating produced langeescent back-
Figure 1Oare presented in Table S1 of thepporting  grounds and caused the peaks to vanish, so that no information

Information could be extracted about possible chemical changes.
For thein situnear-infrared absorption spectrum of the
4. CONCLUSION levitated [MAT][DCA] droplet before heating, no structure is

An [MAT][DCA] droplet levitated in argon was heated to Observed from 2400 to 3500 énin the region of the _
increasingly higher temperatures by a carbon dioxide laser, &#gdamental modes but, remarkably, relatively large symmetric
the resulting temperatures were measured by an IR thern@@@ks occur in the region from 5700 to 7900 cfhe
imaging camera. At each temperature, Fourier-transfo@henomena could occur if the refractive imdexe to reduce
infrared, Fourier-transform near-infrared, andvidMle  ton 1.0 between 5700 and 7900 &rfor then the IR beam
spectra were recorded. The droplet became increasingly yelly@uld pass through the droplet without being sayrtly

before exploding at 400 K to form a brown foam-like substangéé ected or phase shifted and, hence, reach the detector to
and lling the process chamber with a dense smoke. The fodgcord symmetric absorption lines. The peaks were con-
was also studiezk sittby X-ray photoelectron spectroscopy, Sequently assigned to combination bands and overtones of the
infrared diuse-reectance spectroscopy, and elemental anafundamental modes with large absorption cross sections

ysis. occurring at lower wavenumbeérs.
As a guide to interpret the infrared ude-reectance By using thermogravimetric analysis, Perez %t al.
spectrum of the foam, west analyzed the infrared wke- determined that [MAT][DCA] undergoes a rapid mass loss

re ectance spectrum of melamine. The fundamental modes@f53% at 466 K to leave a polymer derived from [DQA]

our melamine sample were assigned by comparison wifntrast, in the present measurements the droplet exploded to
infrared absorption measmrents and calculations for form the foam at the lower temperature of 400 K. The
crystalline melamine by Yuan €t dhe correspondence formation of the foam was preceded by a period of extremely
between the present peak wavenumbers and the values invietent agitation and oscillation of the droplet. A possible
43 permitted assignments of our melamine vibrational modéxplanation for the lower polymerization temperature here is
in most spectral regions. The similarity of the wavenumbers fegnsequently that the explosion was initiated by impact and
many of the peaks in the foam and melamine spectra suggédetion in addition to the heating.

that these two compounds share the same functional group£hingin et al® found that approximately 25% of the
and vibrational modes. Seveminor features in the [DCAJ]-containing IL was transformed into a precipitate
[MAT][DCA] foam spectrum not present in melamine were following reaction with white-fuming nitric acid (HNO

assigned temallquantities of unreacted [MAT][DCA]. whereas Perez et al. observed a rapid mass loss of 53%
The in situinfrared absorption spectrum of the smokefollowing the polymerization when [MAT][DCA] was heated
produced following formation of the foam was sagrily in oxygen. Similarly, we found that at least 3% of liquid

distorted by the scattering of the infrared beam from thMAT][DCA] was transformed into the foam by pyrolysis in
smoke particles, and so included asymmetric lineshapes andh@ninert gas, Ar. The formation of such stable, solid-state
oscillatory baselifi&’® However, by accounting for both residues clearly represents a serious disadvantage for the
nonresonant and resonant Mie scattering, we analyzed soapgplication of ionic-liquid-based hypergolic fuels in rocket
spectral regions and thereby showed that the foam and smekaines® 8

are probably the same substance. In contrast to [MAT][DCA], we found that [BMIM][DCA]

XPS spectra of the foam were recorded in the N(1s) andoes not explode to form the brown foam at 400 K or even at
C(1s) spectral regions. The resulting spectra arermti from higher temperatures of up to 433 K. Elimination of the amino
the corresponding XPS spectra of [MAT][DEAjyhich group ( NH,) from the [MAT]" cation or the increased
suggests that [MAT][DCA] is not tmeaincomponent of the  energy density provided by the additional nitrogen atom in the
foam. In contrast, the N(1s) and C(1s) XPS measurementsiazolium ring $cheme )1therefore appear to be essential
indicate that the nitrogen and carbon atoms occupy essentiakyguirements for the formation of the foam. The present
the same chemical states in the foam and mefdmineresults are consistent with previoutings that ammorifeor
Comparison of the peak areas corresponding to tike C the amine$ are required to initiate the polymerization of
C and C N H, chemical states implies, however, that thgDCA]-containing ILs.
foam is more polymerized than melamine. Regarding the ects of the boron, the foam was formed at

We determined the molar ratios N/C, N/H, and C/H for approximately 400 K with and without the boron nano-
the [MAT][DCA] foam, with and without boron nano- particles. Furthermore, the only spectroscopatseof the
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boron were,rst, to cause the region of high absorption in thenfrared studies in hypergolic ignition of ionic liglidhys. Chem. A
UV visible spectrum to extend across the full waveleng#908 112 7816 7824.

range and, second, to produce a large, structureless continud#) Zhang, Q. H.; Shreeve, J. M. Energetic ionic liquids as
in the Raman spectrum. Thus, at the temperatures studiedPlosives and propellant fuels: A new journey of ionic liquid
up to 433 K and for levitation in the inert argon gas, the borofl€mistryChem. Re2014 114 10527 10574.
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