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Abstract

Rapid scan FTIR spectroscopy and time-of-flight (ToF) mass spectrometry were utilized to study thermal decomposition of three imidazolium-
based ionic liquids, with 1-ethyl-3-methyl-imidazolium (emim) as the cation, and NO3

−, Cl−, and Br− as the anions. The thermal decomposition
involved heating rates of 2000 K/s and temperatures to 435 ◦C in an ambient inert gas at 1 atm. Using sub-milligram quantities of each compound,
examinations of the evolution of gas-phase species revealed that the most probable sites for proton transfer and subsequent secondary reactions
were primarily the methyl group and secondarily the ethyl group. The ring appeared to remain intact, as there was no evidence of the formation
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f HCN, imines or related products. The most reactive compound is [emim]NO3, since the nitrate group served as a strong oxidizer and reacted
trongly with the methyl/ethyl groups at the elevated temperatures to produce common final products from combustion.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Ionic liquids are a unique class of ionic compounds with
elting points below the boiling point of water. Room tem-

erature ionic liquids (RTILs) are a sub-category of ionic
iquids with melting points below the ambient tempera-
ure. While the first room temperature energetic ionic liquid,
CH3CH2NH3]–[NO3], with a melting point of only 12 ◦C was
eported in 1914 by Walden [1], the modern era of ionic liq-
ids started with the synthesis of 1-butylpyridinium chloride-
luminum(III) chloride mixture by Osteryoung et al. [2]. The
educible nature of N-alkyl-pyridinium cations in basic solu-
ions led to a search for more stable cations. Wilkes [3] studied
wide range of heterocyclic cations with quaternary N-atoms

nd found the dialkyl-imidazolium cation to be the most suit-
ble one. Further studies by Fannin et al. [4] revealed that the
-ethyl-3-methyl-imidazolium (emim) cation was an excellent
ompromise between ease of synthesis and desirable properties.
owever, chloroaluminate ionic liquids, prepared by mixing

luminium chloride with dialkyl-imidazolium chlorides, were

found to be hygroscopic. This led to the search for anions that
would yield ionic liquids stable towards hydrolysis at room
temperature, culminating in the discovery of tetrafluoroborate,
hexafluorophosphate, nitrate, sulfate and acetate salts by Wilkes
and Zaworotko [5]. The last decade has sparked a significant
interest in synthesis and analysis of new ionic liquids, with
the focus being on imidazoles, triazoles, tetrazoles and other
nitrogen-containing heterocyclic compounds and their salts.

1.1. Thermodynamic properties and behavior

The most significant characteristic of RTILs is their low melt-
ing points and extremely large liquidus range. The phase diagram
of [emim]Cl–AlCl3 shows that melting points below −90 ◦C
are possible [4,6]. These properties can be attributed to absence
of strong hydrogen bonding [5,7], highly asymmetric cations
paired with bulky anions leading to poor packing efficiencies,
charge delocalization on the cation, and addition of solvent-like
tails [8–10]. They also display a remarkably low vapor pres-
sure, related to their high cohesive energy density [11]. The
above-mentioned properties make them environmentally benign
∗ Corresponding author. Tel.: +1 814 865 1345; fax: +1 814 865 6696.
E-mail address: Thynell@psu.edu (S.T. Thynell).

replacements for noxious organic solvents [12,13]. High elec-
trical conductivity, a wide electrochemical window as well as
excellent thermal and chemical stability facilitate their use as

040-6031/$ – see front matter © 2006 Elsevier B.V. All rights reserved.

oi:10.1016/j.tca.2006.01.006



160 A. Chowdhury, S.T. Thynell / Thermochimica Acta 443 (2006) 159–172

electrolytic solvents for catalytic reactions [14–16] as well as the
potential application to solar cells and fuel cells. Besides their
conventional application as solvents, the low vapor pressure,
high energy density and high solubility in many polar solvents
have established ionic liquids as potential fuels and monopro-
pellants [17].

1.2. Previous research on decomposition of energetic
imidazoles and salts

For efficient use and safety concerns, an understanding is
needed about the temperature dependence and chemical kinetics
of their thermal decomposition under high heating rates. Infor-
mation available on the kinetics of the thermal decomposition
of imidazoles and their salts is relatively sparse in the literature.
However, studies on solubilities, vapor–liquid equilibria, molar
volumes and specific heat are available for some imidazolium
salts [18–20]. No chemical kinetics on thermal decomposition
appear to be available on the energetic imidazolium compounds,
such as [emim]-X, with X as NO3

−, C1O4
−, N(NO2)2

−. Except
one, most studies on decomposition have been carried out using
thermogravimetric techniques [10,21–26].

Pyrolysis of a wide range of 1,3-disubstituted imidazolium
salts, R1R2Imidazolium X (R1, R2 = methyl, ethyl, propyl, iso-
propyl, butyl, benzyl, vinyl, phenyl, and allyl; X = Cl−, Br−, I−,
Ph B− and ClO −) was carried out by Chan et al. [27]. Barring
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aluminum pan catalyzed the decomposition, requiring the use
of alumina pans. Nonetheless, many interesting findings were
obtained. The thermal stability was enhanced with increased
substitution on the imidazolium cation, i.e. replacing the ring
hydrogens with methyl or N-propyl groups enhanced stability.
The effect on stability was observed when the C(2) hydrogen was
removed due to the acidity of the proton. Additionally, [emim]
halides (Cl−, Br− and I−) exhibited the lowest temperature for
the onset of decomposition (280–310 ◦C), and the salts showed
similar thermal behavior in O2 or N2 environments.

Egashira et al. [24] examined the thermal stability of three
different [emim] salts with either individual anions, such as
CF3SO3

− or BF4
−, or mixture of different anions, such as

CF3SO3
− or BF4

− with bis(tetrafluoromethanesulfonyl)imide
(TFSI−). A heating rate of 5 ◦C/min in an Ar envi-
ronment was employed. The thermogravimetric data for
[emim](BF4)0.5(TFSI)0.5 were essentially the arithmetic aver-
age of the data from for [emim]BF4 and [emim]TFSI. However,
the data for [emim](CF3SO3)0.5(TFSI)0.5 were more similar to
[emim]CF3SO3 than to [emim]TFSI.

Bhattacharjee and Choudhury [25] studied several imidazole
complexes of Cu(II). For the (H2Im)4[CuF6] salt, thermogravi-
metric studies revealed 66% weight loss over the temperature
range from 250 to 350 ◦C by a release of (3HIm + 3HF + F2) in an
endothermic process. From 400 to 700 ◦C, (H2ImF) was released
also in an endothermic process; a Cu O residue remained. The
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he Ph4B− and ClO4

− salts, all the other [emim]-X compounds,
hen subjected to a temperature of 220–260 ◦C for 0.5–1.5 h
nder vacuum, formed 1-substituted imidazoles. Quantitative
nalysis of the products was carried out by NMR spectroscopy
nd gas chromatography. 1-Ethylimidazole was found to dom-
nate the products over 1-methylimidazole, and no traces of
X were detected. Similar studies on [emim]-X salts (X = bis-

methanesulfonyl)amide, bis-(trifluoromethanesulfonyl)amide)
y Baranyai et al. [28] yielded 1-ethylimidazole as the major
egradation product and 1-methylimidazole as the minor one.
gain, no acids corresponding to the anions were detected. The
redominance of 1-ethylimidazole during decomposition was
ttributed to an SN2 process.

Bônhote et al. [10] examined the thermal stability of a
ide variety of 1,3-dialkyl-imidazolium cations and hydropho-
ic anions, which included trifluoromethanesulfonates (TfO−),
is((trifluoromethanesulfonyl)amides (Tf2N−) and trifluoroac-
tates (TA−). The melting points of many of these salts were as
ow as −30 to −50 ◦C but their correlation to chemical composi-
ion was difficult. For heating rates of 10 ◦C/min, the [emim]TfO
nd [emim]Tf2N were stable up to 400 ◦C, but decomposed
apidly between 440 and 480 ◦C. However, [emim]TA initiated
ts decomposition at 150 ◦C and continued until reaching 250 ◦C,
hen nearly all the material was converted to gaseous products.
he same results were obtained with either air or N2. Correlation
f mass loss with evolved species was not discussed.

Ngo et al. [21] used TGA/SDTA and DSC to study the ther-
al stability of a wide variety of imidazolium cations as well

s organic and inorganic anions at heating and cooling rates
f 10 ◦C/min. The thermal decomposition behavior varied con-
iderably with salt structure, as well as pan composition. The
2
hermogravimetric data on imidazole complexes revealed simi-
ar processes occurring in either two or three endothermic stages.

Minier et al. [29] studied the solid-phase thermal decompo-
ition of 2,4-dinitro-imidazole (DNI) using thermogravimetric
nd mass spectrometric techniques. The first stage of decom-
osition was found to be related to the presence of water and
mpurities in the DNI. As this “early decomposition” was ending,
n induction period began with the evolution of CO2 and NO.
his stage was followed by an auto-acceleratory stage where

he major products included CO2, CO, NO, N2, HNCO and
2O. Finally, the residue from this stage decomposed. It was

lso postulated that the decomposition of DNI involved multiple
athways including a nitro-nitrite rearrangement, followed by
ond scission to form NO, and then an N–C bond scission, which
pened the ring. Intra- and inter-molecular hydrogen abstraction
as also believed to be one of the initiation steps.
The temperatures defining onset of the thermal decomposi-

ion of a broad range of energetic ionic liquids have recently been
stablished by thermogravimetric methods [30–32]. Nitrates
nd perchlorates of azido and nitro derivatives of imidazole,
,2,4-triazole and substituted derivatives of tetrazoles were syn-
hesized and their decomposition points recorded under a heat-
ng rate of 10 ◦C/min. Nitrate salts of substituted imidazoles,
riazoles and tetrazoles were found to have a lower thermal
tability than the perchlorate salts in general. Decomposition
emperatures of substituted imidazoles were found to decrease
ith increased substitution of ring hydrogens. As a result,
,3-dimethyl-5-nitroimidazolium nitrate (174 ◦C) was found to
e more stable than 1,3,5-trimethyl-5-nitroimidazolium nitrate
166 ◦C), which in turn was found to be more stable than 1-
thyl-2,3-dimethyl-5-nitroimidazolium nitrate (146 ◦C). How-
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ever, such a relationship was lacking among the perchlorate salts
of the same category, where 1,3,5-trimethyl-5-nitroimidazolium
perchlorate (307 ◦C) was found to be the most stable salt. Similar
trends were observed among the triazole and tetrazole salts.

Recently, the slow thermal decomposition characteristics of
several energetic ionic liquids were examined using thermo-
gravimetric analysis and differential scanning calorimetry, cou-
pled with IR spectroscopy and mass spectrometry [33]. Decom-
position of the 1,5-diamino-4-methyl-1H-tetrazolium nitrate
involved methyl group transfer to form MeONO2, rather than
proton transfer to form HNO3. At heating rates of 10 ◦C/min,
this ionic liquid began to decompose at 181 ◦C, and showed a
peak heat release rate at 200 ◦C.

Finally, IR laser ablation of 1,3-disubstituted imidazolium
salts, R1R2Imidazolium X (R1 = methyl, R2 = methyl, ethyl,
butyl and hexyl; X = Cl−, NO3

− and CH3SO4
−) was stud-

ied using time-of-flight mass spectrometry by Baer et al.
[34]. Unlike previous studies, the heating rates employed were
108–1013 K/s. The internal temperature of the ablated vapor
plume was measured to be 450–500 ◦C by an ethylene glycol
thermometer. Vacuum photoionization was utilized to detect the
neutral species. Approximately 100 mg of the ionic liquids stud-
ied was ablated and 99% of the sample was found to be vaporized
to form nano- or micro-droplets. The remaining 1% was com-
prised mainly of stable di-substituted imidazoles, formed by
expulsion of HCl from the imidazolium salt. About 0.1% was
f
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the cation and anion. Fifth, the reactions are sensitive to the
presence of catalysts. And sixth, products with high molecular
weights may be formed due to recombination of intermediates
formed on ring scission.

The objective of this study is to identify initiation and sec-
ondary reactions in the condensed phase for ionic liquids, that
lead to ignition and combustion under high heating rates and
elevated temperatures, using Fourier transform infrared (FTIR)
spectroscopy and time-of-flight (ToF) mass spectrometry (MS).
Of particular interest is to identify the proton transfer mech-
anism. The use of two independent diagnostic tools enables
comparison of results and eliminates ambiguity. Temperatures
employed to decompose the ionic liquids can be accurately con-
trolled during the process. The model energetic ionic liquid
chosen for this purpose is [emim]-X with X as NO3

−, Cl− and
Br−, as shown in Fig. 1.

2. Experimental approach

2.1. Experimental setup

The technique utilized to study the products formed under
rapid decomposition of a material is referred to as confined rapid
thermolysis (CRT)/FTIR/ToFMS. Using this technique, the ther-
mal decomposition is limited to a volume confined between two
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ound to be the gas-phase parent molecules, R1R2Imidazolium
.

.3. Current issues and objectives of this work

It is well-known that some energetic materials exhibit several
mportant chemical kinetic decomposition pathways, requiring
he use of both slow and rapid heating of the energetic mate-
ial [35]. The concluded discussion shows that decomposition
f disubstituted imidazolium salts follows different pathways
nder different heating rates—low heating rates lead to mono-
ubstituted imidazoles, whereas high heating rates lead to di-
ubstituted imidazoles. However, the pathways are generally
ifficult to elucidate, since they are believed to occur in the
ondensed phase. Despite the potential complexity involved
n predicting the characteristics of condensed-phase reactions,
everal observations can be made based on decomposition of
rganic salts and related molecules. First, multiple initiation
eactions occur including homolysis and proton transfer. Second,
ompeting reaction pathways exist with relative rates dependent
n temperature and heating rates. Third, the reactions tend to
e auto-catalytic. Fourth, reactivity varies with the structure of

Fig. 1. Structures of 1-ethyl-3-methyl-imidazoliu
eated, parallel surfaces. By using a small sample size com-
ared to the volume, it is possible to study liquids that may
therwise largely boil off rather than decompose. The setup is
omposed of a constant pressure chamber, a Bruker IFS 66/S
TIR spectrometer and a commercially available ToF mass spec-

rometer. A three-dimensional view of the chamber, including a
ut that exposes the sample holder, is shown in Fig. 2. The sam-
le holder is designed to be lifted by the bottom heater to enclose
he sample between the two heaters. Two ports are provided on
he chamber, one serves as an inlet to the purge gas and the other
xhausts decomposition products and the purge gas stream. The
onstant pressure chamber, resting on a rigid frame, has a height
f 27.5 cm and an inner diameter of 5 cm approximately. The
RT/FTIR technique has been described in detail in a previous
ork [36].
The rapid thermolysis is achieved by using two heaters: a sta-

ionary top heater and a mobile bottom heater. In both heaters,
sothermal conditions are established by using high-watt den-
ity cartridge heaters (Omega CIR-1014/120 V) and controlled
y proportional-integral-derivative (PID) controllers (Omega
N8500). Both heaters are sheathed in copper rods, 53 mm in
eight and 15.6 mm in diameter. There are two auxiliary sys-
ems, a pneumatic piston-cylinder (Motion Controls) for lifting

rate, 1-methyl-imidazole and 1-ethyl-imidazole.
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Fig. 2. Three-dimensional view of the high-pressure thermolysis chamber,
exposing the sample holder, upper and lower heater, and the ZnSe windows
through which the modulated beam of the FTIR propagates.

the bottom heater and a purge gas system. The purging system
using an inert gas serves a dual purpose. One, it purges the cham-
ber of the decomposition products and prevents recirculation of
products into the path of the modulated FTIR beam, and two, it
prevents oxidation of the copper rods at elevated temperatures.
The temperature of the cartridge heaters is monitored and con-
trolled by two 75 �m K-type thermocouples embedded in the
copper sheaths of the heaters.

To achieve rapid thermolysis, defined as an event that occurs
within 5 s, temperatures of above 400 ◦C are used. The experi-
mental procedure is as follows: the heaters are brought up to the
pre-set temperature. Approximately 0.5 mg of the ionic liquid
is placed on the sample holder. As shown in Fig. 2, the sam-
ple holder is a hollow cylindrical ring with a thin foil attached
on top. Though it is possible to utilize different types of foils,
an 11 �m thick aluminum foil is used to minimize conductive
heat transfer resistance. The sample holder is then placed over
the guiding tube for the bottom heater and the bottom heater is
raised by the pneumatic piston-cylinder. The sample holder is
brought in contact with the ring retaining an aluminum foil over
the top heater. This ring also defines and seals a gap of approx-
imately 300 �m between the two heaters. The final position of
the sample holder and the two heaters is shown in Fig. 3. A rect-
angular slit, 8.25 mm × 300 �m, is left open in the gap for gases
generated during decomposition of the sample to gain access to
the FTIR beam or to the orifice port on the vacuum chamber.

2

t
0

Fig. 3. Cross-sectional view when the two isothermal heaters are in contact, as
well as initial sample holder position.

erage of 500–10,000 cm−1. This wide range is truncated using a
germanium coated KBr beamsplitter and a mercury-cadmium-
telluride detector to the mid-IR range of 600–5000 cm−1. The
gases evolved during the thermolysis are detected, identified and
quantified using FTIR transmission spectroscopy. The spectra
are acquired with a spectral resolution of 2 cm−1 and a temporal
resolution of 50 ms.

2.3. ToF mass spectrometer

A low-pressure chamber with identical heater configurations
is utilized for acquiring the ToF mass information at a high tem-
poral resolution. The ToF MS system (Model D-677 from R.M.
Jordan, http://www.rmjordan.com) is equipped with a 1 m flight
tube and a 44 mm microchannel plate (MCP) detector. Here, the
recharging of the MCP detector limits the temporal resolution to
about 1 ms. The vacuum system is differentially pumped using
a Leybold DIP8000 diffusion pump in the first stage, a Leybold
TW700 turbomolecular pump in the second stage and a Leybold
TMP151 turbomolecular pump as well as two Varian Starcell 75
ion pumps in the third stage; four backing pumps are also used.
Typical pressures are 10−4 Torr in the first stage, 10−6 Torr in
the second stage and 10−7 Torr in the third stage. Molecular
beam sampling from atmospheric pressure gases is performed
using a 100 �m orifice plate attached to the first stage, a 1 mm
d
i
0
A
fi
E

.2. FTIR spectrometer

The gaseous products evolve into the FTIR beam passing
hrough two ZnSe (or KRS-5) windows, which are offset by
.313 in. from the center of the chamber, offering a spectral cov-
iameter Ni skimmer (manufactured in-house by electroplat-
ng) attached to the second stage and a vertically translatable
.5 mm × 12 mm slit attached to the entrance of the third stage.

schematic is shown in Fig. 4. The distance between the ori-
ce plate and the electron beam in the flight tube is 0.279 m.
lectron impact ionization is set at 70 eV, resulting fragmenta-

http://www.rmjordan.com/
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Fig. 4. Sampling of evolved gaseous products occurs via the 100 �m diameter orifice port located on the first stage of the vacuum chamber.

tion of molecules, but allowing comparison with mass spectral
and related data bases [37]. The electron beam interacts with the
molecular beam during a period of 3 �s, after which extrac-
tion of positive ions occurs as a 250 V voltage difference is

applied between the grid plates; the overall potential is nor-
mally set at 2.5 kV. Data acquisition at 1 GHz is PC-based using
the 8-bit PDA1000 PCI-board (www.Signatec.com), which has
256MB of on-board memory and a 3-dB bandwidth of 0.5 GHz.
Fig. 5. FTIR spectra showing the evolution of species from r
apid thermolysis of [emim]Cl at 425 ◦C and 1 atm N2.
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Fig. 6. FTIR spectra of [emim]Cl, N-EtIm, 1-MeIm, 1-imidazole, chloromethane and chloroethane for identification of thermolysis products.

The MCP output signal is inverted and amplified 3.5× using a
THS3201 amplifier from Texas Instruments. Time-to-mass scal-
ing is sufficient using the expressions m = a(t − t0)2, where the
two constants for each mass spectrum are obtained from known
positions of helium and argon.

3. Results and discussion

3.1. Thermal decomposition of [emim]Br and [emim]Cl

Numerous screening attempts were made in order to iden-
tify the temperature at which rapid thermolysis occurred of the
two imidazolium halides [emim]Br and [emim]Cl. These two
salts have melting points of 76.5 and 77–79 ◦C, respectively.
Evolution of gas-phase species at a rapid rate began to occur at
temperatures near 390 ◦C; at 350 ◦C, no gaseous species were
detected during a 5 s time interval. The sample remained on
the foil, and it showed no discoloration. Using a sample size of
approximately 0.5 mg, Fig. 5 shows the evolution of species from
thermolysis of [emim]Cl at a temperature of 425 ◦C. As the two
heaters came in contact, one notes a slight baseline shift in the
spectral transmittance that serves as the indicator for the begin-
ning of heating. Both ionic liquids are also very hygroscopic,
which makes it very difficult to study the thermolysis behavior
of pure compounds. Fig. 5 shows that the band features evolve
quite evenly and very early. Starting near 3125 cm−1, the C–H

stretching frequency is clearly observed in file 9. Near 2980
and 2950 cm−1, –C–H stretching frequencies are also observed.
The absence of an N–H stretch near 3500 cm−1 is also noted. In
the range from 1500 to 600 cm−1, the spectra are very complex
and definite assignment is difficult without the use of calibration
compounds.

To aid in the interpretation of the acquired spectra,
Fig. 6 shows the typical spectral transmittances of 1-
H-methylimidazole (1-MeIm), 1-H-imidazole (1-Im),
N-ethylimidazole (N-EtIm), chloromethane (MeCl) and
chloroethane (EtCl). The N-EtIm of 99.5% purity was acquired
from www.vwr.com and used without further purification. The
other compounds (>98% purity) were acquired from Sigma–
Aldrich and also used without further purification.

The 1-MeIm exists as a liquid under standard conditions, with
a melting point of −60 ◦C and a boiling point of 198 ◦C. The
FTIR spectrum of 1-MeIm in Fig. 6 was acquired in the ther-
molysis test rig at 281 ◦C and 1 atm pressure under a nitrogen
environment. A comparison between the known and observed
rovibrational frequencies of various bonds in the molecule is
presented in Table 1. All the vibrational modes in the imida-
zole molecule are IR active and have been well-documented by
Tatara et al. [38] using computational methods. The assignment
of frequencies below 1600 cm−1 was in excellent agreement
with previous work done by Sadlej et al. [39]. The C H
in-plane stretching vibrational frequency was slightly over-

http://www.vwr.com/
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Table 1
Comparison of rovibrational frequencies of 1-MeIm with standard data pub-
lished in the literature [38–40]

Description Frequency (cm−1)
(predicted)

Frequency band (cm−1)
(experimental)

C H str 3273/3245/3242 3200–3100
C H str in methyl group 2975–2950 2980–2940
C C str 1555 1550–1475
C C, C N str, C-H bip 1496 1550–1475
C C, C N str 1430 1440–1400
C N str, C H bip 1282 1300–1200
C C, C N str 1092 1100–1060
C N(1)-C bip, C H bip 1073 1100–1060
C N(1)-C bip 908 930–880
C H bop 808 780–850
C H bop 729 740–700

predicted. However, the C C, C N and C H bending-in-plane
(bip) stretching vibrational frequency bands matched perfectly
with the computed frequencies. The C N(1) C bip and the
C H bending-out-of-plane (bop) frequencies were also well-
predicted. In addition to the imidazole ring, the frequency of the
C H stretch in the terminal methyl group was confirmed in a
review of available data by Socrates [40].

Examination of the spectral transmittances in Fig. 6 of the N-
EtIm and 1-Im reveals significant similarities with 1-MeIm, in
particular for the N-EtIm. The N-EtIm is a liquid at room temper-

ature and has a listed boiling temperature of 79–81 ◦C; studies
here were conducted at 200 ◦C. 1-Im has a melting point of
89–91 ◦C and a boiling temperature of 257 ◦C; studies here were
conducted at 281 ◦C. Clearly, the C–H stretching frequency
near 2980 cm−1 must be associated with the carbon atom in the
ethyl group attached to the ring nitrogen. Many of the observed
bands from 1600 to 600 cm−1 are associated with various vibra-
tional modes of the ring as discussed previously; strengths of
bands associated with either the ethyl or methyl group appear
to be moderately weak at best. Differences between 1-MeIm
and N-EtIm are noted in the region from 1460 to 1325 cm−1.
Additionally, the heterocyclic compounds were also subjected
to thermolysis at higher temperatures, but it is clear that evapo-
ration dominates and decomposition does not occur within the
short residence time within the confined volume between the
two heaters. The MeCl and EtCl are also highly stable com-
pounds, as revealed in numerous decomposition studies [41]. In
addition, the tests carried out using the FTIR spectrometer were
found to be highly repeatable, with variations between trans-
mittances staying below 15% for any compound. The variations
were found to be largely caused by the difficulty in accurately
selecting the exact mass due to the crystalline nature of the stud-
ied compounds.

Based on the results in Figs. 5 and 6, the thermolysis behavior
of [emim]Cl involves two pathways. The first pathway involves
the formation of MeCl and N-EtIm, whereas the second path-

F
ig. 7. Mass spectra from rapid thermolysis of [emim]Cl at 420 ◦C and 1 atm Ar, He a
nd residual air extracted at 0.02, 0.07, 0.12, 0.17, 0.22 s (average of 10 spectra).
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Fig. 8. Mass spectra of [emim]Cl, 1-MeIm, N-EtIm, chloroethane and chloromethane for identification of thermolysis products.

way involves the formation of EtCl and 1-MeIm. Proton transfer
does not occur directly to form HCl, which is a highly IR-active
species.

To verify the above findings using FTIR spectroscopy, results
from ToF spectrometry are shown in Figs. 7 and 8. Averaging 10
consecutive spectra was found to provide a high degree of accu-
racy with the standard deviation of the intensities staying below
a value of 5 units. The standard deviation at m/z = 96 at 0.02 s for
[emim]Cl was found to be 3.7. The mass spectra in Figs. 7 and 8
appear at a first glance as quite complicated due to the fact that a
high ionisation potential is used. However, the use of such high
ionization potential allows comparison with available mass spec-
tral data bases for a wide range of chemical compounds. Fig. 7
shows that the evolution of various species initially occurs at a
fast rate, and then decays quickly. A closer inspection reveals
the abundance of EtIm at m/z = 96 over MeIm at m/z = 82. Exam-
ination of the m/z spectrum for MeCl in Fig. 8 shows that the
fragmented charged species include largely the CH3

+ group and
is thus the major contributor to m/z = 15 for [emim]Cl. The frag-
mentation of 1-MeIm also produces the CH3

+, but to a much
smaller extent compared to MeCl. The fragmentation of EtCl
produces to a large extent many of the hydrocarbon ions near
m/z = 28; that is, the charge is largely carried with the ethyl
group, and to a much smaller extent with the chlorine ion near
m/z = 35 or 37. Ionization of N-EtIm also produces charged
species near m/z = 28, but also large ions at m/z = 68 and 81,

corresponding to a loss of C2H4 and CH3 groups, respectively.
The appearance of m/z = 54, 52, 42 and 41 suggests that the
ring does fracture as well, largely due to the high ionization
potential. The scope of this work does not permit detailed dis-
cussion of the fragmentation pathways, but the reader is directed
to similar works [42]. Additionally, the mass spectra acquired
by the ToF mass spectrometer of MeCl, EtCl and 1-MeIm are
in excellent agreement of those listed in the NIST data base
[37]. Finally, metastable peaks are lacking in the spectra shown
[43].

With the availability ToF mass spectra shown in Figs. 7 and 8,
the thermolysis behavior [emim]Cl is quite clear; the dominant
pathway involves the methyl group to form MeCl and N-EtIm.
There is an abundance of CH3

+ and MeCl at m/z = 50 and 52,
and there is an abundance of N-EtIm, 1-Im, m/z = 81, as well as
m/z = 26–29.

Figs. 9 and 10 show several ToF mass spectra from the rapid
thermolysis of [emim]Br. Although not included here, the FTIR
spectra are strikingly similar to those obtained from thermolysis
of [emim]Cl. Inspection of Figs. 9 and 10 reveals that proton
transfer does not occur to form HBr, but instead the decompo-
sition pathways are equivalent to those of [emim]Cl. Here we
include MeBr and EtBr mass spectra from the NIST database
[37]. Close review of the mass spectra and comparison with
[emim]Cl reveals that the only changes in m/z positions are those
associated with Br-containing charged species.



A. Chowdhury, S.T. Thynell / Thermochimica Acta 443 (2006) 159–172 167

Fig. 9. Mass spectra from rapid thermolysis of [emim]Br at 420 ◦C and 1 atm Ar, He and residual air extracted at 0.02, 0.07, 0.12, 0.17, 0.22 s (average of 10 spectra).

Fig. 10. Mass spectra of [emim]Br, N-EtIm, 1-MeIm, imidazole, C2H5Br and CH3Br for identification of thermolysis products.
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Fig. 11. FTIR spectra showing the evolution of species from rapid thermolysis of [emim]NO3 at 435 ◦C and 1 atm N2.

3.2. Thermal decomposition of [emim]NO3

[emim]NO3 is a stable crystalline, hygroscopic solid under
standard conditions, with a melting point of 39 ◦C and a boil-
ing point of around 300 ◦C. Rapid thermolysis, defined by
almost complete decomposition of the material in less than
5 s, was achieved above temperatures of 390 ◦C. A small
amount of a carbonaceous residue remains on the aluminum
foil.

Fig. 11 shows five consecutive spectra during rapid thermol-
ysis of [emim]NO3. The spectra were taken in time intervals of
50 ms at a temperature of 435 ◦C and pressure of 1 atm. The
evolution of products started with the 12th spectrum, which
was approximately 0.1 s into the event. The rovibrational modes
of various gaseous molecules that are easily identifiable in
the spectra are listed in Table 2. Strong absorption bands of
H2O, CO2, CO, NO, N2O, CH3OH and species containing a
C O bond are marked on the 16th spectrum. Aldehydes and
ketones normally show strong features in the range from 1700
to 1750 cm−1. H2CO is also present, as its rovibrational features
near 2700 cm−1 are visible. The spectra also contained the rovi-
brational bands seen in the spectra from 1-MeIm and N-EtIm.
The presence of lines in the region 3500–3750 and 1595 cm−1

was in part due to atmospheric water vapor in the background,
which could not be completely eliminated due to high humid-
ity levels in the laboratory. Additionally, the N–H stretch near
3

Fig. 12 is a superposition of spectra obtained from thermoly-
sis of [emim]NO3 at 435 ◦C, 1 atm in a N2 environment, 1-MeIm
at 281 ◦C, 1 atm, N-EtIm and 1-Im. While comparing the spectra,
the broadening of individual bands due to the elevated temper-
ature of decomposition of [emim]NO3 is evident. From 2800 to
3200 cm−1, there is a noticeable agreement in the C–H stretch
and the C–H stretch in the CH3 group between the spectra.
Two distinct bands for the C C and C N stretch from 1550 to
1400 cm−1 were easily recognizable. From 1300 to 1200 cm−1,
the frequencies for the C N stretch and the C H bip matched
perfectly in the spectra. The C N(1) C bip with its prominent
bands in 1100–1060 cm−1 and 930–880 cm−1 was noticeable.

Table 2
Frequency assignment for vibrational modes for gaseous products formed in the
decomposition of [emim]NO3 at 435 ◦C, 1 atm in a N2 environment

Description Frequency (cm−1) Comments

H2O 3500–3750, 1565–1650 Atmospheric H2O leads
to uncertainty

HCN 700–725
H2CO 2740–3940, 1680–1750 Weak absorption bands
CO2 3500–3750, 2320–2380 Strong absorption band
N2O 2140–2250
CO 2140–2250
NO 1880–2140
C

500 cm−1 is absent.

H3OH 950–1085
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Fig. 12. FTIR spectra of [emim]NO3, N-EtIm, 1-MeIm and imidazole for identification of thermolysis products.

In addition, two C H bop frequency bands around 800 and
730 cm−1 were detected. The striking similarity between the
spectra corroborated the formation of 1-MeIm and N-EtIm as
products during thermolysis of [emim]NO3. There are some
differences in the details of the individual bands. These differ-
ences are attributed to the presence of a wide range of smaller
molecular weight species in the gas-phase region in the case of
thermolysis of [emim]NO3 causing broadening of lines, whereas
broadening of lines of 1-MeIm is caused by N2 and by 1-MeIm
itself.

Results from the use of the ToF MS provide additional details
on the rapid thermolysis behavior of [emim]NO3. Fig. 13 shows
the temporal evolution of m/z spectra acquired at 1000 Hz, and
averaging often spectra. Hence, the temporal resolution is 0.01 s.
Examination of Fig. 13, along with Fig. 14, reveals that proton
transfer is likely to primarily involve the methyl group for two
reasons. First, the extent of N-EtIm evolved is relatively large
compared to 1-MeIm. Second, the extent of ionized CH3

+ is rela-
tively small. Third, subsequent reactions near the methyl group
produces m/z = 126, which is believed to be a methoxy-EtIm,
involving H-abstraction from the C(2), C(4) or C(5) carbon on
the ring. The methoxy itself is an intermediate that may also
abstract H-atoms from other hydrocarbons, forming in part the
small amount of MeOH that is detected. Fragmentation of this
molecule yields the methoxy-MeIm as well as the methoxy-Im.
Species near m/z = 28 originate largely from fragmentation of N-
E
t
v
c
m
m
o
p

3.3. Decomposition pathways of [emim]NO3

The complex structure of [emim]NO3 and the extent of sec-
ondary reactions within the condensed phase make the predic-
tion of the initial chemical kinetic steps under high temperatures
a challenging task. Based on the results from decomposition of
[emim]Br and [emim]Cl, the pathways are likely to involve the
same initial steps. That is, proton transfer yields:

[emim]NO3 → CH3ONO2 + N-EtIm (1)

It is the dominant pathway, with secondary steps initiated by:

CH3ONO2 → CH3O + NO2

CH3O + NO2 → CH2O + HONO

H-atom abstraction from one of the carbon atoms (e.g. from
C(2)) on the ring follows quickly to yield the detected 1-ethyl-
2-methoxy-1H-imidazole (EtMeOIm) at m/z = 126

NO2 + N-EtIm → HONO + 1-ethyl-1H-imidazol-2-yl

CH3O + 1-ethyl-1H-imidazol-2-yl → EtMeOIm

The carbon atom to which the methoxy is attached is not
c
o
o
c
g
m
c
[

tIm, since HCN formation due to ring fracture is absent from
he FTIR spectra; a strong peak at 712 cm−1 would otherwise be
isible. Additionally, the peaks at m/z = 56, 57 and 58 are likely
aused by various aldehydes including acrolein H2CCHCHO at
/z = 56 and propionaldehyde H3CCH2CHO at m/z = 58. Frag-
entation of these aldehydes produces an appreciable fraction

f the charged species in the range from m/z = 25 to 30, but the
arent molecule is also detected by the TOFMS.
ertain. Subsequent reactions between methoxy and nitrate also
ccur, to produce the detected water vapor, nitrous oxide, nitric
xide, methanol, carbon monoxide and dioxide. Detailed dis-
ussions of those are beyond the scope of this paper, and are
enerally contained in larger reaction mechanisms discussed by
any authors, including gas-phase reactions [44,45] as well as

ondensed-phase reactions with consideration to the cage effect
46].
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Fig. 13. Mass spectra from rapid thermolysis of [emim]NO3 at 420 ◦C and 1 atm Ar, He and residual air extracted at 0.02, 0.07, 0.12, 0.17, 0.22 s (average of 10
spectra).

Fig. 14. Mass spectra of [emim]NO3, N-EtIm, 1-MeIm and imidazole for identification of thermolysis products.
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The second and less important pathway involves proton trans-
fer of the ethyl group:

[emim]NO3 → C2H5ONO2 + 1-MeIm (2)

A wide variety of secondary steps take place, but prod-
ucts detected in the gas-phase having a large molecular weight
include the aldehydes, which are believed to be at m/z = 44, 56,
57 and 58 as well as the strong presence of the C O band at
1730 cm−1. Important steps include:

C2H5ONO2 → C2H5O + NO2

C2H5O + NO2 → CH3CHO + HONO

A similar H-atom abstraction from a carbon atom on the
ring (e.g. from C(2)) yields 1-methyl-2-ethoxy-1H-imidazole
(MeEtOIm), with the same m/z value as 1-ethyl-2-methoxy-1H-
imidazole (EtMeOIm).

NO2 + 1-Melm → HONO + 1-methyl-1H-imidazol-2-yl

C2H5O + 1-methyl-1H-imidazol-2-yl → MeEtOIm

It is believed that HNO3, by deprotonation form C(2), C(4),
or C(5), is not formed since some of it would be detected by
the FTIR due to its strong IR-activity; ToFMS does not readily
detect the HNO3, however [47].

The preferential proton transfer between the methyl group
a
n
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a
A
t
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m
l
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w
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i

either HBr or HCl, both of which are strongly IR-active. Besides
evidence of the formation of 1-MeIm and N-EtIm for the two
latter ionic liquids, the proton transfer yields hydrocarbons con-
taining methyl and ethyl groups. Further decomposition of the
hydrocarbon halides is not evident.

Acknowledgments

This material is based upon work supported by the U.S. Air
Force Office of Scientific Research under Contract No. F49620-
03-1-0211, with Dr. Michael Berman serving as the program
manager. Funding for the purchase of the time-of-flight mass
spectrometer by the U.S. Army Research Office under Contract
No. DAAD19-01-1-0449, with Dr. David M. Mann serving as
the program manager, is gratefully acknowledged.

References

[1] P. Walden, Bull. Acad. Imper. Sci. (St. Petersburg) (1914) 1800.
[2] R.J. Gale, B. Gilbert, R.A. Osteryoung, Inorg. Chem. 17 (1978)

2728–2729.
[3] J.S. Wilkes, Green Chem. 4 (2002) 73–80.
[4] A.A. Fannin, D.A. Floreani, L.A. King, J.S. Landers, B.J. Piersma, D.J.

Stech, R.L. Vaughn, J.S. Wilkes, J.L. Williams, J. Phys. Chem. 88 (1984)
2614–2627.

[5] J.S. Wilkes, M.J. Zaworotko, J. Chem. Soc., Chem. Commun. (1992)

[

[
[
[
[
[

[

[

[

[

[

[

[

[

nd the nitrate group over the ethyl group and the nitrate group
eeds further elucidation. Molecular dynamics simulations by
oth et al. [48,49] using 216 ionic pairs and under work-

ng conditions of atmospheric pressure and 400 K showed that
emim]NO3 was a strongly coupled ionic system with nitrate
nions concentrated around the highly positive C(2)–H(2) bond.

closer inspection revealed that the nitrate ions reside nearer
o the methyl group compared to the ethyl group. A study of
emim]Cl using ab initio techniques by Turner et al. [50] sug-
ested that the chloride anion, located in the plane of the ring
as located in the vicinity of the methyl group. However, a

imilar study on [emim]Br revealed that the bromide anion was
ost stable above the plane of the ring. Despite conducted at

ower temperatures, these simulations of the most stable struc-
ures of [emim]NO3 and [emim]Cl may provide information on
he potential or most probable location of the atoms or molecu-
ar groups involved in the initial reaction steps in the condensed
hase.

. Conclusions

Rapid thermolysis studies have been carried out on three
midazolium-based ionic liquids. Using FTIR spectroscopy and
oF mass spectrometry as the diagnostic tools, an analysis of

he evolved species has shown that proton transfer involves
rimarily the methyl group and secondarily the ethyl group,
hereas the ring remains largely intact although the tempera-

ures employed reached 435 ◦C. The formed species after proton
ransfer involving [emim]NO3 are extremely reactive and pro-
uce small molecular weights products at a high rate. Studies
nvolving [emim]Br and [emim]Cl produced no evidence of
965–967.
[6] J.D. Holbrey, K.R. Seddon, Clean Products Processes 1 (4) (1999)

223–236.
[7] A.S. Larsen, J.D. Holbrey, F.S. Tham, C.A. Reed, J. Am. Chem. Soc.

122 (2000) 7265–7272.
[8] J.S. Wilkes, J.A. Levisky, R.A. Wilson, C.L. Hussey, Inorg. Chem. 21

(3) (1982) 1263–1264.
[9] J. Sun, M. Forsyth, D.R. MacFarlane, J. Phys. Chem. B 102 (44) (1998)

8858–8864.
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