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The thermal degradation mechanisms of ionic liquids (ILs) 1-butyl-3-methylimidazolium chloride (BMImCI) and 1-

butyl-3-methylimidazolium tetrafluoroborate (BMImBF,) have been established using pyrolysis-GC-MS (Py-GC-MS)

www.rsc.org/

and B3LYP/6-311+G(d,p) level of density functional theory (DFT). BMImCl decompose through a bimolecular

nucleophilic substitution (Sy2) while BMImBF,; exhibit Sy2 along with a competitive E2 elimination pathway.
Activation energy parameters obtained using Kissinger-Akahira-Sunose method and Ozawa-Flynn-Wall method is
compared with the computed activation barriers. The montmorillonite based organoclay prepared using these ionic
liquids absorbs only the cation part ([BMIm]’) into the clay gallery leading to an expansion of d-spacing from 12.08
to 13.64 A. The organoclay showed the maximum decomposition at 462 °C in the TGA experiment and the
decomposition products were identified as methyl imidazole and 1-butene using Py-GC-MS. DFT studies employing
a model compound Si(OH);0" suggested a mechanism involving an imidazole-2-ylidine (carbene) intermediate for
the decomposition of [BMIm]" in the clay. Theoretical results were further supported by **C NMR analysis of IL in
presence of colloidal silica which showed a characteristic carbene NMR signal at 187.6 ppm.

1. Introduction

lonic liquids (ILs) are a class of novel compounds typically composed
of organic cations and inorganic or organic anions. ILs have large
liquid ranges determined by their low melting point and high
decomposition temperature. The high thermal stability of ILs
attracted intense research interest owing to their applications in
various fields such as energetic materials,l’2 solvents for organic
reactions,3 solvents for cellulose,” thermal energy storage,5 clay
modifiers to form thermally stable polymer composites,6 heat-
transfer fluids,’ high-temperature Iubricants,8 curing of ionogels9
and as a stationary phase in gas chromatography,10 It is well known
that the physical and chemical properties of ILs vary with the choice
of anion and cation while thermal stability is often tuned by the
choice of anions.

For safe application of ILs at elevated temperatures, it is
important to understand the degradation mechanism. The
nucleophilic attack of the halide at primary alkyl substituents in
imidazolium ring is known to be the major degradation pathway in
N,N-dialkyl imidazolium halides." Chowdhury et al Y showed that
imidazolium based ILs decompose at lower temperatures in the
presence of nucleophiles. Baranyai et al 18 investigated the thermal
decomposition mechanism of 1,3-dialkyl imidazolium
bis(trifluoromethylsulfonyl) imide ILs, and suggested degradation of
the anion as possible thermal decomposition pathway, but the
anion degradation products were not detected. Lazzus™ introduced
a group contribution method and Yan et al % used quantitative
structure property relationship method to predict the thermal
decomposition temperature of ILs. Ohtani et al® studied
decomposition of imidazolium ILs using Py-GC-MS and proposed
mechanism based on the products formed. Quantum mechanical
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tools have also been extensively used to understand the
degradation mechanism of compounds.zz'26

In spite of the several reports on the thermal stability of ILs,
systematic studies correlating the structural features as well as the
degradation mechanism to understand the thermal stability of ILs
are scarce. In the present study, the degradation reactions of 1-
butyl-3-methylimidazolium chloride (BMImCI), 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF,) and 1-butyl-3-
methylimidazolium modified montmorillonite clay (Clay-BMIm) are
analyzed using Py-GC-MS and formation of pyrolysis products are
rationalized using density functional theory (DFT). We have
proposed a new mechanism for decomposition of 1,3-
dialkylimidazolium modified clays in general by taking into
consideration of Clay-BMIm. To the best of our knowledge, this is
the first report on thermal decomposition mechanism of 1,3-
dialkylimidazolium incorporated montmorillonite clay.

27-30

2. Methodology

2.1 Materials

BMImCI and BMImBF, of purity >99% were procured from M/s Otto
Chemie Pvt. Ltd, Mumbai, India. Clay used was Sodium
montmorillonite (trade name: Cloisite-Na®, CAS no. 1318-93-0,
Southern Clay Products, Inc.,, USA) for the ion exchange
modification with ILs. Colloidal silica (30% suspension of SiO, in
water, CAS No. 7631-86-9) was obtained from Sigma Aldrich.

2.2 Functionalization of clay

Standard ion exchange procedures were employed for the
functionalization of sodium montmorillonite clay (MMT) with ILs. !
Aqueous suspension of MMT clay (2 %) was prepared by sonicating
for 10 minutes using Hielscher-UIP1000hd probe sonicator at
amplitude of 80 %. To this, BMImCI (or BMImBF,, both yield same
product Clay-BMIm) was added and the exchange reactions were
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carried out by sonicating for 15 minutes. It was allowed to settle
and filtered. The residue was repeatedly (5-8 times) washed with
distilled water until no chloride traces were detected with silver
nitrate solution. The residue (modified MMTs) was dried at room
temperature for 4 h and then at 100 °C for 2 hour under vacuum.
Characterisation of modified clay is included in the supporting
information (ESI).

2.3 Instrumental

Thermal stability of ILs and Clay-BMIm were studied using Perkin
Elmer, Pyris-1 TGA (Shelton, USA) in He atmosphere at a heating
rate of 10 °C/min. Py-GC-MS studies were carried out using a
system consists of a Thermo Electron Trace ultra GC directly
coupled to a Thermo Electron PolarisQ (Quadrupole ion trap) mass
spectrometer  (Thermo  Electron  Corporation,  Waltham,
Massachusetts, USA) and SGE pyrolyser (Pyrojector Il, SGE
Analytical Science Pty Ltd, Ringwood, Victoria, Australia). The GC is
equipped with 30 m, 0.25 mm ID capillary column (PDMS with 5 %
phenyl, SLB-5MS, Supelco). The Py-GC-MS conditions were set with
jon source at 200 °C, inlet at 250 °C, transfer line at 280 °C, column
temperature programme 40 °C to 250 °C with heating rate of 10
°C/min. The m/z range used was 20-600 amu and the pyrolysis was
carried out at 350 °C and 600 °C. *C NMR analysis using Bruker
Avance-lll 400 MHz spectrometer operated at 100.2 MHz with
power 54 W, pulse width 8.9 us and D,0 as locking solvent.

2.4 Computational method

Geometries of gaseous ion pairs of BMImCI, BMImBF,, transition
states and products were optimized at B3LYP %2 |evel of DFT using 6-
311+G(d,p) basis set as implemented in Gaussian09.* All the
transition states were confirmed by the presence of single
imaginary frequency. The single step conversion is further analysed
using IRC calculations (ESI). Molecular electrostatic potential (MESP)
derived Merz-Singh-Kollman charge (MK charge) 335 was computed
at the same level of theory. Basis set superposition error corrected
binding energy?’6 for the ion-pairs ([BMIm]‘[X]) was calculated using
eqn. (1).

[BMIm]"+ [X] [BMIM]'[X]" - (1) where [X] =Cl or BF,
2.5 Kinetic studies

Kinetic parameters for the thermal decomposition of ILs were
calculated using two methods, Kissinger-Akahira-Sunose (KAS)
method>”* and Ozawa-Flynn-Wall (FWO) method.”®*? KAS is a
multiple heating rate method and we have selected heating rate of
2, 5,10 and 15 °C/min. KAS method is based on the following eqn. 2

AR
g(WE,

Ed
RT,

)]

In2; = In] —(2)
Ta
Where B is the heating rate, T, is the temperature in Kelvin
corresponding to a fixed degree of conversion a, A is the pre-
exponential factor, R is the gas constant, E, is the activation energy
at a given degree of conversion and g(a) is the integral form of
kinetic model function. E, for a given degree of conversion is
obtained from the slope of the linear fit of the plot ln%versus
a

1/T,. FWO method for determination of kinetic parameters is based
on the assumption that the decomposition obeys first order kinetics
using a point of constant conversion from a series of decomposition
curves obtained at different heating rates. It helps in calculating the
E, for a desired conversion (Eqn.3).
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Where b = 0.457 initially and it depends on the value of E/RT.*®

value of b = 0.471, 0.453 and 0.456 respectively for BMImCI,
BMImBF, and Clay-BMIm (ESI).

Fig. 1. Optimized structures of BMImCl and BMImBF, at B3LYP level of DFT.

3. Results and Discussion

3.1 Electronic structure and properties of ion pairs

Optimized structures of BMImCl and BMImBF, at B3LYP/6-
311+G(d,p) level of DFT are shown in Fig. 1. In BMImCI, the
distances of the C2HCl (2.005 A) are much longer than the
covalent bond distance of H-Cl (1.31 A) and shorter than the van
der Waals distance of H"Cl (2.95 A). Similarly in BMImBF,, the
shortest distance of C2H™F between the imidazolium cation and the
anion (2.057 A) are higher than covalent bond distance of H-F (1.07
A) and smaller than the van der Waals distance of H-F (2.67 A). The
non-covalent binding energy (E,) computed for ILs are very high,
373.4 kJ/mol and 340.2 kJ/mol respectively for BMImCl and
BMImBF,, indicating strong electrostatic interactions in ion pairs.
The geometric features as well as the E, values of these ion pairs
agreed very well with those reported by Dong et al™ and Fumino et
al at B3LYP/6-31+G(d) level.* The MK charge can be considered as
a measure of charge transfer from the anion to the cation. Higher
charge transfer was observed for BMImCI (23 %) than BMImBF, (12
%) (Table 1).

Generally the stability of a salt system is assessed by the large
energy gap between the highest occupied molecular orbital and the
lowest unoccupied molecular orbital (HOMO-LUMO gap).45 Since,
the charge transfer is more conducive in BMImCI than BMImBF, the
latter with higher HOMO-LUMO gap (6.88 eV) can be considered as
a more stable salt than BMImCI, which can be further supported by
TG analysis.

Table 1. MESP plots, MESP-derived charges, E, and HOMO-LUMO gap of ion
pairs.

IL MESP plot & MK Ey, HOMO-LUMO
charge (a.u) (kJ/mol) gap (eV)
BMImCI -373.4 4.08
BMImBF, -340.2 6.88

Charge(anion):-0.882

This journal is © The Royal Society of Chemistry 20xx
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3.2. TG analysis

Fig. 2 shows the TG curves for BMImCI, BMImBF, and Clay-BMIm.
The higher initial decomposition temperature observed for
BMImBF, (260 °C) compared to BMImCI (180 °C), suggests the role
of counter anion on thermal stability of ILs. The maximum
decomposition temperatures (Ts) are 297, 427 and 462 °C
respectively for BMImCI, BMImBF, and Clay-BMIm. The differences
in the decomposition of selected ILs with different anions and Clay-
BMIm, without an anion suggests the possibility of different
mechanisms for their thermal decomposition reactions. In Clay-
BMIm the weight loss observed between 500 °C and 600 °C was
attributed to the dehydroxylation of structural hydroxyl groups.46

4 4271 16
BMImBFs -

il
=3
=

296.6

I lﬂgt%oo
© ©o o
O ¢

»

w

N
°

> ©
N

(

o

200 300 400 500

Temperature (°C)

200 300 400 500 100
Temperature( C)

100

462.1 0.10

g | Clay-BMim s 8

0,06§

=1
0.04%

88

200 300 400, 500
Temperature ( C)

Fig. 2. TG curves for BMImCI, BMImBF, and Clay-BMIm in He atmosphere at
a heating rate of 10 °C /min.

100 €00

E, for thermal decomposition of BMImCI, BMImBF, and Clay-BMIm
were calculated using KAS method and FWO method (Table 2). The
calculated E, values showed 6 % deviation for BMImCI, 8 % for
BMImBF, and 9 % for Clay-BMIm (ESI).

Table 2. Kinetic studies using TG.

decomposition products of BMImCI. For pathway-l, E, was 127
ki/mol while for pathway-Il, a higher value 136 kJ/mol was
observed.

10.79
10
Pyrolysis at 600 °C
80
6l
2 |
5 1632'60
c 2
5 L 7.81
<. [0
210
® Pyrolysis at 350 °C
° 8
14
6
4
= 1
06...é...‘i...........,...1.2...1.4”.{6.,
Retention time
(min) 1.63 2.60 7.81 10.79
Product CHsCl  GHCl — X [/\
] K/N\/\/

Fig. 3. Pyrogram and decomposition products of BMImCI at 350 and 600 °C.

Semi quantitative estimation using standard solutions of 1-
butylimidazole and 1-methylimidazole shows that 90 % of the
products are from pathway-1 (ESI). We have calculated E, of
reaction pathways shown in scheme 1 at a higher level, B3LYP/6-
311+G(d,p) to confirm the product distribution as calculated from
Py-GC-MS. Transition states identified and energy profile are shown
in Fig. 4.

o

]

AN
/N~ TN*Y
" \=/ cr\/\

A
~N""N +CI°NN
KAS method FWO method m \:J
Ts (°C
: s : Eal E, (k}/mol)
B (°C/min) 2 5 10 15 | (k/mol) Scheme 1. Decomposition route of BMImCI .
BMImCI 257 285 297 300 | 1015 107.4
BMImBF, 402 411 427 432 | 236.8 258.0 Demethylation reaction (pathway-l) proceed with an E, of 122.7
Clay-BMIm 437 442 462 468 | 2293 2085 kJ/mol while debutylation reaction proceed with an E, of 130.8
kJ/mol (Fig. 4). These results match with Kroon et al” and shows
3.3 Decomposition mechanism the selectivity for' pathway-I even though 'thf: E, d|ffer only by 8
3.3.1 BMImC kJ/mol and the higher percentage of butylimidazole is accounted.
Fig. 3 shows the pyrogram of BMImCl at two different Consequently the net E, for the reaction was 123.5 kJ/mol (Table 3)

temperatures, 350 and 600 °C. Four major decomposition products
were identified, 1-chloromethane (m/z = 50), 1-chlorobutane (m/z =
92), 1-methylimidazole (m/z = 82) and 1-butylimidazole (m/z = 124).
A decomposition mechanism based on the products obtained on
pyrolysis is shown in Scheme 1.

The dealkylation reaction is initiated by the nucleophilic attack
of chloride anion at the alkyl group of imidazolium cation which
passes through the bimolecular nucleophilic (Sy2) transition state.
Kroon et al?> used B3LYP at 6-31G** level to predict the

This journal is © The Royal Society of Chemistry 20xx

and experimental values for £, were 101.5 kJ/mol and 107.4 kiJ/mol
calculated using KAS and FWO methods respectively. The results
showed a deviation of 13 % with FWO method and 18 % with KAS
method (Table 3). DFT studies also predict that both demethylation
and debutylation reactions of BMImC| are endothermic by ~10
kJ/mol and DSC analysis shows endotherm for the same (ESI).

J. Name., 2015, 00, 1-3 | 3
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2444 Owing to the steric bulkiness of BF, compared to CI, the Sy2
87s reactions are likely to happen only at the N3-CHj3 site (Scheme-2)

and it is unambiguous with the presence of butyl imidazole as the
major product in the pyrogram.

150
Transition state Pathway-1 () NAN
. N + F-CH; + BF;
o m et
=100 NN
° BF,/ N N7N —
g v \/\ A
= 11 N
3 122.7 k3/mol LA o SNTSN & SN+ HF + BF,
5 50 =
s
w Scheme 2. Decomposition routes of BMIMBF,
Ll
04 = 136 "J/"'::odm Differing from BMImCI, the presence of 1-butene in the pyrogram
R ; nt " Y suggests existence of competitive elimination reactions in the
Resctioncoordinste thermal decomposition of BMImBF,. Three different elimination
mechanism namely bimolecular E2 elimination, internal elimination
and elimination via imidazol-2-ylidene (carbene route)*’*® were
analyzed by DFT (ESI) and transition state was identified only for E2
elimination (pathway-Il).
F1.573
...... @
216181 788
150 Pathway-1I
Transition state
a 200 s
[<]
E 100 N Prodiici
2 130.8 kJ/mol 3 150
> N
2 50 2 100 .5 k3/mol 172.7 k3/mol
[ 4 >
w 2
g 50
ol 18:92 K3/mol ™ “
Reactant Products
Reaction coordinate ' o1 Reactants
( b) ! Reactlon'coordlnate '

Fig. 4 Energy profile and transition states of BMImC| decomposition shown
in Scheme 1. (a) Pathway-I and (b) Pathway-II. Bond lengths in A.

3.3.2 BMImBF,
Pyrogram of BMImBF, at 600 °C is shown in Figure 5. Major peaks
in the pyrogram are identified as 1-butene (m/z = 56), 1-
methylimidazole (m/z = 82) and 1-butylimidazole (m/z = 124).

Transition state
N— 2507
N~ o e
X 200
100 2
E 150
3 237.0 kJ/mol 212.4 k3/mol
100
g o0 g
: 5 s
k=
S 60 o
-2 Reactants
) Reaction coordinate '
E 40 \N/\" (b)
© \ [
g C4Hg = Fig. 6. Energy profile for (a) pathway-I (Sx2 mechanism) and (b) pathway-II
20 (E2 Elimination). Transition states are also shown with distance parameters
inA.
i Though the intramolecular elimination reactions (Ei) are common in
0 2 4 6 8 10 12 14 16 pyrolysis reactions, in the case of BMImBF, the basicity of the anion
Time (min) overrules and E2 elimination is found to be preferred over Ei route,

Fig. 5 Pyrogram of BMImBF, at 600 °C. as the basicity of BF, anion is insufficient to form the imidazol-2-

4 | J. Name., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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ylidene which is expected to undergo further abstraction of B-
hydrogen to form the pyrolysis products viz. butene and methyl
imidazole (ESI).

Computed activation barrier for the formation of butyl imidazole,
(Fig. 6) is 188.5 kl/mol (195 kJ/mol by Kroon et al** at B3LYP/6-31
** level of DFT) and is higher than the corresponding value for
BMImCl (122.7 kJ/mol, Fig.4, Pathway-l). Transition state for E2
elimination was characterized by a four membered ring with
breaking of C-N bond at C...N distance 2.537 A and simultaneous -
hydrogen shift. The activation barrier for this reaction was 237
kJ/mol (Fig.6). The experimental values depicted in Table 2 using
KAS method (236.8 kJ/mol), FWO method (258.0 kJ/mol) and a
higher concentration of 1-butene and 1-methylimidazole in the
pyrogram suggest the possibility of interplay of both the
mechanisms in decomposition of BMImBF,. The ratio of 1-
methylimidazole to 1-butylimidazole was determined by a semi
guantitative method as in the case of BMImCI| and observed both
reactions proceed equally (1:1) (ESI). The average E, predicted using
DFT was 212.1 kJ/mol (Table 3) and the deviation between
computed and experimental £, may be due to the lattice energy
change in experiments where ILs in liquid phase are analysed unlike
gas phase calculations in computational method. Both the
mechanisms discussed are highly endothermic (172-212 kJ/mol) as
shown in Fig.6 and confirmed using DSC analysis (ESI).

Table 3. Comparison of computed and Experimental E, with extend of
reaction (% Rn) for BMImCIl and BMImBF,.

Computational Study Experimental
SN, (1) SN, (1) Ave. £, KA Method FWO Method
Ey Rn. E, Rn. (kJ/moT) Ea |Deviation| FEa |Deviation
(kJ/mol) (%) |(kJ/mol) (%) (ki/mol)| (%) [(ki/mol)| (%)
BMImCI |122.7 90| 130.8 10 | 123.5 | 101.5 17.8 107.4 13:0
E
BMImBF,|188.5 51| 237.0 49| 212.1 | 236.8 10.4 258.0 17.8

3.3.3 Clay-BMIm

In the present study organoclays were prepared using BMImCl and
characterized (ESI). Thermal stability of Clay-BMIm was studied
using TGA (Fig.2) and decomposition products were identified as
butene and methyl imidazole using Py-GC-MS (Fig. 7)

CiHg
100
803
£ E
2
§6°E
s
2
2 3
B
& 0
203
3 \NC/N
Gl Mhoweoooeoen o
0 2 4 6 8 10 12 14 16

Time (min)

Fig. 7 Pyrogram of Clay-BMIm at 600 °C.
Thermal decomposition of Clay-BMIm was analysed using DFT

method. MMT clays own a pyrophyllite structure where the
trivalent Al-cation in the octahedral layer is partially substituted by

This journal is © The Royal Society of Chemistry 20xx

the divalent Mg-cation. Consequent negative charge generated in
the clay layer is balanced by hydrated sodium ions adsorbed in the
interlayer. The interlayer dimension is determined by the crystal
structure of the silicate and the d-spacing is ~1 nm for MMT clay.
From the model of MMT clay given in Fig. 8, it is clear that the ions
in the interlayer gallery face SiO, tetrahedral unit as their
immediate neighbour.49 In Clay-BMIm sodium ions are replaced by
1-butyl-3-methylimidazolium cation.

(a) MMT Clay model (b) CIay-MIm '

1.077 1.471

1.174

(c) BMIm-cation (d) BMIm-Si(OH)30" ion pair

(f) BMIm-2-ylidene

Transition state

195.6 kJ/mol
Reactant |39.9

: k3/mol =
Products

(e) BMIm-2-ylidene-Si(OH)a

H

g

Energy (kJ/mol)
g g

3

" Reaction coordinate
(h) Energy profile

(g) Transition state

Fig. 8. (a)Model structure of MMT clay, (b) Clay-BMIm, (c -h) Optimized
structures of species involved in decomposition of Clay-BMIm with
transition state and energy profile.

A truncated model for the montmorillonite clay showing the
interaction of Na* with oxygen atoms that bridges two silicon
centers is presented in Fig. 8a. The [BMIm]* could replace the Na*
cation owing to extended interaction of several CH bonds on to
the layer dominated by Si-O bonds. Considering the negatively
charged character of the clay and the possible CH™O-Si
interactions from [BMIm]" to the clay, we propose the use of the
anionic moiety Si(OH);0" to model the decomposition reaction of
[BMIm]" in the clay.

J. Name., 2015, 00, 1-3 | §
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Fig. 9. Mechanism of Clay-BMIm decomposition through 1-butyl-3-
methylimidazol-2-ylidene route.

BMIm-Si(OH);0" ion pair is found to be marginally higher in
energy (9.1 kJ/mol) than the neutral complex of imidazole-2-
ylidene-Si(OH), (Fig. 8). Therefore the DFT results suggest that the
intercalated imidazolium cations can easily form the imidazol-2-
ylidene through a barrier less pathway. The singlet carbenes thus
formed on heating can undergo elimination reactions involving beta
hydrogen shift from the butyl substituent at N1 to the carbenic
centre followed by bond breaking at the quaternary nitrogen. Such
a transition state was located in the DFT analysis with single
imaginary frequency corresponding to the bond shifting process
which is shown in Fig. 8(g).

The activation energy for the decomposition was 195.6 kJ/mol
(Fig. 8(h) and the reaction is exothermic by 39.9 kJ/mol and DSC
analysis shows an exotherm for the same (ESI). The summarized
decomposition mechanism is shown in Fig. 9. Anions with high
basicity is capable of deprotonating imidazolium cation at C2
position, resulting in the formation of neutral carbon bases with
nucleophilic singlet carbenes that are stabilized by the two
neighboring nitrogen atoms at the carbenic centre. The formation
of carbene from BMIm cation on heating was confirmed by the
NMR analysis of BMImCI in D,O solvent in presence of colloidal
silica. Colloidal silica is 30 % suspension of SiO, in water, which
contains -SiOH species similar to our model compound Si(OH)3;0
used in DFT study. 3¢ NMR spectra of BMImCI and BMImCI with
colloidal silica heated at 90 °C for 5 minutes are shown in Fig. 10.
The additional NMR signal observed at 187.64 ppm is attributed to
singlet carbene carbon in imidazolium ring.

4. Conclusions

Thermal stability of BMImCI and BMImBF, were compared
using TGA and decomposition products were identified using
Py-GC-MS experiments. The inherent stability of BMImBF, is
attributed to their very high HOMO-LUMO gap as well as the
higher MK charge computed for ion-pair counterparts.
Bimolecular nucleophilic substitution reactions are identified
to be the lowest energy pathway for decomposition of both
the ions pairs. However, BF, anion facilitates competitive E2
elimination reactions in imidazolium based ILs. The extend of
reactions were calculated from Py-GC-MS and DFT results.
Demethylation reaction of BMImCI constitutes 90 % of the
reaction. Decomposition of BMImBF, proceeds with 50 %
demethylation and 50 % elimination reaction. For the first time
the thermal degradation of ionic liquid modified clay was
elucidated using DFT and experimentally rationalized using Py-

N o
P %ﬂ; ;g GC-MS and *C-NMR experiments.
I
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; , b , , . il ] IL ionic liquid
B00: HBOR Weol ol Mol W00t ean WAl S TokRm [BMIm]* 1-butyl-3-methylimidazolium cation
(b) BMImCI + Colloidal Silica Ei.' 2 omny BMImCI 1-butyl-3-methylimidazolium chloride
ﬁv’;‘. .? ;'.'éln :F,I*:*. BMImBF, 1-butyl-3-methylimidazolium tetrafluoroborate
MMT Montmorillonite clay
Clay-BMIm Clay modified with ILs
DFT density functional theory
- [BF4] tetrafluoroborate anion
;; E, activation energy
T Ep binding energy
Ts maximum decomposition temperature
s HOMO highest occupied molecular orbital
) LUMO lowest unoccupied molecular orbital
1 AE energy gap between the HOMO and LUMO
200 1% 160 140 120 100 8  s0 40 20 oppm MK charge Merz-Singh-Kollman charge
Fig. 10. ">C NMR spectrum of (a) BMImCl in D,0 and (b) BMImCl with KAS Kissinger-Akahira-Sunose method
colloidal silica in D,0 after heating. FWO Osawa-Flynn-Wall method
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Thermal decomposition of ionic liquid modified sodium montmorillonite clay proceed through an imidazol-2-ylidene

(carbene) mediated mechanism with an activation energy of 195.6 kJ/mol.



