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a  b  s  t  r  a  c  t

Several  Brönsted  acidic  ionic  liquids  (BAILs)  were  synthesized  and  used  as  catalysts  for  the  cyclotrimeriza-
tion  of  propanal.  The  acidity  of different  BAILs  was  explored  and  a preliminarily  study  of  the relationship
between  catalytic  activity  and  acidity  was  performed.  The kinetics  for the BAILs-catalyzed  cyclotrimer-
ization  of  propanal  was  studied  systemically  to  determine  the kinetic  model  and  the  kinetic  parameters
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eywords:
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by  taking  [BSTMG][HSO4]  as  the  representative  catalyst.  The  effects  of  various  parameters  such as cat-
alyst  loading,  reaction  temperature  on  the  kinetics  were  examined  in detail.  Besides,  the  structures  of
three  representative  BAILs  and  the interactions  between  propanal  molecule  and ionic  pairs  of BAILs  were
studied  by  means  of quantum  chemistry  calculations.

© 2013 Elsevier B.V. All rights reserved.

uantum chemistry calculations

. Introduction

Cyclotrimerization of aldehydes is one of the most important
eactions in chemical, biological and pharmaceutical industries,
nd the products (1,3,5-trioxanes) have been implicated in a host of
ractical applications: as flavoring agents [1]; as stabilizers in color
hotography [2]; as insecticides [3]; as carriers for scents, deodor-
nts and repellents [4] and as synthetic precursors to complex
endritic molecules, such as the dendrimer [5]. Conventionally,
he cyclotrimerization of aldehydes is generally catalyzed by Brön-
ted or Lewis acids such as H3PO4 [6], TaCl5 [7] and other catalysts
uch as Keggin-type heteropolyacids [8]. However, many of these
atalysts suffer from one or more limitations such as corrosion
f equipment, tedious isolation of catalyst-product and tendency
o deactivation. Hence, the development of highly efficient, easily
eparable, ‘greener’ catalysts for the reaction is still highly desired.

Ionic liquids (ILs), owing to their unique characteristics, such as
ow vapor pressure, excellent chemical and thermal stability, recov-
rability and convenience in product separation, have been applied
nd found to be effective in some catalytic conversions [9–13].
rönsted acidic ionic liquids (BAILs) are an interesting subset of ILs

hich have been reported as novel eco-benign catalysts for some

cid catalyzed reactions [14]. Recently, BAILs have been exploited
uccessfully as catalysts for cyclotrimerization reactions and have

∗ Corresponding author. Tel.: +86 931 4968056; fax: +86 931 4968129.
E-mail address: zhenli@licp.cas.cn (Z. Li).

381-1169/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcata.2013.07.021
received effective results [15–17]. However, to the best of our
knowledge, the basic research about kinetics for the cyclotrimer-
ization of aldehydes catalyzed by BAILs is still absent.

Therefore, several BAILs were synthesized and their catalytic
behavior was  investigated by using the cyclotrimerization of
propanal as a model system (Scheme 1), additionally, the reaction
kinetics was also studied in this article. Based on the results from
experimental and theoretical investigation kinetic model was  built
and the rate constant, activation energy and pre-exponential factor
were obtained. Besides, in order to better understand the behav-
ior of BAILs at molecular level, the interactions between propanal
molecule and ionic pairs of the representative BAILs were dis-
cussed according to their minimum-energy geometries determined
by quantum chemical calculations.

2. Experimental

2.1. Synthesis and characterization of BAILs

The BAILs used in this article (Fig. 1) were synthesized according
to previously reported synthesis procedures [14,18,19]. The syn-
thetic procedure to prepare [BSTMG][HSO4] is given here as an
example:

[BSTMG][HSO4]: 1,1,3,3-tetramethylguanidine (0.2 mol) and 1,4-

butane sultone (0.2 mol) were charged into a 250 mL  round bottom
flask equipped with a reflux condenser. Then the mixtures were
stirred at 353 K for 7 h. The obtained white solid zwitterion was
washed several times with toluene to remove non-ionic residues

dx.doi.org/10.1016/j.molcata.2013.07.021
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2013.07.021&domain=pdf
mailto:zhenli@licp.cas.cn
dx.doi.org/10.1016/j.molcata.2013.07.021
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Fig. 1. Structures of B

nd dried in vacuum. After that, a stoichiometric amount of
ulphuric acid (0.2 mol) was added dropwise and the mixture
as stirred for 10 h at 343 K. A kind of viscous ionic liquid
hase was obtained and was washed by ether for several times.
he ionic liquid was dried in vacuum for 2 h. The ionic liquids
BSTMG][CF3SO3], [BSTMG][CF3CO2], [BSPy][HSO4], [BSIMI][HSO4]
nd [BSEt3N][HSO4] were prepared by the same procedure.

[BSTMG][HSO4]: IR (KBr, �/cm−1): 3304, 2948, 1619, 1589, 1461,
406, 1168, 1039, 887. 1H NMR  (400 MHz, D2O) ı = 2.775–2.750
s, CH3), 1.63–1.51 (m,  CH2), 3.05 (t, CH2 SO3H), 2.73 (t,
CH2 N); 13C NMR  (400 MHz, D2O) ı = 21.7 (s, CH2 ), 28.33 (s,
CH2 ), 39.36 (s, CH3), 44.33 (s, CH2 N), 50.65 (s, CH2 SO3H),
61.86 (s, C).

[BSPy][HSO4]: IR (KBr, �/cm−1): 3136, 3070, 2942, 2948, 1619,
589, 1461, 1406, 1168, 1039, 887. 1H NMR  (400 MHz, D2O)

 = 2.21–2.26 (m,  2H), 2.79 (t, 2H), 4.56 (t, 2H), 7.84 (t, 2H), 8.30
t, 1H), 8.62 (d, 2H); 13C NMR  (100 MHz, D2O) ı = 27.2, 48.3, 61.5,
29.7, 145.3, 147.6.

[BSEt3N][HSO4]: IR (KBr, �/cm−1): 3450, 2990, 2360, 1710, 1487,
460, 1397, 1183, 1035. 1H NMR  (400 MHz, D2O) ı = 1.14 (t, 9H),
.80 (m,  2H), 2.89 (t, 2H), 3.09–3.26 (m,  8H); 13C NMR  (100 MHz,
2O) ı = 9.1, 21.4, 49.1, 53.7, 57.1.

[BSTMG][CF3SO3]: IR (KBr, �/cm−1): 3330, 2950, 1619, 1588,
459, 1405, 1295, 1228, 1168. 1H NMR (400 MHz, D2O)

 = 1.41–1.47 (m,  4H), 2.58–2.62 (t, 2H), 2.64 (s, 12H), 2.91 (t, 2H);
3C NMR  (100 MHz, D2O) ı = 21.3, 27.9, 38.9, 43.9, 50.3, 119.6, 161.4.

[BSTMG][CF3CO2]: IR (KBr, �/cm−1): 3276, 2949, 2699, 1771,
618, 1590, 1457, 1405, 1211, 1158. 1H NMR  (400 MHz, D2O)

 = 1.38–1.50 (m,  4H), 2.63 (t, 2H) 2.66 (s, 12H), 2.94 (t, 2H); 13C

MR  (100 MHz, D2O) ı = 21.6, 28.7,40.5, 45.1, 51.3, 120.8, 163.2,
65.4.

Scheme 1. Cyclotrimerization of propanal catalyzed by BAILs.
d acidic ionic liquids.

For the synthesis of [BuIMI][HSO4] [20], firstly, [BuIMI]Cl
was obtained by the reaction of N-methylimidazole (0.2 mol)
with 1-chlorobutane (0.2 mol) in anhydrous dichloromethane at
323–333 K for 5–7 h, then an excess amount of KHSO4 was added
to the system and stirred at 343 K for 5–7 h. The solid phase was
removed by filtrating and the solvent was evaporated on a rotary
evaporator. The transparent ionic liquid was  dried under vacuum
at 338 K for 6 h.

[BuMIM][HSO4]: IR (KBr, �/cm−1): 3418, 3145, 3107, 2961, 1575,
1464, 1380, 1171, 1044, 845. 1H NMR  (400 MHz, D2O) ı = 0.69 (t,
3H), 0.98 (m,  2H), 1.61 (m,  2H), 3.65 (s, 3H), 3.96 (t, 2H), 7.19 (s,
1H), 7.24 (s, 1H), 8.47 (s, 1H); 13C NMR  (100 MHz, D2O) ı = 12.8,
18.9, 31.4, 35.8, 49.5, 122.4, 123.7, 136.0.

2.2. Qualitative and quantitative acidity evaluation of the BAILs

With the help of FT-IR analyses using pyridine as probe molecule
the type of acidity of BAILs are investigated. The mixture with a
1:5 mol  ratio of pyridine to the studied BAILs was spreaded into
the liquid film between KBr windows. All the IR spectra were
recorded on a NICOLET 6700 spectrometer. To determine the quan-
titative acidity of the BAILs, the ionic liquids and the indicator
4-nitroaniline (5 mg/L) were dissolved in distilled H2O at concen-
trations of 25 mmol/L and characterized by UV–Vis spectra with a
PerkinElmer lambda 650s UV–Vis spectrophotometer.

2.3. Cyclotrimerization reaction

Catalyst was added into a constant temperature reactor
equipped with a low-temperature pump (DLSB), propanal was  then
put into the reactor when temperature reached to the required
value. The reaction mixture was  stirred at the target temperature,
and meanwhile a small amount of samples were taken out from the
reactor at regular intervals and analyzed with an Agilent 7890 GC
equipped with a FID detector.

2.4. Computational methods
All calculations in our study were performed using the Gaussian
09 program [21]. All the geometries were optimized at the B3LYP/6-
31G (d,p) level.
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Table 1
Calculation and comparison of H0 values of different BAILs in distilled H2O.

Entry no. ILs Amax [I] (%) [IH+] (%) H0

1 [BSIMI][HSO4] 0.349 76.4 23.6 1.500
2  [BSPy][HSO4] 0.347 75.9 24.1 1.488
3  [BSEt3N][HSO4] 0.345 75.5 24.5 1.479
4  [BuIMI][HSO4] 0.416 91.0 9.0 1.995
5  [BSTMG][HSO4] 0.346 75.7 24.3 1.483
6  [BSTMG][CF3SO3] 0.372 81.4 18.6 1.631
7  [BSTMG][CF3CO2] 0.489 92.3 7.7 2.065
ig. 2. Cyclotrimerization of propanal to compare the efficiency of different BAILs.

. Results and discussion

.1. Effects of different ionic liquids catalysts

In keeping with the tenets of green chemistry, we  found that
olvent was completely unnecessary for cyclotrimerization. Initial
xperimentation was undertaken catalyzed by 0.21% (mol ratio
ased on reactant) of BAILs at 303 K to compare their efficiency
nd the results are presented in Figs. 2 and 3. It can be seen from
ig. 2 that the initial reaction rate is very high as 70–80% propanal
onversion was obtained in the 1 h for [BSIMI][HSO4], [BSPy][HSO4]
nd [BSEt3N][HSO4]. However the cyclotrimerization reaction was
luggish when [BSTMG][HSO4] was used as catalyst and the conver-
ion only reached 58% within 1 h. The use of [BuIMI][HSO4] resulted
n very low conversion (about 6%). It is evident from the results that
he activity of the BAILs is governed by the functionality ( SO3H) of
AILs. BAILs having SO3H functionalization in cation were found

o be more active than the BAILs without SO3H functionaliza-
ion. Compared with other SO3H functionalized BAILs catalysts,
BSTMG][HSO4] exhibits lower initial rate which may  be due to
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ig. 3. Evolution of propanal conversion with time in the cyclotrimerization cat-
lyzed by [BSTMG][CF3SO3], [BSTMG][HSO4] and [BSTMG][CF3CO2].
8  Blank 0.457 100 0 –

Indicator: 4-nitroanline (5 mg/L, pKa = 0.99) and BAILs (25 mmol/L).

the steric hindrance of its guanidinium moiety making it difficult
for propanal to get close to the catalyst. Fig. 3 shows the effect
of anion structure on the conversion of propanal. Results show
that [BSTMG][CF3SO3] was found to be the best compared with
[BSTMG][HSO4] and [BSTMG][CF3CO2].

These experiment results demonstrated that the acidity and
structure of ionic liquids were important contributors to catalytic
activities. In order to explore the relationship between catalytic
activity and acidity, the acidity of BAILs was evaluated.

3.2. The relationship of catalytic activity and acidity

A few efforts have been made to characterize and determine
the Brönsted acidity of ionic liquids. It is reported that using pyri-
dine as a probe molecule the acidity type of ionic liquid could be
characterized [22]. Pyridine can react with the Brönsted acid and
produce a pyridinium ion. The pyridinium ion has an absorption
peak near 1540 cm−1 in the FT-IR spectra. As shown in Fig. 4, the IR
spectrum of pyridine mixed ionic liquid exhibits an additional band
near 1540 cm−1 indicating the presence of Brönsted acid sites.

The acidic scales of BAILs studied here were conducted on a
PerkinElmer lambda 650s UV–Vis spectrophotometer with a basic
indicator 4-nitroaniline according to the procedure reported in the
literature [23–25]. Based on a protocol that was  first proposed by
Gilbert et al. in 2003 on the basis of the Hammett acidity func-
tion. The Hammett acidity function, H0, was calculated by using
the equation: H0 = pK(I)aq + log([I]/[IH+]). This value was  regarded
as the relative acidity of the IL [26]. Where “I” represents the indi-
cator, [I] and [IH+] are respectively the molar concentrations of
the unprotonated and protonated forms of the indicator, pK(I)aq

is the pKa value of the indicator. Based on the Beer–Lambert law
the absorption is proportional to the concentration of absorbing
species in the material, and on condition of the same light path
length, the ratio of [I]/[IH+] can be calculated by the absorbance dif-
ference of basic indicator measured after addition of BAILs. Under
the same concentration of 4-nitroanline (5 mg/L, pKa = 0.99) and
BAILs (25 mmol/L) in distilled H2O, we determined the H0 values of
the seven BAILs and the results are listed in Table 1.

The results indicated that the acidities of BAILs depended on the
characteristics of both cations and anions. Among the BAILs hav-
ing [HSO4] anion, the IL [BuIMI][HSO4] without a SO3H group on
cation had lower relative acidity of H0 = 1.995, which results in the
poor catalytic activity in cyclotrimerization of propanal in compar-
ison to other BAILs with the same anion. So one can see from this
phenomenon that the SO3H group played an important role in
defining the acidity of the BAILs. The acidities of SO3H function-
alized BAILs (having same anion of [HSO4]−) are near each other
(Table 1, entries 1–3 and 5), but the differences in their catalytic per-
formance are obvious. Hence, we  believe that the acidity of BAILs

is not the only factor in determining the catalytic activity. When
the cations of the ILs were the same, the dependence of the acidity
of the IL on anion was significant. In the case of [BSTMG][HSO4],
[BSTMG][CF3SO3] and [BSTMG][CF3CO2], the acidity follows
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ig. 4. FT-IR spectra of ionic liquids with pyridine as probe molecule. (a) Ionic liquid

he order [BSTMG][HSO4] > [BSTMG][CF3SO3] > [BSTMG][CF3CO2]
hich does not completely reflect the order of the catalytic activi-

ies of these ionic liquids since the structure of SO3H-functionalized
onic liquids also influences the reaction activities. Lowest activity

as observed for [BSTMG][CF3CO2] probably because of weaker
cidity. [BSTMG][CF3SO3] showed the highest activity in despite
f the relatively high H0 value. At present, the reason for these
nteresting results remains to be elucidated. Perhaps the weakest
ucleophilicity and high stability of [CF3SO3]− favor the coordi-
ation of catalyst with propanal and make proton transformation
ore easy to form the active centers, which then lead to the high

ctivity mentioned above.

.3. Effects of catalyst loading of BAILs on cyclotrimerization

Cyclotrimerization of propanal in the presence of
BSTMG][HSO4] ionic liquid was conducted to test the effects
f catalyst loading at 298 K. It is obvious that increasing the
mount of catalyst is positive to the improvement of conversion
f propanal (Fig. 5). The conversion of propanal increases rapidly

rom 56% to 69% within 210 min  with the catalyst loading ranging
rom 0.01% to 0.05%. However, only a fair change is observed
n the conversions of propanal when the dosage is raised from
.0.5% to 0.38%. And a slight decrease of conversion can be
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ig. 5. Effect of catalyst loading on conversion of propanal ranging from 0.01% to
.38% (mol ratio based on propanal).
σ/cm

 the same anion of [HSO4]− and (b) ionic liquids with the same cation of [BSTMG]+.

observed when the dosage reached 0.38%. It suggests that the
further increase in the amount of catalyst is not very necessary
for the conversion of reactants. This may  be reasoned that the
increase of catalyst loading provides more acidic active sites that
are helpful for the generation of active intermediates and the
conversion of propanal. However, the conversion of propanal is
not improved too much when there exists an excess of catalyst
active sites than required by the reactant molecules. Beyond a
certain catalyst loading, the conversion of propanal is mainly
influenced by chemical reaction equilibrium. Therefore, 0.21% cat-
alyst loading is considered suitable and is used in most of the rest
experiments.

3.4. Effects of temperature on cyclotrimerization

The effect of reaction temperature ranging from 273 to 303 K on
the conversion of propanal was investigated using [BSTMG][HSO4]
as catalyst. As can be seen from Fig. 6, increasing the reaction
temperature was  favorable for raising the conversion of propanal.
However, because of the limitation of chemical reaction equilib-

rium, similar conversions of propanal at 3 h are obtained when the
temperature is raised from 293 to 303 K, the conversion of propanal
cannot continue to be enhanced.
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Fig. 6. Effects of reaction temperature on the conversion of propanal over
[BSTMG][HSO4] (0.21%).
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Table 2
CA CA” and their ARD values of different time at 283 K.

t (min) CA (mol L−1) C ′′
A (mol L−1) (C ′′

A − CA)/CA

0 13.946 13.946 0
10 12.2613 11.6544 −0.0495
20 10.9337 10.2152 −0.0657
30 9.7678 9.2042 −0.0577
40 8.8292 8.4441 −0.0436
50 7.8446 7.8457 0.0001

tion rate constant is positively related to the catalyst loading in a
range from 0.05% (mol/mol) to 0.21% (mol/mol) which indicated
that more active centers available is beneficial to the reaction rate.
ig. 7. Comparison of calculated and experimental results for the cyclotrimerization
f  propanal over [BSTMG][HSO4] catalyst at 283 K.

.5. Kinetic studies

Ionic liquids have been found to promote the cyclotrimerization
f aldehydes, but the quantitative kinetic model for the synthesis
f trioxanes catalyzed by ionic liquids has not been reported syste-
ically. We  were therefore encouraged to build kinetic model and

btain kinetic parameters for cyclotrimerization of propanal upon
he BAIL catalyst of [BSTMG][HSO4] based on the former experi-

ental data.
The reaction equation for the cyclotrimerization of propanal can

e written as follows:

3A
k1
�
k−1

B

t = 0 CA,0 0

t = t CA CB

here k1 and k−1 are the rate constants for the forward and reverse
eactions, respectively. A and B represent propanal and the product
f cyclotrimerization respectively. CA,0 is the initial concentration
f propanal at the beginning of the reaction, whereas CA and CB are
he concentrations of A and B in a given reaction time, respectively.
he reaction rate equation can be expressed as:

 = −1
3

dCA

dt
= dCB

dt
= k1C3

A − k−1CB (1)

dCA

dt
= −3(k1C3

A − k−1CB) (2)

e = k1

k−1
(3)

here Ke is the equilibrium constant.
Equilibrium constant Ke equals to 3.0795 at the 283 K, which

as obtained by experiment. Eq. (2) was numerically integrated by
 fourth-order Runge–Kutta algorithm with Matlab. As shown in
ig. 7, the green dots and red curve denote experimental and calcu-
ated values, respectively, it shows that the calculated values are in
ood agreement with the experimental results. Then the reaction
ate constants k1 and k−1 based on the model for [BSTMG][HSO4]
atalyst are 3.7013 × 10−5 and 1.2019 × 10−5, respectively. Thus,
he reaction rate equation of cyclotrimerization of propanal can be
xpressed as:

 = k1C3
A − k−1CB = 3.7013 × 10−5C3

A − 1.2019 × 10−5CB

For the reason of C3
A � CB in the initial stage of the reaction,

specially when the reaction temperature was relatively low, the
eaction rate equation can be written approximately as:

−1 dCA dCB −5 3

 ≈

3 dt
=

dt
= 3.7013 × 10 CA (4)

dCA

dt
= −3  × 3.7013 × 10−5C3

A (5)
60 7.3481 7.3588 0.0015
80 6.2813 6.6070 0.0518

The integrated form of Eq. (5) can be written as:

1

C2
A

− 1

C2
A,0

= 2.2208 × 10−4t (6)

If put t into Eq. (6), then we  could get C ′′
A values by calculation,

which represent the calculated concentration values of different
time at 283 K. For comparison, the values of CA, C ′′

A and their aver-
aged relative deviation (ARD) are listed in Table 2.

From Table 2, it is interesting to find that the calculated val-
ues C ′′

A which based on Eq. (6) are in good agreement with the
experimental data of CA with an ARD less than 6% in most of cases
at the reaction time under 80 min. The value of ARD is thought to
accord within the acceptable limit. Therefore, in the initial period
of this reaction, Eq. (4) can be a relatively accurate and convenient
substitute for reaction rate equation.

In addition, from the experimental data of propanal conversion
under different catalyst loading we calculated the kinetic constant
for the reaction. The dependence of the kinetic constant on catalyst
concentration is described by a curve with a break (Fig. 8).

We suggest that catalyst forms complexes with propanal and
the formation of active centers (M*) in the system under review
takes place through an rapid equilibrium reaction of the type of

BAIL· · ·M � C2H5

+
CHOHA−
M∗

M = propanal

(A− is the gegen ion). In terms of this mechanism the break
appearing on the curve of the reaction rate constant versus catalyst
loading is due to the increased number of active centers stabilized
by gegen ions owing to high concentration of the catalyst. The reac-
Fig. 8. Relationship of reaction rate constant and catalyst loading.
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or N H· · ·O type hydrogen bonding. Geometrical parameters and
hydrogen bonding data of the three BAILs correlate well with their
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Fig. 9. The proposed catalytic mech

Based on the kinetic studies of cyclotrimerization of propanal, a
roposed mechanism for the trimerization is shown in Fig. 9: first,
he BAIL coordinated with propanal, and then proton transferred
etween propanal and BAIL, the “association carbonium ion” (M*)
ormed, which was considered as the active species. Then the sec-
nd propanal molecule reacted with M*  to yield the ion M*S. M*S
ould be attacked by the third propanal molecule to yield the ion
*S2, intramolecular nucleophilic reaction of this ion generated the

ix-membered ring product.
The equilibrium constant, Ke, and the reaction rate constants,

1 and k−1, in equilibrium (2) and (3) at different temperatures
ere determined by applying a fourth-order Runge–Kutta algo-

ithm with Matlab to the experimental data. Results are given in
able 3.

The Arrhenius equation describes the relationship between k, T,
a and A, the frequency factor:

i = Ai exp

(
−Ea,i

RT

)
(7)

rom the data in Table 3, an Arrhenius plot (Fig. 10) of ln k vs
1000/T) is constructed by mapping the four data points onto Eq.
7). The values of the activation energy, Ea, and the frequency fac-
or, A, which are determined by using the slope and the intercept
f the Arrhenius plot are Ea,1, 13.5302 kJ/mol; A1, 0.0115; Ea,−1,
0.9415 kJ/mol; A−1, 3.1039 × 104.

.6. Quantum chemical study

In order to better understand the microcosmic structure and
roperties of BAILs, the interactions between reactant molecule
nd ion pairs of BAILs, and the relationship between interaction
trength and catalytic activity of BAILs, three representative BAILs,

BSTMG][CF3CO2], [BSTMG][HSO4] and [BSEt3N][HSO4], had been
hosen to explore these properties with a method of density func-
ional theory at B3LYP/6-31G (d,p) level using Gaussian 09 program.

able 3
alues of Ke, k1 and k−1 at different temperatures.

T (K) Ke k1 k−1

273 4.6473 2.9033 × 10−5 6.2473 × 10−6

283 3.0795 3.7013 × 10−5 1.2019 × 10−5

293 2.1396 4.2322 × 10−5 1.9780 × 10−5

303 0.8728 5.5147 × 10−5 6.3184 × 10−5
 of cyclotrimerization of propanal.

Fig. 11 shows the optimized geometries for [BSTMG]+,
[BSEt3N]+, [CF3CO2]−, [HSO4]− and propanal, which calculated at
the B3LYP/6-31G (d,p) level of theory. For anions, the atomic net
charges of oxygen atoms in them are also shown. The negative
charges spread around the oxygen atoms, and the positive charges
of the anions are located on the sulfur atom ([HSO4]−) and car-
bon atom ([CF3CO2]−). The negative charge of oxygen in [CF3CO2]−

is very close to each other, but great difference exists in [HSO4]−.
Because the OH is an electron donating group and the CF3 is an
electron withdrawing group, the total negative charge on the oxy-
gen of [CF3CO2]− is −1.226 e, which is less than that of [HSO4]−

(−2.441 e). Thus with same cation the interaction of [HSO4]− is
stranger than that of [CF3CO2]−.

A series of ion pair geometries of these three BAILs had been
designed by considering the location of related cation and anion.
All these designed configurations had been optimized and the fully
optimized configurations are given in Fig. 12. Theoretical study
confirmed that hydrogen bonding exists in the BAILs. It is obvious
1000/T

y = -6.1272x + 10.343

R2 = 0.9559
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Fig. 10. Arrhenius plot of the reaction over [BSTMG][HSO4] catalyst.
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Fig. 11. Optimized geometries for [BSTMG]+, [BSEt3N]+, [CF3CO2]− , [HSO4]− and propanal.

Fig. 12. The most stable geometries of [BSTMG][CF3CO2], [BSTMG][HSO4] and [BSEt3N][HSO4] ion pairs. Optimized at the B3LYP/6-31G (d,p) level of theory. Bond lengths
are  in Å.

Fig. 13. The representative optimized geometries for the BAILs-propanal complexes. Bond lengths are in Angstrom (Å), �E denotes the interaction energy, which
�E  = E(complexes) − E(BAIL) − E(propanal).
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atalytic activity in cyclotrimerization of propanal (Figs. 2 and 3).
he higher activity of [BSEt3N][HSO4] is mainly due to the longer
ond distance of H3· · ·O4 which makes H3 more labile. Whereas
he low activity of [BSTMG][CF3CO2] can be explained based on the
ignificant interaction between H1 of SO3H and O12 of [CF3CO2]−

H1· · ·O12 = 1.433) which inhibits the accessibility of H1 to the reac-
ant molecules for cyclotrimerization.

The catalytic activity of BAILs was theoretically studied by com-
uting the interaction between the three representative BAILs and
ropanal. The structures of the complexes of [BSTMG][CF3CO2],
BSTMG][HSO4] and [BSEt3N][HSO4] with propanal molecule are
resented in Fig. 13. From Fig. 13, it could be found that the interac-
ions between [BSTMG][CF3CO2] and propanal are very weak with
he longer distance between acidic H1 and O13. So it is hard for
ropanal to be activated by [BSTMG][CF3CO2], which correlate well
ith the experimental result that the conversion of propanal is very

ow by using [BSTMG][CF3CO2] as catalyst (Fig. 3).
As for [BSTMG][HSO4] and [BSEt3N][HSO4], it can be seen

n Fig. 13 that the carbonyl group of propanal strongly inter-
cts with the acid proton of the ionic liquid. The distances
f H4· · ·O13 (1.676 Å) in [BSTMG][HSO4]-propanal, and H3· · ·O13
1.587 Å) in [BSEt3N][HSO4]-propanal are shorter than the sum
f Bondi’s van der Waals radii of hydrogen and oxygen (2.72 Å),
hich reveals that [BSTMG][HSO4] and [BSEt3N][HSO4] can

ransfer H to propanal to form the active carbonium ion. Com-
ared with [BSTMG][HSO4], the shorter bond length between
3 and O13 (1.587 Å) in [BSEt3N][HSO4]-propanal complexe indi-
ates [BSEt3N][HSO4] is more effective than [BSTMG][HSO4] in
yclotrimerization of propanal which agrees with the experiment
esults.

. Conclusion

Several Brönsted acidic ionic liquids have been synthesized and
sed to catalyze cyclotrimerization of propanal. It was observed
hat the catalytic activity correlates highly with the acidity and
tructure of these BAILs. Furthermore, Brönsted acidity of the ionic
iquids was evaluated using IR and UV–Vis spectroscopic methods
nd the kinetic process of cyclotrimerization was investigated over
BSTMG][HSO4] catalyst. With the help of density functional theory
DFT) calculations, the relationship among the structures, acidities
nd catalytic cyclotrimerization properties of three representative

AILs has also been developed. Hence, these findings give us inspi-
ation to not only take into account the cation framework, but also
ay attention to the effect of the anionic partner in the design of
unctionalized ionic liquid catalyst.

[

[
[

sis A: Chemical 379 (2013) 86– 93 93

Acknowledgements

We are grateful for the financial support from the National Natu-
ral Science Foundation of China (No. 21133011) and National Basic
Research Program of China (973 Program) (No. 2011CB201404).

References

[1] D.A. Withycombe, B.D. Mookherjee, M.H. Vock, US 4093752 (1978).
[2] M.  Ishikawa, N. Kagawa, M.  Hagiwara, S. Koboshi, JP 0424634 (1992).
[3] Y. Ueno, Y. Saeki, T. Akiyama, M.  Fujita, US 4123525 (1978).
[4]  T. Segawa, H. Hosokawa, K. Yokoro, H. Uchino, K. Okada, Pharmacometrics 14

(1977) 391–396.
[5] Y. Hon, C. Lee, Tetrahedron 57 (2001) 6181–6188.
[6] J. Starr, O. Vogl, Die Makromol. Chem. 179 (1978) 2621–2635.
[7] S. Chandrasekhar, M.  Takhi, Y. Ravindra Reddy, S. Mohapatra, C. Rama Rao, K.

Venkatram Reddy, Tetrahedron 53 (1997) 14997–15004.
[8] S. Sato, H. Furuta, T. Sodesawa, F. Nozaki, J. Chem. Soc. Perkin Trans. 2 (3) (1993)

385–390.
[9] T. Welton, Chem. Rev. 99 (1999) 2071–2084.
10] Q.G. Zhang, S.G. Zhang, Y.Q. Deng, Green Chem. 13 (2011) 2619–2637.
11] A.A. Hullio, G.M. Mastoi, Orient. J. Chem. 27 (2011) 1591–1612.
12] H. Olivier-Bourbigou, L. Magna, D. Morvan, Appl. Catal. A: Gen. 373 (2010)

1–56.
13] A.D. Sawant, D.G. Raut, N.B. Darvatkar, M.M.  Salunkhe, Green Chem. Lett. Rev.

4  (2011) 41–54.
14] A.R. Hajipour, F. Rafiee, Org. Prep. Proced. Int. 42 (2010) 285–362.
15] X.Y. Yu, C.H. Liu, J.G. Yang, M.Y. He, Chin. J. Chem. 24 (2006)

1066–1068.
16] H.Y. Song, J. Chen, C.G. Xia, Z. Li, Synth. Commun. 42 (2012) 266–273.
17] J.Z. Gui, D. Liu, X.M. Chen, X.T. Zhang, L.J. Song, Z.L. Sun, React. Kinet. Catal. Lett.

90  (2007) 35–43.
18] Y.W. Zhao, J.X. Long, F.G. Deng, X.F. Liu, Z. Li, C.G. Xia, J.J. Peng, Catal. Commun.

10  (2009) 732–736.
19] J.M. Liu, F. Wang, Z. Li, J.W. Zhou, J. Chen, C.G. Xia, Struct. Chem. 22 (2011)

1119–1130.
20] P. Wasserscheid, M.  Sesing, W.  Korth, Green Chem. 4 (2002) 134–138.
21] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

G.  Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato,
X.  Li, H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada,
M.  Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.  Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J.A. Montgomery Jr., J.E. Peralta, F. Ogliaro, M.
Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N. Staroverov, R. Kobayashi, J. Nor-
mand, K. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi, M. Cossi, N.
Rega, J.M. Millam, M.  Klene, J.E. Knox, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R.  Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W.
Ochterski, R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. Salvador,
J.J. Dannenberg, S. Dapprich, A.D. Daniels, Ö. Farkas, J.B. Foresman, J.V. Ortiz, J.
Cioslowski, D.J. Fox, Gaussian 09. Revision A.1, Gaussian, Inc., Wallingford, CT,
2009.

22] Y. Yang, Y. Kou, Chem. Commun. 2 (2004) 226–227.
23] C. Thomazeau, H.  Olivier-Bourbigou, L. Magna, S. Luts, B. Gilbert, J. Am.  Chem.
24] R. Kore, T.J.D. Kumar, R. Srivastava, J. Mol. Catal. A: Chem. 360 (2012)
61–70.

25] R. Kore, R. Srivastava, J. Mol. Catal. A: Chem. 345 (2011) 117–126.
26] Y.Y. Wang, W.  Li, L.Y. Dai, Chin. J. Chem. 26 (2008) 1390–1394.

http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0035
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00283-5/sbref0130

	Kinetics and quantum chemical study for cyclotrimerization of propanal catalyzed by Brönsted acidic ionic liquids
	1 Introduction
	2 Experimental
	2.1 Synthesis and characterization of BAILs
	2.2 Qualitative and quantitative acidity evaluation of the BAILs
	2.3 Cyclotrimerization reaction
	2.4 Computational methods

	3 Results and discussion
	3.1 Effects of different ionic liquids catalysts
	3.2 The relationship of catalytic activity and acidity
	3.3 Effects of catalyst loading of BAILs on cyclotrimerization
	3.4 Effects of temperature on cyclotrimerization
	3.5 Kinetic studies
	3.6 Quantum chemical study

	4 Conclusion
	Acknowledgements
	References


