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bstract

+ −
Ionic liquids, formed by combining 1 mol of 1-butyl-3-methyl-1H-imidazolium chloride, bmim -Cl , with 2 mol of a Group IIIA metal chloride
Al, Ga, In), were examined for toluene carbonylation reactivity to determine the effect for changing the M(III) cation. These ionic liquids were
haracterized for Brønsted acidity indirectly by 13C NMR of labeled acetone, CH3 *CO CH3. These results were explained by a mechanism
here the Brønsted acidity of the ionic liquid was influenced by the strength of the Lewis acid: M3+Cl3.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Room temperature ionic liquids (RTILs) can be formed by
ombining certain organic chlorides with metal chlorides. One
air of compounds often reported in the literature is 1-ethyl-3-
ethyl-1H-imidazolium chloride and aluminum chloride, but

ombinations of other organic compounds, such as pyridinium
hloride, and other metal halides, such as indium chloride,
ave also been reported [1]. These strongly acidic RTILs are
onversion agents for Brønsted-demanding reactions such
s toluene carbonylation [2] and isobutane/butene alkylation
3–5]. We have become interested in that sub-family of RTILs
hat shows strong, intrinsic Lewis acidity and when HCl was
dded to the gas phase above the RTIL, as these materials
lso demonstrated strong Brønsted acidity [6]. For example,

e showed that the reactivity of a Brønsted acid-demanding

eaction could be adjusted by changing the HCl partial pres-
ure above the RTIL prepared by mixing one equivalent of
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-R′-3-methyl-1H-imidazolium chloride (R′ = ethyl or butyl)
ith two equivalents of aluminum chloride [7]. Subsequently,

t was shown that when the cation structure was adjusted by
hanging the length of the alkyl substituent group, R′, the
eactivity towards the toluene carbonylation reaction decreased
ith increasing chain length of R′ [8].
The choice of elements in Group IIIA for the chlorometal-

ate anion was guided from a consideration of the strength of
he resulting Lewis acids that were formed. It is known that
he strength of the chlorometallate Lewis acids decreases with
ncreasing radius of the metalloid. Thus, for the Group IIIA
eries, one would expect that the strength of the Lewis acid MCl3
ould decrease in the following manner: Al > Ga > In. It was
f interest here to determine if the properties of the IL derived
rom bmim+Cl−/2(MCl3) could also be adjusted by changing the
etal chloride, chosen from some members of Group IIIA (Al,
a or In) so that the reactivity of the toluene carbonylation reac-

ion under HCl at room temperature could be likewise adjusted.

. Experimental
.1. Chemicals

The dialkylimidazolium compounds were obtained from
igma–Aldrich and used without further purification. Alu-
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mailto:white@che.msstate.edu
dx.doi.org/10.1016/j.molcata.2007.07.044


cular

m
s
c
S
b
o
t
f

2

[
r
c
t
h
t

2

v
r
m
[
t
t

2

l
h
o

2

w
f
7
m
c
l
w
f
l
A
R
s
i
a

d
g
t

t
a
m
T
t
N

3

3

t
M
v
t
s
t
a
f
i
t
c
t

3

m
f
or In). The CO partial pressure was 11 atm, and the HCl par-
tial pressure was 3 atm. The highest reaction rate was realized
in the RTIL derived from the chloroaluminate anion; whereas,
the RTIL derived from the chloroindate anion was inactive. The

Table 1
Equilibrium absorption coefficients for HCl into [bmim]+[M2Cl7]− ILs

[bmim]+[M2Cl7]− M3+ = Al Ga In

K (atm−1) 0.0323 0.0284 0.0422 ± 0.002
E.J. Angueira, M.G. White / Journal of Mole

inum chloride (99.99%), obtained from Sigma–Aldrich, was
ublimed under a vacuum before use. Gallium chloride, indium
hloride, and toluene (anhydrous, 99.8%) were obtained from
igma–Aldrich and used without further purification. Car-
on monoxide, CP grade, and HCl (anhydrous, >99%) were
btained from Airgas and Sigma–Aldrich, respectively. Ace-
one, enriched in 13C in the 2-position (99%), was purchased
rom Sigma–Aldrich and used without further purification.

.2. Preparation of RTILs

The detailed synthesis of the RTILs was described earlier
7–9]. We attempted to prepare samples having the M3+/bmim+

atio equal to 2 mol/mol for M3+ = Al, Ga, or In. We were suc-
essful in preparing clear liquids for M3+ = Al and Ga when
he ratio of chlorometallate anion/imidazolium cation, r, was 2;
owever, an insoluble precipitate was formed for M3+ = In when
he ratio r > 1.07.

.3. HCl absorption

The total HCl equilibrium absorption was determined
olumetrically for each of the three chlorometallate ILs,
= 2 mol/mol, by a procedure reported earlier [7–9]. Our
easurements of HCl absorption at room temperature over

emim]+/[Al2Cl7]− RTIL showed the same equilibrium absorp-
ion coefficient as that reported by Campbell and Johnson for
he same IL [10].

.4. Probe reaction

The protocol was reported elsewhere for the toluene formy-
ation in an isothermal autoclave [7–9]. It must be emphasized
ere that classical tests were completed to confirm the absence
f mass transport effects in these reaction rate data.

.5. 13C NMR

The carbon external standard was a capillary filled
ith deuterated dimethyl sulfoxide (99%, DMSO) obtained

rom Sigma–Aldrich. The capillary tube was approximately
6.2–88.9 mm long 1.5 mm diameter and was filled to approxi-
ately 50.8–63.5 mm of the tube’s length with the standard. This

apillary was sealed so that HCl gas could not enter the capil-
ary tube before it was secured inside the NMR tube. The RTILs
ere examined in a pressure valve sample NMR tube (obtained

rom NEW ERA Enterprises, Inc.; size = 5 mm o.d. × 130 mm
ong; model number NE-PCAV-5-130), which was filled in the
tmosbagTM along with the different RTILs and standards. Only
TILs forming clear liquids were examined for their 13C NMR
pectra. The capillary tube containing the standard was placed
nside the NMR tube and the RTIL or acid (sulfuric or triflic
cid) was added.
The NMR tube was sealed, evacuated and filled with the
esired gas to the required pressure, and contacted with this
as for 30 min. During the gas addition, the sample was shaken
o promote mixing of the gas with the liquid, and bubbling of
Catalysis A: Chemical 277 (2007) 164–170 165

he liquid was observed to indicate that good mixing had been
chieved. All data were recorded on a Bruker 300×, with a 5 mm
ultinuclear probe. Typically, 256 scans were obtained for 13C.
he spectrometer settings for these analyses were standard set-

ings already established by the scientists at the Georgia Tech
MR Center.

. Results

.1. HCl absorption

The absorption of HCl in the [bmim]+[M2Cl7]− ILs at room
emperature was determined by a classical volumetric device for

= Al, Ga, and In. The data of HCl mole fraction in the liquid
ersus partial pressure of HCl (atm) were fit to linear isotherms
o develop the equilibrium adsorption coefficients, K (atm−1),
hown in Table 1. The uncertainty in these measurements suggest
hat the HCl absorption was the same for ILs derived from M = Al
nd Ga, but the HCl absorption was greater for the IL synthesized
rom M = In. It must be remembered that the total HCl absorption
s not necessarily a reliable indicator of the potential for the IL
o demonstrate Brønsted super acidity since some of the HCl
an be sorbed into an IL without creating reactive sites for the
oluene carbonylation reaction [7–9].

.2. Reactivity

The fractional conversion of toluene versus time in an isother-
al batch reactor at 298 K is shown in Fig. 1 for an IL derived

rom 1 mol of bmim+ chloride with 2 mol of MCl3 (M = Al, Ga,
Fig. 1. Toluene conversion in [bmim]+M2Cl7−, M = Al, Ga, or In.
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Table 2
13C NMR resonances of labeled acetone/[bmim]+[chloroaluminate]− IL before
and after addition of HCl gas

Chemical shifts of acetone-2-13C in bmim-Cl/AlCl3 (1:2)

Peak identification Before HCl After HCl

H+-acetone No peak 246.65
H+-acetone 243.10 243.02
H+-acetone 240.28 240.09
C-2 133.83 133.75
C-5 123.46 123.38
C-4 122.18 122.10
N CH2 CH2 CH2 CH3 49.66 49.57
DMSO 40.96 40.96
N CH3 36.36 36.27
N CH2 CH2 CH2 CH3 31.16 31.07
N-CH2 CH2 CH2 CH3 18.80 18.71
N-CH2 CH2 CH2 CH3 12.87 12.78

Underlined carbon designates the atom interrogated by the corresponding reso-
nance. C-2; C-4; C-5 are ring carbons, see figure below.
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hlorogallate RTIL system showed an activity intermediate to
hese two extremes. The chloroindate RTIL was tested further
sing a control reaction demanding a lower Brønsted acidity:
he reaction of toluene with benzoic anhydride [11]. This test
howed results identical to those in the literature suggesting that
he chloroindate RTIL prepared here is authentic but it could be
acking the super acidity required of the toluene with CO. This
peculation of insufficient acidity generated in the chloroindate
TIL must be confirmed by an independent interrogation for the
trength of the Brønsted acidity.

.3. Probe of super acidity

One could directly probe the Brønsted acidity of the ionic
iquids using 1H NMR so as to infer the acidity of the pro-
ons from knowledge of the proton chemical shift. This direct
pproach proved unsuccessful [12] in the present work in that
nly very small peaks were detected upon admission of HCl
as to the IL, which prompted us to seek another method to
haracterize the ILs. One indirect method to characterize the
cidity in such systems is to measure the effect of the acid upon
he NMR spectrum of a weak base. Previous workers [13,14]
howed that the 13C NMR resonance of the carbonyl carbon
n acetone was a sensitive indicator of Brønsted acidity by the
ollowing equilibrium:

CH3)2
13C O + H+A− ⇔ [(CH3)2

13C-OH+]A−

⇔ [(CH3)2
13CH+ O]A−

The nuclear environment of the carbonyl carbon in acetone
ecomes depleted of electron density when a strong acid is
rought into contact with the weak base. The sensitivity of
he characterization method could be improved by using ace-
one enriched with 13C in the 2-position (CH3)2

13C O. Initial
alibration of the NMR spectrometer at the Georgia Institute
f Technology NMR Center for Excellence employed labeled
cetone in dichloromethane using deuterated DMSO as the stan-
ard, to give an observed resonance for the labeled carbon at
05.9 ppm, which compares well with the resonance reported
n the literature [13] (205 ppm). Further calibration standards
ncluded concentrated sulfuric acid and trifluoromethanesul-
onic acid (triflic acid) as the standard Brønsted acids with
euterated DMSO as the external standard (Table 2). A single
esonance was observed for the carbonyl carbon in each of these
wo acids at the following values of the chemical shifts: 243.4
nd 245.7 ppm, respectively. Researchers [13] also reported a
ingle resonance at 244 ppm for concentrated sulfuric acid that
ompares well to the value we observed: 243.4 ppm. These data
ermit us to distinguish between liquids having super acidic pro-
ons (e.g., triflic acid) and strong acids that do not have super
cidic protons (concentrated sulfuric acid). Even for the super
cidic species, only a single 13C NMR resonance was observed
n the carbonyl region of chemical shifts >225 ppm.
Some have expressed concern that acetone may undergo
ither a trimerization or a condensation reaction to form a species
hat might give multiple resonances in the carbonyl region
nder these conditions. The trimerization of acetone [15] is only

(
a
F
t

bserved under strongly basic conditions, which will not be real-
zed in the present system. One might expect a condensation
eaction to occur since acetophenone undergoes a condensation
eaction in HCl at 55 ◦C [16].

C6H5 C O CH3 → s-triphenylbenzene + 3 H2O

The products of this condensation reaction could frustrate the
se of the acetone as a probe of super acidity because some of the
eaks observed in the 13C NMR spectrum might be ascribed to
he protonated mesitylene. The 13C NMR spectrum for mesity-
ene shows resonances at: 137.66, 126.99, and 21.17 ppm [17].

We have examined the complete 13C NMR spectrum of the
hloroaluminate-IL before and after addition of HCl gas and
ave assigned all of the peaks to those recognized for the car-
ons in the organic cation and the protonated acetone (Table 2).
e see no peaks in the 13C NMR spectrum either before or after

ddition of HCl gas that suggests that mesitylene was formed.
oreover, we see only a single, peak far downfield for the proto-

ated acetone when triflic acid was interrogated by this method.
ince the acidity of triflic acid is similar to that of these ILs, the
ultiple peaks observed when the ILs are examined, suggests

hat this criticism of the technique is not valid for our system
nd that these multiple peaks are characteristic of Brønsted sites
aving different acid strengths.

Consider the part of the 13C NMR spectrum that char-
cterizes the protonation of labeled acetone in contact with
n RTIL synthesized from [bmim]+[chloroaluminate]− and
bmim]+[chlorogallate]− (1 mol bmim-Cl/2 mol MCl3) after
ontact with dry HCl gas (Fig. 2a and b). The chemical shifts
bserved in the Fig. 2a–c were corrected using the observed
nd literature values of the chemical shift of DMSO standard

40.96 ppm) to determine the corrected chemical shifts which
re reported here. For example the chloroaluminate RTIL in
ig. 2a showed a peak at 249.2 ppm which when compared to

he observed chemical shift of the DMSO standard produced a
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Fig. 2. (a) 13C NMR of [bmim]+[Al2Cl7]−. (b) 13C NM

orrected chemical shift of 246.7 ppm, which is the value we
eport here in Table 3. In a similar manner, all of the observed
hemical shifts were corrected using the observed and literature
alues of the DMSO standard.
Notice that the chloroaluminate RTIL (Fig. 2a) showed 13C
MR peaks at 246.7 ppm, 243.8 and 240.5 ppm relative to

he 13C atom in the standard (DMSO) and the chlorogallate
TIL (Fig. 2b) showed a strong peak at 245.85 ppm and two

t

t

bmim]+[Ga2Cl7]−. (c) 13C NMR of [bmim]+[In2Cl7]−.

mall peaks at 204.33 and 208.41 ppm, relative to DMSO. The
hloroindate RTIL showed a single resonance at 218.44 ppm
fter HCl was added (Fig. 2c). For each spectrum, the data were
hown magnified with the scale expanded to reveal more clearly

he detail of the spectra.

In Table 3 we report these resonances of the labeled ace-
one as a probe of the acidity of the [bmim]+[chloroaluminate]−,
[chlorogallate]−, and [chloroindate]− RTILs before and after
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Table 3
13C NMR resonances of labeled acetone in [bmim]+[chlorometallate]− RTIL after addition of HCl gas and evacuated

Sample 13C-chemical shift(s) acetone (ppm) Hammett acidity function, −Ho

Sulfuric acid (100%) 243.4 12
Trifluoromethanesulfonic acid (100%) 245.7 14.1
bmim-Cl:2AlCl3 IL after HCl exposure (1/2 h) 240.1 243 246.7 9.2 11.8 14.9
bmim-Cl:2AlCl3 IL evacuated after HCl exposure 240.3 243.1 9.4 11.8
bmim-Cl:2GaCl3 IL after HCl exposure (1/2 h) 204.3 208.4 245.9 – 14.2
bmim-Cl:2GaCl3 IL evacuated after HCl exposure 208.3 236.5 – 5.7
bmim-Cl:1.07InCl3 IL after HCl exposure (1/2 h) 218.4 –

Literature values of the Hammett acidity function, −Ho, together with the observed chemical shifts, CS, for sulfuric and trifluoromethanesulfonic acids were used
to establish the correlation:−H = a[CS] + b.
T tion fo
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of proton activity, aH+ . The activity coefficients for the proto-
nated and unprotonated acetone are γBH+ and γB, respectively.
The value of α for the present case is 0.96 indicating a proton
activity exponent of 1. If we may relate α to the molecu-
o

his correlation was used to determine the values of the Hammett acidity func
Ls.

xposure to dry HCl and estimates of the Hammett acidity func-
ions for these RTILs. These estimates of Hammett acidities
ere developed by correlating the chemical shift data for triflic

nd sulfuric acid with assigned values for the Hammett acid-
ty function of −12.0 for concentrated sulfuric acid and −14.1
or triflic acid so as to determine the coefficients in a linear
quation expression the Hammett acidity as a function of the
hemical shift, CS, observed for protonated acetone enriched in
he 2-position with 13C. We conclude that these chloroaluminate
TILs show at least three separate environments of Brønsted
cidity of which one environment supports super acidity after
he HCl was added to the IL (i.e., CS > 245 ppm from DMSO).
nly the resonance at 246.7 ppm appears to be super acidic,
o = −14.93, and thus can be attributed to the fast toluene car-
onylation reaction in these samples. Upon evacuation of this
ample, the observed chemical shift returns to near its original
alue before HCl was added for a Ho of −11.83. This RTIL
howed very slow toluene carbonylation rate (vide infra) [7].
hus, one may change the acidity and reactivity of the RTIL
y over three orders of magnitude by changing the HCl partial
ressure from 3 atm, absolute to a few milli-Torr.

From these results, we conclude that the chlorogallate RTIL
hows one environment supporting super acidity, Ho = −14.23,
nd two other environments, which are only weakly acidic after
he addition of HCl to a pressure of 3 atm. Evacuation of the HCl
rom the chlorogallate IL reduces the Hammett acidity func-
ion to a value of 5.66 showing a variation in the acidity of
early eight orders of magnitude. Such variation in the acid-
ty by evacuation of HCl could lead to a commercial process
hereby the RTIL can be freed from the product aldehyde with
eating in vacuo. The chloroindate shows only a single reso-
ance upon addition of HCl, which is not super acidic after
ddition of HCl to a pressure of 3 atm. All of the RTILs show
cidic protons before HCl gas was admitted which is proba-
ly the result of the reaction of adventitious water with the
hlorometallate in the IL to form nascent HCl, which in turn
s absorbed by the RTIL. This behavior was reported by others
18].
The ranking of acidity in these RTILs, as inferred from the
ammett acidity function, appears to mimic the ranking of reac-

ivity towards the toluene carbonylation. To understand better
hese results, we show the observed rate constants at room tem-
r the ILs shown in the table from the knowledge of the CS observed for these

erature for the toluene carbonylation over these RTILs versus
he Hammett acidity function, estimated from the chemical shift
f the carbonyl carbon in labeled acetone (Fig. 3). We also show
he reactivity of the carbonylation in triflic acid [19] which
hows a value of Ho = −14.1. When the HCl was evacuated
rom [bmim]+[Al2Cl7]− we showed that the reactivity of the
rene formylation was much lower [7] and that the estimated Ho
as also less acidic as determined from the 13C NMR data of

abeled acetone. We did not plot the data for the RTIL formed
rom InCl3, which was inactive for the toluene carbonylation
k ∼ 0).

It comes as no surprise that these data describe a single line.
onsider the following equation which was derived by combin-

ng the definition for the Hammett acidity function together with
he expression of the pseudo, first-order rate constant reported
ere, kobserved = kinstrinsic(KaCOaH+)α.

og kobserved = log

[
kintrinsic

(
KaCOγBH+

γB

)α]
+ α(−Ho)

here K is the equilibrium absorption coefficient for CO gas into
he RTIL, aCO is the activity of CO gas and α is the exponent
Fig. 3. Toluene carbonylation activity vs. Hammett acidity function.
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arity of the rate-determining step, then these results suggest
hat one proton would be needed to produce the super acid-
ty in the IL and this proton would be required to produce
he formyl cation needed for the reaction resulting in a rate
quation that is first order in the activity of the formyl cation.
he traditional electrophilic substitution reaction, often used to
xplain the formylation of arenes, requires a single proton in
he rate-determining step and shows a rate equation that is first
rder in the formyl action, thereby reinforcing our findings here
2].

. Discussion

Others [20] have attempted to model the siting of HCl
n chloroaluminate RTILs derived from 1-ethyl-3-methyl-1H-
midazolium chloride using quantum mechanical methods.
hese researchers attempted this modeling using only the
hloroaluminate anion without the cation present and they found
nly one optimized geometry for the siting of the HCl. The HCl
olecule was attached to the Al2Cl7− anion by hydrogen bond-

ng to one of the terminal Cls. We extended this approach, using
emi-empirical methods, to determine the optimized geome-
ry of HCl in the anion/cation pair to find three locations for
he HCl in the chloroaluminate RTIL prior to it being ionized
nto H+-Cl− [8]. One of the locations (b) was the same as that
redicted by Chandler and Johnson [20], another location was
holly within the anion (a) and the last location was wholly
ithin the cation (c). The software used here did not predict

he activation of the HCl molecule since we did not attempt a
ransition state calculation, but this activation must surely occur
o produce facile protons needed for the toluene formylation
eaction.

The predicted 1H NMR chemical shifts were 15.4, 14.4,
nd 2.6 ppm downfield from tetramethylsilane (TMS) for the
Cl sited in the three positions (a, b, and c, respectively) sug-
esting that one site would show very weak acidity (2.6 ppm)
nd the other two sites should be much more acidic [12]. The
redicted 1H NMR of isolated, gaseous HCl was 1.68 ppm. Cal-
ulations of free energy of absorption showed that the lowest
cidity sites (c) would be present in the largest amount and that
he highest acidity sites (a) would be present in the smallest
mount [12]. The third site (b), having intermediate acidity, was
redicted to be in an abundant intermediate to the other two.
hese 1H NMR predictions for the HCl located in the IL can
e used to understand better the observed 13C NMR spectra
f 13C-enriched acetone. That is, these data suggest that the
3C resonance at 246.7 ppm would be characteristic of the most
cidic site and this site might be implicated in the toluene car-
onylation that requires super acidity. This conclusion appears
o be confirmed by literature data, which suggest that enriched
3C acetone in contact with AlCl3 shows a chemical shift of
46 ppm and aluminum chloride is a known conversion agent
or arene carbonylation [21]. We know that 100% sulfuric acid

s not a conversion agent for arene carbonylation and its chem-
cal shift (244 ppm) would seem to mark a lower limit on the
cid strength needed to initiate the arene carbonylation reaction.
herefore, the peaks observed at chemical shifts of 244 ppm and

s
u
B
M
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ower may not be sufficiently acidic to cause rapid carbonylation
f the arene.

Reported elsewhere [12], we showed quantum mechanical
redictions that the chlorogallate and chloroindate ILs also can
ost the HCl molecules in three different environments having
ifferent free energies of absorption. Moreover, the 1H NMR
hemical shifts of the HCl predicted for the most acidic sites
n these ILs were 15.1 and 10.7 ppm downfield from TMS.
hus, these calculations predict an effect upon the HCl acid-

ty as a result of changing the Lewis acid in the following order:
l > Ga � In. This ranking of Brønsted acidity, as inferred from

he predicted proton chemical shifts, appears to be confirmed by
he observed chemical shifts in the 13C NMR of labeled acetone
here the chloroaluminates showed the largest chemical shift

or the acetone protonated by the most acidic site (∼246.7 ppm)
ollowed chlorogallate IL which showed a chemical shift of
45.9 ppm. The chloroindate ILs show only one resonance in
he 13C NMR spectra when HCl was absorbed at 218.4 ppm and
e infer from these data that HCl was hosted by only one type
f site in these ILs and this environment produced a very weak,
rønsted acid site. While the amount of HCl absorption in the
hloroindate ILs was the largest, the Hammett acidity function
as the least acidic of the three ILs that we tested here and

t was apparently not sufficiently acidic to support toluene car-
onylation although the same IL was active for another reaction:
oluene reacting with benzoic anhydride [11].

The proposed hypothesis advanced earlier is that the strengths
f the Lewis acids determine the strength of the Brønsted acid-
ty resulting from contacting the IL with HCl gas. The strength
f Lewis acids is often explained in terms of the hard–soft
cid properties as defined by Pearson [22] who introduced the
oncept of hard and soft acids and bases (HSAB) in order to
xplain affinities between acids and bases that do not depend on
lectronegativity or other related macroscopic properties. This
heory may be attractive in characterizing the properties of ILs
ormed from the interaction of one cation with a family of anions
uch as M2Cl7−. This HSAB theory predicts decreasing Lewis
cidity for the family of chlorometallate anions developed from
he series of members from Group IIIA metalloids: Al, Ga, and
n. The anions are considered “softer” as the size of the metal-
oid increases from Al, to Ga, to In. The resulting Brønsted acid
trengths of these ILs appear to mimic the decreasing Lewis
cidities.

The successful correlation of the apparent rate constant for
oluene carbonylation with proton activity (i.e., −Ho) is consis-
ent with the reaction mechanism whereby proton acidity is the
ontrolling factor when all other reaction conditions are con-
tant (CO partial pressure and temperature) [2]. The variation of
rønsted acidity in response to the strength of the Lewis acid
artner in the RTIL suggests that activation of HCl to form a
acile proton occurs with participation of the Lewis acid. Our
odeling suggests that two of the three possible sites for HCl

ctivation are in the proximity of the Lewis acid and these two

ites are predicted to be the most acidic. Moreover, this molec-
lar modeling successfully predicted the observed ranking of
rønsted acidity when HCl was added to ILs developed from
Cl3 having different Lewis acidities.
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. Conclusions

These data show how the activity of the ILs can be tuned by
arying either the HCl partial pressure and/or the MCl3. More-
ver, the acidity of the ILs is lower for M3+ chlorides that show
softer” cations. This science can be used to tailor an acidic IL
or the demands of a reaction.
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