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a b s t r a c t

The chemical equilibrium of mutual interconversions of tert-alkyl-benzenes was studied in the temper-
ature range (286 to 423) K using chloroaluminate ionic liquids as a catalyst. The knowledge of the activity
coefficients is required in order to obtain the thermodynamic equilibrium constants Ka. A well established
procedure, COSMO-RS, has been used to assess activity coefficients of the reaction participants in the
liquid phase. Enthalpies of five reactions of isomerisation and transalkylation of tert-alkyl-benzenes were
obtained from temperature dependences of the corresponding equilibrium constants in the liquid phase.
For the sake of comparison, high-level ab initio calculations of the reaction participants have been per-
formed using the Gaussian-03 program package. Absolute electronic energy values of the molecules have
been obtained using B3LYP and G3MP2 level. Using these results enthalpies of reaction of isomerisation
and transalkylation of tert-alkyl-benzenes in the liquid phase based on the first principles are found to be
in good agreement with the data obtained from the thermochemical measurements.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The Friedel–Crafts alkylation of benzene with long chain a-ole-
fins is used industrially for the manufacture of more than two mil-
lion tons per annum of linear alkylbenzenes worldwide [1].
Recently, a few of examples of the Friedel–Crafts alkylations of aro-
matic compounds with alkenes have been reported to proceeded in
ionic liquids (ILs), a kind of novel and promising solvents for syn-
thetic chemistry [2,3]. An advantage of the chloroaluminate ILs in
comparison to conventional catalysts (AlCl3 or AlBr3, or hazardous
Brønsted acids such as HF) is their adjustable Lewis acidity where
substantial variations in acidity can be effected simply by varying
the molar ratio of the two components and can be used to produce
task specific selective catalysts [4,5]. In this context, a systematic
study of the mutual interconversion of alkylbenzenes in the pres-
ence of chloroaluminate ILs could contribute to modification of
chemical processes that will have high yields and generate only
small quantities of hazardous waste streams.

In our recent studies [4,5] of chemical interconversions of tert-
alkyl substituted benzenes (see figure 1) using chloroaluminate
ionic liquids as catalysts we established very mild and selective
conditions for investigation of chemical equilibria in such systems.
This work extends our previous studies [4,5] of chemical equilib-
rium of tert-alkyl substituted benzenes using chloroaluminate

ionic liquids as the catalyst with the two new separate model
systems IV and V (see figure 1).

Systematic studies of the temperature dependences of equilib-
rium constants of the reactions (1) to (7) provide a knowledge of
their thermodynamic functions (reaction enthalpies, DrH

�
m, and

reaction entropies, DrS
�
m) according to the The Second Law Method

[4].
For a general chemical reaction in the liquid phase, e.g.,

Aþ B�C þ D; ð9Þ

the true thermodynamic equilibrium constant, Ka, is defined as the
ratio of the activities ai of the products and the reagents under equi-
librium conditions. Taking into account that ai = ci � xi, the true ther-
modynamic constant Ka of the reaction (9) is expressed:

Ka ¼
aC � aD

aA � aB
� ¼ cC � cD

cA � cB
� xC � xD

xA � xB
¼ Kc �

xC � xD

xA � xB
; ð10Þ

where ci is the activity coefficient of component i, and Kc is their ra-
tio. From the van’t Hoff relation

d ln Ka=dT ¼ DrH
�
m=RT2; ð11Þ

the slope of a plot R(ln K) vs. 1/T gives the standard enthalpy of reac-
tion DrH

�
m if the temperature dependence of the equilibrium

constant Ka is measured. From the enthalpy of reaction (9), the
enthalpy of formation of a particular reaction participant can be
determined provided that the values of Df H

�
m for other species are

known. This procedure, involving study of the changes of

0021-9614/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jct.2010.01.006

* Corresponding author. Tel.: +49 381 498 6508; fax: +49 381 498 6502.
E-mail address: sergey.verevkin@uni-rostock.de (S.P. Verevkin).

J. Chem. Thermodynamics 42 (2010) 719–725

Contents lists available at ScienceDirect

J. Chem. Thermodynamics

journal homepage: www.elsevier .com/locate / jc t

http://dx.doi.org/10.1016/j.jct.2010.01.006
mailto:sergey.verevkin@uni-rostock.de
http://www.sciencedirect.com/science/journal/00219614
http://www.elsevier.com/locate/jct


equilibrium constants with temperature, is referred to as Second
Law Method.

As a rule, values of ci depend on the mixture composition and
should be calculated by any of available methods, e.g. COSMO-RS

System I 
tBu

tBu

tBu tBu

++
[1] 

m-di-tBuB + Benzene = tBuB + tBuB 

tButBu

tBu

tBu

[2] 

p-di-tBuB = m-di-tBuB 

System II 
tAm

tAm

tAm tAm

++
[3] 

m-di-tAmB + Benzene = tAmB + tAmB

tAmtAm

tAm

tAm

[4] 

p-di-tAmB = m-di-tAmB 

System III 

tAm tAm

++

Me

Me

[5] 

tAmB + Toluene  =  m-tAmT  + Benzene 

tAmtAm

Me

Me

[6] 

p-tAmT  = m-tAmT  

System IV 
tAm tAm

++

Me Me MeMe

[7] 

tAmB + m-Xylene = Benzene + tAm-m-Xylene

System V 
tAm tAm

++

Me Me

Me Me

[8] 

tAmB + o-Xylene = Benzene + tAm-o-Xylene

FIGURE 1. Five systems of transalkylation and isomerisation reactions of tert-alkyl substituted benzenes studied (acronym tBu is used for the alkyl substituent (CH3)3C– and
acronym tAm is used for the alkyl substituent CH3–CH2–(CH3)2C–).
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