lonic Liquids
Further
UNCOILED

Critical Expert Overviews

:. o.“.'...:

.".oo o’

Edited by

NATALIA V. PLECHKOVA
KENNETH R. SEDDON

WILEY






TIONIC LIQUIDS
FURTHER UNCOILED






TIONIC LIQUIDS
FURTHER UNCOILED

Critical Expert Overviews

Edited by

Natalia V. Plechkova
The Queen’s University of Belfast

Kenneth R. Seddon
The Queen’s University of Belfast

WILEY



Copyright © 2014 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in
any form or by any means, electronic, mechanical, photocopying, recording, scanning, or
otherwise, except as permitted under Section 107 or 108 of the 1976 United States Copyright
Act, without either the prior written permission of the Publisher, or authorization through
payment of the appropriate per-copy fee to the Copyright Clearance Center, Inc.,

222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978) 750-4470, or on the web
at www.copyright.com. Requests to the Publisher for permission should be addressed to the
Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030,
(201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best
efforts in preparing this book, they make no representations or warranties with respect to the
accuracy or completeness of the contents of this book and specifically disclaim any implied
warranties of merchantability or fitness for a particular purpose. No warranty may be created
or extended by sales representatives or written sales materials. The advice and strategies
contained herein may not be suitable for your situation. You should consult with a professional
where appropriate. Neither the publisher nor author shall be liable for any loss of profit or any
other commercial damages, including but not limited to special, incidental, consequential, or
other damages.

For general information on our other products and services or for technical support, please
contact our Customer Care Department within the United States at (800) 762-2974, outside the
United States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in
print may not be available in electronic formats. For more information about Wiley products,
visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Tonic liquids further uncoiled : critical expert overviews / edited by Kenneth R. Seddon,
Natalia V. Plechkova.
1 online resource.
Includes bibliographical references and index.

Description based on print version record and CIP data provided by publisher; resource not
viewed.

ISBN 978-1-118-83961-4 (¢Pub) — ISBN 978-1-118-83971-3 (Adobe PDF) —
ISBN 978-1-118-43863-3 (hardback) 1. Ionic solutions. I. Seddon, Kenneth R., 1950- editor
of compilation. II. Plechkova, Natalia V., editor of compilation.

QD561

541'.372-dc23

2013043854

Printed in the United States of America

10987654321


http://www.copyright.com
http://www.wiley.com/go/permissions
http://www.wiley.com

CONTENTS

COIL Conferences
Preface
Acknowledgements
Contributors
Abbreviations

1

Ionic Liquid and Petrochemistry: A Patent Survey
Philippe Bonnet, Anne Pigamo, Didier Bernard, and
Hélene Olivier-Bourbigou

2 Supercritical Fluids in Ionic Liquids
Maaike C. Kroon and Cor J. Peters
3 The Phase Behaviour of 1-Alkyl-3-Methylimidazolium Ionic Liquids
Keiko Nishikawa
4 Ionic Liquid Membrane Technology
Jodo G. Crespo and Richard D. Noble
5 Engineering Simulations
David Rooney and Norfaizah ab Manan
6 Molecular Simulation of Ionic Liquids: Where We Are and
the Path Forward
Jindal K. Shah and Edward J. Maginn
7 Biocatalytic Reactions in Ionic Liquids
Florian Stein and Udo Kragl
8 Ionicity in Ionic Liquids: Origin of Characteristic Properties
of Ionic Liquids
Masayoshi Watanabe and Hiroyuki Tokuda
9 Dielectric Properties of Ionic Liquids: Achievements
So Far and Challenges Remaining
Hermann Weingdrtner
10 Ionic Liquid Radiation Chemistry
James F. Wishart
11 Physicochemical Properties of Ionic Liquids
Qing Zhou, Xingmei Lu, Suojiang Zhang, and Liangliang Guo
Index

vii
ix
xi

xiii

XV

39

59

87

117

149

193

217

235

259

275

309






COIL CONFERENCES

COIL-1 Salzburg
COIL-2 Yokohama
COIL-3 Cairns
COIL-4 Washington
COIL-5 Algarve
COIL-6 Jeju Island
COIL-7 Ottawa*
COIL-8 Belfast*

" Precise location still to be confirmed.

Austria
Japan
Australia
USA
Portugal
Korea
Canada
UK

2005
2007
2009
2011
2013
2015
2017
2019

vii






PREFACE

This is the second of three volumes of critical overviews of the key areas of
ionic liquid chemistry. The first volume is entitled lonic Liquids UnCOILed
(Wiley 2013), the current volume is lonic Liquids Further UnCOILed, and the
final volume, called Ionic Liquids Completely UnCOILed, will be published
later this year. The history and rationale behind this trilogy was explained in
the preface to the first volume, and so will not be repeated here.

Instead, we will use this space to expand on the subtitle, constant for all
three volumes: Critical Expert Overviews.

critical, adjective

1. Involving or exercising careful judgement or judicious evaluation
2. Of decisive importance in relation to an issue; decisive, crucial

Critical has two, rather different, meanings—both are implied in the subtitle
of this book. These reviews are both decisively important and written by top
world experts (hence the second adjective), exercising the judicious evaluation
that they are uniquely qualified to do.

overview, noun

1. A general survey; a comprehensive review of facts or ideas; a concise
statement or outline of a subject. Also: a broad or overall view of a
subject.

2. A view from above.

This book includes eleven critical expert overviews of differing aspects of ionic
liquids. We look forward to the response of our readers (we can be contacted
at quill@qub.ac.uk). It is our view that, in the second decade of the 21st century,
reviews that merely regurgitate a list of all papers on a topic, giving a few lines
or a paragraph (often the abstract!) to each one, have had their day—five
minutes with an online search engine will provide that information. Such
reviews belong with the slide rule, the fax machine, and the printed journal —
valuable in their day, but of little value now. The value of a review lies in the
expertise and insight of the reviewer—and their willingness to share it with
the reader. It takes moral courage to say “the work of [. . .] is irreproducible,

ix


mailto:quill@qub.ac.uk

X PREFACE

or of poor quality, or that the conclusions are not valid,” but in a field
expanding at the prestigious rate of ionic liquids, it is essential to have this
honest feedback. Otherwise, errors are propagated. Papers still appear using
hexafluorophosphate or tetrafluoroborate ionic liquids for synthetic or cata-
lytic chemistry, and calculations on “ion pairs” are still being used to rationalise
liquid state properties! We trust this volume, containing eleven excellently
perceptive reviews, will help guide and secure the future of ionic liquids.

NATALIA V. PLECHKOVA
KEeENNETH R. SEDDON
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[ ]

C 14mim +
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gemini room temperature ionic liquid
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ionic liquid
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ABSTRACT

Industrial applications of ionic liquids in petrochemistry have been reviewed
through the US and EP granted patents published from 1990 to 2010. A
Chemical Abstracts search on the STN host retrieved about 300 patents, about
130 of them found relevant and are fully analysed in this chapter. This survey
has been divided into six thematic sections: new formulations and methods of
fabrication for an improved use of ionic liquids; separation processes using
ionic liquids; use of ionic liquids as additives with specific properties; use of
ionic liquids as both acidic catalysts and solvents; applications of ionic liquids
as solvents of catalytic systems; and ionic liquids and biopolymers. Our study
has been complemented by a short description of the emerging areas concern-
ing ionic liquids using the patent applications published during the past five
years.

1.1 INTRODUCTION

Interest in ionic liquids has been growing rapidly worldwide, as demonstrated
by the increasing number of publications and patents these last years. The
applications and the prospects for ionic liquids are vast. In the chemical and
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Edited by Natalia V. Plechkova and Kenneth R. Seddon.
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petrochemical industries, numerous applications and benefits of using ionic
liquids have been described. However, it is difficult to know which applications
have been translated into viable industrial and commercialised processes.

As news releases and scientific publications are a part of company strategic
communication, relevant information is difficult to assess. We assumed that
granted patents could be one of the most relevant sources of information.
From our perspective, companies generally only devote human resources, and
pay all the necessary fees to have their patents granted, if they expect an actual
industrial development of the claimed invention.

A bibliographic search was performed on the Chemical Abstracts database
using the STN host. It retrieved about 4000 patent families dealing with “ionic
liquids.” Among these patent families, about 500 contain a US or EP granted
patent during the period from 1990 to 2010. After a keyword restrictive search
to the petrochemicals and oil area, we selected about 300 documents. We then
fully analysed the most relevant documents, and these are reported in this
chapter.

1.2 NEW FORMULATIONS AND METHODS OF FABRICATION
FOR AN IMPROVED USE OF IONIC LIQUIDS

In recent patents, improved ionic liquid formulations and new mode of prepa-
rations have been disclosed. Some ionic liquids have been claimed as new
products. The aim of these inventions is generally to provide either new cations
or new anions or both for ionic liquids with higher purity, such as halogen-free
ionic liquids. These formulations are claimed to be advantageous when ionic
liquids are used as solvents in catalytic reactions. The most cited reactions are
hydroformylation, hydrogenation, and oligomerisation or isomerisation. It
appeared to be of interest to review here these new ionic liquids and their
preparation processes.

1.2.1 Alkyl Sulfate Ionic Liquids

Several patents devoted to halogen-free ionic liquid synthesis, mainly based
on sulfate anions, have been filed by Merck GmbH or Solvent Innovation. In
these patents [1], the use of onium alkyl sulfate ([C,SO,]7; n = 3 — 36) salts
is claimed in various processes, including their use as solvents for catalytic
reactions, such as hydroformylation, hydrogenation, oligomerisation, and
isomerisation. Sulfate ionic liquids are described as being more friendly than
halide ionic liquids, which often lead to corrosion and/or disposal issues.
In particular, long chain alkyl sulfate ionic liquids are preferably claimed
thanks to their improved stability to hydrolysis compared with the methyl
sulfate analogues. Examples give a comparative hydrolysis stability study
of 1-butyl-3-methylimidazolium methyl sulfate, [C,mim][C;SO,], and 1-butyl-
3-methylimidazolium octyl sulfate, [C;mim][CsSO,]. At 80°C, the octyl sulfate
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is stable for more than 2 hours, whereas methyl sulfate exhibits rapid degrada-
tion. These long chain 1,3-dialkylimidazolium alkyl sulfates are prepared
through ion exchange process between 1,3-dialkylimidazolium chloride and
sodium alkyl sulfate salts.

New imidazolium and pyridinium ionic liquids bearing anions of general
formula [Me(OCH,CH,),0SOs]~ or [Me(OCH,CH,),SO;]™ are also reported
[2]. These sulfates and sulfonates are claimed to be more stable to hydrolysis
than their methyl sulfate analogues, and to have higher thermal stability.
Examples show a comparative hydrolysis stability study of 1-butyl-3-
methylimidazoliummethyl sulfate and [Cymim][Me(OCH,CH,),0S0;]. As
previously described, these imidazolium sulfates and sulfonates are prepared
through ion exchange processes between 1,3-dialkylimidazolium chloride
and [Me(OCH,CH,),0S0;]- or [Me(OCH,CH,),SOs]  salts, respectively.
The application of [C;mim][Me(OCH,CH,),0S0;] to hydroformylation of
l-octene with [Rh(acac)(CO),] (Hacac = pentane-2,4-dione) pre-catalyst was
illustrated.

A new scalable process to prepare high-purity imidazolium or pyridinium
alkyl sulfates containing less than 3 ppm of halide contaminant has been
granted [3]. This process includes the step of treating a compound of formula
[cation][(RO)SO;] with an alcohol R’OH to give [cation][(R'O)SO;]. Com-
pounds of formula [cation][(RO)SO;] can be prepared by alkylating a tertiary
or aromatic amine with a dialkyl sulfate. As described in the examples, dimethyl
sulfate can be used to prepare [Rmim][(MeO)SO;] ionic liquids, which are
then treated with R’'OH to give [Rmim][(R’O)SOs] ionic liquids. A wide
variety of R’"OH alcohols may be used, such as long alkyl chain alcohols or
alkyl chains containing heteroatoms:

C4im + MCzSO4 EEEe—— [C4II11II1][MCSO4]

C3OH

[C4amim][CsSO4] + MeOH

Merck GmbH describes an alternative route to onium alkyl sulfates [4, 5]
by the reaction of an onium halide with a symmetrical dialkyl sulfate
([(C,):SO,); n = 1 — 14) or an asymmetrical dialkyl sulfate ([(C,)(C,,)SO,];
n=1or 2, m =4 — 20). Halogen can be removed as a volatile haloalkane,
leading to low levels of halogen contaminant in the corresponding ionic liquids.

[Csmim]Cl + [C,MeSOs] ——» [C4mim][C,SO4] + MeCIT

This method has been extended to a large number of reactants: fluorinated
alkyl sulfates, alkyl trialkylsilyl sulfates, alkyl acyl sulfates, alkyl sulfonyl sul-
fates, aryl or alkyl carboxylic acids, and anhydrides [4, 5].
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Onium alkyl sulfates have also been used as starting material to prepare
other onium ionic liquids. A patent by Wasserscheid et al., granted in 2004 [6],
claims the preparation of various onium salts by anion exchange of an onium
alkyl sulfate with metal salts. The alkyl sulfates are prepared by alkylation of
the corresponding amines or phosphines with dialkyl sulfates.

Patent examples describe the reaction of 1,3-dialkylimidazolium alkyl sul-
fates with various alkaline salts. The illustrated anions are [BF,]", [PF] ",
[CF;CO,] 7, [CF:SO;], [C4FoSO;]~, and [N(CF;S0O,),] . The preparation of a
pyridinium hexafluorophosphate is also given.

BASF describes the reaction of dialkyl sulfates with 2.2 moles of alkylimid-
azoles in water or methanol at 180°C for 6 hours under pressure, to prepare
the corresponding 1,3-dialkylimidazolium sulfates in good yields (80-90%).
This halogen-free process has been claimed, and broadened to pyridine deriva-
tives [7]. These onium sulfates may react with various metal salts to give a wide
range of onium ionic liquids such as ethanoate, tetraphenylborate, dihydrogen-
phosphate, and ordihydrogenborate.

Phosphonium alkyl sulfates are claimed as new products by Cytec [8]. The
preparation process involves the alkylation of trialkylphosphines with a sym-
metrical dialkyl sulfate without solvent at 140-190°C for several hours. This
preparation procedure has been broadened to the reaction between trialkyl-
phosphates and trialkylphosphines or alkylimidazoles. The obtained onium
phosphates are also claimed as new products.

1.2.2 Other Ionic Liquids

1.2.2.1 Ionic Liquids with Phosphorus-Containing Anions. In two patents
[9,10] devoted to perfluoroalkyl phosphorus derivatives, Merck GmbH claims
onium bis(perfluoroalkyl) phosphinates and perfluoroalkyl phosphonates as
new ionic liquids. These compounds are prepared by anion exchange between
an onium halide and the phosphorus-containing acid or its salts. Examples
describe the preparation of both phosphonium and imidazolium ionic liquids
using such a process.

1.2.2.2 Alkylpyridinium Dicyanamide. lLonza claims alkylpyridinium
dicyanamides as new products [11].These compounds are prepared through
ion exchange between an alkylpyridinium halide and an alkali dicyanamide.
Among the claimed applications of these new ionic liquids is their use as reac-
tion solvents, particularly as solvents for Suzuki reactions.

1.2.2.3 Ionic Liquids with Cyanoborate Anions. Oniumtetracyanoborates
are described as being more stable than the corresponding tetrafluoroborate
salts and thus they may be used as ionic liquids. Merck GmbH claims an effec-
tive and economical process for preparing these tetracyanoborates, [B(CN),]~
[12]. In the first step, an alkali metal tetrafluoroborate is reacted with an alkali
metal cyanide in the solid state at 100-500°C, optionally in the presence of a



